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Monogenetic volcanoes are the most common volcanic landforms on Earth and usually form isolated small-volume volcanic centres with a wide range of eruptive styles and products.

Here, I focus on the case of Tseax volcano (Wil Ksi Baxhl Mihl) in north-western British Columbia, Canada's deadliest volcanic eruption; its ∼ 1700 CE eruption killed up to 2,000 people of the Nisga'a First Nation. Tseax is composed by two imbricated volcanic edifices (an outer breached spatter rampart and an inner 70 m high tephra cone) and 4 far-travelled, valley-filling lava flows (2 pāhoehoe and 2 'a'ā) for a total volume of 0.5 km 3 submerging the former Nisga'a villages. All the erupted products are Fe-, Ti-rich, basanite-to-trachybasalts and their geochemical homogeneity suggests the eruption of a single magma batch that was produced by low partial melting of a cpx-poor wehrlite at 52 -66 km depth. The magma was stalled for > 10 3 days in the upper crust and cooled down to 1094 -1087 • C prior to eruption. The eruption lasted between 1 to 4 months and was divided in two main periods.

The first period occurred in a typical Hawaiian-style with lava fountaining, spatter activity and the eruption of long pāhoehoe flows. Almost half of the total lava volume was erupted in the first days of the eruption with fluxes > 800 m 3 /s. The lava may have engulfed the Nisga'a villages in a few tens of hours and thus be one of the cause for the fatalities. A 'vog' produced when the lava entered the Nass River may have been also responsible for the Nisga'a deaths. The second period of activity was characterized by low intensity Strombolian explosions with the building of the tephra cone and eruption of the shorter 'a'ā lava flows.

In high speed channelised lava flows, standing waves are often interpreted as hydraulic jumps, indicating supercritical conditions. Using open channel hydraulic theory for supercritical flows, the geometry of the standing waves to constrain eruption flux and viscosity. I propose that investigating standing waves during ongoing eruption is a powerful tool to help for lava flow modelling and hazard mitigation.
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v Table 1.1 Youngest dated volcanic events in the Northern Cordillera Volcanic Province (from [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Russell | Estimates of crustal assimilation in Quaternary lavas from the Northern Cordillera, British Columbia[END_REF]. Note that Tseax is the second-youngest volcanic event in the NCVP after Lava Fork. 33 other eruptions occurred in the NCVP during the Holocene but are not precisely dated [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Table 1.2 Tseax lava flow surface morphologies described by [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]. See Samples TS-S40A and TS-S40B are highly oxidised. 1 In the text, sample numbers are preceded by "TS-S". . . . . . . . . . . . . . . . . . . . . . Table 3.1 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Table 3.2 Trace element (ppm) composition of the Tseax lava and tephra. 1 In the text, sample numbers are preceded by "TS-S". . . . . . . . . . . . . . Table 3.2 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Table 3.3 Amount (%) of phenocrysts (> 0.5 mm) and micro-phenocrysts (0.2 -0.5 mm). Superscripts are the numbers of mega-crysts observed in the thin section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Table 3.4 Modelled distribution of the trace element (ppm) and comparison with the average Tseax composition. a Model 1 after 0.5 % partial melting of 5 % PME OIB; b Model 1 after 2 % partial melting of 30 % PME OIB. Table 3.5 Liquidus and pre-eruption conditions. . . . . . . . . . . . . . . . . . . The locations of Holocene (or historically active, i.e., < 10 ka years) volcanoes on Earth. Modified from [START_REF] Loughlin | Geophysical risk: volcanic activity[END_REF]. More than 9,000 volcanic eruptions were identified over the past 10 ka years [START_REF] Siebert | Volcanoes of the World: Third Edition[END_REF]. Tseax, the volcano studied in this thesis, is located in western Canada and is part of the 'Pacific Ring of Fire'. et al. (2015), with data from [START_REF] Crisp | Rates of magma emplacement and volcanic output[END_REF] and [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The active volcanic regions in northwestern North America. AVA:
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Aleutian Volcanic Arc; CVA: Cascades Volcanic Arc; BR/BG: Basin and Range/Rio Grande rift system; SRP: Snake River Plain; CRP:

Columbia River Plateau. b. Location of Tseax volcano in northwest British Columbia. Tseax is the southernmost volcanic centre of the Northern Cordillera Volcanic Centre (NCVP). WVB: Wrangell Volcanic Belt; AVB: Anaheim Volcanic Belt; WGC: Wells Gray-Clearwater Volcanic Field; GVB: Garibaldi Volcanic Belt; Exp P.:

Explorer plate (Modified from [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000). . The "vibrating string"effect or the persistence of the after effects of a volcanic eruption through time, modified from Zeilinga de [START_REF] Zeilinga De Boer | Volcanoes in Human History: The Far-Reaching Effects of Major Eruptions, core textb[END_REF]. This schema shows the duration of effects that can follow an eruption. Short term effects (days to months) but with strong consequences (e.g., 2018 Kīlauea and 2015 Pico do Fogo eruptions). Long term effects (displacement of population, economic or ecological revival) occur on the order of years to decades (e.g., 2010

Eyjafjallajökull and 1783-1784 Laki eruptions). Finally, eruptions that had a significant impact on the population (local, regional or worldwide) are often assimilated into legends and mythologies (e.g., the eruption of Santorini in 1650 BCE). The after effects of the Tseax eruption span this entire schema and are recorded in the Nisga'a Adaawak (oral history stories; see section 1.4.3). . . . . . . . . . . . Figure 1.6 Holocene volcanic belts in northwest North America projected onto a simplified cross section (modified from [START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF].

Volcanism in the NCVP is attributed to an upwelling of asthenosphere producing a thermal anomaly. Location of the volcanoes and cities are approximate. Tseax is the southernmost volcano of the NCVP. McCullagh (1918). b. Modified from Figure 7 of [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF]. c.

Modified from Figure 1 of Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]. Field photos of (d) the lava flow from [START_REF] Barbeau | Volcanoes on the Nass[END_REF] and of (e) a volcanic vent from [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . This example shows an area with multiple major breakouts on large lava-rises and rafted plates (also called platy lava, [START_REF] Keszthelyi | Icelandic analogs to Martian flood lavas[END_REF][START_REF] Stevenson | Widespread inflation and drainage of a pÄĄhoehoe flow field: The Nesjahraun, {Thorn}ingvellir, Iceland[END_REF]. Lr: Lava-rises; Sl: slabby Lake and c Lava Lake. Bathymetry on Lower Melita Lake does not show any particular volcanic or lava features. On the northern shores of Lava Lake, we can identify the termination of Flow 3 at ∼ 7 m depth and the termination of the flow field at ∼ 27 m depth.

Coordinate system: WGS 1984 / UTM Zone 9N (metres). . . . . . [START_REF] Putirka | Thermometers and barometers for volcanic systems[END_REF] and calculated H 2 O (wt.%) using the plagioclase-liquid hygrometer of [START_REF] Waters | An updated calibration of the plagioclase-liquid hygrometer-thermometer applicable to basalts through rhyolites[END_REF]. The error on H 2 O is ± 0.21 wt.% for P = 0.1 -6 kbar. The data outside the equilibrium range were disregarded. Abbreviations: Fo: forsterite; An: anothirte; Byt: Bytownite; optimal markers for the degree of partial melting and heterogeneities in the mantle (e.g., [START_REF] Vigouroux | The sources of volatile and fluid-mobile elements in the Sunda arc: A melt inclusion study from Kawah Ijen and Tambora volcanoes, Indonesia[END_REF]. Model shown in pink [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF], and references therein), Northern Cordillera lherzolites (orange) and wehrlites (green) from [START_REF] Francis | An overview of the Canadian Cordilleran lithospheric mantle[END_REF] and [START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF], and PriMa (Primitive Mantle) from [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF]. b. The two models with the best fit in degree of partial melting normalised to the Tseax lava average composition (red horizontal line). Note that Model 2, after Kīlauea gully are for β = 45 • . See Table 6.2 for other values of β.

a. The f vs. Re diagram [START_REF] Stanton | Similarity of Motion in Relation to the Surface Friction of Fluids[END_REF][START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Burger | Laminar and turbulent flow of non-newtonian fluids in open channels for different cross-sectional shapes[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF] allows the calculation of Re when f is known. In laminar conditions, f is related to Re by a roughness factor, K [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Burger | Experimental database for non-Newtonian flow in four channel shapes[END_REF][START_REF] Burger | Laminar and turbulent flow of non-newtonian fluids in open channels for different cross-sectional shapes[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF].

The suggested value of K corresponds to smooth channels, 24 < K < 30 (see text for more details). In turbulent conditions, Re follows the Blasius equation for smooth channels [START_REF] Blasius | Das Aehnlichkeitsgesetz bei Reibungsvorgängren[END_REF][START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF]. For rough channels, Re depends on the average height of the rough particles on the channel walls, r (see Figure 6.7). 'gully flow', modified from [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF]. The angle of bending is θ = 45 • . This feature was formed by an oblique hydraulic jump at this channel bend indicating lava under supercritical conditions.

The maximum super-elevation of A j = 3.15 m above the average flow depth. The wavefront angle, β, is unknown but should be θ < β < 90 • . The maximum super-elevation corresponds to Froude number of 1.69 that gives a maximum lava flow velocity of 9.65 m/s (Figure 6.11).166 

Motivation of the Thesis

A volcano is an opening at the surface of the Earth through which magma erupts. [START_REF] Borgia | What is a volcano?, in What Is a Volcano?[END_REF] proposed that "a volcano is a geologic environment, that at any scale, is characterized by three linked elements: magma, eruptions and edifice". Volcanology is the science that studies the generation of magma on Earth and other planetary bodies (Venus, Mars, the Moon, etc.), its ascent through the Earth's layers and its manifestation at the surface that leads to spectacular eruptions, the formation and evolution of volcanic edifices.

Volcanology relies on a combination of physical and geochemical studies of the magma and volcanic rock and gas properties. Such knowledge is particularly useful for interpreting and completing the history of a volcanic area, a single volcano or a particular volcanic event.

Furthermore, many volcanoes on Earth are active (Figure 1.1) and often in proximity to human habitation (i.e., [START_REF] Siebert | Volcanoes of the World: Third Edition[END_REF][START_REF] Auker | Statistical Analysis of Fatalities[END_REF]. Indeed, ∼ 80% of the world's population lives in countries with at least one Holocene (or historically active, i.e. < 10 ka years) volcano [START_REF] Siebert | Volcanoes of the World: Third Edition[END_REF]. More precisely, > 800 million people live within a 100 km radius of an historically active volcano [START_REF] Brown | Populations around holocene volcanoes and development of a population exposure index[END_REF]. Consequently, understanding volcanoes not only answers scientific questions, but also involves aspects of hazard mitigation and civil protection [START_REF] Barberi | The control of lava flow during the 1991-1992 eruption of Mt. Etna[END_REF][START_REF] Barberi | Earthen barriers to control lava flows in the 2001 eruption of Mt. Etna[END_REF][START_REF] Chirico | Lava flow hazard at Nyiragongo Volcano, DRC. 2. Hazard reduction in urban areas[END_REF][START_REF] Felpeto | Assessment and modelling of lava flow hazard on Lanzarote (Canary Islands)[END_REF][START_REF] Negro | Lava flow hazards at Mount Etna: Constraints imposed by eruptive history and numerical simulations[END_REF][START_REF] Neri | Pyroclastic Density Current Hazards and Risk, in Volcanic Hazards, Risks and Disasters[END_REF][START_REF] Poland | The 2014-2015 Pahoa lava flow crisis at Kilauea Volcano, Hawai'i: Disaster avoided and lessons learned[END_REF][START_REF] Richter | Lava flow hazard at Fogo Volcano, Cabo Verde, before and after the 2014-2015 eruption[END_REF][START_REF] Wilson | Volcanic hazard impacts to critical infrastructure: A review[END_REF][START_REF] Behncke | Lava flow hazard at Mount Etna (Italy): New data from a GIS-based study, in Kinematics and dynamics of lava flows[END_REF].

Over the past 10 ka, more than 9,000 volcanic eruptions have been identified [START_REF] Siebert | Volcanoes of the World: Third Edition[END_REF] and the annual total erupted material is ∼ 4 km 3 /yr on average (Figure 1.2;[START_REF] Crisp | Rates of magma emplacement and volcanic output[END_REF]. The majority of the active volcanic areas are located along tectonic plate boundaries such as in subductions zones (e.g., Aleutians Islands, Japan, Cascades Arc) or at mid-oceanic ridges (e.g., mid-Atlantic oceanic ridge) (Figure 1 [START_REF] Crisp | Rates of magma emplacement and volcanic output[END_REF][START_REF] Siebert | Volcanoes of the World: Third Edition[END_REF][START_REF] Siebert | Erath's Volcanoes andTheir Eruptions: An Overview[END_REF].

Figure 1.1:

The locations of Holocene (or historically active, i.e., < 10 ka years) volcanoes on Earth. Modified from [START_REF] Loughlin | Geophysical risk: volcanic activity[END_REF]. More than 9,000 volcanic eruptions were identified over the past 10 ka years [START_REF] Siebert | Volcanoes of the World: Third Edition[END_REF]. Tseax, the volcano studied in this thesis, is located in western Canada and is part of the 'Pacific Ring of Fire'.

Intracontinental volcanism commonly manifests in the form of monogenetic volcanoes [START_REF] Németh | Monogenetic volcanic fields : Origin, sedimentary record, and relationship with polygenetic volcanism[END_REF][START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF][START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF]. Such volcanoes are generally short lived and small scale [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF], however, a single eruption can represent a localized and unpredictable hazard to the local population (e.g.,

Trans-Mexican volcanic belt, Auckland volcanic field; [START_REF] Allen | Eruption styles and volcanic hazard in the Auckland Volcanic Field, New Zealand[END_REF][START_REF] Rodríguez | A quaternary monogenetic volcanic field in the Xalapa region, eastern Trans-Mexican volcanic belt: Geology, distribution and morphology of the volcanic vents[END_REF]. Due to a low annual average magmatic output rate (Figure 1.2), only a few historical eruptions of continental monogenetic volcanoes have been observed and studied [START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF], limiting our understanding of such volcanic systems [START_REF] Valentine | Basaltic Volcanic Fields, in The Encyclopedia of Volcanoes[END_REF]. (2015), with data from [START_REF] Crisp | Rates of magma emplacement and volcanic output[END_REF] and [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF].

This Ph.D. thesis is focused on the study of Tseax volcano (pronounced "See-Ax", Wil Ksi Baxhl Mihl in the Nisga'a language), located in northwestern British Columbia in the Northern Cordillera Volcanic Province (Figure 1. [START_REF] Pyle | Quantitative morphology, recent evolution, and future activity of the Kameni Islands volcano, Santorini, Greece[END_REF]. The study of Tseax, which is the deadliest and second youngest volcano in Canada [START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF], combines the aspects briefly described below:

• (1) Tseax has been recently confirmed as a monogenetic volcano that erupted ∼ 250 years ago [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF];

• (2)
The eruption is believed to have destroyed several villages and killed up to 2,000 people of the Nisga'a First Nation living there at the time (Nisga'a Tribal Council and B.C. Parks Committee, 1997;[START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF] highlighting the potential hazard of such volcanoes;

• (3) Given its relatively young age and destructive history, the eruption was recorded in oral and written stories by the Nisga'a people [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]Nisga'a Tribal Council, 2004), preserving observational accounts of the eruption.

Thus, Tseax offers a unique opportunity to investigate a young, deadly and well-preserved monogenetic volcano with observational accounts documented in First Nation oral histories and stories. [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000).

Monogenetic Volcanism

Commonly volcanoes are divided into monogenetic and polygenetic systems [START_REF] Walker | Basaltic-volcano systems[END_REF].

Polygenetic volcanoes erupt many times from the same vents or conduits and form stratovolcanoes or shield volcanoes (e.g., Mt. Saint Helens, Mauna Loa, etc.). In contrast, monogenetic volcanoes are typically short lived and erupt only once. The distinction between these two categories is not always sharp, and mainly depends on the time scale of the observation (Figure 1.4;[START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. Monogenetic volcanoes are very common on extensional continental lithosphere [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. The extensive work on the physical characteristics and chemical properties of Holocene monogenetic volcanoes allow us to constrain and determine their magnitudes, dynamics, origins and eruption timescales (e.g., [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]Smith and Németh, 2017, and references therein).

Generally, monogenetic volcanoes in continental settings form monogenetic volcanic fields [START_REF] Valentine | Basaltic Volcanic Fields, in The Encyclopedia of Volcanoes[END_REF][START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF] such as the Auckland Volcanic Field (New Zealand;Allen and Smith, 1994), Harrat Rahat (Saudi Arabia;[START_REF] Camp | The Arabian continental alkali basalt province : Part I. Evolution of Harrat Rahat, Kingdom of Saudi Arabia[END_REF], the Garrotxa Volcanic Field (Spain;Cimarelli et al., 20133), the Chaîne des Puys (France; [START_REF] Merle | The formation of the West European Rift; a new model as exemplified by the Massif Central area[END_REF] or the Michoacán-Guanajuato volcanic field (central Mexico; [START_REF] Hasenaka | The cinder cones of Michoacán-Guanajuato, central Mexico: their age, volume and distribution, and magma discharge rate[END_REF]. A monogenetic volcanic field can be active for 10 4 to several million years and comprises tens to hundreds of volcanic centres [START_REF] Corvec | Spatial distribution and alignments of volcanic centers: Clues to the formation of monogenetic volcanic fields[END_REF][START_REF] Valentine | Basaltic Volcanic Fields, in The Encyclopedia of Volcanoes[END_REF]. The Michoacán-Guanajuato volcanic field is the largest monogenetic field on Earth with more > 1,000 identified volcanic centres that regularly erupted since ∼ 3 Ma and are still considered active today (the last recorded eruption is Paricutin in ∼ 1950; [START_REF] Hasenaka | The cinder cones of Michoacán-Guanajuato, central Mexico: their age, volume and distribution, and magma discharge rate[END_REF]. Average magmatic output rates vary between 10 -1 to 10 -4 km 3 /ky [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF], thus the total volume of a monogenetic volcanic field can be much larger than the eruptive volume of classic stratovolcanoes [START_REF] Valentine | Continental basaltic volcanoes -Processes and problems[END_REF][START_REF] Németh | Monogenetic volcanic fields : Origin, sedimentary record, and relationship with polygenetic volcanism[END_REF].

Monogenetic volcanoes are commonly, but not exclusively, grouped in volcanic clusters or alignments within a monogenetic volcanic field (e.g., [START_REF] Condit | Patterns of Volcanism along the Southern Margin of the Colorado Plateau: The Springerville Field[END_REF][START_REF] Connor | Cinder cone clustering in the TransMexican Volcanic Belt: implications for structural and petrologic models[END_REF][START_REF] Rodríguez | A quaternary monogenetic volcanic field in the Xalapa region, eastern Trans-Mexican volcanic belt: Geology, distribution and morphology of the volcanic vents[END_REF][START_REF] Pérez-López | Scaling laws of the size-distribution of monogenetic volcanoes within the Michoacán-Guanajuato Volcanic Field (Mexico)[END_REF]. They are the most common volcanic landforms on Earth [START_REF] Valentine | Continental basaltic volcanoes -Processes and problems[END_REF] and are usually, small volume basaltic systems (< 1 km 3 to a few km 3 ; Hasenaka and Carmichael, 1985; Delgado et al., 1998; Rodríguez et al., 2010; Kereszturi et al., 2013. They are formed by a single, "one-off " [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF] and typically short lived eruption lasting between days to months (e.g., [START_REF] Needham | Sequential eruption of alkaline and sub-alkaline magmas from a small monogenetic volcano in the Auckland Volcanic Field, New Zealand[END_REF][START_REF] Deardorff | Emplacement conditions of the c. 1,600-year bp Collier Cone lava flow, Oregon: A LiDAR investigation[END_REF]Dietterich et al., 2018a) although longer eruptions have been recorded such as the ∼ 9 year long eruption of Paricutin, Mexico, in the mid-1950s [START_REF] Foshag | Birth and Development of Paricutin Volcano Mexico[END_REF][START_REF] Pioli | Explosive dynamics of violent Strombolian eruptions: The eruption of Parícutin Volcano 1943-1952 (Mexico)[END_REF].

Frequency Volume and complexity

Monogenetic volcanoes

Polygenetic volcanoes

Paricutin, Mexico Rangitoto, New Zealand Cerro Negro, Nicaragua Browns Island, New Zealand Maungataketake, New Zealand Pukeiti, New Zealand Dome-cone complex, Saudi Arabia [START_REF] Németh | Monogenetic volcanic fields : Origin, sedimentary record, and relationship with polygenetic volcanism[END_REF][START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. For an individual volcano, the main physical characteristics are the following (Figure 1.4; see [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF][START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF], and references therein):

-Monogenetic volcanoes consist of one or several volcanic vents, most commonly forming an alignment along a volcanic fissure;

-Each individual edifice is tens to several hundreds metre high made of fountain tephra (i.e., spatters, scoria, lapilli, etc.) and ash;

-Usually, one or several lava flows emerge from a breaching vent or from beneath the cone. An individual lava flow can be > 10 m thick and 10s km in length. The majority of lava are pāhoehoe, 'a'ā or blocky flows for the most viscous and evolved systems;

-Blankets of tephra and ash can cover several km 2 around the vents.

Given the low magmatic input rates in continental settings (Figure 1.2), eruption of monogenetic volcanoes were rarely observed. For example, in the largest monogenetic volcanic province on Earth, the Michoacán-Guanajuato Volcanic Field (Mexico), which encompasses more than 1,000 volcanic centres [START_REF] Hasenaka | Size, distribution, and magma output rate for shield volcanoes of the Michoacán-Guanajuato volcanic field, Central Mexico[END_REF], only the eruption of Paricutin in 1943-52 CE, Jorullo in ∼ 1765 CE and perhaps El Matate in ∼ 1250 CE were directly observed [START_REF] Foshag | Birth and Development of Paricutin Volcano Mexico[END_REF][START_REF] Johnson | Magmatic volatile contents and degassing-induced crystallization at Volcán Jorullo, Mexico: Implications for melt evolution and the plumbing systems of monogenetic volcanoes[END_REF][START_REF] Chevrel | The AD 1250 effusive eruption of El Metate shield volcano (Michoacán, Mexico): Magma source, crustal storage, eruptive dynamics, and lava rheology[END_REF].

Therefore, our knowledge of the eruptive dynamics of monogenetic volcanoes is largely inferred from the study of the volcanic deposits. Since monogenetic volcanoes erupt small volume of magma, their eruption styles strongly depend on external factors, in particular the presence of external water [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF][START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF]. In a dry environment, eruptive dynamics vary from Hawaiian to Strombolian, while in a wet environment, phreatomagmatic explosions dominate with the formation of tuff rings and maars [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]Smith and Németh, 2017, and references therein).

The geochemical compositions of magma from monogenetic volcanoes are generally consistent with deep partial melting of a mantle source in the spinel or garnet stability field [START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF]. In many cases, mantle xenoliths are found in the lava at the surface. The depth, temperature and composition of the source can be inferred from the study of these mantle xenolith. The presence of xenoliths within small magma batches argue in favor of fast ascent from the source to the surface (i.e., 10 This evolution is often recorded in the stratigraphy of the deposits.

Volcanoes, Cultural Impacts, and the "Vibrating String" Effect

Volcanic eruptions, in many ways and time scales, shape the Earth. Volcanoes, since time immemorial, have played a key role in Human History [START_REF] Cashman | Volcanoes and human history[END_REF].

That is why an iconic burning "Λ-shaped" mountain, spewing rivers of red incandescent rocks and ejecting clouds of gray ash in the sky is immediately recognized worldwide as a volcano (i.e., [START_REF] Borgia | What is a volcano?, in What Is a Volcano?[END_REF][START_REF] Sigurdsson | Volcanoes in Literature and Film, in The Encyclopedia of Volcanoes[END_REF]. Since prehistoric times, an important part of the world's population have lived on the slopes of volcanoes or in close proximity to volcanic areas due to the fertility of volcanic soils; the people living near Mt.

St. Helens, Tambora, Stromboli or in Iceland, for example, will never forget some of their most tremendous eruptions.

The "Vibrating String" Effect

Some large or impactful volcanic eruptions have immediate effects (in a matter of days to weeks) on the local population, i.e., fatalities, destruction of croplands or infrastructures, etc. Such eruptions can have after effects for several months or years such as displacement of population, major changes of the local geography or famine. Economic and/or ecological revival can take place several years or decades after the eruption. In some cases, volcanic eruptions were so destructive that they are remembered generation after generation and can ultimately be an important part of the culture of societies after several centuries and be part of legends, mythologies or religious events (e.g., [START_REF] Stothers | Volcanic eruptions in the Mediterranean before A.D. 630 from written and archaeological sources[END_REF][START_REF] Cashman | Welcoming a Monster to the World : Myths , oral tradition , and modern societal response to volcanic disasters[END_REF]. This is called the "vibrating string" effect as defined by Zeilinga de Boer et al. (2012) (Figure 1.5). 
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Figure 1.5:

The "vibrating string" effect or the persistence of the after effects of a volcanic eruption through time, modified from Zeilinga de [START_REF] Zeilinga De Boer | Volcanoes in Human History: The Far-Reaching Effects of Major Eruptions, core textb[END_REF]. This schema shows the duration of effects that can follow an eruption. Short term effects (days to months) but with strong consequences (e.g., 2018 Kīlauea and 2015 Pico do Fogo eruptions). Long term effects (displacement of population, economic or ecological revival) occur on the order of years to decades (e.g., 2010 Eyjafjallajökull and 1783-1784 Laki eruptions). Finally, eruptions that had a significant impact on the population (local, regional or worldwide) are often assimilated into legends and mythologies (e.g., the eruption of Santorini in 1650 BCE). The after effects of the Tseax eruption span this entire schema and are recorded in the Nisga'a Adaawak (oral history stories; see section 1.4.3).

I provide a tentative and illustrative example of the "vibrating string" effect explained above using well known modern and historical volcanic eruptions (Figure 1.5). In the past decade, volcanic eruptions were very much in the news due to their strong and immediate effects on the population. To name a few, in 2015, the eruption of Pico do Fogo, Cabo Verde, produced lava flows that engulfed and destroyed three villages and displaced about 1,000 people [START_REF] Richter | Lava flow hazard at Fogo Volcano, Cabo Verde, before and after the 2014-2015 eruption[END_REF]. In June 2018, Fuego volcano, Guatemala, violently erupted producing pyroclastic density currents and lahars that caused the deaths of several hundreds of people and the evacuation of more than 10,000 (Global Volcanism Program, 2018). During the summer of 2018, the Big Island of Hawai'i experienced the most destructive eruption over the past 200 years. A series of fissures opened along the Lower East Rift zone of Kīlauea producing ∼ 1 km 3 of lava flows that destroyed 700 buildings, roads and highways and damaged a geothermal power plant [START_REF] Neal | The 2018 rift eruption and summit collapse of Kilauea Volcano[END_REF][START_REF] Patrick | The historic events at Kilauea Volcano in 2018: summit collapse, rift zone eruption, and Mw 6.9 earthquake: preface to the special issue[END_REF]. The 2010 eruption of Eyjafjallajökull, Iceland, emitted large volumes of volcanic ash resulting in the closure of the northern European air space for many days and the cancellation of 108,000 flights. This cost USD $1.7 billion for the airline industry with repercussions for several months to years [START_REF] Budd | A fiasco of volcanic proportions? Eyjafjallajökull and the closure of European airspace[END_REF]. The eruption of Laki in 1783-1784, Iceland, emitted ∼ 122 megatonnes of sulphuric aerosol in the atmosphere that caused several severe winters in succession in Europe. The average annual temperature dropped by 1. [START_REF] Thordarson | Atmospheric and environmental effects of the 1783-1784 Laki eruption: A review and reassessment[END_REF]. This after effect is believed to be responsible for higher mortality rates and famines in some parts of Europe which might have favored the start of revolts, notably in France a few years later [START_REF] Grattan | Volcanic air pollution and mortality in France 1783-1784[END_REF][START_REF] Garnier | Les brouillards du Laki en 1783. Volcanisme et crise sanitaire en Europe[END_REF]. In 1650 BCE Santorini, Thera island, Greece, erupted ∼ 30 km 3 of volcanic material ejecting ash over the eastern Mediterranean Sea and in Turkey. The eruption caused the collapse of a caldera that generated a tsunami which destroyed Minoan cities in Crete [START_REF] Druitt | Caldera formation on Santorini and the physiography of the islands in the late Bronze Age[END_REF].

This eruption is believed to be responsible for the fall of the Minoan civilisation. Even though there are still debates amongst historians, the myth of Atlantis described in Plato's dialogues Timaeus & Critias (360 BCE) is often attributed to this catastrophic eruption [START_REF] Vitaliano | Atlantis : A Review Essay[END_REF][START_REF] Naddaf | The Atlantis Myth : An Introduction to Plato's Later Philosophy of History[END_REF]. This is one of the world's most famous historic eruptions and is still a great source of inspiration in our modern society (e.g., [START_REF] Sigurdsson | Volcanoes in Literature and Film, in The Encyclopedia of Volcanoes[END_REF] and thus still vibrates to this day (Figure 1.5).

Preservation in First Nations Cultures

Catastrophic natural disasters that have affected communities are often part of the local history [START_REF] Cashman | Welcoming a Monster to the World : Myths , oral tradition , and modern societal response to volcanic disasters[END_REF][START_REF] Masse | Exploring the nature of myth and its role in science[END_REF][START_REF] Cashman | Volcanoes and human history[END_REF].

Usually, religious metaphors are used to describe these catastrophic phenomena [START_REF] Cashman | Welcoming a Monster to the World : Myths , oral tradition , and modern societal response to volcanic disasters[END_REF]. Given their destructive nature, many volcanic eruptions form important parts of the local history as for example in Hawaii [START_REF] Swanson | Pahoehoe flows from the 1969-1971 mauna ulu eruption, kilauea volcano, Hawaii[END_REF], the Southwest Pacific [START_REF] Nunn | On the Convergence of Myth and Reality : Examples from the Pacific Islands[END_REF][START_REF] Németh | Volcanic structures and oral traditions of volcanism of Western Samoa (SW Pacific) and their implications for hazard education[END_REF] and in Northwest North America [START_REF] Clark | Indian legends of the Pacific Northweest[END_REF].

In oral societies, such as the early First Nations communities in Northwest North America, natural disasters were often recorded in oral stories and legends [START_REF] Clark | Indian legends of the Pacific Northweest[END_REF]. These oral histories and stories are passed from one generation to the next through oral traditions, and while they sometimes undergo changes through time [START_REF] Cashman | Welcoming a Monster to the World : Myths , oral tradition , and modern societal response to volcanic disasters[END_REF], they preserve observational accounts of these volcanic eruptions. Over the past two decades, several scientific studies have been conducted in collaboration with indigenous communities with the aim of characterising and constraining historical eruptions [START_REF] Cashman | Welcoming a Monster to the World : Myths , oral tradition , and modern societal response to volcanic disasters[END_REF][START_REF] Swanson | Pahoehoe flows from the 1969-1971 mauna ulu eruption, kilauea volcano, Hawaii[END_REF][START_REF] Németh | Volcanic structures and oral traditions of volcanism of Western Samoa (SW Pacific) and their implications for hazard education[END_REF].

The Case of Tseax Volcano in British Columbia, Canada

To date, a relatively small number of scientific studies have been conducted on Tseax volcano including mapping of the volcanological characteristics [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF], petrological and geochemical studies [START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Nicholls | Volume-composition relations in concentrically zoned crystals: application to thermodynamic modeling of igneous processes[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF] and dating [START_REF] Lowdon | Geological Survey of Canada Radiocarbon Dates XI[END_REF][START_REF] Symons | Age and Flow Direction From Magnetic Measurements on the Historic Aiyansh Flow, British Columbia[END_REF][START_REF] Wuorinen | Age of Aiyansh Volcano, British Columbia[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF].

The Northern Cordillera Volcanic Province (NCVP): a Monogenetic Volcanic Province in Western Canada

Canada is not the first country to come to mind when thinking about volcanoes in North America. However, western Canada is part of the 'Pacific Ring of Fire' (Figure 1.1), and therefore the country is exposed to volcanic eruption (Figure 1.3a), particularly in British Columbia and Yukon Territory (Figure 1.3b). In North America, the Northern Cordillera comprises several active volcanic belts (Figure 1.3b) and western Canada alone encompasses at least 4 of these volcanic belts, namely the Garibaldi Volcanic Belt, the Anaheim Volcanic Belt, the Wells Gray-Clearwater Volcanic Field and the Northern Cordillera Volcanic Province (NCVP; Figure 1.3a; [START_REF] Edwards | Northern Cordilleran Volcanic Province: A northern Basin and Range[END_REF]. et al., 2011). Volcanism in the NCVP is attributed to an upwelling of asthenosphere producing a thermal anomaly. Location of the volcanoes and cities are approximate. Tseax is the southernmost volcano of the NCVP.

The NCVP, formerly know as the Stikine Volcanic Belt [START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF][START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF] is approximately 1200 km long and 400 km wide, extending from northwest British Columbia to Yukon and eastern Alaska (Figure 1.3a). Volcanism in the NCVP is dated from the Neogene to Quaternary and its magmatic origin has been attributed to a slab window in the subduction of the Juan de Fuca plate beneath the North America Plate (Figure 1.6;[START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Thorkelson | Cordilleran slab windows[END_REF][START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF]. This slab window induces an upward asthenospheric flux that provokes thermal erosion of the overlying crust leading to the rifting of NCVP (Figure 1.3b;[START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF]. The composition of lavas is consistent with continental extension (e.g., [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000) and the trace elements show an OIB-like signature (i.e., an asthenospheric origin; [START_REF] Francis | The Mantle Source for Olivine Nephelinite , Basanite , and Alkaline Olivine Basalt at Fort Selkirk , Yukon , Canada[END_REF][START_REF] Carignan | Isotopic characteristics of mantle sources for Quaternary continental alkaline magmas in the northern Canadian Cordillera[END_REF][START_REF] Cousens | Discerning asthenospheric, lithospheric, and crustal influences on the geochemistry of Quaternary basalts from the Iskut-Unuk rivers area, northwestern British Columbia[END_REF][START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000). The NCVP is a sodic volcanic province with more than 100 identified volcanic centres [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000, andreferences therein) and mafic rocks are mostly mantle-derived alkali olivine basalts, hawaiites and basanites. The majority of the volcanic centres consist of isolated pyroclastic cones and associated lava flows typical of monogenetic volcanoes (e.g., Figure 1.3b;[START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000, andreferences therein). The initiation of NCVP volcanism started ∼ 20 Ma ago in Yukon and eastern Alaska and then propagated southwards into central western British Columbia [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. The rate of magmatism in the NCVP is estimated at 10 -4 km 3 /yr (Figure 1. [START_REF] Griggs | Mauna Loa Lava Flow[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. Our understanding of the young NCVP volcanoes (i.e., origins, dynamics, related hazards) is limited mainly due to their remoteness [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. 37 volcanic eruptions occurred in the NCVP during the Holocene (1 eruption every ∼ 270 years; Table 1. 1;[START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF] making it the most active volcanic area in Canada.

Table 1.1: Youngest dated volcanic events in the Northern Cordillera Volcanic Province (from [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Russell | Estimates of crustal assimilation in Quaternary lavas from the Northern Cordillera, British Columbia[END_REF]. Note that Tseax is the second-youngest volcanic event in the NCVP after Lava Fork. 33 other eruptions occurred in the NCVP during the Holocene but are not precisely dated [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF].

Volcanic centre Age (BP)

Volcano Mountain, Yukon > Tseax volcano (formerly known as Aiyansh volcano [START_REF] Roberts | Geomorphic responses to the sudden blocking of a fluvial system: Aiyansh lava flow, northwest British Columbia[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF], Aiyansh River volcano or Tseax River Cone [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF], in British Columbia, is the southernmost volcanic centre of the NCVP (Figure 1.3b,1.6), located about 60 km north of Terrace and ∼ 800 km north of Vancouver. The volcano is in a tributary valley to Tseax River Valley in the Nass River region near the town of Gitwinksihlkw (formerly Canyon City) and Gitlaxt'aamiks (formerly New Aiyansh). It is the second youngest volcanic eruption of the NCVP and in Canada, after the eruption of Lava Fork ∼ 150 years ago (Table 1. 1;[START_REF] Elliot | Age of basalt flows in the Blue River valley, Bredfield Canal quadrangle[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. Tseax volcano and associated volcanic deposits forms the Anhluu't'ukwsim Laxmihl Angwiga 'asanskwhl Nisga'a (Nisga'a Memorial Lava Bed Provincial Park;Nisga'a Tribal Council and B.C. Parks Committee, 1997).

Summary of Previous Scientific Studies on Tseax Volcano

Below are summarized the main findings and conclusions of the previous studies undertaken at Tseax. I also present the principal Nisga'a written and oral histories concerning the eruption of Tseax. [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF]. Figure 1.7b is a subset of his map that accurately shows for the first time the extent of the Tseax lava flow.

The

Physical Volcanology

Forty-five years after the geological reconnaissance lead by [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF], the first extensive study of the physical volcanology of Tseax was conducted by Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF] who spent several weeks mapping the volcanic products between 1965 and 1969 (Figure 1.7c).

This detailed map was built from extensive fieldwork and with the help of aerial photos and to date, it is the most recent volcanological map of Tseax. (1924) and Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF], the total lava flow volume is roughly 0.46 -0.50 km 3 .

The volcano consists of two imbricated cones sitting on an argillite basement. It was suggested that a first explosion built an outer and large spatter cone followed by a second explosion that constructed an inner ∼ 90 m high cinder and scoria cone [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF][START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF]. A few smaller cones were also mapped in the proximity to the main cones (Figure 1.7e). [START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF] estimated that the tephra blanket covers a surface of 2.2 × 10 7 m 2 . It is proposed that a first phase of spatter activity was followed by a more explosive phase that built the inner scoria cone and produced a ∼ 5 km high eruptive column [START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF].

Petrology and Geochemistry

The lavas are composed of tabular plagioclases crystals (up to 50 vol%) up to 2 cm long and nearly 10 vol% of "amber" olivines in phenocrysts. The groundmass is composed by microliths of plagioclase, olivine and oxide with minor clinopyroxene and apatite [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF]. The petrology of the lava flows is uniform from the cone to the distal units suggesting that the lava flow was produced by a single eruption. Nevertheless, the crystallinity is highly variable from the (1918). b. Modified from Figure 7 of [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF]. c. Modified from Figure 1 of Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]. Field photos of (d) the lava flow from [START_REF] Barbeau | Volcanoes on the Nass[END_REF] and of (e) a volcanic vent from [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF].

Table 1.2: Tseax lava flow surface morphologies described by Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]. See Figure 1.7c for locations.

Surface form Description

Level of pahoehoe Practically planar surface with minor crinkles and ridges; fairly uniform flow lineation; commonly broken onto blocks ∼ 10 m across.

Tilted slabs

Level of pahoehoe crust broken onto slab 1 m long and 0.3-1 m thick.

Bridge and collapse

Level of pahoehoe broken by lineal collapse pits 10-100 m long oriented in the flow direction with warped bridges and variably collapsed crustal areas. Small slab and block field Slabs of pahoehoe up to 1 m long pilled up to form surface with wave form waves with amplitude of 1-3 m and wave length of 10-17 m.

Blocky lava

Rubble of irregular size and textured blocks without wave form. Rubble of bombs and blocks Blocks of ∼ 0.3 m in diameter.

vent to the distal units [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF]. [START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF] defined two facies: a "coarse facies" in the proximal flows (cone area and Crater Creek valley), dominated by numerous and large phenocrysts of plagioclases and a "fine facies" in the distal units (Tseax River and Nass valleys) which is almost aphyric with only a few phenocrysts of plagioclase visible to the naked eye. The vesicularity of the flow is variable and can be up to 20 % (Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF].

According to the few bulk rock analyses made on Tseax [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF], the eruption of Tseax has produced a trachybasalt to basanite lava with an alkali content (Na 2 O + K 2 O) of 5. 7-6 wt% (Le Bas et al., 1986) flow with normative nepheline up to ∼ 9 wt%. The presence of nepheline (a feldspathoid mineral) in the normative composition indicates a lack of silica to satisfy the requirements of all the major silicate minerals; the Tseax products are slightly undersaturated with 45-48 wt% SiO 2 .

Whole rock compositions also show a low MgO content (4-5 wt%) and a high FeO T content (13-16 wt%, thus the amber colour of the olivines). No significant variation of the bulk rock composition along the entire flow is observed.

The Age of the Tseax Eruption

The age of the eruption of Tseax has been discussed and determined from both scientific methods [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF][START_REF] Lowdon | Geological Survey of Canada Radiocarbon Dates XI[END_REF][START_REF] Wuorinen | Age of Aiyansh Volcano, British Columbia[END_REF][START_REF] Roberts | Geomorphic responses to the sudden blocking of a fluvial system: Aiyansh lava flow, northwest British Columbia[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF] and from Nisga'a Adaawak (oral history stories; [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF]. All studies agree on the young age of the eruption, but its precise date has been a subject of controversy (Figure 1.8;[START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF].

Using dendrochronology, [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF] and [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF] [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF][START_REF] Lowdon | Geological Survey of Canada Radiocarbon Dates XI[END_REF][START_REF] Roberts | Geomorphic responses to the sudden blocking of a fluvial system: Aiyansh lava flow, northwest British Columbia[END_REF]. These dendrochronology and radiocarbon dates are within error and correlate well with the Nisga'a history that dates the eruption to the late 18 th century [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]. [START_REF] Symons | Age and Flow Direction From Magnetic Measurements on the Historic Aiyansh Flow, British Columbia[END_REF], from magnetic data collected on the lava flow, proposed that the eruption occurred earlier, in 1650 ± 40 CE and Wuorinen (1978) 

The Oral Traditions and Written Histories of Tseax Volcano

The eruption of Tseax is believed to have killed up to 2,000 people of the Nisga'a First Nation living in villages in the Nass Valley and fish camps and smokehouses were also destroyed [START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]Nisga'a Tribal Council and B.C. Parks Committee, 1997;Nisga'a Tribal Council, 2004;[START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Survivors of the eruption were forced to relocate their villages to the northern shores of the Nass River [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]. The eruption also dramatically changed the local geography; the lava flow diverted the Nass River northwards by several kilometres [START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF]. Furthermore, the Adaawak mention that fish (which are culturally and economically important in the Nisga'a society; [START_REF] Berger | Nisga'a People of the Nass River, British Columbia: Nisga[END_REF] did not return to that part of the Nass River for a few years [START_REF] Barbeau | Volcanoes on the Nass[END_REF]. Since 1992, the area forms the Anhluut'ukwsim Laxmihl Angwinga 'asanskwhl Nisga'a (Nisga'a Memorial Lava Bed Provincial Park;Nisga'a Tribal Council and B.C. Parks Committee, 1997;[START_REF] Parks | k.a. Nisga'a Memorial Lava Bed Park) and Nisga'a Memorial Lava Bed Corridor and Nisga'a Memorial Lava Bed Protected Areas[END_REF] and offers visitors tours of the volcano and visits to some intriguing volcanological features (lava falls, lava tree molds, etc.). The park attracts several thousand tourists per year [START_REF] Parks | BC Parks 2017/18 Statistics Report[END_REF].

Hence, the eruption of Tseax still resonates to this day (Figure 1.5). Stories reported by missionaries and anthologists in the late 19 th and early 20 th century have preserved observational accounts of the eruption of Tseax (i.e., duration, magnitude, events, economic revival, etc.) and can thus be placed on the first amplitudes of the "vibrating string" effect of Zeilinga de [START_REF] Zeilinga De Boer | Volcanoes in Human History: The Far-Reaching Effects of Major Eruptions, core textb[END_REF]. Similar to some major eruptions that occurred centuries ago, the eruption of Tseax is still remembered in the Nisga'a customs and traditions through oral histories (Figure 1.5). These Adaawak are based on observational facts and therefore also preserve key information of the Tseax eruption history. Below I report the main Adaawak related to the eruption of Tseax to which I will refer throughout this thesis.

Laxmihl (Where the Fire Ran Out), a Nisga'a Adaawak

The Nisga'a people have lived in K'alii Aksim Lisims (Nass Valley) since time immemorial [START_REF] Berger | Nisga'a People of the Nass River, British Columbia: Nisga[END_REF]Nisga'a Tribal Council, 2004). Through Ayuukhl Nisga'a (Nisga'a Law) and Adaawak (oral legends, literature and customs) passed on by successive generations, the Nisga'a way of life has been maintained and preserved over centuries [START_REF] Berger | Nisga'a People of the Nass River, British Columbia: Nisga[END_REF]. Adaawak are traditional stories about the Nisga'a people and the Nass Valley. There are thousands of Nisga'a Adaawak and the majority of them are the private property of an individual wilp (house) and are only for the Nisga'a to tell [START_REF] Berger | Nisga'a People of the Nass River, British Columbia: Nisga[END_REF].

However, the Adaawak Laxmihl (Where the Fire Ran Out; Figure 1 Others canoed to the far side of the river but were killed by the lava. As the people watched the lava flow over their villages, Gwaxts'agat (a powerful supernatural being) suddenly emerged to block the lava's advance. For days, Gwaxts'agat fought back the lava by blowing on it with its great nose. Finally, the lava cooled and Gwaxts'agat retreated into the mountain where it remains to this day." from Nisga'a oral tradition (https://www.nisgaanation.ca/volcano; Nisga 'a Tribal Council, 2004).

Missionaries and Anthropologists from the Late 19 th and Early 20 th Century Collison (1915) William Henry Collison (1847Collison ( -1922) ) was an Irish Anglican missionary amongst the Tsimshian people (First Nations of west central British Columbia). He resided amongst the Nisga'a from the early 1890s until his death on January 23, 1922. He published his memoirs in 1915 (In the Wake of the War Canoe; [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF] in which Chapter XXI is dedicated to the Nass River.

Collison initially observed the lava plain in 1874 when he canoed up the Nass River and noted its recent origin due to the presence of well preserved fragments of trees and roots still encased in the lava (p. 269 in [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF]. Collison was told by a Nisga'a of "over eighty years of age" that the eruption occurred when "his grandfather was a boy". From this dialogue, Collison reported (p. 269-270 in Collison, 1915): "The river did not always flow where it does now" said he. "It flowed along by the base of the mountains on the farther side of the valley some miles away. It was there the people were encamped when the Nak-nok (Naxnok, supernatural being) of the Mountain became angry and the fire-stone flowed down. They were all busy in catching, cleaning, and cutting up the salmon, to dry in the smoke. Whilst they were thus engaged, some of the boys were amusing themselves in catching salmon, and cutting openings in their backs, in which they inserted long, narrow stones. Then, setting them free in the water, as the salmon swam near the surface, the boys clapped their hands and called them finback whales." "While they were thus enjoying their cruel sport, the ground began to tremble, and suddenly the mountain vomited forth fire and smoke. We knew then that the spirit of the mountain was angry with the boys because of their cruelty to the salmon. Then, when we saw the Nak-nok of the Mountain rushing towards us clothed in fire, we fled for our lives. All that day we fled, and at sunset, as we looked back, we saw the spirit cloud with its huge wings outspread following us. We reached the foot-hills on this side, which we ascended, and there we took refuge, as all were exhausted, and could run no farther. The river of fire-stone, swept on by the cloud spirit, drove the river before it across the valley, until it also reached the base of the foot-hills. Here it heaped up, the river which quenched and cooled the fire-stone, boiling and thundering, and leaving it heaped up along the bank as it is today." "As night fell, the spirit cloud disappeared in the darkness, but the whole valley was on fire, which continued for many days, until all the trees, and even the ground, were consumed."

"It was then that we separated and settled in the two encampments of Giatlakdamiksh [Gitlaxt'aamiks] and Giat-winikshilk [Gitwinksilhkw]. Before the mountain vomited forth the fire-stone, we were all one encampment on the upper side of the valley, but from that time we became two camps." James Benjamin McCullagh (1854[START_REF] Vogel | Das temperaturabhaangigkeitsgesetz der viskositat von fluussigkeiten[END_REF] was an Irish Anglican missionary who lived amongst the Nisga'a for many years [START_REF] Moeran | McCullagh of Aiyansh[END_REF] and is known for his linguistic work in translating the Nisga'a language into English (e.g., [START_REF] Mccullagh | NišÄąa primer anspelsqum šim algiuk: Part 1 Spelling and reading[END_REF]. It is said that J. B. McCullagh was "Nisga'a-ized" during his stay in the Nass Valley [START_REF] Kelm | Wilp Wa'ums: colonial encounter, decolonization and medical care among the Nisga'a[END_REF].

McCullagh (1918)
McCullagh melodically named the Nass Valley the "Valley of Eternal Bloom" and proposed to turn the volcanic eruption into a poetical battle between Ignis (fire), Lithos (earth) and Pluvius (water). The first six verses of this poem influenced by the Greek mythology are the following [START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF]:

"IGNIS regnant! in the aeons when plutonic ergites wrought,- 1.7a;[START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF]. Note the approximate shape of the lava flow. Barbeau (1883Barbeau ( -1969) ) was a Canadian ethnographer and folklorist. He worked amongst the Tsimshian First Nations, especially with the Gitxsan and Nisga'a people in the 1910s and 1920s where he researched authentic oral histories. He was told by Nisga'a elders living in the villages of Gitwinksilhkw and Gitlaxt'aamiks the story of the eruption of Tseax (p. 221-222 in Barbeau, 1935): "The rumbling was heard once and soon the ground began to shake. Standing outside their houses, the people saw the flames coming towards them in huge swift currents, and they ran away. Their village was burnt, and the whole place."

Barbeau (1935) Charles Marius

"The volcanic eruption soon after broke out. First there was smoke, like that coming out of a house, a big pillar of smoke. It was as if a house was burning on the mountain top. The people saw a big fire. The fire came down the side in their direction, but not as fast as forest fire. It moved down slowly, very slowly. It was strange and frightful.

It was dangerous! There were fumes spreading ahead, and those who smelled them were smothered. They died and their body stiffened like rock. Frightened, the people of one tribe dug holes in the ground like underground lodges, and hid within, scared as they were of the mountain spirits. Likewise, the other tribe. That did not keep other people from dying of the fumes, mostly in the lower of the villages. As soon as the smoke dispersed some people ran away; a great many others stayed on. They did not suffer any more from the smoke. The fire then rolled down like a river, filled the lake, and for a time the water was a bed of flames. The stone was red and hot there for many days. As far as it went, all the way, it was flowing red. It started from the river where the people fished salmon, away up there, and ran down to the place where the canyon now is." 

Scientific Themes and Research Questions 1.5.1 Scientific Themes

The two main Scientific Themes throughout this thesis are:

• (1) Monogenetic volcanism. As shown in Section 1.2, monogenetic volcanism is an active research field amongst the volcanology community. However, a clear understanding of the different mechanisms that define monogenetic volcanism is not yet available. It is still very challenging to provide a clear and simple definition of a monogenetic volcano (e.g., [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. This study of Tseax, a young, well-preserved, small-volume volcano will hopefully provide new insights into our understanding of monogenetic volcanism.

• (2) Lava flow dynamics. Lava flows of the Tseax volcanic field are long and voluminous (Figure 1.7), and it seems that their emplacement may have been responsible

for the Nisga'a fatalities (Section 1.4.3). This study provides an excellent opportunity to investigate the rapid emplacement of large volume of lava flows. This thesis is focused on the study of Tseax volcano. However, in the concluding Chapter, I present the main contributions of this thesis to these two Scientific Themes.

Research Questions

Despite the rich oral and written histories, the origin, dynamics, sequence and timing of the events during the Tseax eruption remain unclear. Thus, many questions can be addressed From the Nisga'a Adaawak, we initially assumed that the lavas were emplaced rapidly and flowed at high speed (possibly at several m/s) in existing channels (the narrow Crater Creek and Tseax River valleys). Based on an extensive literature review of fast moving lava flows and associated hazards and new observations of recent eruptions (e.g., 2018 Kīlauea; [START_REF] Patrick | The historic events at Kilauea Volcano in 2018: summit collapse, rift zone eruption, and Mw 6.9 earthquake: preface to the special issue[END_REF], the importance of monitoring high speed lava flows in order to forecast their potential hazards becomes clear. As a part of this thesis, I thus propose to answer the following research question:

• Research Question #VI: Is there an useful physical phenomenon of fast-moving lava flows that can be easily modelled in order to monitor an ongoing eruption?

Organisation of the Thesis

This thesis addresses the above Scientific Themes and specific Research Questions by investigating the aspects Tseax volcano and its eruption ∼ 250 years ago; from its magmatic origin and evolution in the Earth's interior layers, to its spectacular eruption and sequence of volcanic events that ultimately led to the Nisga'a fatalities (Figure 1.10).

This will be resolved through a multidisciplinary approach including fieldwork, analysis of the petrophysical properties of the lavas, numerical and geochemical modelling. The characteristics of Tseax (origin, evolution, architecture) will be placed in the NCVP context and compared to other monogenetic systems and basaltic eruptions.

The first Scientific Theme, related to Monogenetic volcanism, its origin, physiochemical characteristics, surface manifestations and time-scales, will be addressed in Chapter 2, 3 and 4. The second Scientific Theme, concerning Lava flow dynamics, will be addressed under different approaches in Chapter 2, 5 and 6.

The results obtained are presented in four chapters written in the form of independent scientific manuscripts that will give a complete overview of the history of Tseax volcano.

The Chapter 6, also written as a scientific article, is not specific to Tseax but has arisen from the study of the lava flow emplacement at Tseax. Figure 1.10 highlights the spatial focus of each chapter.

• Research Question #I will be addressed in the Chapter 2 entitled "Physical Volcanology of Tseax Volcano, British Columbia, Canada". The goals of this chapter are to map the extent and establish the stratigraphy of the Tseax volcanic products based on extensive fieldwork, aerial photogrammetry and bathymetry surveys. The surface morphologies of the lava flows, the volumes of erupted material (explosive and effusive products) and characteristics of the pyroclastic edifices will be described in detail. This co-authored chapter is published in the peer-reviewed journal, The Journal of Maps (Le Moigne et al., 2020a).

• Chapter 3, entitled "Unravelling the Magmatic Origin and Rheology of a Small Monogenetic Volcano: the Case of Tseax, Canada's Deadliest Volcano", will address Research Question #II. The aim of this chapter is twofold: (1) determination of the magmatic origin of the Tseax lavas in the context of the NCVP and western Canada mantle and (2) the pressure-temperature evolution of the magma through time until eruption combining geochemical and petrophysical modelling. This co-authored chapter will be submitted to the Chemical Geology journal.

• The results and conclusions of Chapter 3 naturally lead to Research Questions #III, #IV and #V addressed in Chapter 4, entitled "Chronology, Styles and Dynamics of the ∼ 1700 CE eruption of Tseax volcano, BC, the Deadliest Volcano in Canada". In this chapter, I refer to the Nisga'a oral and written stories to constrain the eruptive dynamics, sequence and timescales of events of the ∼ 1700 CE eruption of Tseax. This co-authored chapter is currently in preparation for submission to an international peer-reviewed journal.

• Chapter 5, entitled "Dynamics of the ∼ 1700 CE Tseax Lava Flow -Insights from Numerical Modelling" will also address Research Questions #IV and #V but using a different approach. Here, the objective is to numerically model the emplacement of the lava flows during the eruption of Tseax. The model (VolcFlow; [START_REF] Kelfoun | VolcFlow capabilities and potential development for the simulation of lava flows[END_REF] uses the rheological properties of the lavas estimated in the previous chapters with particular attention given to the interaction between the lava flow and the Nass River. This co-authored chapter is in preparation for submission to an international peer-reviewed journal.

• Chapter 6 entitled "Standing Waves in High Speed Lava Channels: a Tool for Constraining Lava Dynamics and Eruption Parameters" provides an answer to Research Question #VI. This chapter shows that open channel hydraulic theory for supercritical flow allows for the determination of discharge rate and apparent lava viscosity for high speed lava flows experiencing standing waves. This co-authored chapter is published in the peer-reviewed Journal of Volcanology and Geothermal Research (Le Moigne et al., 2020b).

• Finally, the concluding chapter, Chapter 7, will summarise the main findings and conclusions of the above investigations. In this last chapter, I will show how the study of Tseax volcano has contributed to our advance in understanding of the two Scientific Themes approached in this thesis. Lastly, I will propose ideas for potential future research avenues. It should be noted that while the main chapters that have been published or are in preparation were collaborative efforts, the majority of the work in each study is mine.

Appendices A, B, C, D, and G give supplementary material for Chapter 3, 4, 5 and 6, respectively. Appendix E are the abstracts presented at international conferences during this thesis. Finally, Appendix F provides access to the scientific outreach whose contents are directly linked to this thesis.

Introduction

Tseax volcano (pronounced "See-Ax", Wil Ksi Baxhl Mihl in the Nisga'a language) also known as Aiyansh volcano [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF], Aiyansh River volcano or Tseax River Cone [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF] century and is the second youngest volcanic eruption in Canada after Lava Fork [START_REF] Elliot | Age of basalt flows in the Blue River valley, Bredfield Canal quadrangle[END_REF][START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF]. This eruption is believed to be responsible for the destruction of 3 villages and the deaths of up to 2,000 people [START_REF] Barbeau | Volcanoes on the Nass[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]Nisga'a Tribal Council and B.C. Parks Committee, 1997;[START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF] making it one of Canada's deadliest natural disasters [START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF].

Tseax volcano and its associated lava flow field was initially mapped by Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF] who provided a preliminary morphological map of the lava flow. Recently, new mapping has been conducted on Tseax volcano including extensive fieldwork, bathymetric surveys, high resolution mapping aerial photography and photogrammetry. Here we present a 1:22,500 volcanological map (Main map) of the volcanic field supported by detailed descriptions of the volcanic landforms and deposits. The aim of this detailed map is to provide the context that will help for understanding the eruptive dynamics of Tseax volcano (i.e, sequence and duration of the volcanic events, see Chapter 4).

Regional and Local Geology

Tseax volcano lies in the Northern Cordillera Volcanic Belt (NCVP; [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000). The NCVP is an approximately 1200 km long and 400 km wide volcanic province extending from northwestern British Columbia, Canada, to eastern Alaska, USA.

Volcanism in the NCVP is attributed to continental rifting of the North American plate due to changes in the relative motion of the Pacific and North American plates. More than 100 Neogene to Quaternary volcanic centres (ranging from individual tephra cones and lava flows to stratovolcanoes) with a dominantly basaltic and high alkali compositions have been mapped [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000).

Tseax volcano is the southernmost volcanic centre of the NCVP located near the towns of Gitwinksihlkw and Gitlaxt'aamiks, about 60 km north of Terrace and ∼ 1200 km north of Vancouver, British Columbia (Figure 2.1). The region surrounding Tseax volcano is part of the Coast Belt plutonic complex [START_REF] Woodsworth | Plutonic Regimes[END_REF][START_REF] Edwards | Northern Cordilleran Volcanic Province: A northern Basin and Range[END_REF] traversed by the Nass River which is the 3 rd largest river in British Columbia [START_REF] Roden | On river discharge into the northeastern Pacific Ocean and the Bering Sea[END_REF]. Tributary to the Nass River, Tseax River flows in a narrow 15 km-long V-shaped valley that separates the Vetter peak massif from the Hazelton Mountain Ranges (Mt Hoeft, Mt Phillipa; Tseax volcano rests on the sedimentary Bowser Lake group (dated at Jurassic-Cretaceous, JKBu and JKBCR on Figure 2.1;[START_REF] Van Der Heyden | Reconnaissance geological mapping in southwest Nass River map area[END_REF][START_REF] Evenchick | [END_REF].

These rocks are grey sandstones intercalated by dark grey and black siltstones, mudstones and conglomerates. Some Eocene plutonic rocks (ETg, Figure 2.1), mostly granites and granodiorites belonging to the Coast Belt plutonic complex are present near Tseax volcano.

A few occurrences of tonalites and monzogranites have also been documented by [START_REF] Carter | Porphyry Copper and Molybdenum depostis West-Central British Columbia[END_REF]. Pleistocene volcanic products including basaltic and andesitic deposits (Pb, Figure 2.1; van der [START_REF] Van Der Heyden | Reconnaissance geological mapping in southwest Nass River map area[END_REF][START_REF] Evenchick | [END_REF] are found within 50 km around Tseax volcano. They are columnar-jointed basalts and basaltic breccias assumed to be 175-50 ka old and not associated to the volcanic history of Tseax.

Methodology

Fieldwork was carried out during the summers of 2016, 2017 and 2019 focussed on the Tseax volcanic field and aimed at mapping the extents, distributions, volumes and stratigraphy of volcanic products. The volcanological map of Tseax volcano and the lava field was produced on ESRI ArcGIS 10.7 from fieldwork observations, bathymetry, aerial photos and satellite imagery (Figure 2.2, 2.4).

Aerial Photograph Datasets

The location of the aerial photographs datasets used are shown on Figure 2 

DEM Processing

During the 2016 field season, we deployed 18 Ground Control Points (GCPs); 12 of which were set up on the lava flow (Figure 2.2b). The GCPs consisted of large rectangular white cotton sheets about 1.6 × 2.0 m marked with a large black cross in the middle (about 0.5 m in length) and placed directly on the lava flow surface. We also used 6 obvious road markers or concrete blocks as GCPs. All the GCPs were measured using a differential GPS (Leica GPS System 500; Figure 2.2b). A base station was located in Gitwinksihlkw and ran for 65 h 44 min in order to correct the position of the GCP stations. Each GCP station was measured between 25 and 50 minutes, depending on their location with respect to the base station (the farther from the base, the longer the measurement). GCP positions were then corrected using the Canadian Spatial Reference System Precise Point Positioning (CSRS-PPP; https: //webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php?locale=en) tool provided by Natural Resources Canada's Canadian Geodetic Survey (NRC-CGS).

A 3D model of the Tseax lava flow field was built using the Agisoft PhotoScan software.

It is an advanced image-based solution for creating professional quality three-dimensional content from images [START_REF] Agisoft | Agisoft Metashape User Manual: Professional Edition[END_REF]. PhotoScan is widely use in geology (e.g., [START_REF] Gwinner | High-resolution, digital photogrammetric mapping: A tool for earth science[END_REF][START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF][START_REF] Bemis | Ground-based and UAV-Based photogrammetry: A multi-scale, highresolution mapping tool for structural geology and paleoseismology[END_REF] 

Bathymetry

The lava flow field is partially submerged at the northern end of Lava Lake and Melita Lake (see Main map). In order to fully map the extent of the volcanic products, we collected bathymetry data for these two lakes (Figure 2.2a, d) using a Lowrance Elite 5Ti chart plotter with a 10 Hz internal high-sensitivity GPS receiver with DGPS and WAAS correction. The data collection unit is rigged to the deck of a Kahuna Bruddah 10'6" long inflatable paddle board with a Lowrance StructureScan HD transducer mounted to the underwater tail fin.

Sonar data collection for these lakes was done in high CHIRP mode at a frequency of 200 kHz. To collect the sonar data we paddled across the lake in a systematic manner using the track on the chart plotter visual display coupled with visual cues on the shoreline. Track spacing and geometry is dependent on the size and shape of the water body. For Lava Lake, most tracks were spaced approximately 10 m apart with a maximum spacing of 150 m in large, open water sections. Due to its smaller size, Melita Lake had an average track spacing of ∼ 10 m and a maximum track spacing of 25 m.

Bathymetric data is analyzed by importing .sl2 format Latitude (X), Longitude (Y) and Depth (Z) files from the chart plotter into Reefmaster underwater mapping software. Within

Reefmaster, bathymetric contours are interpolated using the maximum track spacing during data collection (from 0 to 250 m) in conjunction with a smoothing factor (from 1 to 20).

We interpolated contours for Lava Lake with a maximum interpolation distance of 150 m and a smoothing factor of 5 to create 5 m (major) and 1 m (minor) bathymetric contours.

Melita Lake had a maximum interpolation distance of 25 m and a smoothing factor of 10 to create 0.5 m (major) and 0.125 m (minor) contours. Contour data from Reefmaster are exported as Shape files (.shp) for use in ArcGIS.

Volume Calculations

Lava Flows

The calculation of the lava flow volumes of Tseax are challenging as the base of the flow field was never observed. The volume of the lava flows were calculated multiplying the thickness with the area. The thickness of the lava flows in the Nass Valley and in the Tseax River and Crater Creek Valleys were estimated differently.

We only have a single geotechnical drill hole on the entire lava flow field. It is located in the Nass Valley near the bridge that leads to the town of Gitwinksihlkw (Figure 2.2a, 2.4a)

and was provided by the Ministry of Transportation and Highways of British Columbia [START_REF] Purssell | Gitwinksihlkw Bridge Foundation Design Summary Report, Tech. rep[END_REF]. We assumed that the lava depth indicated by this drilling is representative of the flow thickness in the Nass Valley. We decided to add an error of ± 2 m in order to account for lavas that have undergone different inflation processes.

Along Crater Creek and Tseax River valleys, we drew 16 topographic profiles perpendicular to the flow (Figure 2.3). In order to know the lava thickness we reconstructed a possible pre-eruptive topography by extending the slopes on both sides of the valleys. The volumes in these valleys were bracketed between the minimum and maximum estimated depth.

The total lava flow volume was calculated by adding the lava volumes in the Nass, Tseax River and Crater Creek valleys. This example shows an area with multiple major breakouts on large lava-rises and rafted plates (also called platy lava, [START_REF] Keszthelyi | Icelandic analogs to Martian flood lavas[END_REF][START_REF] Stevenson | Widespread inflation and drainage of a pÄĄhoehoe flow field: The Nesjahraun, {Thorn}ingvellir, Iceland[END_REF]. Lr: Lava-rises; Sl: slabby pāhoehoe. c. Subset of the high resolution DEM (60 cm) of Tseax lava flow. The black lines show the lava flows margins. Note the interpolated holes due to water or forests. a-b topographic profile trace shown in d. Sl-Rb: slabby-to-rubbly pāhoehoe; Hm: hummocky pāhoehoe. d. Topographic profile across the lava flow. The lava thickness is ∼ 12 m according to [START_REF] Purssell | Gitwinksihlkw Bridge Foundation Design Summary Report, Tech. rep[END_REF]. Surface features are discussed in the text.

Pyroclastic Deposits and Ejected Tephra

The pyroclastic edifices observed are tephra cones and a spatter rampart. We simplified the tephra cones as truncated cones with a summit circular crater and the spatter rampart as a semi-elliptical truncated cone with a semi-cylindrical inner. The volumes of the tephra cones, V c , and the spatter rampart, V s , are calculated by (each term is defined on Figure 2.5):

V c = 1 3 π H c R 2 c + R c r c + r 2 c -h c r 2 c
(2.1)

V s = 1 2 πR s2 H s 3R s1 R 2 s1 + R s1 r s1 + r 2 s2 -πH s r s1 r s2 (2.
2)

The volume of ejected pyroclastic materials from a tephra cone, V e , is related to the 

Description and Volumes of the Pyroclastic Deposits and Lava Flow Morphologies

The following sections provide brief descriptions of the volcanic products within the Tseax volcanic field. All products from Tseax volcano (lava flows and pyroclastic deposits) are Fe-rich, Mg-poor basanite to trachybasalt lavas (45.8-47.4 [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF][START_REF] Le Moigne | Investigating Canada's deadliest volcanic eruption, from field observations to lava flow modeling[END_REF].

Tseax Volcano and Other Pyroclastic Vents

Tseax volcano (Wil Ksi Baxhl Mihl) has been described as two imbricated yet asymmetric volcanic cones: an outer horseshoe shaped cone and an inner tephra cone. Our mapping shows that there is, in fact, one main tephra cone partially surrounded by a spatter rampart (Figure 2.6). A Satellite cone is located north of Tseax volcano. A few other pyroclastic vents present near these main cones are also described below (Figure 2.6).

Spatter Rampart

The spatter rampart sits on the southern slopes of Crater Creek Valley and has a horseshoe shape that opens northwards (maximum opening is ∼ 280 m). This horseshoe feature consists of two walls ∼ 15-25 m high (the base is not visible) and ∼ 75-125 m long. The eastern spatter wall is oriented N170-180 • and the south-western wall is oriented N150-160 • .

The spatter ramparts are not fully visible as they are partially collapsed and covered by dense forest, especially along the southernmost parts. The spatter edifice is 550-600 m wide and 360 m long maximum with a ∼ 320 m wide caldera. The estimated volume is ∼ 1.1 ± 0.3 × 10 6 m 3 (Equation 2.2). The spatter walls consist of reddish to brownish and black to grey agglutinated spatter, scoriaceous spatter and scoria. The spatter are generally more coalesced at the bottom of the rampart forming thick and dense layers. The outermost deposits are completely covered by the forest.

Tephra Cone

The main tephra cone is located towards the northern end of the eastern spatter wall. This cone is ∼ 65-75 m high and ∼ 350 -400 m in diameter, consisting mainly of black tephra (lapilli, scoria and ballistics). The summit defines a circular crater ∼ 30 m deep and 80 m in diameter. The pyroclastics around the crater are oxidized (brownish colors). The flanks of the cone are between 30-35 • . On the south and west flanks, several active scarps are present.

Other small concentric scarps (less than 3 m high) are located on the south and west flanks.

This may indicate diverse collapse events during construction of the cone. The volume of the cone is estimated at 2.8 ± 0.4 × 10 6 m 3 (Equation 2.1) and the volume of ejected tephra is ∼ 6.5 × 10 6 m 3 (Equation 2.3).

Satellite Cone and Other Pyroclastic Features

About 150-200 m north of Melita Lake, there is a ∼ 20 m high tephra cone, called Satellite cone. This cone has a diameter of ∼ 50-55 m. A small crater (4 m deep, 7 m in diameter) occupies its summit. This small cone is asymmetric and the vent opens towards the Northwest.

The summit is topped by a small layer of oxidized agglutinated scoria and accretionnary lapilli. Descending towards the base, the cone is progressively covered by black tephra. We estimate that the Satellite Cone has a volume of 1.7 ± 0.1 × 10 4 m 3 (Equation 2.1).

South-west of the Satellite cone, there is an alignment of 3-4 small tephra cones a few meters high. This cone alignment may represent a volcanic fissure oriented N10-20 • . The small cones are completely covered by black and iridescent tephra. Nevertheless, red oxidized tephra are consistently found stratigraphically below the black tephra. The limit of the dispersion of the red oxidized tephra was not found, however, they are only present on and in close proximity to the Satellite cone. This suggests that the oxidized red fountain deposits are only linked to the building of the Satellite cone. Assuming this hypothesis, the volume of ejected red tephra by the Satellite cone is ∼ 2 × 10 4 m 3 (Equation 2.

3).

As a result, the total volume of pyroclastic deposits (pyroclastic edifices and ejected tephra)

at Tseax is ∼ 10.4 ± 0.7 × 10 6 m 3 .

The Tseax Lavas

The large-scale elements of the lava flow field are most visible from aerial and satellite images.

We used field mapping in combination with aerial photos to describe and understand the structural organization of the lava field.

The Tseax Lava Flow Field

The term 'lava flow field' is used to designate all effusive products at Tseax. Due to its young age (∼ 250 years), the Tseax lava flow field has undergone minimal post-emplacement erosion. Nevertheless, most of the lava flow surface is covered by a few centimetres of green to yellow lichens and mosses. Furthermore, some large portions of the lava flow are already covered by a dense rainforest, e.g., the vast majority of the lava in Tseax River Valley.

Moreover, in some places the lava underlies rivers, streams (e.g., Tseax River, Vetter Creek) and a few lakes or ponds such as Ross Lake in the Tseax River Valley. The outline of the Tseax lava flow field is nevertheless easily identified from field observations and aerial or satellite imagery.

The lava flow field originates from the vent area in Crater Creek Valley, where it forms a dam (made of a few small lava islands) separating Lower and Upper Melita Lake (T'aam Baxhl Mihl). Investigation of the Upper Melita Lake by canoe and paddle board has shown that the lava does not go more than ∼ 150 m to the east. Bathymetry shows that Lower This correlates with the 0.5 km 3 previously estimated by [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF] and [START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF] and the 0.455 km 3 estimated by Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF].

The 4 Tseax Lava Flows

We Therefore, the volume of this 'a'ā lava flow is 0.009 ± 0.002 km 3 , accounting for < 2 % of the total flow field volume. 

Subaqueous Lavas -Bathymetry

Lower Melita Lake. Melita Lake (T'aam Baxhl Mihl, Figure 2.7b), near Tseax volcano, was formed after damming of Crater Creek by the lava flow. Melita Lake consist of two lakes, Lower and Upper Melita Lake (∼ 0.05 km 2 and ∼ 0.2 km 2 , respectively). Lower Melita lake is separated from Upper Melita Lake by a series of small and heavily vegetated lava islands. The shore of Lower Melita Lake consists of large blocks of pāhoehoe, in some places completely covered by clay and silt. The bathymetry results show a relatively chaotic floor with no particular volcanic features.

Collapsed lava blocks and agglutinated tree logs are present along the western and northern shores of the lake. Lava Lake. Lava Lake (Sii Tax, Figure 2.7c) is located in Tseax River Valley at the bottom of Crater Creek Valley. The actual Tseax River debouches from the north-western extremity of the lake. While Lava Lake already existed before the eruption of Tseax (Nisga'a Institute, personal communication), its depth increased due to damming of Tseax River by Flows 1, 2 and 3. Pressure ridges of Flow 3 form the northern shores of Lava Lake. We estimate that Flow 3 ends at ∼ 20-50 m from the northern shore at a depth of about 7 m.

The flow field terminates at ∼ 250-270 m from the northern shores at ∼ 27 m depth.

Lava Flow Surface Morphologies

Lavas of the Tseax flow field can be classified according to their surface morphologies. From field observations, we have distinguished pāhoehoe and 'a'ā flows, with numerous distinctive surface morphologies. In this section, we present simple and short definitions of these surface morphological features as well as their location on the Tseax lava flow field. We refer the reader to the main map for a better understanding. Pāhoehoe Lava Flows. Pāhoehoe lavas are often described as having smooth and regular surfaces compared to rough 'a'ā lava flows [START_REF] Macdonald | Pahoehoe, aa, and block lava[END_REF][START_REF] Self | The importance of Pahoehoe[END_REF][START_REF] Harris | PÄĄhoehoe, aa, and block lava: an illustrated history of the nomenclature[END_REF]. However, various surface morphologies on pāhoehoe lava flows can be differentiated, implying different mechanisms of emplacement and flow regimes. The pāhoehoe lava flows at Tseax are Flow 1 and Flow 2. They are the longest, the most voluminous and stratigraphically lowest flows of the lava flow field (see main map, Table 2.1). We have identified hummocky (Hm), Lava-rises (Lr), slabby (Sl), hummocky-to-lava-rises (Hm-Lr) and slabby-to-rubbly (Sl-Rb) pāhoehoe lava surfaces. The general characteristics of the lavas are described below, but we note that there is a continuum between these types. Furthermore, the characteristics of these pāhoehoe surface types may vary within the flow field.

Hummocky Pāhoehoe (Hm). We define hummocky pāhoehoe as very irregular pāhoehoe lava flow surfaces made of numerous hummocks called tumuli (Figure 2.8b;[START_REF] Swanson | Pahoehoe flows from the 1969-1971 mauna ulu eruption, kilauea volcano, Hawaii[END_REF][START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF][START_REF] Self | The importance of Pahoehoe[END_REF]. Tumuli are ∼ 10-200 m long, sinuous and inter-crossed mounds of 1-4 m high pāhoehoe lava flow lobes that have failed to coalesce (e.g., aborted inflation) or that have undergone differential inflation processes [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF]. Due to inflation, most of the tumuli have a central and/or lateral cracks, called lava-inflation clefts [START_REF] Walker | Structure and origin by injection of lava under surface crust, of tumuli, lava rises, lava rise pits, and inflation clefts in Hawaii[END_REF], up to 2.5 m deep and 1.5 m wide. The slopes of the tumuli flanks are steep at their base (sometimes more than 45 • ) and progressively flatten towards their summit. Some well developed tumuli have a flat topped surface. At Tseax, hummocky pāhoehoe are mainly found along the northern and western margins of Flow 1 in the Nass Valley.

Lava-rises (Lr). Lava-rises are large surfaces (several km 2 ) of flat, almost perfectly horizontal pāhoehoe lava plates (Figure 2.8c). Lava-rises are the results of a fully developed inflated pāhoehoe lava flow and are only poorly disturbed by superficial cracks and collapsed pits called lava-rise pits [START_REF] Walker | Structure and origin by injection of lava under surface crust, of tumuli, lava rises, lava rise pits, and inflation clefts in Hawaii[END_REF]. Superficial cracks are 10-400 m long, 0.1-2 m deep and up to 0.5 m wide linear features probably formed during cooling of the lava flow.

Lava-rises are only present on Flow 1 and mainly found on the western part of the Nass Valley lava plain. Some lava-rises areas can be > 1.5 km wide without significant change in surface morphology. The total area of lava-rises is difficult to calculate as they generally progressively develop into slabby or hummocky pāhoehoe.

Hummocky-to-Lava-rise pāhoehoe (Hm-Lr). Hummocky-to-lava-rise pāhoehoe is the transition region where both hummocky and lava-rise coexist in nearly the same proportion (Figure 2.8d). The hummocks are smaller than in hummocky pāhoehoe. Hummockyto-lava-rise pāhoehoe is found on the Nass Valley, mostly in the upper central part of the lava plain.

Slabby Pāhoehoe (Sl).

Slabby pāhoehoe is formed by repetitive surface deformation of a large inflated lava flow via fragmentation of the upper crust [START_REF] Macdonald | Pahoehoe, aa, and block lava[END_REF][START_REF] Swanson | Pahoehoe flows from the 1969-1971 mauna ulu eruption, kilauea volcano, Hawaii[END_REF][START_REF] Peterson | Transition of basaltic lava from pahoehoe to aa, Kilauea Volcano, Hawaii: Field observations and key factors[END_REF][START_REF] Guilbaud | Morphology, surface structures, and emplacement of lavas produced by Laki, A.D. 1783-1784[END_REF]. Slabby pāhoehoe is characterized by chaotic surfaces dominated by broken pāhoehoe lava crusts, called pāhoehoe slabs (Figure Slabby-to-Rubbly Pāhoehoe (Sl-Rb). We define slabby-to-rubbly pāhoehoe as a lava flow surface morphology composed of broken pāhoehoe slabs (∼ 60 %) with a significant amount of lava rubble (∼ 40 %; Figure 2.8f). The descriptive name rubbly pāhoehoe has been proposed by [START_REF] Keszthelyi | Rubbly pahoehoe: a previously undescribed but widespread lava type transitional between aa and pahoehoe[END_REF] to describe lava flows where the flow top is composed of small and broken pāhoehoe crust instead of 'a'ā clinker. They are mainly found on alkali lavas when the flux is high enough to decouple the upper crust from the hot lava core [START_REF] Keszthelyi | Rubbly Pahoehoe: Implication for Flood Basalt Eruptions and their Atmospheric Effects[END_REF]. Rubbly pāhoehoe is sometimes referred to as a transitional state from pāhoehoe to 'a'ā [START_REF] Keszthelyi | Rubbly pahoehoe: a previously undescribed but widespread lava type transitional between aa and pahoehoe[END_REF]. The slabby-to-rubbly pāhoehoe lava morphology is principally found at the mouth of Tseax River Grooves are found on slabby and slabby-to-rubbly pāhoehoe flow surfaces. Grooves are long linear fractures that are formed after a flow thick enough to move over a barrier to the flow advance or topographic highs [START_REF] Guilbaud | Morphology, surface structures, and emplacement of lavas produced by Laki, A.D. 1783-1784[END_REF].

Rafted Plates and Major Breakouts. Rafted plates are large rounded to polygonal plates of undisturbed pāhoehoe flat crust surfaces surrounded by slabby pāhoehoe (Figure 2.8h). Large pāhoehoe lava surfaces composed of rafted plates are sometimes called platy lava [START_REF] Keszthelyi | Icelandic analogs to Martian flood lavas[END_REF]; [START_REF] Stevenson | Widespread inflation and drainage of a pÄĄhoehoe flow field: The Nesjahraun, {Thorn}ingvellir, Iceland[END_REF]. The edges of the surface plates are sometimes curved up and progressively broken into large and thick pāhoehoe slabs. 465 surface plates of more than 25 m 2 have been mapped. The largest surface plates are best visible from aerial photographs (the average area is 1,116 m 2 , the largest plate is ∼ 70,000 m 2 ). On both flows, they form a patchwork of 5 to 25 plates of rafted pāhoehoe crust (visually similar to a polar pack ice seen from above) surrounded by disrupted slabby pāhoehoe.

The majority of the rafted plates on Flow 1 are found downstream of major breakouts.

We define major breakouts as a sudden disruption of large lava-rises into slabby pāhoehoe with rafted plates located directly downstream. A major breakout is characterised by piling up of large pāhoehoe slabs forming linear mounds up to 5 m high. At least 23 major breakouts of > 100 m-long were identified from aerial photographs.

Lava-rise Pits. Lava-rises and hummocky-to-lava-rises pāhoehoe are disturbed by collapsed pits that are mainly collapsed roofs of lava tubes (Figure 2.8g;[START_REF] Walker | Structure and origin by injection of lava under surface crust, of tumuli, lava rises, lava rise pits, and inflation clefts in Hawaii[END_REF]. They form when the lava drains downstream and reflect a part of the lava tube system in the Nass

Valley. Some of these pits are also related to different amounts of lava inflation [START_REF] Walker | Structure and origin by injection of lava under surface crust, of tumuli, lava rises, lava rise pits, and inflation clefts in Hawaii[END_REF] and are 2 to 5 m deep, circular to polygonal pits up to 9950 m 2 . The main map only shows the largest collapsed lava tubes (i.e., < 250 m 2 ). Large polygonal broken slabs of the pāhoehoe top crust (∼ 0.5-1 m thick) form the floor of the collapsed pits. Hummocky-to-lava-rises pāhoehoe (Hm-Lr). e. Slabby pāhoehoe (Sl). f. Slabby-to-rubbly pāhoehoe (Sl-Rb). g. Lava-rise pit ∼ 2 m deep and ∼ 15 m in diameter. h. A surface plate; note the the disrupted slabs surrounding the plate. The volcanological map for the Tseax volcanic field represents fundamental data required for understanding the sequence and duration of events that ultimately lead to the Nisga'a fatalities. Furthermore, the lava flow surface morphologies described on the map are critical information in order to quantify eruption parameters, key for numerical modelling of the lava flow emplacement. This work is also an important contribution towards hazard assessment as forestry and fishery industries, tourist attractions and ∼ 1,000 people are located in close proximity to the volcano.

Conclusions

Introduction

Monogenetic volcanoes are generally characterised by the eruption of small volume batches of magma, usually in one or a few episodes [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. The eruptions of monogenetic volcanoes are typically short-lived, lasting between days to months (although eruptions of several years have also occurred such as the eruption of Paricutin, Mexico;

Németh and Kereszturi, 2015, and references therein). The plumbing systems of monogenetic volcanoes are also relatively simple compared to the large and long-lived stratovolcanoes and thus the magma is likely to have experienced limited storage, mixing, assimilation or contamination. Monogenetic volcanoes usually form monogenetic volcanic fields (with some located in close proximity to human habitation), therefore representing a dispersed volcanic hazards, less spatially predictable compared to shield/strato volcanoes hazard (e.g., Auckland Volcanic Field; [START_REF] Allen | Eruption styles and volcanic hazard in the Auckland Volcanic Field, New Zealand[END_REF]. Insights gained into the physiochemical properties and evolution of the magmatic system will have important implications for hazard mitigation.

In northwestern North America, the Northern Cordillera Volcanic Province (NCVP) is an active intraplate volcanic field encompassing several hundred small mafic monogenetic volcanoes within an area of approximately 4.8 × 10 5 km 2 (Alaska -Yukon -British Columbia; Figure 1.3;[START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000). Our understanding of the young NCVP volcanoes (i.e., magmatic origin, eruption dynamics, related hazards) is limited mainly due to their remoteness, and by the extensive erosion of the volcanic products that occurred during the recent glaciations [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. Consequently, the geochemical characteristics and magmatic origin of these discrete monogenetic systems have received limited attention despite their numerous occurrences (e.g., [START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Souther | Crystal fractionation of the basalt comendite series of the mount Edziza volcanic complex, British Columbia: Major and trace elements[END_REF]Francis andLudden, 1990, 1995;[START_REF] Carignan | Isotopic characteristics of mantle sources for Quaternary continental alkaline magmas in the northern Canadian Cordillera[END_REF][START_REF] Cousens | Discerning asthenospheric, lithospheric, and crustal influences on the geochemistry of Quaternary basalts from the Iskut-Unuk rivers area, northwestern British Columbia[END_REF][START_REF] Moore | Tholeiitic-alkalic transition at subglacial volcanoes, Tuya region, British Columbia, Canada[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Harder | Thermal state of the upper mantle beneath the Northern Cordilleran Volcanic Province (NCVP)[END_REF][START_REF] Ghent | Granulite facies xenoliths from Prindle volcano, Alaska: Implications for the northern Cordilleran crustal lithosphere[END_REF]. Tseax volcano is the southernmost (Figure 1.3) and second youngest volcanic centre of the NCVP (e.g., [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Tseax erupted in ∼ 1700 CE and within days to weeks, destroyed several villages and killed up to 2,000 people of the Nisga'a First

Nation living there at the time [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Given its young age, the volcanic products and stratigraphy of Tseax are well preserved and easy to access. This is therefore a unique opportunity to study the nature of the physical and chemical processes that occurred prior to the eruption of Canada's deadliest volcano.

This paper provides the results of a geochemical study conducted at Tseax. The objectives are twofold. Combining geochemical and petrophysical modelling, we determine the magmatic origin and the nature of the source of the Tseax magma in the context of the NCVP and the western Canadian mantle. Secondly, we will estimate the pressure-temperature evolution of the magma through time until eruption. Results of the later will provide the key rheological parameters for the reconstruction of eruptive sequence of the volcano.

The Northern Cordillera Volcanic Province (NCVP)

Western North America is one of the most active volcanic regions in the world. The Northern Cordillera comprises several active volcanic belts (Figure 1.3) including subduction-related arcs (e.g., Cascades Volcanic Arc, Garibaldi Volcanic Arc, Aleutian Volcanic Arc), extensional rifts (e.g., Basin and Range) or mantle plume related belts (e.g., Snake River Plain). Western

Canada alone is made up of 4 distinct volcanic regions, namely the Garibaldi Volcanic Belt, the Anaheim Volcanic Belt, the Wells Gray-Clearwater Volcanic Field and the Northern Cordillera Volcanic Province (NCVP; Figure 1.3;[START_REF] Edwards | Northern Cordilleran Volcanic Province: A northern Basin and Range[END_REF].

The NCVP, formerly known as the Stikine Volcanic Belt [START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF][START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF], is approximately 1200 km long and 400 km wide, extending from northwest British Columbia to Yukon and eastern Alaska (Figure 1.3). The NCVP is delimited by the Denali fault system to the west and by the Tintina fault system to the east. More than 100 volcanic centres have been identified to date in the NCVP [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000, andreferences therein). The volcanic edifices can be grouped into three categories based on their volumes. The most voluminous edifices form large basaltic shield volcanoes (e.g., Level Mountain, Mt Edziza, Heart Peaks and Maitland/Spatsizi) and are located in the central part of the NCVP [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF][START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000). Intermediate sized volcanoes (Fort Selkirk, Alligator Lake and Hoodoo Mountain) are found in Yukon and west central British Columbia. The third category encompasses the small volume edifices (< 1 to a few km 3 ) representing the majority of the NCVP volcanic occurrences. They are scattered across BC and Yukon and consist of isolated pyroclastic cones and associated lava flows typical of monogenetic volcanoes [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF][START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000).

Volcanism in the NCVP dates from the Neogene to the Quaternary although temporal reconstruction of its evolution is difficult due to the paucity of radiometric data and the fact that many volcanic edifices were partially or entirely eroded during the last ice age [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]. The minimum rate of magmatism in the NCVP is estimated at 10 -4 km 3 /yr [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. The oldest lavas (∼ 20 to 15 Ma) are mainly located in the northern part of the NCVP, near Dawson City, Yukon and Atlin, BC [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. The most voluminous polygenetic centres had intermittent activity from the Neogene to the Quaternary. The smaller volcanic edifices are believed to have been active

during the Pliocene -Pleistocene. 37 volcanic eruptions have been identified covering the past 10 ka (1 eruption every ∼ 270 years) with the youngest corresponding to the eruption of Lava Fork ∼ 150 years ago [START_REF] Elliot | Age of basalt flows in the Blue River valley, Bredfield Canal quadrangle[END_REF][START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. This makes the NCVP by far the most active volcanic region in Canada [START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF][START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF].

The NCVP is a sodic volcanic province with a bimodal chemical signature. More than 70 % of the volcanic products are alkali basalt to hawaiite, and ∼ 30 % are basanite and nephelinite to more evolved trachyte and peralkaline rhyolite. The composition of lavas is consistent with continental extension (e.g., rifting; [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000). The NCVP magmatism is attributed to the migration of a slab window in the subduction of the Juan de Fuca and Pacific plates beneath the North American plate [START_REF] Thorkelson | Cordilleran slab windows[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF]. Changes in the subducting plate motions facilitated the development of a slab window beneath the modern day eastern Alaska-Yukon which favored the uprising of hot asthenosphere materials [START_REF] Thorkelson | Cordilleran slab windows[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Friedman | Lithospheric mantle xenoliths sampled by melts from upwelling asthenosphere: The Quaternary Tasse alkaline basalts of southeastern British Columbia, Canada[END_REF][START_REF] Batir | Thermal evolution of the Northern Cordillera Volcanic Province: implication for heat flow in remnant back-arc regions[END_REF].

This timing corresponds to the initiation of NCVP volcanism in this area [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. Due to the quasi northwestward movement of the Pacific Plate and the northwestern subduction of the Juan de Fuca plate, the slab window developed and propagated southwards. Currently, the slab window is believed to extend from the Alaska-Canada border to south-central British Columbia [START_REF] Thorkelson | Cordilleran slab windows[END_REF][START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF].

Tseax Volcano

Tseax volcano (55.112 • N, -128.900 • W) is the southernmost volcanic centre of the NCVP [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000), Williams -Jones et al., 2020) which correlates well with the Nisga'a Adaawak (oral histories and stories) and written accounts that date the eruption to the 18 th century [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF][START_REF] Wuorinen | Age of Aiyansh Volcano, British Columbia[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF].

The volumes and characteristics of the Tseax volcanic products were determined from field observations, bathymetry surveys and photogrammetry; the methodology as well as a detailed map and description of the volcanic products is given in Le Moigne et al. (2020a). Jurassic Bowser Lake group [START_REF] Van Der Heyden | Reconnaissance geological mapping in southwest Nass River map area[END_REF][START_REF] Evenchick | [END_REF].

Methodology

Sampling Strategy and Analytical Methods

Lava flow samples were collected from each identified flow (except Flow 3) and although the flow field has undergone limited post emplacement alteration (oxidation, weathering, etc.), most samples were collected from the interior of surface blocks or from the flow interior when accessible. Samples were also collected from all the pyroclastic edifices. However, due to dense vegetation and a thick soil, the tephra blanket was only sparsely sampled.

To characterise the bulk compositions of 23 samples, major oxides were measured by ICP-AES, with trace and Rare Earth Elements (REE) analysed by ICP-MS by ALS Minerals in North Vancouver, British Columbia. The total iron contents in the raw bulk compositions were given in the form of Fe 2 O 3 . The FeO content was determined by an iron titration by ALS Minerals.

For petrographic investigations, covered thin sections were prepared by Vancouver Petrographics in Langley, British Columbia. 10 images per thin section of 12 lava samples were acquired using a polarized microscope at a 10× magnification. Mineral phases and vesicles were highlighted from the images by a colour threshold separation tool using Adobe PhotoShop. The resulting images were transformed into binary images (black and white).

The proportions of vesicles and crystals in each image were then estimated using the ImageJ software. The results were given in pixel area and converted to percent area. The mineral proportions for a sample correspond to the average on the 10 analysed images. These proportions were normalised to the vesicle-free fraction (e.g., [START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF][START_REF] Robert | Textural and rheological evolution of basalt flowing down a lava channel[END_REF][START_REF] Soldati | Emplacement dynamics and timescale of a Holocene flow from the Cima Volcanic Field (CA): Insights from rheology and morphology[END_REF][START_REF] Dietterich | [END_REF]. Phenocrysts/microphenocrysts were considered as > 200 µm and microliths < 200 µm.

Electron microprobe analyses of mineral phases (olivines, n = 158; oxides, n = 86;

plagioclases, n = 119) were performed using a CAMECA SX100 electron microprobe at the Laboratoire Magmas et Volcans, Université Clermont Auvergne, Clermont-Ferrand, France.

See Appendix G for the raw electron microprobe data. The electron microprobe operated with a 15 kV accelerating voltage, a 15 nA current focused beam and with counting times of 40 seconds for each measured element. Both the core and rim of the minerals were analysed.

In wt.%, 3 standard deviation were ± 0.26 for SiO 2 , ± 0.09 for Na 2 O, ± 0.06 for K 2 O, ± 0.07 for Al 2 O 3 , ± 0.13 for CaO, ± 0.56 for FeO, ± 0.22 for MgO, ± 0.15 for TiO 2 , and ± 0.07 for MnO. 

Results

Major and Trace Element Geochemistry

There is no significant variation in the chemical composition of the Tseax lavas (Figure 3.2a; Table 3 

O 3 -(Na 2 O + K 2 O)) = 8.5 ± 0.6).
All the lavas are silica under-saturated and nepheline and diopside normative (ne = 3.9 ± 1.7 %, di = 10.9 ± 1.8 %; Table 3.1). According to the classification of Le [START_REF] Bas | A chemical classification of volcanic rocks based on the total alkali-silica diagram[END_REF], the Tseax lavas span the field of trachybasalt and basanite (normative ne < 10 %; Figure 3.2a).

Similar to the major elements, the trace and rare earth elements (REE) in the Tseax lavas show a very limited range of values (Figure 3.2b, c; Table 3.2). Tseax lavas have compositions within the range of other NCVP mafic lavas (basalts and basanites) and are close to the average ocean island basalt (OIB) composition [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. We note, however, a slight depletion in some large ion lithophile 

Mineralogy and Petrography

Representative micro-photographs of the lava mineral assemblages and textures are shown in given in Table 3.3. All lavas contain phenocrysts (> 0.5 mm) and micro-phenocrysts (0.2 -0.5 mm) in various amounts (Table 3.3) and consist of olivine, plagioclase and oxide minerals (Figure 3.3). The mineral assemblage of the groundmass includes olivine, plagioclase, oxide, clinopyroxene and minor apatite (Figure 3.4).

Table 3.3: Amount (%) of phenocrysts (> 0.5 mm) and micro-phenocrysts (0.2 -0.5 mm). Superscripts are the numbers of mega-crysts observed in the thin section.

Unit Sample Phenocrysts Micro-phenocrysts

Olivine Plagioclase Oxide Olivine Plagioclase Oxide Olivine phenocrysts and micro-phenocrysts are usually subhedral to anhedral, sometimes skeletal (Figure 3.3), and do not exceed 1.5 mm in length. Plagioclases are elongated and rectangular in thin section. The larger plagioclase phenocrysts are up to 2.5 mm. In a few thin sections, broken plagioclase mega-crysts (> 3 mm) are observed. In hand samples, plagioclase mega-crysts are up to 20 mm in length and in concentrations of about per square metre of lava [START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Oxides show a large range of crystal shape from euhedral to anhedral and skeletal. Oxides rarely form phenocrysts and are mainly present as micro-phenocrysts (∼ 0.2 -0.3 mm). Phenocrysts are rare in the samples from Flow 1. A few olivine phenocrysts are present and plagioclases are occasionally observed. We note an increase in crystallinity from the early pāhoehoe lava Flow 1 to the later stage 'a'ā lava Flow 4 (Figure 3.3; Table 3.3). About 5 -10 % micro-phenocrysts are observed in Flow 1 including 2 -3 % of olivines, 1 -3 % of plagioclases and 1 -4 of oxides.

Flow 1 TS-S48 2 <1 - - 3 1 TS-S50 <1 - - 3 1 TS-S51 - - - 2 2 TS-S52 1 <1 - - 4 3 TS-S62a - <1 - 3 3 TS-S62b 2 1 5 <1 4 7 TS-S63a <1 <1 - 4 3 TS-S63b <1 - - 4 3 TS-S71 1 <1 - 3 3 Flow 2 TS-S02a 2 2 - 3 6 TS-S02b 1 2 - 5 5 TS-S47 2 1 - 3 7 TS-S60 1 3 <1 4 
A thin section of sample TS-S62 presents a higher amount of phenocrysts (6 %, with 5 % plagioclase) and micro-phenocrysts (15 % with 7 % plagioclase). In Flow 2, phenocrysts are Apatite is present as a minor and colourless mineral phase, with a very low birefringence, moderate relief and in the form of small needles (Figure 3.4).

Phenocrysts and/or micro-phenocrysts of olivine, oxides and plagioclase are clustered in aggregates (∼ 3 -20 crystals), i.e., also called glomerocrysts (Figure 3.5). This texture exhibits intergrowth interfaces between the minerals. We observed aggregates of olivine + oxide, olivine + plagioclase and olivine + oxide + plagioclase; this indicates co-precipitation when olivine, plagioclase and oxide were stable. 

Mineral Compositions

Olivine

Thermometry and Hygrometry

Seventy olivine pheno-and micro-phenocryst cores were analysed and 57 cores (Fo 55-65 ) were found to be in equilibrium with the bulk rock (Mg # = 31 ± 4) with a K D of 0.30 ± 0.03 corresponding to an equilibrium temperature of 1099 ± 4 • C (Figure 3.6c; [START_REF] Helz | Geothermometry of Kilauea Iki lava lake, Hawaii[END_REF]. Due to the negligible variation in the bulk rock wt% of MgO, we 

Discussion

Based on the eruptive lava and mineral compositions, and modelled pressure and temperature conditions for crystallisation, we propose a conceptual model for the mantle origin of the Tseax magmas and their evolution prior to eruption at the surface (Figure 3.10).

Nature of the Mantle Source and Degree of Partial Melting

Tseax lavas are characterised by notably homogeneous petrological and geochemical compositions both in major and trace elements (Figure 3.2 and 3.6). The quasi-absence of variation in the rare earth elements (Figure 3.2b, c), suggest that all volcanic products were derived from a common mantle source and have undergone an identical evolution during storage and ascent to the surface.

To model potential mantle source compositions, it is important to estimate the compositional heterogeneities of the mantle beneath the Northern Cordillera and more specifically beneath the NCVP. Lavas in the Canadian Cordillera, including those in the NCVP, contain a wide variety of mantle xenoliths (i.e., lherzolites, harzburgites, wehrlites, websterites, pyroxenites and dunites; [START_REF] Fujii | Petrology of ultramafic nodules from West Kettle River, near Kelowna, Southern British Columbia[END_REF][START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Brearley | The petrology of ultramafic xenoliths from Summit Lake, near Prince George, British Columbia[END_REF][START_REF] Higgins | A new locality of primary xenolith-bearing nephelinites in northwestern British Columbia[END_REF][START_REF] Carignan | Isotopic characteristics of mantle sources for Quaternary continental alkaline magmas in the northern Canadian Cordillera[END_REF]Francis andLudden, 1990, 1995;[START_REF] Shi | Xenolith evidence for lithospheric melting above anomalously hot mantle under the northern Canadian Cordillera[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]Peslier et al., 2000aPeslier et al., ,b, 2002;;[START_REF] Miller | Homogeneity of the Lithospheric Mantle Beneath the Canadian Cordillera: Petrographic Study of Xenoliths from Craven Lake, BC[END_REF][START_REF] Harder | Thermal state of the upper mantle beneath the Northern Cordilleran Volcanic Province (NCVP)[END_REF][START_REF] Francis | An overview of the Canadian Cordilleran lithospheric mantle[END_REF][START_REF] Manthei | Isotopic and geochemical evidence for a recent transition in mantle chemistry beneath the western Canadian Cordillera[END_REF] indicating a compositionally heterogeneous mantle in the spinel stability field [START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Harder | Thermal state of the upper mantle beneath the Northern Cordilleran Volcanic Province (NCVP)[END_REF][START_REF] Francis | An overview of the Canadian Cordilleran lithospheric mantle[END_REF]. [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF] showed that all the NCVP lavas record an OIB signature and we show that the trace elements of the Tseax lavas also closely follow an OIB-like composition (Figure 3.2) suggesting that the lavas derived from primitive mantle sources (i.e., a fertile lherzolite).

Heavy REE and the High Field Strength Elements can be used to characterize the nature of the mantle and the degree of partial melting responsible for the formation of the Tseax lavas. In particular, the Dy/Yb ratio is considered to be sensitive to variations in the mantle composition and the Nb/Y ratio is generally accepted as a good proxy to evaluate the degree of partial melting and degree of previous melt extraction (PME; e.g., [START_REF] Vigouroux | The sources of volatile and fluid-mobile elements in the Sunda arc: A melt inclusion study from Kawah Ijen and Tambora volcanoes, Indonesia[END_REF][START_REF] Venugopal | Magmatic Sources To Volcanic Gas Emissions: Insight From the Garibaldi Volcanic Belt[END_REF] While the fractionation of amphibole at mantle depth is shown by a negative relationship between SiO 2 wt.% and the Dy/Yb ratio (e.g., [START_REF] Vigouroux | The sources of volatile and fluid-mobile elements in the Sunda arc: A melt inclusion study from Kawah Ijen and Tambora volcanoes, Indonesia[END_REF], this is not the case for the Tseax dataset. We tested several mantle compositions and different degrees of partial melting in order to reproduce the Dy/Yb and Nb/Y ratios of the Tseax lavas (Figure 3.7a).

The methodology is given in Appendix A.3 and the partition coefficients used for modelling are given in Table A.3. This method offers an non-unique solution due to the variability in combinations of degree of partial melting, composition and mineralogy of source material, etc. Models using the primitive mantle (i.e., values from [START_REF] Palme | Cosmochemical Estimates of Mantle Composition[END_REF] or of an average lherzolitic mantle [START_REF] Winter | Introduction to Igneous and Metamorphic Petrology[END_REF] cannot reproduce the composition of the Tseax lavas, and tend to give lower Dy/Yb ratios at any degree of partial melting. Therefore, we invoke more enriched mantle sources with higher Dy/Yb ratios. The best candidates are an OIB-like mantle composition that has undergone ∼ 5 -30 % partial melt extraction (PME; Model 1) or a cpx-poor wehrlitic mantle (Model 2) (Figure 3.7a). To better constrain the source composition, we also compare the modelled distribution of the trace elements normalised to the average Tseax composition (Figure 3.7b; Table 3.4).

Model 1

The first hypothesis assumes an OIB-like mantle source that has previously undergone ∼ 5

to 30 % PME and has a modal composition of 51.6 ol + 16 cpx + 28.7 opx + 3.7 sp (i.e., lherzolite composition; [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. The 5 -30 % PME from the OIB is calculated using the partition coefficient given by [START_REF] Workman | Major and trace element composition of the depleted MORB mantle (DMM)[END_REF] and the average OIB composition from [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF]. About 0.5 to 2 % partial melting of a similar mantle source can reproduce most of the Dy/Yb ratios of the Tseax lavas (Figure 3.7a). The residue is 60 ol + 10 cpx + 25 opx + 0.5 sp which is the average spinel lherzolitic mantle composition from [START_REF] Winter | Introduction to Igneous and Metamorphic Petrology[END_REF].

The trace element distribution reflected by Model 1 after 0.5 % partial melting of a OIB-like mantle composition that has undergone 5 % PME shows differences of more than 10 times the concentration of Rb, La, Ce or Zr for example (Figure 3.7b; Table 3.4). The other limit of our Model 1 (i.e., after 2 % partial melting of an OIB-like mantle composition that has undergone 30 % PME) shows a trace element pattern that approximates the Tseax lava trace element composition and particularly for the heavy REE (e.g., concentration less than 4 times higher for Zr, Sm, Dy, Y, Yb, etc.).

Model 2

The second model assumes a cpx-poor wehrlite (74 ol + 21 cpx + 2 opx + 3 sp) as the mantle composition. This mantle xenolith composition was sampled near Summit Lake (∼ 400 km east of Tseax; [START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF]. Approximately 3 -4 % partial melting of this source can reproduce most of the lowest Dy/Yb ratios of the Tseax lavas (Figure 3.7a). The residue is 60 ol + 3 cpx + 35 opx + 2 sp.

The trace element distribution represented by Model 2 shows little variation compared to the average Tseax composition (a maximum deviation of 6 times is observed for the light REE and less than 4 times for the heavy REE; Figure 3.7b; Table 3.4). 

Composition of the Mantle Beneath Tseax and Implications for the NCVP Mantle

The two models replicate the composition of the Tseax lavas, in terms of Dy/Yb and Nb/Y ratios, for different degrees of partial melting. However, Model 1 shows differences of more than 10 times in many trace elements. We therefore favour Model 2 as it best predicts the trace element pattern of the Tseax lavas after ∼ 3 -4 % partial melting of a cpx-poor wehrlite.

Origin and Conditions for a Wehrlitic Mantle

Model 2 involves melting of a wehrlitic mantle in which orthopyroxene and spinel are minor phases and a minor cpx-jadeite component is present. The initial melt composition from melting of a wehrlite is mostly determined by the minor mineral phases present in the wehrlite (i.e., amphiboles, orthopyroxene, spinel) and by the clino-enstatite and jadeite components of the clinopyroxene. Indeed, these mineral melts represent very low degrees of partial melting and their components concentrate in the melt giving a residual rich in diopsidic clinopyroxene [START_REF] Médard | Melting of amphibolebearing wehrlites: An experimental study on the origin of ultra-calcic nepheline-normative melts[END_REF]. This phenomenon controls the nepheline or hypersthene-normative character of the produced melt. [START_REF] Schwab | Melting Systematics of Modally Variable, Compositionally Intermediate Peridotites and the Effects of Mineral Fertility[END_REF] and [START_REF] Médard | Melting of amphibolebearing wehrlites: An experimental study on the origin of ultra-calcic nepheline-normative melts[END_REF] showed that a hypersthene-normative melt is produced if the wehrlitic source has > 7 wt.% orthopyroxene. On the other hand, a nepheline-normative melt will be produced by partial melting of a slightly nepheline-normative wehrlite containing jadeite clinopyroxene. This corroborates the fact that melting of an cpx-poor wehrlite, such as the one used in our model, can generate a ne-normative magma composition.

Several hypotheses have been proposed to explain a wehrlitic mantle but the most accepted mechanism is the percolation of alkaline melts through peridotite in a more or less advanced refractory stage at depths varying up to 23 kbar (e.g., [START_REF] Irving | Petrology and geochemistry of composite ultramafic xenolotih in alkalic basalts and implications ofr magamtic processes within the mantle[END_REF][START_REF] Zinngrebe | Metasomatism in mantle xenoliths from Gees, West Eifel, Germany: Evidence for the genesis of calc-alkaline glasses and metasomatic Caenrichment[END_REF][START_REF] Xu | K-rich glass-bearing wehrlite xenoliths from Yitong, Northeastern China: Petrological and chemical evidence for mantle metasomatism[END_REF][START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF][START_REF] Ionov | Origin of Fe-rich lherzolites and wehrlites from Tok, SE Siberia by reactive melt percolation in refractory mantle peridotites[END_REF][START_REF] Beard | Depletion and enrichment processes in the lithospheric mantle beneath the Kola Peninsula (Russia): Evidence from spinel lherzolite and wehrlite xenoliths[END_REF][START_REF] Rehfeldt | Contrasting types of metasomatism in dunite, wehrlite and websterite xenoliths from Kimberley, South Africa[END_REF][START_REF] Raffone | Metasomatism in the lithospheric mantle beneath Middle Atlas (Morocco) and the origin of Fe-and Mg-rich Wehrlites[END_REF]. The Northern Cordillera mantle is mainly composed of relatively fertile lherzolites in the spinel stability field [START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Francis | The Mantle Source for Olivine Nephelinite , Basanite , and Alkaline Olivine Basalt at Fort Selkirk , Yukon , Canada[END_REF][START_REF] Carignan | Isotopic characteristics of mantle sources for Quaternary continental alkaline magmas in the northern Canadian Cordillera[END_REF]Peslier et al., 2000a;[START_REF] Manthei | Isotopic and geochemical evidence for a recent transition in mantle chemistry beneath the western Canadian Cordillera[END_REF] consistent with 8 to 10 % partial melting of a source similar in composition to the primitive mantle [START_REF] Manthei | Isotopic and geochemical evidence for a recent transition in mantle chemistry beneath the western Canadian Cordillera[END_REF]. [START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF] noted that at a depth of 10 -15 kbar (∼ 37 -55 km) and T > 1250 • C in the Northern Cordillera, a silica-undersaturated melt (i.e., ne-normative) percolating a lherzolite mantle can produce wehrlitic compositions with clinopyroxene being the first phase to precipitate. These pressure and temperature conditions agree with the conditions for a spinel-bearing mantle in the basanite melt field (1100 -1300

• C at ∼ 50 km depth), at the base of the lithosphere or lithosphere/asthenosphere transition (Figure 3.10;[START_REF] Souther | Volcanism and its relationship to recent crustal movements in the Canadian Cordillera[END_REF][START_REF] Harder | Thermal state of the upper mantle beneath the Northern Cordilleran Volcanic Province (NCVP)[END_REF][START_REF] Francis | An overview of the Canadian Cordilleran lithospheric mantle[END_REF]. A wehrlitic mantle can also be produced by migration and percolation of alkaline melts through dunitic channels in the mantle (Figure 3.10; e.g., [START_REF] Rehfeldt | Contrasting types of metasomatism in dunite, wehrlite and websterite xenoliths from Kimberley, South Africa[END_REF][START_REF] Raffone | Metasomatism in the lithospheric mantle beneath Middle Atlas (Morocco) and the origin of Fe-and Mg-rich Wehrlites[END_REF]. Dunites are highly refractory mantle compositions. They are the residue left after extraction of mafic magma in the upper mantle. Dunite xenoliths were collected in many instances along the Northern Cordillera [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]Peslier et al., 2000a[START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF][START_REF] Francis | An overview of the Canadian Cordilleran lithospheric mantle[END_REF] including some specimens in the NCVP [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. The origin of the alkaline melt producing the wehrlitic composition may be attributed to adiabatic decompression related to the rifting of the NCVP [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000) and a high temperature flux provided by the uprising of the underlying asthenosphere, i.e., provoked by the slab window (i.e., [START_REF] Thorkelson | Cordilleran slab windows[END_REF][START_REF] Manthei | Isotopic and geochemical evidence for a recent transition in mantle chemistry beneath the western Canadian Cordillera[END_REF][START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF].

Crustal Storage and Rheology of the Tseax Magma

Here we define the crustal storage conditions of the Tseax magma prior to and syn-eruption, i.e., pressure, temperature, sequence of crystallisation, storage time and magma viscosity.

Depth, Temperature and Storage Time

The MELTS thermodynamic modelling software [START_REF] Ghiorso | Chemical mass transfer in magmatic processes IV. A revised and internally consistent thermodynamic model for the interpolation and extrapolation of liquid-solid equilibria in magmatic systems at elevated temperatures and pressures[END_REF][START_REF] Gualda | MELTS_Excel: A Microsoft Excel-based MELTS interface for research and teaching of magma properties and evolution[END_REF] was used to construct a pseudo-liquidus diagram of the Tseax lavas (Figure 12 and H 2 O = 1.25 wt.%) corresponding to the average bulk rock composition of the Tseax lavas. The grey area corresponds to estimated depths of the MOHO (Harder and Russell, 2006, and references therein). Note that for depths > 17 km, clinopyroxene is the first phase at the solidus while for shallower depths, Fe-Ti oxide is the first phase at the solidus.

Petrographic investigations of the Tseax lavas showed that olivine, plagioclase and oxides occur as phenocrysts and micro-phenocrysts. Clinopyroxene is never seen as pheno-or micro-phenocrysts and exclusively occurs as microliths. We therefore tested the fractionation of clinopyroxene at depth. Trace element ratios such as V/Yb, Ce/Yb or La/Yb, when compared to a differentiation marker (i.e., CaO/Al 2 O 3 or MgO), are good proxies for fractionation of clinopyroxene (e.g., [START_REF] Albarède | The geochemical regimes of Piton de la Fournaise Volcano (Réunion) during the last 530 000 years[END_REF][START_REF] Boudoire | Eruptive Activity on the Western Flank of Piton de la Fournaise (La Réunion Island, Indian Ocean): Insights on Magma Transfer, Storage and Evolution at an Oceanic Volcanic Island[END_REF] In many instances, glomerocrysts of olivine, oxides and plagioclase with intergrowth mineral interfaces are observed (Figure 3.5) indicating co-precipitation of these minerals.

Using MELTS, we modelled several crystallisation sequence scenarios at constant pressures from 1150 to 950 • C, with a f O 2 = QFM-0.12 and a water content of 1.25 wt.%. The aim was to reproduce the PT conditions where glomerocrysts of olivine, oxides and plagioclase can form, i.e., the conditions where these mineral phases co-precipitate. For pressure above 1.5 kbar, Fe-Ti oxides and olivine can co-precipitate for T = 1100 -1050 • C. However, plagioclase crystallises after clinopyroxene meaning that the co-precipitation of olivine, oxides and plagioclase is never achieved and that the glomerocryst assemblage of the Tseax lavas is not reproduced. For low pressure, i.e., P < 1.5 kbar, crystallisation of clinopyroxene is delayed to lower temperatures allowing plagioclase to precipitate shortly after olivine. No significant change is observed in the composition between the core and rims of the olivine, oxides and plagioclase pheno-and micro-phenocrysts. The olivines and oxides are mainly subhedral to skeletal indicating rapid crystallisation and high growth rates. The largest plagioclase mega-crysts are up to ∼ 2 cm in length and most likely formed in a magma chamber. Assuming negligible growth of the phenocrysts during lava flow emplacement and with growth rates typical of small undercooling in magmatic chamber (i.e., 10 -10 to 10 -11 cm/s; [START_REF] Cashman | Crystal size distribution (CSD) in rocks and the kinetics and dynamics of crystallization II: Makaopuhi lava lake[END_REF][START_REF] Cashman | Relationship between plagioclase crystallization and cooling rate in basaltic melts[END_REF], we estimate a storage time of ∼ 6.3 × 10 2 to ∼ 6.3 × 10 3 years. However, assuming high growth rates of 10 -7 -10 -8 cm/s, typical of dyke conditions [START_REF] Cashman | Relationship between plagioclase crystallization and cooling rate in basaltic melts[END_REF], we estimate a storage time on the order of ∼ 10 2 -10 3 days. Using the modelled melt temperature of NCVP basanites of [START_REF] Harder | Thermal state of the upper mantle beneath the Northern Cordilleran Volcanic Province (NCVP)[END_REF], we predict maximum cooling rates of 10 -2 to 10 -3 • C/hour in the magma chamber. 

Pre-eruption Conditions

The viscosity of magma is one of the most critical parameters controlling magmatic processes and the mode of volcanic eruptions. The magma viscosity can be estimated from its petrological and geochemical properties. The viscosity is directly related to the product of the melt viscosity (η melt ) multiplied by the relative effect of suspended crystals (η r ) (Equation A.2). The melt viscosity is calculated using the GRD model [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF] which considers that the melt has a Newtonian rheology that depends on its composition (major oxides), temperature and volatile contents. We first consider the cooling of pure melts (i.e., 

logη melt = -4.55 + 5648(±255) T ( • K)) -457(±12) (3.1)
Note that the most Fe-rich compositions (sample no. TS-S60, TS-S68 and TS-S71) are related to the lowest theoretical viscosities, i.e., 9.4 ± 2.9 × 10 0 Pa.s at 1200 • C to 6.0 ± most likely the case given our predicted cooling rates (e.g., [START_REF] Kolzenburg | In situ thermal characterization of cooling/crystallizing lavas during rheology measurements and implications for lava flow emplacement[END_REF]. At every temperature step, the melt viscosity is calculated from the melt composition using the GRD model [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF] and the effect of the crystals is taken into account using the equation of [START_REF] Krieger | A Mechanism for Non-Newtonian Flow in Suspensions of Rigid Spheres[END_REF] (Equation 4) assuming olivine and 

Syn-eruptive Conditions

The chemical composition of the early pāhoehoe and later 'a'ā lava flows overlap but differ in their modal amount of crystals, particularly in plagioclase, from ∼ 3.7 vol.% in Flow 1 to ∼ 15.7 vol.% in Flow 4 (Figure 3.3; Table 3.3). All lavas are from a single magma batch, but the later lava flows have grown plagioclase (and minor amounts of olivine and Fe-Ti oxides)

during a longer storage period in the magma chamber or perhaps during slow ascent to the surface. The absence of clinopyroxene as a phenocryst phase in the later lavas, indicates that they did not record cooling under 1080 • C in the magma chamber. Using MELTS, we modelled the ascent of magmas with the average composition of the 4 flows from 1.5 kbar to the surface at a temperature of 1080 -1094 

Conclusions and Future Work

Despite being the most active volcanic belt in Canada [START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF], to date, very limited work as been done to decipher the origin of the NCVP volcanoes (Edwards and Russell, 2000, and references therein). In this study, we focus on Tseax volcano, the second youngest volcano of the NCVP. Tseax is also the deadliest volcano in Canada; its eruption in 

∼

Introduction

Mafic volcanism is the most common type of volcanic activity on Earth and often forms isolated volcanic fields [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. These basaltic volcanic fields are composed of individual small-scale volcanoes usually referred to as monogenetic. Sensu stricto, monogenetic volcanoes are the result of a single (or very few), small volume magma batches which erupt over periods of hours to decades forming relatively simple volcanic edifices compared to shield/strato-volcanoes (e.g., [START_REF] Hasenaka | The cinder cones of Michoacán-Guanajuato, central Mexico: their age, volume and distribution, and magma discharge rate[END_REF][START_REF] Hasenaka | Size, distribution, and magma output rate for shield volcanoes of the Michoacán-Guanajuato volcanic field, Central Mexico[END_REF][START_REF] Guilbaud | Morphology, surface structures, and emplacement of lavas produced by Laki, A.D. 1783-1784[END_REF][START_REF] Kereszturi | A model for calculating eruptive volumes for monogenetic volcanoes -Implication for the Quaternary Auckland Volcanic Field, New Zealand[END_REF][START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF][START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF]. The eruptions of monogenetic volcanoes often range from Hawaiian lava fountaining building spatter edifices to Strombolian explosive style building tephra cones; lava flows of several tens of km long are often produced. Monogenetic volcanic fields are often located in areas close to population centres and as a result, individual volcanoes can represent a dispersed and unpredictable volcanic hazard (e.g., Auckland volcanic field; [START_REF] Bebbington | Spatio-temporal hazard estimation in the Auckland Volcanic Field, New Zealand, with a new event-order model[END_REF][START_REF] Kereszturi | A model for calculating eruptive volumes for monogenetic volcanoes -Implication for the Quaternary Auckland Volcanic Field, New Zealand[END_REF].

In western Canada, the Northern Cordillera Volcanic Province (NCVP) hosts more than 100 volcanic centres, mostly consisting of isolated pyroclastic cones and associated lava flows (Figure 1. [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF][START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000). At least 37 eruptions occurred in the NCVP in the past 10,000 years [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF], making it the most active volcanic region in Canada. Tseax volcano (pronounced "See-Ax", Wil Ksi Baxhl Mihl in the Nisga'a language), in western central British Columbia, is the southernmost and second-youngest volcanic centre of the NCVP (Figure 1.3). The volcano is associated with several pyroclastic edifices and far-travelled lava flows (Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]Le Moigne et al., 2020a). The eruption was recorded in the Adaawak (traditional oral histories) of the Nisga'a First Nation as they were significantly impacted with potentially up to 2,000 fatalities in 3 destroyed villages [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]Nisga'a Tribal Council, 2004;[START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF] and is Canada's deadliest volcanic event [START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF]. Despite a rich oral history, the exact sequence and timing of the volcanic events has been difficult to establish. Furthermore, only a relatively limited number of scientific studies have been made on Tseax volcano including dating [START_REF] Lowdon | Geological Survey of Canada Radiocarbon Dates XI[END_REF][START_REF] Symons | Age and Flow Direction From Magnetic Measurements on the Historic Aiyansh Flow, British Columbia[END_REF][START_REF] Wuorinen | Age of Aiyansh Volcano, British Columbia[END_REF][START_REF] Roberts | Geomorphic responses to the sudden blocking of a fluvial system: Aiyansh lava flow, northwest British Columbia[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF], physical mapping [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]Le Moigne et al., 2020a) and geochemistry studies [START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF]. As a result, many questions still need to be addressed concerning the volcanic history of Tseax.

In this study, we provide a comprehensive and detailed eruptive model of the ∼ 1700 CE eruption of Tseax volcano. We first summarise the main results from recent studies regarding the age, volume and description of the volcanic products. This information is used to characterise the dynamics, chronology of the eruption and the sequence of events that ultimately led to the Nisga'a fatalities. Fishery and forestry industries and ∼ 1,000 people currently live in close proximity to the volcano and Tseax is part of the Anhluu't'ukwsim Laxmihl Angwiga'asanskwhl Nisga'a (Nisga'a Memorial Lava Bed Provincial Park) including several tourist attractions. Therefore, this work also provides important information in support of future hazard assessments for the area.

Age, Volume and Description of the Volcanic Products

Tseax Volcano in the NCVP

In North America, the Northern Cordillera comprises several active volcanic belts (Figure 1.

3) including the NCVP [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000), formerly known as the Stikine volcanic belt [START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF][START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF], in northwestern Canada.

This volcanic province is approximately 1200 km long by 400 km wide, extending from northwest British Columbia to Yukon and eastern Alaska (Figure 1.3b). Volcanism in the NCVP is dated from the Neogene to Holocene and its magmatic origin has been attributed

to a slab window in the subduction of the Juan de Fuca-Farralon Plates beneath the North American plate [START_REF] Thorkelson | Cordilleran slab windows[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF]. This slab window induces an upward asthenospheric flux that provokes thermal erosion of the overlying crust leading to the rifting of the NCVP [START_REF] Thorkelson | Mantle flow through the Northern Cordilleran slab window revealed by volcanic geochemistry[END_REF].

Tseax volcano (55.112 • N, -128.900 • W), previously known as Aiyansh volcano (Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF], Aiyansh River volcano or Tseax River cone [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Hickson | Volcanoes and volcanic hazards, in A Synthesis of Geological Hazards in Canada[END_REF], is the southernmost volcanic centre of the NCVP [START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF]Russell, 1999, 2000), located in central western British Columbia ∼ 70 km north of the city of Terrace (∼ 760 km north of Vancouver, BC), near the town of Gitlaxt'aamiks (New Aiyansh) and

Gitwinksihlkw (Canyon City) (Le Moigne et al., 2020a). The region is part of the Coast Belt plutonic complex [START_REF] Woodsworth | Plutonic Regimes[END_REF] and Tseax is located in the Hazelton mountain range [START_REF] Evenchick | [END_REF]. This lake is the source of Tseax River that was flowing northwards in Tseax River valley. At the time of eruption, a fish camp was located on the shore of a small lake (Tam Gimwits'ax)

Pre-eruption Geography

formed by the Tseax River. In a place called Lax Wiilaxk'ap, several smokehouses were situated near the mouth of Tseax River in the Nass River. Before the eruption, the Nass River flowed along the southern sides of the Nass Valley (∼ 2.5 km further south than its current position). Between the mouths of Tseax River and Vetter Creek, the meandering Nass River was 1 to 2 km wide and the village of Lax Ksiluux was located on the its northern shore. At this place, the Nass River may have been so wide that it was described as a lake [START_REF] Barbeau | Volcanoes on the Nass[END_REF]. Further downstream, the Nass River narrowed (< 1 km wide) with the villages of Laxksiwihlgest and Ts'oohlts'ap along its southern shore (Figure 4.1a).

Age of the Eruption

The age of the eruption of Tseax has been discussed and determined from both scientific methods [START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF][START_REF] Lowdon | Geological Survey of Canada Radiocarbon Dates XI[END_REF][START_REF] Symons | Age and Flow Direction From Magnetic Measurements on the Historic Aiyansh Flow, British Columbia[END_REF][START_REF] Wuorinen | Age of Aiyansh Volcano, British Columbia[END_REF][START_REF] Roberts | Geomorphic responses to the sudden blocking of a fluvial system: Aiyansh lava flow, northwest British Columbia[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF] and from Nisga'a Adaawak [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Using dendrochronology, [START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF] and [START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF] estimated the date of the eruption at 1753 and 1770 CE, respectively. Radiocarbon dating of carbonised wood gave dates of 1749 ± 130 CE (Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]) and 1751 ± 220 CE [START_REF] Lowdon | Geological Survey of Canada Radiocarbon Dates XI[END_REF]. New radiocarbon dating performed on wood charcoal sampled immediately beneath Tseax tephra in conjunction with paleomagnetic studies constrain the eruption date to between 1675 AD and 1778 AD (95.4%; [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF].

These dendrochronology and radiocarbon dates are within error and correlate well with the Nisga'a Adaawak that dates the eruption to the 18 th century (Figure 1. 8;[START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF][START_REF] Wuorinen | Age of Aiyansh Volcano, British Columbia[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Finally, based on the Nisga'a oral histories, the eruption most likely occurred during the summer, between June and September (H. Nyce, pers. comm. 2019; [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF].

Volumes and Description of the Volcanic Products

The 

The Explosive Products

Tseax is composed of two nested, but not exactly coaxial structures: an external horseshoeshaped spatter rampart and an inner tephra cone ( et al., 2020a). The area proximal to the volcano is covered by a tephra blanket, however, the maximum extent was difficult to map due to the dense vegetation and a well-developed soil above the tephra. The tephra blanket has an oval shape and the maximum eastern extent of the deposit was estimated assuming a constant thinning of the blanket from the inner cone.

The deposits to the north and south were limited by topographic highs, while the maximum extent of 2,500 m to the west was likely due to dominant SE-NW winds during the eruption.

Four smaller unnamed tephra cones are located north of Lower Melita Lake, including a 20 m high cone (here named Satellite cone; 

Petrology, Geochemistry and Syn-Eruptive Conditions

The lava and tephra collected at Tseax are Fe-Ti-rich, Mg-poor basanite to trachybasalt (Figure 3.2a; Chapter 3). All samples show very minor variations in major oxides and trace elements and the different flow units and tephra cannot be distinguished (Figure 3.2, Table 3.1, 3.2). The products contain phenocrysts of plagioclases, olivines and Fe-Ti oxides and the groundmass comprises microliths of plagioclase, olivine, Fe-Ti oxide, clinopyroxene and minor apatite (Figure 3.3,3.4). The lowermost stratigraphic deposits (i.e., Flow 1 and Flow 2) have low phenocryst contents, ∼ 5 -10 %, while the uppermost deposits (i.e., the two 'a'ā flows) have phenocryst contents < 15 % (Table 3.3).

The similar petrological and geochemical compositions of the samples and minerals as well as the near identical trace element distribution argue that all the lavas have undergone an identical evolution from the source to the surface. The Tseax magma originated from ∼ 3 -4 % partial meting of a wehrlitic source near the asthenosphere/lithosphere boundary.

The magma rose up and stalled for 10 2 -10 3 days in the upper crust. See Chapter 3 for a more detailed discussion concerning the magmatic origin of Tseax volcano.

Lower Melita Lake

Satellite Cone

T'aam Baxhl Mihl 

Methodology

Apparent Lava Viscosity and Yield Strength Estimated from a Morphological Approach

Apparent Lava Viscosity

Considering a Newtonian rheology and a laminar flow, the apparent viscosity of a lava flow, η app , can be estimated by the Jeffrey's equation [START_REF] Nichols | Viscosity of lava[END_REF]:

η app = ρgH 3 W sin α nQ (4.1)
where, ρ is the lava density (kg/m 3 ), g the gravitational constant (9.81 m/s 2 ), Q the mean discharge rate (m 3 /s) and n is an empirical factor equal to 3 for wide lava flows and equal to 4 for narrow flows. H, W and α are the mean thickness (m), width (m) and underlying slope ( • ) respectively. Neglecting lateral spreading, [START_REF] Fink | Radial spreading of viscous-gravity currents with solidifying crust[END_REF] also proposed that:

η app = ρgH 4 Q (4.2)

Apparent Yield Strength

Assuming a Bingham behavior, the apparent yield strength, τ , of a lava flow can be calculated from its geometrical characteristics. [START_REF] Hulme | The Interpretation of Lava Flow Morphology[END_REF] demonstrated that:

τ = ρgH sin α (4.3)
and taking into account the lateral spreading (e.g., [START_REF] Chevrel | The AD 1250 effusive eruption of El Metate shield volcano (Michoacán, Mexico): Magma source, crustal storage, eruptive dynamics, and lava rheology[END_REF]:

τ = ρgH 2 W (4.4)

Explosive Dynamics

To estimate the dynamics of the explosive phases of Tseax, we use the theoretical model of [START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF] (see Appendix B) that predicts the height of a lava fountain, H F , from a fissure eruption at a localised vent. The height of a lava fountain is controlled by several parameters including the eruptive flux, Q, the content of exsolved gases (here we only consider exsolved water), within the erupted magma n H 2 O , the amount of material re-entrainment into the fissure, M entr , the rise speed of the magma in the feeder conduit v F , and the presence or absence of a lava pond of depth h pond above the eruptive fissure [START_REF] Parfitt | Factors influencing the height of Hawaiian lava fountains: implications for the use of fountain height as an indicator of magma gas content[END_REF][START_REF] Wilson | Explosive volcanic eruptions -IV. The control of magma properties and conduit geometry on eruption column behavior[END_REF][START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF] (see Appendix B for details of the calculations). The height of the lava fountain is given by:

H F = v 2 F 2g (4.5)
where g is the acceleration due to the gravity (9.81 m/s 2 ).

Height of the Convective Volcanic Plume

The height of a volcanic plume, H P , in the atmosphere is related to the mean eruption rate, Q, and can be estimated by the following simple empirical models [START_REF] Sparks | Volcanic plumes[END_REF][START_REF] Mastin | A multidisciplinary effort to assign realistic source parameters to models of volcanic ash-cloud transport and dispersion during eruptions[END_REF]: The Tseax lava flow field has an original geometry which is strongly controlled by the environmental conditions, notably the topography (e.g., [START_REF] Miyamoto | Rheology and topography control the path of a lava flow: Insight from numerical simulations over a preexisting topography[END_REF][START_REF] Rumpf | The influence of topographic roughness on lava flow emplacement[END_REF][START_REF] Richardson | The multi-scale influence of topography on lava flow morphology[END_REF]. In particular, Flows 2, 3 and 4 are confined in V-shaped valleys along their entire length, limiting lateral spreading (Figure 4.1b). When spreading, the maximum lava flow width is dependent on the rheological behaviour of the lava flow (e.g., [START_REF] Hulme | The Interpretation of Lava Flow Morphology[END_REF]Kilburn andLopes, 1991, 1994;[START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF][START_REF] Kerr | Formation of channelized lava flows on an unconfined slope[END_REF], whereas when the lava flow is channelised (i.e., when spreading is limited), the ratio length/volume can be modelled. From the work of [START_REF] Walker | Lengths of lava flows[END_REF] and [START_REF] Malin | Lengths of Hawaiian lava flows[END_REF], [START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF] developed an empirical relationship between lava flow length (L) and volume (V ) of channelised lava flows that can be applied with 75 % confidence:

H P = 2.00Q
L = 0.60V 0.57 (4.8)
Flow 2, 3 and 4 are considerably longer than wider, with length/width ratio of ∼ 30, ∼ 20 and ∼ 15, respectively (Figure 4.4). Within error, Flows 2, 3 and 4 fit well with the model of [START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF] for channelised flows over their entire length. Therefore, Flows 2, 3 and 4 can be approximated as channelised lava flows and the mean effusion rate then calculated by [START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF]:

Q = G Z κLW H (4.9)
where, κ is the thermal diffusivity (∼ 3.82 × 10 -7 m 2 /s; [START_REF] Kilburn | A model for forecasting lava flow lengths[END_REF]. This

model implies that the lava advance is controlled by the viscous core of the flow. It relates the final length, L (m), and average channel width, W (m), to the amount of cooling in the lava channel, where conduction is considered to be the dominant mechanism of heat transfer (symbolised by the Gratz number, G Z ; [START_REF] Knudson | Fluid Dynamics, Heat Transfer[END_REF][START_REF] Hulme | Effusion Rates and Rheology of Lunar Lavas[END_REF][START_REF] Pinkerton | Field measurements of the rheology of lava[END_REF] The apparent yield strength of the lava flows can be estimated from their thickness (Equation 4. 3 and 4.4;[START_REF] Hulme | The Interpretation of Lava Flow Morphology[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF]. We calculate values on the order of 10 3 Pa for the 3 channelised lava flows (Table 4.3). Knowing the mean effusion rates, the bulk viscosity of the lava flows can be estimated using a morphological approach (Equation 4. 1 and 4.2;[START_REF] Nichols | Viscosity of lava[END_REF][START_REF] Fink | Radial spreading of viscous-gravity currents with solidifying crust[END_REF] assuming a Newtonian rheology. The viscosities estimated by this approach are 3 to 4 orders of magnitude higher than viscosities obtained from the petrological approach. Our calculations yield apparent viscosities of ∼ 10 5 Pa.s for the 3 flows with the methods of Fink and [START_REF] Fink | Radial spreading of viscous-gravity currents with solidifying crust[END_REF] giving slightly higher values (Table 4.3). The morphological approach gives higher viscosities because the flows record in their morphology the highest viscosity when they become seemingly stagnant [START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF]. Fink and [START_REF] Fink | Radial spreading of viscous-gravity currents with solidifying crust[END_REF] 1.0 -10.9 2.2 -11.1 0.6 -5.9 0.9 -8.8

Apparent yield strength (×10 Thus, the upper limit of average effusion rates obtained using the Walker (1973) method is probably overestimated. We obtain Q ∼ 50 -5,000 m 3 /s, the large errors being due to the simplicity of the model.

Lava flow surface morphologies are the expression of the complex interplay between the physical forces that favour surface deformation and the cooling mechanism that resists crustal deformation. The theoretical model of [START_REF] Kilburn | Fracturing as a quantitative indicator of lava flow dynamics[END_REF] predicts the maximum advance rate of a lava in transition from pāhoehoe to 'a'ā flow:

v tr = b cos 1/2 α sin α (4.10)
where b is a constant related to the importance of shearing versus the tensile deformation occurring on the crust (0.0006 m/s for basalts; [START_REF] Kilburn | Fracturing as a quantitative indicator of lava flow dynamics[END_REF][START_REF] Solana | Fast emplacement of extensive pahoehoe flow-fields: The case of the 1736 flows from Montaña de las Nueces, Lanzarote[END_REF] and α is the underlying slope. This model was applied by [START_REF] Solana | Fast emplacement of extensive pahoehoe flow-fields: The case of the 1736 flows from Montaña de las Nueces, Lanzarote[END_REF] to estimate the advance rates of the rapidly emplaced 1736 flow field from Montaña de las Nueces, Lanzarote. When v/v tr < 1, a pāhoehoe flow is sustained. Inversely, when v/v tr > 1, an 'a'ā crust will develop.

For Flow 1, the transition regime would have been reached at an average velocity of ∼ 0.14 m/s (∼ 500 m/h) in the Nass Valley (with α = 0.24 [START_REF] Peterson | Transition of basaltic lava from pahoehoe to aa, Kilauea Volcano, Hawaii: Field observations and key factors[END_REF][START_REF] Keszthelyi | Rubbly pahoehoe: a previously undescribed but widespread lava type transitional between aa and pahoehoe[END_REF][START_REF] Keszthelyi | Rubbly Pahoehoe: Implication for Flood Basalt Eruptions and their Atmospheric Effects[END_REF][START_REF] Pedersen | Lava field evolution and emplacement dynamics of the 2014âĂŞ2015 basaltic fissure eruption at Holuhraun, Iceland[END_REF]. Therefore, slabby and slabby-to-rubbly pāhoehoe surface morphologies occur when v/v tr approaches unity (e.g., [START_REF] Kilburn | Fracturing as a quantitative indicator of lava flow dynamics[END_REF][START_REF] Solana | Fast emplacement of extensive pahoehoe flow-fields: The case of the 1736 flows from Montaña de las Nueces, Lanzarote[END_REF]. Assuming these constraints, we expect an average advance rate of 0.08 -0. et al., 2020a). With these field constraints, Q = 1,700 ± 750 m 3 /s which corresponds to the maximum upper limit of effusion rates. However, it is evident that the flow was not entirely inflated when it reached the mouth of Tseax River valley. Considering ∼ 50 vol% reduction from the final fully inflated volume, more reasonable peak effusion rates would be ∼ 800 -1,000 m 3 /s at the beginning of the eruption.

In many basaltic fissure eruptions, once peak effusion rate is reached in the early stage, the effusion rate progressively drops [START_REF] Wadge | The variation of magma discharge during basaltic eruptions[END_REF][START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Gudmundsson | The 1991 eruption of Hekla, Iceland[END_REF][START_REF] Harris | Lava effusion rate definition and measurement: A review[END_REF][START_REF] Bonny | Predicting the end of lava flow-forming eruptions from space[END_REF]. This most likely occurred at Tseax. Indeed, large portions (∼ 52 %) of the Nass Valley show surface morphologies typical of slow endogenous growth of a large inflated lava flow (i.e., lava-rises, hummocky pāhoehoe, etc.; [START_REF] Walker | Structure and origin by injection of lava under surface crust, of tumuli, lava rises, lava rise pits, and inflation clefts in Hawaii[END_REF][START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF]Le Moigne et al., 2020a). Determining an accurate effusion rate and thus estimating a precise emplacement duration would require a more detailed analysis of the physical and morphological properties of the lava flow surface and interior which is beyond the scope of this Chapter. From the flow's geometrical characteristics, the apparent yield strength of Flow 1 is ∼ 1 -2 × 10 3 Pa.s and the bulk viscosity is 0.4 -10.9 × 10 5 Pa.s, which is similar to Flows 2, 3 and 4 (Table 4.3). 2004). Moreover, important observational details have been reported by missionaries and anthropologists in the late 19 th and early 20 th centuries [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF][START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF].

Eruption

In summary, the key features that emerge from these Adaawak and written accounts is the relatively short duration of the eruption, probably on the order of days to a few weeks (". . . the whole valley was on fire, which continue for many days. . . ", ". . . The stone was red and hot there for many days. . . "; [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]. From these stories, a tentative sequence of events would be the following:

1. Before the eruption started, small earthquakes were felt by the Nisga'a (". . . The rumbling was heard once and soon the ground began to shake. . . "; Barbeau, 1935); 2. At first, the eruption produced an eruptive column that was witnessed from the former Nisga'a villages (". . . a big pillar of smoke. It was as if a house was burning on the mountain top. . . "; [START_REF] Barbeau | Volcanoes on the Nass[END_REF]. Stories from Nisga'a communities not in close proximity to the volcano also mentioned the eruption (D. Nyce, pers. comm. 2019).

Considering the mountainous nature of the area, this may suggest a convective eruption column several kilometres high ( [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF].

Sequence of Events and Chronology of Eruption

The chemical homogeneity of the erupted materials (lava flows, pyroclastic edifices and associated tephra fall out; see Chapter 3), recent paleomagnetic studies [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF] and the constraints from the Nisga'a Adaawak point to a single magma batch that erupted in a relatively short duration, most likely < 100 days. According to the most recent paleomagnetic and radiocarbon data, the eruption occurred between 1675 and 1778 CE [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. These dates are in agreement with the Nisga'a oral traditions and written histories that date the eruption to the middle or late 18 th century [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]Nisga'a Tribal Council, 2004;[START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Cashman and Cronin, 2008). For example, if the eruption lasted only a few days, average effusion rates of > 10 3 m 3 /s seem unlikely unless we involve a flood-like scenario similar to the eruption of Laki (Iceland; [START_REF] Thordarson | The Laki (Skaftár Fires) and Grímsvötn eruptions in 1783-1785[END_REF]. However, the emplacement of Flow 1 over more than a year seems very unlikely given the chemical homogeneity and low crystallinity of the products (see Chapter 3).

Approximately 11 km 2 (∼ 40 %) of the surface flows in the Nass Valley have typical morphologies of inflated pāhoehoe (e.g., hummocky pāhoehoe, lava rises, etc.; [START_REF] Walker | Structure and origin by injection of lava under surface crust, of tumuli, lava rises, lava rise pits, and inflation clefts in Hawaii[END_REF][START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF]Le Moigne et al., 2020a), suggesting low effusion rates (e.g., 1 -2 m 3 /s, scenario 1) and thus an emplacement duration of several years. This contradicts the Nisga'a stories and thus this scenario is rejected. A scenario similar to the eruption of Hekla in 1991 also predicts an emplacement duration of ∼ 8 months (scenario 2). High effusion rates (800 -1,000 m 3 /s) at the beginning would represent the extrusion of 0.15 ± 0.02 km 3 in a short period of time that may have been responsible for the destruction of the Nisga'a villages, and therefore, recorded in the oral histories. At Hekla, the remaining lava was emplaced by slower endogenous growth of the lava plain over several months and an equivalent scenario can be envisaged for Tseax but with slightly higher fluxes. For instance, if the lava flux was sustained at 20 m 3 /s, the emplacement duration of Flow 1 would be ∼ 4 months. Emplacement of Flow 1 with a similar evolution of the effusion rate to that of the eruption of Mauna Loa in 1984 (scenario 3) involves a duration < 250 days.

In summary, our observations support high effusion rates (800 -1,000 m 3 /s) at the beginning of the effusion of Flow 1 that progressively decreased to 10 -200 m 3 /s until the end of this pulse. We estimate a total emplacement duration of a few weeks to ∼ 100 days, with almost half of the lava volume extruded during the first days of the eruption. the lava flows or due to incidents caused by their emplacement [START_REF] Tazieff | An exceptional eruption: Mt. Niragongo[END_REF][START_REF] Komorowski | The January 2002 flank eruption of Nyiragongo volcano (Democratic Republic of Congo): chronology, evidence for a tectonic rift trigger, and impact of lava flows on the city of Goma[END_REF][START_REF] Favalli | Lava flow hazard at Nyiragongo volcano, D.R.C. 1. Model calibration and hazard mapping[END_REF]. Although the flow advance rates may have been locally and / or punctually faster (as reported by [START_REF] Barbeau | Volcanoes on the Nass[END_REF], perhaps on the order of several m/s, the average lava flow front advance rate in the Nass Valley was too low to be the unique and direct cause of the fatalities. Indeed, with lava velocities of a few hundred metres per hour, people might have had the time to evacuate their villages and escape up the slopes of the nearby mountains.

Arrival Times of the Lava Flow at Key Locations

The former villages of Laxksiwihlgest and Ts'oohlts'ap were located on the southern shores of the Nass River (Figure 4.1a). While some villagers may have ". . . canoed to the far side of the river. . . " (Nisga'a Tribal Council, 2004), it is reported that during the eruption many people were caught between the advancing lava flow and the Nass River (D. Nyce, pers. comm., 2019), which is the third largest river in British Columbia in terms of annual discharge rates [START_REF] Roden | On river discharge into the northeastern Pacific Ocean and the Bering Sea[END_REF]. 90 years of real time hydrometric data for the Nass River (from 1929 to 2020) are available from the Water Office of the Government of Canada (hydrometric station 08DB001 located north of New Aiyansh;

https://wateroffice.ec.gc.ca/report/historical_e.html?stn=08DB001). According to the Nisga'a Adaawak, the eruption is suspected to have occurred between June and September (Nisga'a Tribal Council, 2004). During the summer, monthly average discharge rates are 2,070 m 3 /s, 1,650 m 3 /s and 887 m 3 /s in June, August and September, respectively (assuming similar discharge rates between the present and during eruption in the 18 th century), strong enough to drown anyone attempting to escape by swimming (e.g., [START_REF] Connolly | Drowning: The Exit Problem[END_REF][START_REF] Peden | Fatal river drowning: The identification of research gaps through a systematic literature review[END_REF].

When the lava arrived in the Nass Valley, it entered in contact with the Nass River and may have produced dense clouds of vaporised water mixed with volcanic gases such as CO 2 and H 2 S, sometimes referred to as "laze" and "vog" and can be deadly to individuals in close vicinity (e.g., [START_REF] Williams-Jones | Hazards of volcanic gases[END_REF][START_REF] Carlos | Volcanic Eruptions and Threats to Respiratory Health[END_REF]. (1918) described that explosions occurred when the lava covered the Nass River beds and that the valley was enveloped by clouds of steam. There is, however, no evidence of such explosions on the lava field. Moreover, McCullagh (1918) turned the eruption narrative into a poem and thus, his texts can be subject to different interpretations. Nevertheless, parts of the Nisga'a Adaawak refer to people suffocating and dying from a "poisonous smoke" [START_REF] Barbeau | Volcanoes on the Nass[END_REF] when the lava flow entered the Nass Valley because people were "frightened" and took refuge in small caves in the villages [START_REF] Barbeau | Volcanoes on the Nass[END_REF]. These fatalities may have been due to accumulation of CO 2 in the low lying area and in the caves (CO 2 is denser then the air). Short term exposure to CO 2 leads to rapid unconsciousness and is lethal for concentrations > 11 % in the air (e.g., [START_REF] Williams-Jones | Hazards of volcanic gases[END_REF]. Present in volcanic laze, H 2 S, (and HF or H 2 SO 4 formed with interaction with the ambient atmosphere) could also be hazardous; concentrations > 0.1 % in the air can be lethal [START_REF] Williams-Jones | Hazards of volcanic gases[END_REF]. Furthermore, when the lava flowed over the Nass River floodplain, CH 4

McCullagh
(an asphyxiating gas) may have been released in the air as wetlands and marshlands are good reservoirs for this gas (e.g., [START_REF] Cicerone | Biogeochemical aspects of atmospheric methane[END_REF][START_REF] Bartlett | Review and assessment of methane emissions from wetlands[END_REF].

Pulse II

The second pulse of the first period of activity probably occurred shortly after the first pulse, and extruded ∼ 13 % of the total lava volume, the vast majority corresponding to the effusion of Flow 2 (0.06 ± 0.01 km 3 ). Average effusion rates from [START_REF] Walker | Lengths of lava flows[END_REF] method give Q ∼ 20 -1,500 m 3 /s which leads to emplacement durations of 0.4 to 42 days.

Emplacement durations of less than a day for a 21.2 km long lava implies average flow advance rates of ∼ 2,200 m/h, while emplacement duration of > 30 days indicates average flow advance rates < 30 m/h. From the method of [START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF], we obtain Q = 124 ± 25 m 3 /s, within the range of average effusion rates estimated using the Walker (1973) method. Accordingly, the estimated emplacement duration of Flow 2 is 4.4 ± 1.2 days with average advance rate of 160 -280 m/h. From the vent near Melita Lake, the lava arrived at the bottom of Crater Creek after 19 -32 hours and at the location of the already destroyed fish camps after 50 -87 hours (Figure 4.7c). A similar discussion as for Flow 1 concerning the average effusion rate and emplacement duration could be made here.

However, the Nisga'a Adaawak do not constrain the mechanism and emplacement duration of Flow 2. Therefore, the average effusion rates given here might be overestimated and the emplacement durations are considered a minimum. We propose that the total emplacement duration of Flow 2 would have been ∼ 5 -10 days.

Vent Activity

The first reported signs of activity were earthquakes felt by the Nisga'a before the eruption started [START_REF] Barbeau | Volcanoes on the Nass[END_REF]. These tremors would have been almost

immediately followed by emission of a convective volcanic plume in the atmosphere that was visible from the Nass Valley. This buoyant plume must have been at least ∼ 1 km high in order to be visible from the village of Laxksiluux and > 5.7 km from the village of Ts'oohlts'ap (Figure 4.5). With a maximum Q = 1,000 m 3 /s, the plume would have been ∼ 10 km high [START_REF] Sparks | Volcanic plumes[END_REF][START_REF] Mastin | A multidisciplinary effort to assign realistic source parameters to models of volcanic ash-cloud transport and dispersion during eruptions[END_REF]. As a comparison, during the early stages of the 1991 eruption of Hekla, the eruption cloud reached a height of 11.5 km for eruption rates of ∼ 800 m 3 /s, and dissipated in a few hours [START_REF] Gudmundsson | The 1991 eruption of Hekla, Iceland[END_REF].

We suggest a similar scenario at Tseax because the Nisga'a Adaawak mention a convection cloud only in the earliest stage of the eruption.

At the vent, the first period of activity corresponds to building of the spatter-rich rampart with abundant welding (Figure 4.3 and 4.7b) typical of a Hawaiian eruption style [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF] and products of lava fountaining [START_REF] Head | Basaltic pyroclastic eruptions: Influence of gas-release patterns and volume fluxes on fountain structure, and the formation of cinder cones, spatter cones, rootless flows, lava ponds and lava flows[END_REF][START_REF] Sumner | Spatter[END_REF][START_REF] Valentine | Continental basaltic volcanoes -Processes and problems[END_REF][START_REF] Jones | Spatter matters-distinguishing primary (eruptive) and secondary (non-eruptive) spatter deposits[END_REF]. Variation in the welding and size of the pyroclasts likely results from pulsing of the lava fountain (e.g., [START_REF] Sumner | Spatter[END_REF][START_REF] Valentine | Continental basaltic volcanoes -Processes and problems[END_REF]. The complete stratigraphy of the spatter rampart is not visible as the base is hidden beneath > 15 m of tephra accumulation from the inner cone (Figure 4. et al., 1995). However, a lava pond probably formed rapidly and would have been easily

trapped at the bottom of the valley, significantly decreasing the height of the lava fountain (e.g., [START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF]. For example, assuming a lava pond depth of 5 m, the lava fountain was > 100 m high with an average vertical escape velocity of the pyroclasts > 40 m/s.

Subsequently, towards the end of the effusion of Flow 1 and during the discharge of Flow 

Period B

Pulse III and IV The products belonging to Period B of the eruption are phenocryst-rich compared to the first period. Only ∼ 3 % of the total lava volume was erupted during this phase and in 2 separate pulses: Flow 3 (0.009 ± 0.002 km 3 ) and Flow 4 (0.006 ± 0.001 km 3 ), both 'a'ā flows (Figure 4.1b, c and Table 4.1). Average effusion rates are given by Equation 4 emplacement is obtained by dividing the volume by the average discharge rate, Q. We obtain a duration of 2.1 ± 0.9 and 2.1 ± 0.8 days for Flow 3 and 4, respectively (Table 4.4).

Again, these are minimum emplacement durations. Based on comparisons with similar lava flows from other volcanic systems (Table 4.4), we propose that Flow 3 and Flow 4 were emplaced over 5 to 10 days. 

Vent Activity

Summary and Comparison with other Volcanic Eruptions

The most notable characteristic of the Tseax lava flow field is the remarkable length of Flow villages along its path to the sea [START_REF] Corsaro | The 1669 eruption at Mount Etna: Chronology, petrology and geochemistry, with inferences on the magma sources and ascent mechanisms[END_REF][START_REF] Branca | The large and destructive 1669 AD eruption at Etna volcano: Reconstruction of the lava flow field evolution and effusion rate trend[END_REF]. The 1859 Mauna Loa lava flow, ∼ 51 km in length, inundated several fish ponds and strongly affected the local population at the time [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]. Another example is the 1783-84 eruption of Laki in Iceland that resulted in the rapid emplacement of a voluminous ∼ 58 km-long lava flow that also impacted the climate of Northern Europe [START_REF] Thordarson | The Laki (Skaftár Fires) and Grímsvötn eruptions in 1783-1785[END_REF][START_REF] Guilbaud | Morphology, surface structures, and emplacement of lavas produced by Laki, A.D. 1783-1784[END_REF]. The ∼ 32 km-long Tseax lava flow is the longest historically known lava flow in Canada (Le Moigne et al., 2020a). According to the local oral history, this flow was rapidly emplaced and killed up to 2,000 people living in nearby villages and strongly impacted the local environment (Sutherland- [START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]Nisga'a Tribal Council, 2004;[START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Following the definition of Cashman et al.

(1998), the Tseax lava flow can be added to the category of "long lava flows".

As a continental monogenetic eruption, Tseax can also be added to the short list of [START_REF] Luhr | Jorullo Volcano, Michoacfin, Mexico (1759-1774): The earliest stages of fractionation in calc-alkaline magmas[END_REF][START_REF] Johnson | Magmatic volatile contents and degassing-induced crystallization at Volcán Jorullo, Mexico: Implications for melt evolution and the plumbing systems of monogenetic volcanoes[END_REF] and Paricutin (1943-1952 CE, 9 years;[START_REF] Wilcox | Patrology of Paricutin volcano[END_REF][START_REF] Foshag | Birth and Development of Paricutin Volcano Mexico[END_REF].

However, these eruptions lasted several to tens of years while Tseax erupted on the order of 10 2 days assuming continuous activity. There is uncertainty concerning a pause between Period A and B, i.e., between the extrusion of the phenocryst-poor and phenocryst-rich lava.

However, given the geochemical homogeneity of all the lavas, a time gap, if present, would have been short, perhaps on the order of days due to the different storage times and lower ascent velocities to the surface. Flow 1 was emplaced in 10 -100 days and Flow 2, 3 and 4 in 10 days or less each. If erupted successively, we estimate an eruption duration for Tseax of 1 -4 months.

Tseax lavas are small volume, typical of mafic volcanic fields or basaltic eruptions on the flanks of large shield volcanoes, i.e., < 1 km 3 (Table 4.4; e.g., [START_REF] Valentine | Basaltic Volcanic Fields, in The Encyclopedia of Volcanoes[END_REF].

The 0.5 km 3 of lava erupted over a similar period as the 1669 CE eruption of Mt Etna (0.5 - [START_REF] Komorowski | The January 2002 flank eruption of Nyiragongo volcano (Democratic Republic of Congo): chronology, evidence for a tectonic rift trigger, and impact of lava flows on the city of Goma[END_REF]. However, they compare well with peak effusion rates observed during the eruption of Mauna Loa in 1984 and Hekla in 1991 [START_REF] Gudmundsson | The 1991 eruption of Hekla, Iceland[END_REF][START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]. 

Conclusion

Tseax is a monogenetic volcano in the NCVP that erupted in ∼ 1700 CE making it the second youngest volcanic eruption in Canada. The eruption extruded ∼ 0.5 km 3 of Fe-rich Mg-poor basanite lavas covering an area of 40 km This Chapter is in preparation for publication in an international peer-reviewed journal and the current co-authors that have contributed to this work are K. Kelfoun 1 , G. Williams-Jones2 and P. Labazuy 1 .
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Introduction

Tseax volcano is a monogenetic volcanic centre located in north-western British Columbia and is the southernmost volcano of the Northern Cordillera Volcanic Province (Figure 1 [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]Le Moigne et al., 2020a). Tseax erupted in the mid-1700s and is the second youngest volcanic event in Canada [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Tseax is a little known volcano outside of British Columbia, however, its eruption is very important as it was responsible for Canada's deadliest natural disasters [START_REF] Higgins | The Cascadia megathrust earthquake of 1700 may have rejuvenated an isolated basalt volcano in western Canada: Age and petrographic evidence[END_REF][START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. Indeed, the eruption of Tseax is believed to have killed up to 2,000 people of the Nisga'a First Nation living in villages more than 20 km away from the volcano [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]Nisga'a Tribal Council, 2004). Within the Nisga'a culture, Adawaak (oral and written stories) preserve detailed observations of the eruption. The Nisga'a Adawaak describe a fast moving lava flow descending towards the Nass Valley where the former Nisga'a villages were located and thus may have been the cause of the fatalities (Figure 5.1b;[START_REF] Barbeau | Volcanoes on the Nass[END_REF]Nisga'a Tribal Council, 2004). Lava flows can destroy human infrastructure in their path (i.e., Kīlauea's Fissure 8 eruption in 2018; [START_REF] Patrick | The historic events at Kilauea Volcano in 2018: summit collapse, rift zone eruption, and Mw 6.9 earthquake: preface to the special issue[END_REF] but can typically be easily outrun and are rarely a direct cause for fatalities. The only recent example of a lava flow being directly responsible for the death of people was during the eruption of Nyiragongo volcano (Democratic Republic of Congo) in 1977 where fast moving flows (up to 60 km/h) rapidly inundated several villages killing an estimated 70 persons [START_REF] Tazieff | An exceptional eruption: Mt. Niragongo[END_REF][START_REF] Komorowski | The January 2002 flank eruption of Nyiragongo volcano (Democratic Republic of Congo): chronology, evidence for a tectonic rift trigger, and impact of lava flows on the city of Goma[END_REF].

From morphological investigations, we demonstrated in Chapter 4 that the lava flow that engulfed the Nisga'a villages may have been emplaced at discharge rates similar to those observed during the eruption of Hekla in 1991 (Iceland) or Mauna Loa (Hawaii) in 1984. Does a similar scenario satisfy the Nisga'a Adaawak and thus explain the inundation of the former Nisga'a villages? Or do we have to involve a scenario with higher discharge rates? How long after the start of the eruption did the lava enter the villages, and at what velocity? Deterministic numerical models can be used to answer such questions by testing scenarios with different initial and boundary conditions. The objective of this study is to use the numerical model VolcFlow in order to place constraints on the dynamics of the lava flow that was emplaced during Canada's worst volcanic eruption.

The ∼ 1700 CE Eruption of Tseax Volcano and Emplacement of Flow 1

A complete chronology of the ∼ 1700 CE eruption of Tseax and the associated sequence of volcanic events is presented in Chapter 4 (c.f., 

Numerical Model

The model used in this study is the VolcFlow numerical code, originally developed to simulate the emplacement of the Socompa rock avalanche in Chile [START_REF] Kelfoun | Numerical modeling of the emplacement of Socompa rock avalanche, Chile[END_REF]. VolcFlow has been used and modified for the simulation of other isothermal geophysical flows such as pyroclastic density currents (e.g., [START_REF] Kelfoun | Testing the suitability of frictional behaviour for pyroclastic flow simulation by comparison with a well-constrained eruption at tungurahua volcano (Ecuador)[END_REF][START_REF] Charbonnier | Evaluation of the impact of the 2010 pyroclastic density currents at Merapi volcano from high-resolution satellite imagery, field investigations and numerical simulations[END_REF][START_REF] Gueugneau | Investigation of surge-derived pyroclastic flow formation by numerical modelling of the 25 June 1997 dome collapse at Soufrière Hills Volcano, Montserrat[END_REF][START_REF] Gueugneau | Dynamics and Impacts of the May 8th, 1902 Pyroclastic Current at Mount Pelée (Martinique): New Insights From Numerical Modeling[END_REF], lahars (e.g., [START_REF] Vasconez | Reconstrucción de los flujos de lodo del volcán Carihuairazo originados por el terremoto de 1698 utilizando el código VolcFlow[END_REF][START_REF] Warwick | Comprehensive Volcanic-Hazard Map for Mount Meager Volcano[END_REF] and tsunamis generated by rock avalanches or landslides (e.g., [START_REF] Giachetti | Tsunami hazard related to a flank collapse of Anak Krakatau Volcano, Sunda Strait, Indonesia[END_REF][START_REF] Nomikou | Post-eruptive flooding of Santorini caldera and implications for tsunami generation[END_REF][START_REF] Karstens | Combining 3D seismics, eyewitness accounts and numerical simulations to reconstruct the 1888 Ritter Island sector collapse and tsunami[END_REF]. As shown by [START_REF] Charbonnier | Evaluation of geophysical mass flow models using the 2006 block-and-ash flows of Merapi Volcano, Java, Indonesia: Towards a short-term hazard assessment tool[END_REF], [START_REF] Cordonnier | Benchmarking lava-flow models[END_REF] and [START_REF] Ogburn | The relative effectiveness of empirical and physical models for simulating the dense undercurrent of pyroclastic flows under different emplacement conditions[END_REF], VolcFlow is one of the most reliable numerical codes for the emplacement simulation of volcanic mass flows. VolcFlow is a finite difference Eulerian code written in MatLab and based on a depth-average resolution of mass (Equation 5.1) and momentum equations of conservations (Equation 5.2, 5.3) solved using topographical linked coordinates (i.e., DEM; [START_REF] Kelfoun | Numerical modeling of the emplacement of Socompa rock avalanche, Chile[END_REF]: where the subscripts x and y denote the components in the x and y directions, h is the flow thickness, u = (u, v) is the flow velocity, α is the ground slope (calculated from the DEM). κ act/pass is the lateral Earth pressure coefficient (ratio of ground-parallel to ground-normal stress; [START_REF] Kelfoun | Numerical modeling of the emplacement of Socompa rock avalanche, Chile[END_REF]. ρ lava is the bulk density of the lava flow (= ρ DRE -ves×ρ DRE , with ρ DRE the dense rock equivalent density and ves the vesicularity). R = (R x , R y ) is the retarding stress, and assuming the lava as a Bingham flow, we have:

R = τ + 3 η lava u h (5.4)
where τ is the yield strength (Pa) and η lava is the bulk lava viscosity. In the momentum equations (Equation 5.2, 5.3), the terms on the right side are the effect of the weight, the pressure gradient and the total retarding stress. A more detailed description of the numerical code is presented in [START_REF] Kelfoun | Numerical modeling of the emplacement of Socompa rock avalanche, Chile[END_REF] and Gueugneau (2018).

Modification of the Code for the Simulation of Lava Flows

Lava flows exhibit complex physical behaviours that evolve with time and space. Their emplacement is governed by the relationship between the lava rheology (as a function of composition, texture and temperature), the rate at which the lava is extruded and environmental settings such as the cooling conditions and topography (i.e., [START_REF] Shaw | The viscosity of basaltic magma: an analysis of field measurements in Makaopuhi lava lake, Hawaii[END_REF][START_REF] Crisp | Crystallization history of the 1984 Mauna Loa lava flow[END_REF][START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF][START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Kolzenburg | The rheological evolution of the 2014/2015 eruption at Holuhraun, central Iceland[END_REF]. VolcFlow has been modified for the simulation of lava flows by incorporating thermal and crystallisation equations by [START_REF] Kelfoun | VolcFlow capabilities and potential development for the simulation of lava flows[END_REF] and [START_REF] Vargas | Numerical models of volcanic flows for an estimation and delimatation of volcanic hazards, the case of Reventador volcano (Ecuador)[END_REF]. This new version of VolcFlow takes into account the effect of heat budget, cooling and crystallisation rates during flow emplacement given by the FLOWGO model of [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF]. Thus, two additional governing equations were added to VolcFlow [START_REF] Vargas | Numerical models of volcanic flows for an estimation and delimatation of volcanic hazards, the case of Reventador volcano (Ecuador)[END_REF]. The conservation of thermal energy transportation is given by:

∂hT ∂t + ∂ ∂x (hT u) + ∂ ∂y (hT v) = X (T ) dxdy (5.5)
where T is the temperature (in Kelvin). The second additional equation is related to the conservation of lava crystallinity:

∂hC r ∂t + ∂ ∂x (hC r u) + ∂ ∂y (hC r v) = X (C r ) dxdy (5.6)
where C r is to the crystal mass flux.

In Equation 5.5, X(T ) refers to the cooling rate per unit of length, e.g., X(T ) = ∆T /∆x, y derived from [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF]:

∆T ∆x, y = -Θ LOSS Qρ lava L cryst r c (5.7)
where, L cryst is the latent heat of crystallisation (3.50 × 10 5 K for a typical basalt; [START_REF] Lesher | Thermodynamic and Transport Properties of Silicate Melts and Magma[END_REF], r c is the rate of crystallisation or the fractional increase of microlites per unit of cooling (= ∆φ/∆T ; [START_REF] Harris | Simulating the thermorheological evolution of channel-contained lava: FLOWGO and its implementation in EXCEL[END_REF] and Q is the effusion rates (m 3 /s). Θ LOSS is the total heat loss of the lava body:

Θ LOSS = Θ CON D + Θ RAD + Θ CON V + Θ EV AP (5.8)
where Θ CON D , Θ RAD , Θ CON V and Θ EV AP are the heat lost by conduction, radiation, convection and evaporation of water on the flow surface, respectively. The definitions of these heat loss processes are presented in Appendix C.

In Equation 5.6, X(C r ) refers to the crystallisation of the lava body per unit of length, e.g., X(C r ) = ∆φ/∆x, derived from [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF]:

∆φ ∆x, y = -Θ LOSS Qρ lava L cryst (5.9)
When cooling and crystallisation of a lava flow occur, its bulk viscosity increases which plays a significant role in the lava flow emplacement. In order to take into account the evolution of the lava bulk viscosity (η lava ) in Equation 5.4, we define:

η lava = η melt × η r (5.10)
which, when the melt composition and the amount of suspended crystals are known, is equal to:

log (η lava ) = A + B ∆T ( • K) -C × 1 - φ ini + ∆φ (T ( • K)) φ max -βφmax
(5.11)

In the above equation, the melt viscosity (first bracketed term) is calculated assuming a non-Arrhenian temperature dependence of the viscosity, and is expressed in the form of the Vogel-Fulcher-Tamman equation [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF]. A, B, and C, are fitting parameters specific to the melt composition [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF]. The second bracketed term of the equation calculates the effect of the crystals on the lava bulk viscosity. This term is calculated for each identified phenocryst mineral phase, i.e., plagioclase, olivine and oxide (see Chapter 3) with the appropriate fitting parameters, β and φ max , from Mueller et al.

(2010) (see Appendix A.2.1). The total relative viscosity is the product of the plagioclase, olivine and oxide relative viscosities (Equation A.5). The bulk viscosity of the lava flow is the product of the melt viscosity times the relative viscosity of the suspended crystals.

Topography

As the ground topography for the simulations, we used a Digital Elevation Model (DEM)

built by photogrammetry from a collection of high resolution aerial photographs. We 

Simulation of the Nass River

According to the Nisga'a Adawaak, the Nass River played a significant role in the emplacement of the lava flow in the Nass Valley (see Chapter 1). In order to replicate the Nass River at its pre-eruptive location, the isothermal version of VolcFlow was incorporated, i.e., the Nass River was simulated using Equations 5.1, 5.2 and 5.3. In other words, two versions of VolcFlow were used simultaneously in this study: a thermal version for the lava flow and an isothermal version for the Nass River.

The Nass River is the third largest river in British Columbia in terms of annual mean discharge rates [START_REF] Roden | On river discharge into the northeastern Pacific Ocean and the Bering Sea[END_REF] 5.2 and 5.3), thermal (Equation 5.5) and crystal conservations (Equation 5.6), represented by black arrows. Thus, at t2, lava inundates the adjacent cells to a depth h, with a velocity u, temperature T and a crystal mass C r . This process is repeated from t2 to t3, etc. . . until the end of the simulation, tmax, input by the user. dt is the time between two simulation steps specified by the user. Black arrows represent the equations of mass, momentum, thermal and crystal conservation (Equation 5.1, to 5.5) from one cell to its neighbour. b. Temperature and heat loss processes in a cell inundated by lava. The definitions of all symbols are given in Section 5.3, Table 5. 2 and 5.3 and in Appendix C. ca/report/historical_e.html?stn=08DB001;Figure 5.3). During this period, the largest monthly mean discharge occured from late Spring until early Fall (∼ May -October).

According to the Adawaak Laxmihl, the eruption occurred during the spawning season of the pink salmon in the Nass River (H. Nyce, pers. comm., 2019). During this period of the year, the Nass River discharge varies between 500 -2,500 m 3 /s with an average of 1,000 to 2,000 m 3 /s. We assumed that the Nass River had similar discharge rates at the time of the eruption and in our simulations we fixed the discharge of the Nass River at Q N ass = 1, 500 m 3 /s (Figure 5.3). The other source parameters of the Nass River are given in Table 5.2. In our models, the source of the Nass River is located ∼ 10 km north of Gitlaxt'aamiks (New Aiyansh) in order to limit any chance of lava inundation. 

Modelled Scenarios

We investigate the emplacement of Flow 1 by testing 4 different scenarios (Table 5.1). The maximum volume to be simulated is 0.41 km 3 (average volume of Flow 1, see Chapter 2.

Scenario A, is a theoretical flood-like scenario where we assume that the eruption begins with a discharge rate of 2000 m 3 /s and decreases to 1000 after 0.20 km 3 is erupted and then down to 500 m 3 /s once 0.40 km 3 of lava is erupted. The discharge rates of Scenario B, C and D are based on the eruptions of 1991 Hekla, Iceland [START_REF] Gudmundsson | The 1991 eruption of Hekla, Iceland[END_REF](Gudmundsson et al., ), 1984 Mauna Loa [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]), and 2014-2015Pāhoa, Kīlauea (Poland et al., 2016), respectively. We tested the emplacement of Flow 1 for yield strengths of 10 2 , 10 3 and 10 4

Pa. Scenario D is run only once for τ = 10 2 Pa. Due to processing considerations, each scenario is simulated up to 72 hours (3 days) maximum, which, according to the Nisga'a Adawaak, is the upper time limit for the arrival of the lava flow in the Nass Valley. 

Scenario

Source Conditions

The source conditions listed below, as well as in Table 5.2, are input parameters in VolcFlow and assumed to be constant throughout the duration of the simulations.

Lava Density and Vesicularity

The dense rock equivalent density of the lava, ρ DRE , was calculated using the density calculator of [START_REF] Iacovino | DensityX: A program for calculating the densities of magmatic liquids up to 1,627 ÂřC and 30 kbar[END_REF]. The bulk lava density, ρ lava = ρ DRE -ves × ρ DRE , is calculated assuming a vesicularity of 25 %. With ρ DRE ≈ 2,670 kg/m 3 (average of 23 lava samples; Table A .1), ρ lava = 2,000 kg/m 3 .

Fraction of Surface Crust Coverage

As explained above in Section 5.3.1, the version of VolcFlow used here incorporates the equations of FLOWGO [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF] for the simulation of lava flow cooling.

Thus, we tried to simulate the evolution of crust coverage, f , applying Equation C.5. In our numerical code, this equation resulted in instabilities. Nevertheless, the parameter f is required for the estimation of the lava surface temperature (T surf ; Equation C.3) and the characteristic surface temperature for convection (T conv ; Equation C.10). Therefore, f must be known to calculate cooling by radiation and convection (see Appendix C). To resolve this issue, we fixed f as a constant. Figure 5.4 shows the effect of f on T surf and T conv . As long as the lava velocity is > 1 m/s, f is ∼ 0.9 and has a little effect on T surf and T conv and thus on Θ RAD and Θ CON V . Conversely, with higher velocities, pieces of surface crust are not stable due to increasing flow turbulence, i.e., f is low, resulting in higher T surf and T conv , thus increasing the cooling by radiation and convection. At Tseax, about 80 % of the lava flow volume was emplaced in the Nass Valley, most likely at mean velocities of ∼ 1 m/s or less (see Chapter 4). Therefore, our models were run with f = 0.9 (hence, ce = 0.1). ). Note that for velocities < 1 m/s, f ∼ 0.9. b. Surface temperatures as a function of f . Model calculated using values from Table 5.2.

Liquidus, Eruption, Solidus, Crust and Surface Temperatures

The liquidus and eruption temperatures were estimated in Chapter 3 (Table 3.5 and 3.6) and are equal to 1133 and 1087 • C, respectively. The solidus temperature is 552 • C (from [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF]. Thus, the maximum cooling range, ∆T max is 262 Buf is the temperature difference between the flow core and the surface temperature not covered by crust (Appendix C), and according to [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF] is about 140

• C. We assume the temperature at the base of the lava flow, T base , is constant and equals to 800 • C.

Initial Crystallinity

We consider that upon eruption, the Tseax lavas were microlith free and that the initial crystallinity corresponded to the amount of plagioclase (3.67 %), olivine (3.56 %) and oxide

(2.56 %) phenocrysts (Table 3 .6). Considering a crystal growth rate of 0.9 [START_REF] Harris | Simulating the thermorheological evolution of channel-contained lava: FLOWGO and its implementation in EXCEL[END_REF], the rate of crystallisation, ∆φ/∆T , is r c = 0.00168. 

Initial Viscosity

Melt (η melt,ini = 150 Pa.s), relative (η r,ini = 1.51 Pa.s) and bulk apparent (η lava,ini = 225 Pa.s) viscosities of Flow 1 upon eruption were estimated in Chapter 3 (Table 3.6).

Overlying Atmosphere

Estimates of heat loss by radiation, convection and evaporation of water at the flow surface require knowledge of several physical characteristics of the overlying atmosphere into which heat is lost (Figure 5.2b and Appendix C). The atmospheric temperature (T atm ), density (ρ atm ), average wind speed (U ) and rainfall rate (δR/δt) during the June -September period were retrieved from the Terrace, BC, airport weather station (∼ 60 km south of Tseax; https: //weatherspark.com/y/300/Average-Weather-in-Terrace-Canada-Year-Round). 

Results

To investigate the dynamics of the lava flow, we compare the different scenarios. Figure 5.5

shows the lava flow velocity, thickness and depth-averaged temperature at the end of each simulation. Movies were recorded for each scenario and are accessible in Appendix C.3. 

Scenario A -Flood-like

Discussion

Dynamics of the Lava Flow Constrained by the Nisga'a Adawaak

Before investigating and comparing the different scenarios, we first consider the observational data recorded in the Nisga'a Adawaak as any possible scenario must agree with these observations.

We provide most of the publicly available Nisga'a Adawaak concerning the eruption of Tseax volcano in Section 1.4.3. Several Adawaak describe the dynamics of the lava flow in the Nass Valley. Some stories refer to a lava arriving in the Nass Valley soon after the beginning of the eruption and, apparently, at relatively high speed, at least high enough to be compared to a river flow. For example [START_REF] Barbeau | Volcanoes on the Nass[END_REF] reported from a Nisga'a elder, that the people "ran away" from the advancing lava soon after the start of the eruption. He also reported stories where "the people saw the flames coming towards them in huge swift currents. . . " and "...the fire then rolled down like a river. . . ". The lava fluxes and volumes were high enough to divert the Nass River (the 3 rd largest river in British Columbia in terms of average annual discharge rates; [START_REF] Roden | On river discharge into the northeastern Pacific Ocean and the Bering Sea[END_REF]. Indeed, the lava flow diverted the river several hundreds meters, if not a few kilometres, from the southern side of the Nass Valley to its actual position: "...it flowed along by the base of the mountains on the farther side of the valley some miles away. . . " [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF]. The lava entered the Nass Valley and inundated the former Nisga'a villages. During these events, the Adaawak refer to a slow moving lava flow: "...the fire came down the side in their direction, but not as fast as forest fire. It moved down slowly, very slowly. . . " [START_REF] Barbeau | Volcanoes on the Nass[END_REF].

Sensitivity to Topography and Modelling the Nass River -Lava Interactions

Our models were very sensitive to the topography, in particular the simulation of the Nass River. Indeed, numerous attempts were made in order to have a stable river flowing in the pre-eruptive Nass River beds. This explains some of the simulated water ponds in the Nass

Valley that can be seen in the videos provided in Appendix C.3. Increasing the river flux by more than 100 m 3 /s resulted in the simulation of overflows resulting in the inundation of large areas of the Nass Valley. With deeper Nass River beds, flooding issues were only encountered for simulations of very high river discharge rates.

We highlight that the lava diverted the Nass River northwards in scenarios A1, A2, A3, B2 and B3. However, with time, the lava entirely inundated the Nass Valley (Figure 5.6) and eventually dammed the Nass River. We were not able to reproduce the Nass River in its actual position. The simulation of the lava in the Nass Valley was also very sensitive to the topography. In most of the presented scenarios, when the lava arrives in the Nass Valley, it preferentially flows in the Nass River bed. However, with a shallower Nass River, the lava crosses the river banks and rapidly inundates the northern part of the Nass Valley more efficiently.

Dynamics of the ∼ 1700 CE Tseax Lava Flow

Insights from the numerical simulations allow insight into the emplacement dynamics of the ∼ 1700 CE Tseax Lava Flow. Table 5.4 shows the velocities and arrival times in hours of the lava at the Fish camps, Smokehouses, Nass River and the three former Nisga'a villages.

A valid scenario should agree with the Nisga'a observational data. 
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As expected, a scenario involving low effusion rates cannot satisfy the Nisga'a Adawaak.

For example, if the flow rates were similar to those measured during the 2014-2015 Pāhoa It thus seems more likely that the lava was erupted at high discharge rates, at least during the first tens of hours or few days of the eruption. Indeed, of the tested models, only the flood-like scenario and 1991 Hekla scenario with yield strengths of 10 2 or 10 3 Pa were able to simulate the lava flow from the vent to the Nass Valley and the Nisga'a villages (Figure 5.6). Interestingly, the lava flow velocities and arrival times at the key locations are very close to those estimated from morphological characteristics in Chapter 4 (Table 5.4).

(Q ∼ 1 -3 m 3 /s),
For instance, in Chapter 4 we estimated that the lava reached the Nass River in about 32

to 41 hours at an average velocity of 0.6 -0.7 m/s (Figure 4.7b). In scenario B2 and B3

the lava enters the river in ∼ 48 hours at 0.5 m/s and 28 hours at 0.8 m/s, respectively (Table 5.4). For the flood-like scenario, model A3 (with a yield strength of 10 2 Pa) seems too extreme. In this scenario, it would take only ∼ 6 hours for the lava to travel the ∼ 20 km distance from the vent to the Nass Valley at velocities between 4 and 10 m/s.

In summary, models B2, B3, A1 and A2 appear to be the best fit scenarios (Figure 5.5).

However, the average lava flow velocities in the Nass Valley never exceed a maximum of 1.3 m/s (Table 5.4). Therefore, the "swift currents" of lava reported by [START_REF] Barbeau | Volcanoes on the Nass[END_REF] are not reproduced. At this point of our investigations, it becomes very difficult to conclude that the Nisga'a fatalities were uniquely due to the lava flow. This issue was already discussed in Section 4.5.2, when we reconstructed the sequence of events of the eruption. To explain the deaths of up to 2,000 people, other events must have occurred. Summarizing the subsection entitled "The Nisga'a Fatalities" of Chapter 4, the following events could have been involved:

-The lava advance rates may have been locally or temporarily faster;

-Some people may have been trapped between the advancing lava flow and the Nass River (D. Nyce, pers. comm., 2019); -A "vog" or "laze" (clouds of vaporised water mixed with volcanic gases such as CO 2 , H 2 S, etc.) may have been produced when the lava entered the Nass River;

-Other toxic gases were perhaps released (such as CH 4 ) when the lava flowed over the wet Nass River floodplain (marshland environment);

Finally, by combining all the elements above, we can envision the following scenario for the emplacement of the lava flow and the events that occurred in the Nass Valley: 

9)

According to some Nisga'a Adawaak, the interaction between the lava flow and the river may have produced a "vog" (i.e., the "poison smoke" reported by [START_REF] Barbeau | Volcanoes on the Nass[END_REF]. "Vog" is made of toxic volcanic gases [START_REF] Williams-Jones | Hazards of volcanic gases[END_REF][START_REF] Carlos | Volcanic Eruptions and Threats to Respiratory Health[END_REF], and during this period of the year, winds in the Nass Valley usually blow westwards. Therefore, the villages may have been rapidly enveloped by this "vog" and thus people may also have died from this "poison smoke"; 10) Once ∼ 0.2 km 3 of lava was emplaced in the first few days, the discharge rates progressively diminished, and the lava then stagnated and slowly inflated for about 10 -100 days.

Conclusion

In ∼ 1700 CE, Tseax volcano, located in north-western British Columbia, Canada, erupted about 0.5 km 3 of volcanic materials mostly in the form of long lava flows. The first erupted flow was the most voluminous, accounting for nearly 80 % of the total erupted volume.

This flow inundated the Nass Valley, ∼ 20 km downstream of the vent, and destroyed three Nisga'a villages. Within the Nisga'a culture, it is believed that this eruption and perhaps the lava flow, were responsible for the death of up to 2,000 Nisga'a living in the former villages. This study investigates by numerical modelling the dynamics and emplacement of this lava flow, responsible for one of Canada's deadliest natural events.

To simulate the lava flow, we added equations of thermal energy and crystallinity balance into the numerical code VolcFlow. Four different scenarios were tested: a theoretical floodlike scenario with discharge rate of 1000 -2000 m 3 /s, and 3 scenarios similar to the eruptions of Hekla, Iceland, in 1991 (high discharge rates), Mauna Loa in 1984 (moderate discharge rates) and Pāhoa, Hawaii, in 2014-2015 (low discharge rates). When compared to the Nisga'a

Adawaak, the results argue in favour of scenarios with high discharge rates, i.e., either a flood-like scenario or one similar to the 1991 eruption of Hekla. Indeed, with discharge rates ≥ 800 m 3 /s at the vent, the lava flow could have effectively reached the Nass Valley between 1 and 2 days and engulfed the Nisga'a villages in about 3 days. Our models show lava velocities of ∼ 1 m/s that cannot explain the 2,000 fatalities. We suggest that other factors may have caused the deaths of the Nisga'a such as a dense "vog" produced when the lava entered in the Nass River.

Once again, in this study, the integration of the Nisga'a oral and written stories were essential for the reconstruction of the lava flow dynamics. Furthermore, we showed that VolcFlow can be a powerful tool for the simulation of lava flows.

Introduction

Basaltic lava flows are the most abundant product of effusive volcanic eruptions on Earth and other planets [START_REF] Kilburn | Lava Flows and Flow Fields[END_REF]. Their emplacement has been extensively studied over the past decades from direct observations of active or historical lava flows, lab experiments and mathematical modelling (e.g., [START_REF] Walker | Lengths of lava flows[END_REF][START_REF] Hulme | The Interpretation of Lava Flow Morphology[END_REF][START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF][START_REF] Crisp | Crystallization history of the 1984 Mauna Loa lava flow[END_REF][START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF][START_REF] Guilbaud | Morphology, surface structures, and emplacement of lavas produced by Laki, A.D. 1783-1784[END_REF][START_REF] Lev | Investigating lava flow rheology using video analysis and numerical flow models[END_REF][START_REF] Cashman | How lava flows: New insights from applications of lidar technologies to lava flow studies[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Chevrel | The viscosity of pÄĄhoehoe lava: In situ syn-eruptive measurements from Kilauea, Hawaii[END_REF][START_REF] Cashman | A Century of Studying Effusive Eruptions in HawaiâĂŸi, in Characteristics of Hawaiian Volcanoes[END_REF][START_REF] Cordonnier | Benchmarking lava-flow models[END_REF]. Lava flow emplacement is governed by the relationship between lava rheology (as a function of composition, temperature and texture), the rate at which the lava is extruded, and environmental conditions such as topography and cooling [START_REF] Shaw | The viscosity of basaltic magma: an analysis of field measurements in Makaopuhi lava lake, Hawaii[END_REF][START_REF] Crisp | Crystallization history of the 1984 Mauna Loa lava flow[END_REF][START_REF] Pinkerton | Factors controlling the lengths of channel-fed lava flows[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF][START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF][START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Kolzenburg | The rheological evolution of the 2014/2015 eruption at Holuhraun, central Iceland[END_REF]. When channelized, these flows can travel long distances, sometimes at high velocities, which increases their potential threat to local communities [START_REF] Rowland | Lengths and hazards from channel-fed lava flows on Mauna Loa, Hawai'i, determined from thermal and downslope modeling with FLOWGO[END_REF][START_REF] Behncke | Lava flow hazard at Mount Etna (Italy): New data from a GIS-based study, in Kinematics and dynamics of lava flows[END_REF][START_REF] Kauahikaua | Lava flow hazard assessment, as of August 2007, for Kilauea East Rift Zone Eruptions, Hawai'i Island[END_REF][START_REF] Crisci | Lava-flow hazard on the SE flank of Mt. Etna (Southern Italy)[END_REF][START_REF] Favalli | Lava flow hazard at Nyiragongo volcano, D.R.C. 1. Model calibration and hazard mapping[END_REF][START_REF] Neal | The 2018 rift eruption and summit collapse of Kilauea Volcano[END_REF] Observations and estimates of the rheological properties of basaltic lava have shown that active lava flows can reach velocities up to the order of 10 m/s and with viscosities lower than 10 3 Pa.s [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Baloga | The dynamics of rapidly emplaced terrestrial lava flows and implications for planetary volcanism[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF][START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF][START_REF] Lesher | Thermodynamic and Transport Properties of Silicate Melts and Magma[END_REF][START_REF] Chevrel | The viscosity of pÄĄhoehoe lava: In situ syn-eruptive measurements from Kilauea, Hawaii[END_REF]. [START_REF] Griffiths | The Dynamics of Lava Flows[END_REF] shows that under such conditions a lava flow can be in a supercritical state, potentially exhibiting similar hydraulic jumps and standing waves observed and described in classic open channel studies.

While numerous studies have described high speed channelized lava flows with standing waves (e.g., [START_REF] Finch | Hawaiian Volcanoes during 1950[END_REF][START_REF] Richter | Chronological Narrative of the 1959-60 Eruption of Kilauea Volcano, Hawaii[END_REF][START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF][START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF][START_REF] Woodcock | A preliminary analysis of the dynamics of a channelled lava flow on Pico Partido volcano, Lanzarote, Canary Islands[END_REF][START_REF] Woodcock | The dynamics of a channel-fed lava flow on Pico Partido volcano, Lanzarote[END_REF][START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF][START_REF] Cashman | A Century of Studying Effusive Eruptions in HawaiâĂŸi, in Characteristics of Hawaiian Volcanoes[END_REF][START_REF] Cashman | Implications of Critical Flow Phenomena for Estimating Lava Flux During Recent Activity at Kilauea Volcano[END_REF], only a few to our knowledge [START_REF] Cashman | Implications of Critical Flow Phenomena for Estimating Lava Flux During Recent Activity at Kilauea Volcano[END_REF] have used these observations to determine flow parameters such as discharge rate and lava viscosity. In this study we show that these lava flows can meet all conditions for supercritical flow and the derived hydraulic jumps. This observation creates an opportunity to apply open channel fluid hydraulics for rapidly varied flows and supercritical flows in order to determine important eruption parameters including channel depth, flow velocity, discharge rate and apparent viscosity. This approach can also provide critical forecasting information such as lava flow length, a key parameter in hazard mitigation and civil protection.

Open Channel Flow: Overview and Definitions

The definitions below assume a channelized Newtonian fluid. We will show in Section 6.3 that under specific conditions (i.e., viscosity < 10 3 Pa.s and velocity of several m/s), a lava flow can be approximated as a Newtonian fluid, so that the following equations are relevant if such lava flows are channelized. We define open channel flow as a liquid flowing in a 

N/m 2 Shear stress φ Pa Pressure Ω m 2 /s 2 = 4v 2 1 (v 2 1 -3ωA j ) ω m/s 2 = g cos(α)
conduit with a free surface and driven by gravity alone. The free-surface is the interface between the liquid and the ambient atmosphere and is subject to a pressure that is equal to the local atmospheric pressure, usually negligible. Fluvial systems, such as rivers or creeks as well as human-made infrastructure such as irrigation channels, sewers, spillway dams show open channel flows. A moving fluid in an open channel can be described according to its turbulence and critical state. All parameters used for the following equations are given in Table 6.1.

Turbulence State

The turbulence state of the flow is given by the Reynolds number, Re, which is the ratio of the inertia force to the viscous force:

Re = ρvD η (6.1)
where, ρ and η are the density (kg/m 3 ) and the viscosity (Pa.s) of the fluid in movement, respectively. v is the fluid velocity (in m/s) and D is the hydraulic diameter (m). The hydraulic diameter is defined as four times the channel cross sectional area, A = H × W (in m 2 ), divided by the wetted perimeter, P W (m):

D = 4A P W (6.
2)

The wetted perimeter, P W , corresponds to the channel perimeter that is in contact with the fluid. In open channel hydraulics, P W is related to the channel bottom and wall lengths.

For a rectangular channel, P W is two times the channel depth plus the channel width:

P W = 2H + W (6.3)
A fluid is called laminar when the particles appear to move along straight lines, generally occuring when Re < 2,000. In contrast, fluid is considered turbulent when the particles move along irregular paths, indicating of Re > 2,000. The transition from laminar to turbulent occurs between 500 < Re < 2,000, sometimes referred to as transitional flow (e.g., [START_REF] Chow | Open-Channel Hydraulics[END_REF].

Critical State, Froude Number and Hydraulic Jumps

The conditions for critical, subcritical and supercritical flow for an incompressible fluid are resolved from the laws of conservation (continuity and momentum conservation; e.g., [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Chanson | Environmental hydraulics for open channel flows[END_REF]. Assuming the conditions represented in Figure 6.1 and that the pressure is hydrostatic (i.e., P = ρgH ), integration of the Bernoulli equation implies that the total head at the channel section is a constant:

z + H cos α + γ v 2 g = Be = constant (6.4)
where α is the channel slope ( • ) and x the vertical distance above a reference plane (m), v 2 /2g

is the velocity head and H the flow depth with respect to the channel slope. Due to shear stress at the bottom and side walls, the flow velocity distribution in a channel is not uniform, especially in the vertical and transverse direction (i.e., z and y directions). Therefore, the velocity in a channel cross section varies from point to point, with maximum velocities usually located near the top and centre of the channel and minimum velocities along the channel walls and bottom (e.g., Figure 1.9 and 1.10 in [START_REF] Chow | Open-Channel Hydraulics[END_REF]. Based on the work of [START_REF] Chow | Open-Channel Hydraulics[END_REF], a dimensionless kinetic correction factor, γ, is introduced in Equation 6.4 to correct this difference of velocities in the channel cross-section. This factor is sometimes called the Coriolis coefficient [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Field | Energy and momentum in one dimensional open channel flow[END_REF][START_REF] Yen | Open-channel flow equations revisited[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF].

In natural system γ is always > 1 and can be as great as 2 in complex and compound natural channel cross sections [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Henderson | Open Channal Flow[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]. However, considering simple channel cross-sections such as square, U-shape or rectangular sections, γ is slightly above unity and can be neglected (i.e., γ = 1; Chow, 1959). Open channel flow on a sloped surface. The free surface is subject to an atmospheric pressure, P . This diagram is shown parallel to a streamline at the centre of the channel (i.e., parallel to the x-axis) and perpendicular to the y-axis). Definitions of the symbols are given in Table 6.1.

H Hcos(α)

By analyzing the specific energy, we can determine under which conditions the flow is critical, sub-or supercritical. If the contribution from the potential energy is removed from Equation 6.4 (Be -z), the specific energy, E S is found, which is analogous to the energy per unit mass of the flow measured in relation to the channel floor. In a channel cross section, E S is thus [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] French | Open-Channel Hydraulics[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]: For very small values of H, E S is high because the velocity is high resulting in a high velocity head (v 2 /2g). Critical flow conditions occur when E S is minimum; these critical points are shown by the white diamonds on Figure 6.2 for each of the analyzed discharge rates. In this geometry, these conditions are reached when the velocity head is equal to half the contribution of the pressure head [START_REF] Chow | Open-Channel Hydraulics[END_REF]:

E S = H cos α + γ v 2 g (6.5)
γ v 2 g = H cos α 2 (6.6) 0 0 Specific energy, E S (m)
Flow depth, H (m) [START_REF] Halliday | [END_REF]20,100,200,500 and 1000 m 3 /s. The specific energy is the sum of the velocity head and pressure head with respect to the channel slope. The critical depth for each discharge rate scenario is shown by a white diamond. This is the depth at which the flow is in a critical state, i.e., Fr = 1 and possesses the lowest amount of energy. Above this point, the flow is in a subcritical state (Fr < 1, i.e., low velocities, deep flows). Inversely, below the critical point, the flow is in a supercritcal state (Fr > 1, shallow depths, high velocities).

Rearranging Equation 6.6, the critical state can be written as the ratio of the contribution of inertial forces of the fluid to the gravitational forces, and is represented by the dimensionless Froude number, Fr [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Hager | Critical flow condition in open channel hydraulics[END_REF][START_REF] French | Open-Channel Hydraulics[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]. For an idealized frictionless sloped rectangular channel:

F r = v gH cos α/γ (6.7)
A flow is critical when Fr = 1, subcritical when Fr < 1 and supercritical when Fr > 1.

As previously mentioned, γ can be neglected for rectangular channels; therefore, from the above equation, the critical flow depth H C is: [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF].

H c = v 2 g cos α (6.8) α H 1 H 2 Supercritical Subcritical
A hydraulic jump is the abrupt transition of a flow from a supercritical to subcritical state. Whenever a flow in supercritical state occurs in a channel that cannot sustain it, a hydraulic jump will develop to convert the flow to a subcritical state. When the Froude number is slightly larger than one, the hydraulic jump is characterized by a smooth rise of the free-surface perpendicular to the flow direction, often followed by a train of stationary free-surface undulations called standing waves (Figure 6.3): this is referred to as the undular hydraulic jump [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Hager | On pseudo-uniform flow in open channel hydraulics[END_REF][START_REF] Montes | Characteristics of undular hydraulic jumps: Experiments and analysis[END_REF][START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF][START_REF] Chanson | Current knowledge in hydraulic jumps and related phenomena. A survey of experimental results[END_REF]. Undular hydraulic jumps can be observed in horizontal channels and at transitions between steeper and milder channel slopes [START_REF] Hager | On pseudo-uniform flow in open channel hydraulics[END_REF][START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF]. Undular hydraulic jumps are naturally observed in channels with Froude number up to 3 -4 depending on the channel slope, channel walls' roughness and upstream flow conditions [START_REF] Bradley | Hydraulic Design of Stilling Basins: Hydraulic Jumps on a Horizontal Apron (Basin I)[END_REF][START_REF] Hager | On pseudo-uniform flow in open channel hydraulics[END_REF][START_REF] Chanson | Current knowledge in hydraulic jumps and related phenomena. A survey of experimental results[END_REF]. For a supercritical fluid moving in a bent channel such as in Figure 6.4, a particular hydraulic jump called an oblique jump occurs [START_REF] Hager | Supercritical flow near an abrupt wall deflection[END_REF][START_REF] Ippen | Verification of theory for oblique standing waves[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]. For a more detailed description and classification of hydraulic jumps, we refer the reader to Appendix D.1.

1974 Kilauea The right side of the lava channel is not shown. The wavefront of the oblique hydraulic jump originates from the point of bending of the channel and makes an angle β with respect to the original channel wall direction. β should satisfies θ < β < 90 • , with θ the channel bend angle (modified from [START_REF] Ippen | Verification of theory for oblique standing waves[END_REF]. The inset shows preserved super-elevated levees at a channel bend after the 1974 eruption of Kīlauea (from [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF].

W a v e f r o n t

The phenomenon of hydraulic jump and the Froude number are widely used in water hydraulics and fluvial studies (e.g., [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Kieffer | The 1983 hydraulic jump in Crystal Rapid: implications for riverrunning and geomorphic evolution in the Grand Canyon[END_REF][START_REF] Kieffer | The rapids and waves of the Colorado River[END_REF]Tinkler, 1997a,b;[START_REF] Comiti | Dimensions of standing waves at steps in mountain rivers[END_REF][START_REF] Magirl | Water velocity and the nature of critical flow in large rapids on the Colorado River, Utah[END_REF]. However, the description of supercritical flows in Earth science disciplines is infrequent. In sedimentology, hydraulic jumps and the Froude number are used to explain the formation of particular bedforms such as antidunes or 'chutes-and-pools' (e.g., [START_REF] Alexander | Bedforms and associated sedimentary structures formed under supercritical water flows over aggrading sand beds[END_REF][START_REF] Cartigny | Morphodynamics and sedimentary structures of bedforms under supercritical-flow conditions: New insights from flume experiments[END_REF][START_REF] Duller | Architectural analysis of a volcaniclastic jökulhlaup deposit, southern Iceland: Sedimentary evidence for supercritical flow[END_REF][START_REF] Fralick | Paleohydraulics of chute-and-pool structures in a paleoproterozoic fluvial sandstone[END_REF][START_REF] Macdonald | Variations in the architecture of hydraulic-jump bar complexes on non-eroding beds[END_REF]. In volcanology, the deposition of breccia and lithics at slope breaks from pyroclastic density currents are often interpreted as the result of hydraulic jumps (e.g., [START_REF] Freundt | Lithic-enriched segregation bodies in pyroclastic flow deposits of Laacher See Volcano[END_REF][START_REF] Roobol | Lithic breccias in pyroclastic flow deposits on St. Kitts, West Indies[END_REF][START_REF] Macías | Development of lithic-breccias in the 1982 pyroclastic flow deposits of El Chichón Volcano, Mexico[END_REF][START_REF] Cole | Pyroclastic flows generated by gravitational instability of the 1996-97 lava dome of Soufriere Hills Volcano, Montserrat[END_REF].

Critical State and Hydraulic Jumps in Channelised Lava Flows

Lava flows are typically considered as a three-phase fluid (melt with suspended crystals and bubbles) of viscosity η and yield stress σ 0 [START_REF] Pinkerton | Methods of determining the rheological properties of magmas at sub-liquidus temperatures[END_REF][START_REF] Harris | One-, two-and three-phase viscosity treatments for basaltic lava flows[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF][START_REF] Truby | The rheology of threephase suspensions at low bubble capillary number[END_REF]. For argument purposes, we assume that a lava flow with a constant viscosity behaves as a Bingham plastic [START_REF] Hulme | The Interpretation of Lava Flow Morphology[END_REF][START_REF] Shaw | The viscosity of basaltic magma: an analysis of field measurements in Makaopuhi lava lake, Hawaii[END_REF][START_REF] Dragoni | Downslope flow models of a Bingham liquid: Implications for lava flows[END_REF][START_REF] Pinkerton | Rheological properties of basaltic lavas at sub-liquidus temperatures: laboratory and field measurements on lavas from Mount Etna[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF][START_REF] Morrison | The rheology of crystallizing basaltic lavas from Nyiragongo and Nyamuragira volcanoes, D.R.C[END_REF] and we show that under certain conditions that leads to a Newtonian regime.

We consider a basaltic lava of depth H, flowing in a sloped rectangular channel of width W and slope α. We set the x-axis as the centre line of the channel and parallel to the reference datum, the y-axis is perpendicular to the flow direction and the z-axis is the normal to the flow free surface (Figure 6.1). In these conditions, the horizontal momentum of a lava flow on the sloping plane is [START_REF] Balmforth | Viscoplastic models of isothermal lava domes[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF]:

ρ Dv i Dt = - ∂P ∂x i + ∂ ∂y + ∂ ∂z 2 η + σ 0 ε ε ij + ρg sin α (6.9)
where t is the time v i is the velocity along the maximum flow direction, P is the pressure, ρ is the density, g is the gravity and ε ij is the strain rate that represents the local deformation of the velocity field after an infinitesimal displacement of the fluid in the x, y and z directions. With appropriate rescaling, the Reynolds number multiplies Dv i Dt , and the term

2 η + σ 0 ε ε ij turns into (2 (1 + B) ε ij ) with B the dimensionless Bingham number defined as B = σ 0 H
ηv . For a Newtonian flow approximation, σ 0 → 0, therefore B → 0 [START_REF] Dragoni | Downslope flow models of a Bingham liquid: Implications for lava flows[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF].

Near the vent, the temperature of freshly erupted basaltic lavas are > 1100 • C and when channelized, these lava flows can reach velocities of ∼ 10 m/s with viscosities on the order of 10 1 -10 3 Pa.s [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]. With channel depth of 1 -10 m and assuming lava density of 2600 kg/m 3 (unvesiculated basalt; [START_REF] Lesher | Thermodynamic and Transport Properties of Silicate Melts and Magma[END_REF] to 500 kg/m 3 (∼ 80 % vesicles; [START_REF] Cashman | Surface degassing and modifications to vesicle size distributions in active basalt flows[END_REF], these flows have Reynolds numbers of ∼ 10 1 -10 3 and strain rates of ∼ 10 0 -10 -1 s -1 [START_REF] Dragoni | Downslope flow models of a Bingham liquid: Implications for lava flows[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF][START_REF] Lev | Investigating lava flow rheology using video analysis and numerical flow models[END_REF][START_REF] Kolzenburg | The rheological evolution of the 2014/2015 eruption at Holuhraun, central Iceland[END_REF][START_REF] Chevrel | Measuring the viscosity of lava in the field: A review[END_REF]. Under such conditions, at high velocities the lava has not undergone significant cooling (e.g., absence of a cool surface crust), is isothermal, the yield strength is negligible with respect to viscous forces (i.e., σ 0 < 10 3 Pa) and thus closely behaves as a Newtonian fluid [START_REF] Dragoni | Downslope flow models of a Bingham liquid: Implications for lava flows[END_REF][START_REF] Pinkerton | Methods of determining the rheological properties of magmas at sub-liquidus temperatures[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF][START_REF] Tallarico | Viscous Newtonian laminar flow in a rectangular channel: Application to Etna lava flows[END_REF][START_REF] Chevrel | Measuring the viscosity of lava in the field: A review[END_REF][START_REF] Harris | How shear helps lava to flow[END_REF]. Therefore, given these conditions, B may be on the order of 10 -1 -10 -3 . Hence, with Re ∼ 10 1 -10 3 ,

Re

(1 + B) and Equation 6.9 becomes [START_REF] Balmforth | Viscoplastic models of isothermal lava domes[END_REF]; [START_REF] Griffiths | The Dynamics of Lava Flows[END_REF]:

Re G = v 2 gH = F r 2 cos α (6.10)
where, G is the ratio of buoyancy to viscous stresses [START_REF] Griffiths | The Dynamics of Lava Flows[END_REF] and Fr is the Froude number as defined in Equation 6.7. This shows that for channelized lava flows at velocities of ∼ 10 m/s, the Froude number becomes a relevant parameter that may potentially be larger than unity, indicating a lava flow under supercritical conditions (Figure 6.5; [START_REF] Griffiths | The Dynamics of Lava Flows[END_REF].

If such conditions are achieved, the channelized lava flows can exhibit hydraulic jumps as standing waves. .5: Reynolds number, Re, plotted against the ratio of buoyancy to viscous stresses, G, for a rectangular channel in slope of α = 10 • . The bold line Fr = 1 represents lava flow under critical conditions. Below this line, the lava is in supercritical conditions, Fr > 1 where as above the lava is in subcritical conditions, Fr < 1.

Observed Standing Waves in Lava Channels and Interpretations 6.4.1 Observations of Standing Waves in Lava Channels

Several studies have described standing waves occurring in basaltic lava flows (Figure 6.6).

We have tabulated in Appendix D.2 all reported occurrences of standing waves, hydraulic jumps or supercritical flows in channelized lava flows. The term 'hydraulic jump' was first used to describe a standing wave in a high speed lava channel during the June 1950 southwestern rift zone eruption of Mauna Loa volcano, Hawai'i by [START_REF] Finch | Hawaiian Volcanoes during 1950[END_REF]. In 1950, Mauna Loa volcano erupted 376 × 10 6 m 3 in less than 23 days, with lava channels reaching the sea. The volumetric eruption rate was amongst the largest ever recorded on Mauna Loa [START_REF] Finch | Hawaiian Volcanoes during 1950[END_REF][START_REF] Rowland | Pahoehoe and aa in Hawaii: volumetric flow rate controls the lava structure[END_REF]). On June 7, an incandescent lava channel flowed over an 8 m high cascade at an estimated velocity of 13 m/s. Immediately downstream of the cascade, "the rush of the liquid lava" formed a standing wave referred to as a hydraulic jump of 1.2 -1.4 m high [START_REF] Finch | Hawaiian Volcanoes during 1950[END_REF]. A surge of lava observed at the vent feeding the lava channel was noted just before the wave increased to ∼ 3.6 m in height. [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF].

During the 1983-84 eruption of Pu'u 'O'o, Kīlauea, Hawai'i, standing waves were described as a common phenomenon in high speed lava channels (8 to 15 m/s; Figure 6.6a) in close proximity to the vents [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. Notably, several standing waves in lava channels were observed during the Episodes 4, 10, 11, 17 and 18 of the eruption (Figure 6.6a;

Takahashi [START_REF] Takahashi | Hawaiian volcanic features: A photoglossary[END_REF][START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. During Episode 4 (June 13 -17, 1983), the Pu'u 'O'o crater was partially filled by a lava pond. The lava escaped the crater through a 3

-5 m wide spillway and fed the main flow of this eruptive episode [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. At the bottom of this spillway, a "the rush of the liquid lava" was frequently observed throughout the entire eruptive episode [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. In the spillway, the estimated velocity was ∼ 15 m/s and had estimated discharge rate of ∼ 160 m 3 /s assuming a lava depth of 3 m [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. At about 200 m from the 'O'o vent, near the end of Episode 10 (October 5

- [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF]1983), a series of standing waves several meters high and 10 -15 m long, in a 10 -15 m wide lava channel, were observed after a surge in lava supply rate from the vent [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. During Episode 11 (November 5 -7, 1983), a series of 5 standing waves were observed over a length of 150 -200 m in a lava channel ("a vigorous pahoehoe river"; Figure 6.6a) located ∼ 100 m from the vent [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. The channel was ∼ 15 m wide, with estimated surface flow velocities of 8 -10 m/s. These standing waves were located at a break in slope (from 10 • to 2 • ) and each wave was 20 -40 m long and 1 -3 m high; the flow slowed after the standing wave zone [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. Discharge rates in this channel were calculated at between 278 and 556 m 3 /s [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. On the first day of the Episode 17 (March 30 -31, 1984), a "voluminous torrent of lava" exited the 'O'o crater through a > 10 wide spillway that fed a lava channel. The underlying slope of the channel at the base of the Pu'u 'O'o cone was gentle. Standing waves several meters high and > 15 m long were located at this significant break in slope [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. Finally, a few standing waves ∼ 2 m high and ∼ 10 m long were observed in lava channels at the bottom of Pu'u 'O'o cone during Episode 18 (April 18 -21, 1984;[START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF].

Between March 25 and April 14, 1984, Mauna Loa volcano, Hawai'i, erupted and produced a ∼ 25.6 km long and ∼ 0.224 km 3 basaltic lava flow in the northeast rift zone [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]. This large flow developed a channel system that was active and stable for several days from March 30 to April 7 [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]. Standing waves were observed between April 1 and April 6 about 150 m from the vent (Figure 6.6b). A video recording of these standing waves was made by J. D. Griggs on April 2 [START_REF] Griggs | Mauna Loa Lava Flow[END_REF]; https:// www.usgs.gov/media/videos/mauna-loa-lava-flow-april-2-1984), and shown in the documentary "Rivers of Fire" [START_REF] Malzman | Rivers of Fire[END_REF] as well as in the movie "Into the Inferno" [START_REF] Herzog | [END_REF]. According to these recordings, the standing waves were located in a secondary channel separated from the main channel by a kipuka.

Furthermore, standing waves in high speed lava channels were also observed during the first phase of the 1959 summit eruption of Kīlauea [START_REF] Richter | Chronological Narrative of the 1959-60 Eruption of Kilauea Volcano, Hawaii[END_REF], during the Lower East Rift Zone eruption of Kīlauea in 2018 (Figure 6.6c; [START_REF] Cashman | Implications of Critical Flow Phenomena for Estimating Lava Flux During Recent Activity at Kilauea Volcano[END_REF][START_REF] Patrick | Cyclic lava effusion during the 2018 eruption of Kilauea Volcano[END_REF]. During the 2014-2015 eruption of Holuhraun (Iceland), near the eruptive vent, standing waves were also observed both at break in slope and at channel bends (S.

Kolzenburg, personal communication).

During 3 days in July 1974 Kīlauea volcano erupted and a fissure system was active on the southeastern Kīlauea caldera rim [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF]. This fissure fed a lava flow into a 230 m long confined gully valley, called the 'gully flow' [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF]. At about 100 m from the fissure system, the gully makes a 45 • turn and exhibits spectacular super-elevated levees (Figure 6.6d). Indeed, on the outer bend of the channel, the height of the levees is higher than the average flow depth. It was suggested that a supercritical lava flow with standing waves could have been responsible for the raised levees [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF].

According to [START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF], standing waves are a common phenomenon in lava tubes when the lava is flowing at several m/s at break in slopes. A long-lived standing wave was witnessed in a lava tube by [START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF] at the foot of a small lava cascade. This standing wave was observed through a lava tube skylight for almost a year in 1996 in lava flowing at 5.6 m/s in the tube. The wave was located at an 80 • sharp turn at the foot of a lava cascade [START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF].

Sierra Negra volcano, Galapagos Islands, erupted 150 × 10 6 m 3 of lava over 9 days in October 2005 [START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF]. During this eruption, the lava flowed down the summit caldera benches (slopes of ∼ 15 • ) in channels at an estimated velocity of ∼ 15 m/s. Standing waves of lava > 5 m high were observed at the bottom of the caldera benches [START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF].

Summary and Interpretations

From the above descriptions of standing waves, the following conclusions can be made:

1. All the standing waves were observed in lava channels [START_REF] Finch | Hawaiian Volcanoes during 1950[END_REF][START_REF] Richter | Chronological Narrative of the 1959-60 Eruption of Kilauea Volcano, Hawaii[END_REF][START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Richter | Chronological Narrative of the 1959-60 Eruption of Kilauea Volcano, Hawaii[END_REF][START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Takahashi | Hawaiian volcanic features: A photoglossary[END_REF][START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF][START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF][START_REF] Cashman | Implications of Critical Flow Phenomena for Estimating Lava Flux During Recent Activity at Kilauea Volcano[END_REF][START_REF] Patrick | Cyclic lava effusion during the 2018 eruption of Kilauea Volcano[END_REF]. One example of standing waves was noted in a lava tube [START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF]. They represent free surface flow in open channels;

2. Standing waves, by definition, were stationary in space and they propagated through time. Although the geometry of the standing waves varied in time (due to changes in the lava supply rate; [START_REF] Finch | Hawaiian Volcanoes during 1950[END_REF][START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF][START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF][START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF], they were observed for a significant amount of time (hours to months). For example, the standing wave described by [START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF] was observed for several months at the same location. The preserved super-elevated levees described by [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF] in the 1974 Kīlauea 'gully flow' also indicate a certain duration in time of the oblique standing wave;

3. Observed standing waves always occurred in high speed lava channels. An estimated speed of ∼ 15 m/s just upstream of standing waves was reported during Episode 4

of the 1983-84 Pu'u 'O'o eruption [START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF] and during the 2005 Sierra Negra summit eruption [START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF]. The minimum reported velocity for a lava standing wave is 5.6 m/s [START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF]; 10, 11 and 18;[START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF]. The only exception was the long-lived standing wave located at about 4.1 km from the feeding vent [START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF]; 5. All the observed standing waves were located at channel disruptions; at a break in slope [START_REF] Finch | Hawaiian Volcanoes during 1950[END_REF][START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF], the bottom of a spillway or at small lava cascades [START_REF] Richter | Chronological Narrative of the 1959-60 Eruption of Kilauea Volcano, Hawaii[END_REF][START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF][START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF], the base of caldera benches [START_REF] Geist | The 2005 eruption of Sierra Negra volcano, Galápagos, Ecuador[END_REF], or at channel bends [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF]; under supercritical conditions where standing waves were observed. We propose that these standing waves were the result of hydraulic jumps.

During
These lava standing waves possessed similar characteristics to the undular standing wave. (Appendix D.1;[START_REF] Chanson | Current knowledge in hydraulic jumps and related phenomena. A survey of experimental results[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF][START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] French | Open-Channel Hydraulics[END_REF][START_REF] Hager | Energy dissipators and Hydraulic jumps[END_REF][START_REF] Hager | On pseudo-uniform flow in open channel hydraulics[END_REF][START_REF] Montes | Characteristics of undular hydraulic jumps: Experiments and analysis[END_REF] 1. In many cases, the first standing wave was followed downstream by a series of freesurface stationary undulations. They were spaced ∼ 10 -20 m over tens to a few hundred metres. When reported, the amplitudes were up to ∼ 5 m;

2. Rough calculations give Fr 1 ≤ 3. According to [START_REF] Chanson | Current knowledge in hydraulic jumps and related phenomena. A survey of experimental results[END_REF], undular standing waves can naturally occur for Fr 1 up to 4.

Estimation of Lava Flow Dynamics from Hydraulic Jump Characteristics

Here we provide definitions and the procedure for estimating velocity, v (m/s), discharge rate, Q (m 3 /s), the depth, H (m), and viscosity, η (Pa.s) for lava flows in a supercritical state undergoing a hydraulic jump (Figure 6.3 and 6.4). For the derivations below, the subscripts 1 and 2 refer to upstream and downstream conditions of the hydraulic jump, respectively.

Assumptions

Our analysis assumes that:

1. Flow (of depth H ) is in a sloped rectangular channel (width W, slope α) in order to minimise the number of starting parameters and unknowns [START_REF] Lev | The influence of cross-sectional channel geometry on rheology and flux estimates for active lava flows[END_REF];

2. For undular jumps (Appendix D.1), the following analysis is valid along a streamline located at the centre of the channel. For simplification, we do not take into account the effect of the lateral shockwave that develops from the channel side walls for Fr 1 > 1.2 (Appendix D.1; [START_REF] Montes | Characteristics of undular hydraulic jumps: Experiments and analysis[END_REF][START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF];

3. The lava is modeled as a single-phase material with a Newtonian rheology -although lava flows are typically considered as three-phase fluids with complex strain-ratedependent rheology [START_REF] Pinkerton | Methods of determining the rheological properties of magmas at sub-liquidus temperatures[END_REF][START_REF] Harris | One-, two-and three-phase viscosity treatments for basaltic lava flows[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF][START_REF] Truby | The rheology of threephase suspensions at low bubble capillary number[END_REF][START_REF] Dietterich | [END_REF] or powerlaw fluids [START_REF] Hardee | Convective heat transfer in magmas near the liquidus[END_REF][START_REF] Spera | Rheology of melts and magmatic suspensions. 1. Design and calibration of concentric cylinder viscometer with application to rhyolitic magma[END_REF][START_REF] Pinkerton | Rheological properties of basaltic lavas at sub-liquidus temperatures: laboratory and field measurements on lavas from Mount Etna[END_REF][START_REF] Sakimoto | Eruption constraints on tube-fed planetary lava flows[END_REF][START_REF] Sonder | Non-Newtonian viscosity of basaltic magma[END_REF][START_REF] Piombo | Evaluation of flow rate for a one-dimensional lava flow with power-law rheology[END_REF], the phenomenon occurs in channels in close proximity to the vent area, where high velocities, high discharge rates, high temperatures, low melt viscosities and crystal content justify this assumption [START_REF] Dragoni | Downslope flow models of a Bingham liquid: Implications for lava flows[END_REF][START_REF] Pinkerton | Methods of determining the rheological properties of magmas at sub-liquidus temperatures[END_REF][START_REF] Tallarico | Viscous Newtonian laminar flow in a rectangular channel: Application to Etna lava flows[END_REF][START_REF] Griffiths | The Dynamics of Lava Flows[END_REF][START_REF] Chevrel | Measuring the viscosity of lava in the field: A review[END_REF][START_REF] Harris | How shear helps lava to flow[END_REF]; 4. Shear along channel walls is negligible, implying a uniform velocity across the channel's cross-section area. As such, the average velocity is equal to the velocity at any point on the section. In Equation 6.7, the kinetic energy correction factor is thus γ → 1.

This approximation is valid assuming a simple channel geometry [START_REF] Chow | Open-Channel Hydraulics[END_REF] and as lava flows undergoing a hydraulic jump will have relatively low viscosities, limiting the shear zone width;

5. A well-mixed channel in which the density and viscosity are uniform in the z-axis [START_REF] Tallarico | Viscous Newtonian laminar flow in a rectangular channel: Application to Etna lava flows[END_REF][START_REF] Robert | Textural and rheological evolution of basalt flowing down a lava channel[END_REF];

6. The lava is considered as an incompressible fluid, even though lava flows may contain a non-negligible amount of gas bubbles near the vent;

7. It has been shown that lava may thermally erode the base of the lava channel at rates on the order of cm/day [START_REF] Jarvis | On the cross-sectional geometry of thermal erosion channels formed by turbulent lava flows[END_REF][START_REF] Kauahikaua | Observations on basaltic lava streams in tubes from Kilauea Volcano, island of Hawai'i[END_REF][START_REF] Kerr | Thermal erosion by laminar lava flows[END_REF][START_REF] Siewert | Mechanical erosion by flowing lava[END_REF]. However, over the short time period of an observation of a standing wave (∼ minutes to hours), we consider no channel bed erosion;

Flow Velocity and Discharge Rate

The length of the jump, L j , and the height of the jump, A j , are dependent on Fr 1 and H 1 [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] French | Open-Channel Hydraulics[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]:

L j = 220H 1 × tanh F r 1 -1 22 (6.11) A j = H 1 1 + 8F r 2 1 -3H 1 2 (6.12)
where tanh is the hyperbolic tangent. These equations are valid for Fr 1 < 4 [START_REF] Hager | Energy dissipators and Hydraulic jumps[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]. Thus, for a given L j or A j and H 1 , we can calculate the Froude number of the flow. Using the definition of a critical flow (Equation 6.7), v 1 is estimated for a given channel slope by:

v 1 = F r 1 gH 1 cos α (6.13)
Knowing the channel width, W, we obtain the discharge rate in m 3 /s: (6.14) Due to momentum conservation, Q is constant upstream and downstream of the hydraulic jump.

Q = v 1 × H 1 × W

Lava Flow Depth

Knowing the lava flow velocity, v 1 , the lava depth in the channel can be estimated from the length of the hydraulic jump. This is obtained by combining Equations 6.7,6.8,6.12 and 6.13. Further details of the derivations are given in the Appendix D.3. Using the amplitude of the jump, the lava depth is calculated by:

H 1 = 1 2 H C - 1 4 3ωA J - √ Ω ω (6.15)
where, H C is the critical depth as defined in Equation 6.8, ω = g cos(α) and Ω = 4v 2 1 (v 2 1 -3ωA J ).

Lava Viscosity

To calculate the lava viscosity, η, we use the expression of the Reynolds number as defined in Equation 6.1. Thus, first we must calculate Re, via the Fanning friction factor, f. f is a dimensionless factor that relates the friction loss on the channel walls to the flow's kinetic energy that is proportional to the flow's squared velocity [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Burger | Laminar and turbulent flow of non-newtonian fluids in open channels for different cross-sectional shapes[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF]. The Fanning friction factor is introduced by the shear stress, τ s (N/m 2 ). τ s is calculated based on the principle of momentum conservation balanced by the pressure drop (P 2 -P 1 , Figure 6.7). It is a force at the fluid-channel boundary that measures the friction on the channel walls and base. τ s follows [START_REF] Hulme | The Interpretation of Lava Flow Morphology[END_REF][START_REF] Fink | Longitudinal Variations in Rheological Properties of Lavas: Puu Oo Basalt Flows, Kilauea Volcano, Hawaii[END_REF][START_REF] Osmond | The static shpae of yield stregth fluids slowly emplaced on slopes[END_REF]:

τ s = ρgD sin α (6.16)
where τ s describes the drag force of a moving fluid along the channel boundaries and D is the hydraulic diameter. Therefore, related to the flow velocity:

τ s = f ρv 2 2 (6.17)
f is a dimensionless parameter that depends on the flow velocity, v, D, and ρ. Rearranging Equations 6.16 and 6.17, f can be written as: In open channel hydraulics, the turbulent state of the flow is often expressed in a space representing the relation f vs. Re (also referred to as the Stanton or Moody diagram; Figure 6.8a; [START_REF] Burger | Laminar and turbulent flow of non-newtonian fluids in open channels for different cross-sectional shapes[END_REF][START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF][START_REF] Stanton | Similarity of Motion in Relation to the Surface Friction of Fluids[END_REF]. Indeed, f is a function of Re and different relationships can be expressed between Re and f, depending on the nature of the flow (LaViolette, 2017). For Re < 2,000, f is proportional to Re through the constant, K, such that:

f = gD sin α 2v 2 (6.
f = K Re (6.19)
K is purely a numerical coefficient that depends on the channel shape and roughness of the channel walls. For smooth rectangular channels, K = 24; for rough rectangular channels, 24 < K < 60 [START_REF] Chow | Open-Channel Hydraulics[END_REF]. These values of K were originally developed from compilations of the water hydraulic experimental datasets by [START_REF] Chow | Open-Channel Hydraulics[END_REF]. Nevertheless, it has been shown by [START_REF] Burger | Experimental database for non-Newtonian flow in four channel shapes[END_REF] and by the extensive experimental dataset of [START_REF] Burger | Laminar and turbulent flow of non-newtonian fluids in open channels for different cross-sectional shapes[END_REF] for different channel cross section shapes, that the relation f /Re for non-Newtonian flows closely follows the same trends as for Newtonian flows.

Lava flows with a turbulent behavior have been reported only a few times (e.g., [START_REF] Baloga | The dynamics of rapidly emplaced terrestrial lava flows and implications for planetary volcanism[END_REF]. In turbulent conditions (Re > 2,000), we can apply the Blasius equation, which is valid for 2,000 < Re < 25,000 for smooth channels [START_REF] Blasius | Das Aehnlichkeitsgesetz bei Reibungsvorgängren[END_REF][START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF]: 6.20) For rough channels, the formulation for turbulent flows is dependent on the average height of channel wall irregularities, r (m):

f = 0.079 Re 0.25 ( 
1 √ f = 2 log 12Re r (6.21)
Once f is calculated using Equation 6.18, we can estimate Re using one of the f /Re equations described above depending on the channel conditions. The appropriate f /Re equations is determined when the value of Re is plotted on the f vs. Re diagram (Figure 6.8a). η is then derived from Equation 6.1 for a given ρ.

The turbulent regime may only be reached with extremely high velocities or for a particular lava composition such as carbonatite or komatiite (e.g., [START_REF] Huppert | Emplacement and cooling of komatiite lavas[END_REF][START_REF] Baloga | The dynamics of rapidly emplaced terrestrial lava flows and implications for planetary volcanism[END_REF][START_REF] Jarvis | On the cross-sectional geometry of thermal erosion channels formed by turbulent lava flows[END_REF]. For r < 0.5 m, the Blasius equation (Equation 6.20) and Equation 6.21 give similar approximation of the Reynolds number for 2000 < Re < 10 4 (Figure 6.8a). In the case of extremely fast lava flows, i.e., v > 20 m/s, the roughness parameter becomes critical in the estimation of the Reynolds number and the resulting lava apparent viscosity.

Application to an

Active and a Drained Lava Channel

1984 Mauna Loa Channel

The assessment of channel depth on active lava flows is challenging, but crucial for the estimation of discharge rates and hazard assessment. For a lava flow under supercritical conditions and exhibiting an undular hydraulic jump, the channel depth can be calculated by Equation 6.15 (Appendix D.3). We use the 1984 Mauna Loa eruption to demonstrate the method. This estimation of flow depth allows us to calculate the channel discharge rate and lava viscosity.

Lava Channel and Standing Wave Descriptions

We used the video segment from the "Into the Inferno" movie [START_REF] Herzog | [END_REF] as it has the best available quality of these standing waves (Figure 6.9a). We scaled the video based on the volcanologist shown observing the nearby standing waves. We assumed a height of 1.77 m for the volcanologist which is the average height of a person living in the U.S.A. [START_REF] Ogden | Mean body weight, height, and body mass index, United States 1960-2002[END_REF]. Using this, we estimate a channel width of 7 -8 m, a jump of ∼ 15 m in length and about 1.9 m height (Figure 6.9a). Downstream of the first wave, there are several stationary surface waves. The waves do not have rollers. Lateral shockwaves are observed from the channel sidewalls but have smaller amplitudes than the waves in the channel centre line. These observations are characteristic of a non-breaking undular jump as described by Ohtsu et al. (2003) (Appendix D.1). Therefore, we might expect F r 1 in the range of 1 to F r 1,limit , with F r 1,limit < 4 (Appendix D. 1;[START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF][START_REF] Chanson | Current knowledge in hydraulic jumps and related phenomena. A survey of experimental results[END_REF]. 

Lava Flow Dynamics

Using velocimetry analysis of the video, we calculate a maximum surface velocity of 7.9

m/s at the centre of the channel just upstream of the standing wave (Figure 6.9b). The surface velocity was estimated using an implementation of a classic Optical Flow algorithm [START_REF] Horn | Determining optical flow[END_REF] including modern modifications [START_REF] Sun | Secrets of optical flow estimation and their principles[END_REF] used to study lava flows [START_REF] Lev | Investigating lava flow rheology using video analysis and numerical flow models[END_REF]. With an upstream flow velocity of v 1 = 7.9 m/s (Figure 6.9b), the critical lava flow depth is H C = 6.4 m (Equation 6.8). Therefore, H 1 should be lower than H C in order to have a lava in supercritical state and exhibit a hydraulic jump. The upstream flow depth of a lava exhibiting an undular hydraulic jump is given by Equation 6.15 and using A j = 1.9, we estimate H 1 = 2.8 m. The corresponding Froude number is Fr 1 = 1.48. As a comparison, [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF] estimated a channel depth of 3 m near the vent. Our results give a discharge rate of Q = 171 ± 12 m 3 /s. Upstream of the jump, the channel cross-section is A = 21.7 ± 1.5 m 2 , the wetted perimeter P W = 13.3 ± 0.5 m and the hydraulic diameter D = 6.5 ± 0.2 m. Using Equation 6.18, f = 0.058 ± 0.002 (Figure 6.8b). From the f vs. Re diagram, the lava flow is in a laminar state, and for 24 < K < 30, Re = 468 ± 68. Finally, with ρ = 910 ± 260 kg/m 3 (∼ 55 -75 vol% of vesicles; [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Moore | Preliminary estimates of the rheological properties of 1984 Mauna Loa lava[END_REF] the lava bulk apparent viscosity, η = 107 ± 65 Pa.s.

This compares with the ∼ 140 -160 Pa.s calculated by [START_REF] Moore | Preliminary estimates of the rheological properties of 1984 Mauna Loa lava[END_REF] after direct observation of the channelized lava from April 2 to April 6, 1984. From petrological analyses of a lava sample collected near the vent on April 2, Crisp et al. (1994) estimated a viscosity of 255 ± 45 Pa.s for the crystal-melt suspension. The difference with our calculations is explained by the fact that bubbles in high speed lava channels must be elongated which tends to lower the bulk viscosity of the lava flow (e.g., [START_REF] Llewellin | Bubble suspension rheology and implications for conduit flow[END_REF][START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF].

6.6.2 1974 Kīlauea 'Gully Flow' [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF] suggested that a supercritical lava flow with standing waves could have been responsible for the raised levees on the outer gully wall (Figure 6.10). In this situation, we suggest that an oblique hydraulic jump (similar to Figure 6.4) may have been responsible for the formation of the super-elevated levees. As in straight lava channels, several super-elevated lava levels are preserved. These elevation changes correspond to variations of the lava discharge rate in the channel. Elevation of the levees indicates an increase of the discharge rate, whereas decline of the lava level shows decrease of the discharge rate. The aim is to estimate a range of velocities, v 1 , discharge rates, Q 1 , and apparent viscosity, η, that could have formed the super-elevation of lava levees at the channel bend.

In the calculations below we estimate these lava flow conditions at (1) the critical conditions and (2) when the maximum elevation of the levees, i.e., 3.15 m above the average flow depth are reached (Figure 6.10). Results of the later will correspond to the flow conditions when the lava discharge rate was maximum.

Geometry at the Channel Bend

The channel geometry is similar to the one presented in Figure 6 [START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF]. Immediately upstream of the oblique hydraulic jump, the channel cross section is A = 26.8 m 2 , the wetted perimeter, P W = 14.7 m and the hydraulic diameter, D = 7.3 m (Equation 6.3 and 6.2).

The angle, β, of the oblique hydraulic jump wave front with the original gully wall direction is unknown. However, β should be between 45 and 90 • (Figure 6.11). H 2 is also unknown, however, it should be higher than the H 1 and lower than the maximum super-elevation of the levees, i.e., 3.35 < H 2 < 6.5 m. Therefore, we have (H 2 /H 1 ) max = 1.94. 

Lava Flow Conditions at Critical State

The critical conditions, i.e, Fr 1 = 1 are reached when v 1 = 5.71 m/s (Equation 6.8). This corresponds to Q = 153 m 3 /s. From Equation 6.18, f = 0.143. Using the f vs. Re diagram (Figure 6.8a), we have Re < 2,000 indicating laminar conditions at the critical state (unless, r > 10 m, which is not applicable for this flow). Therefore, with 24 < K < 30, Re = 188 pm 20 and the lava viscosity is η = 200 ± 71 Pa.s. Table 2 shows the lava flow conditions for wavefront angles of β = 50 • , 60 • , 70 • and 80 • . By increasing the wavefront angle, the upstream flow velocity decreases as does the discharge rate leading to slightly higher viscosities. 

Lava Flow Conditions in Supercritical State

Discussion, Summary and Perspectives

A number of channelized lava flows exhibiting standing waves have been reported in historical lava flows (Appendix D.2). This phenomenon generally occurs in close proximity to the vent area, at relatively high speeds, and is usually located at a break in slope or at channel bends; 

Flow Regime in Lava Channels

As noted above, the critical state of a flow is given by the Froude Number, Fr, and reflects the effect of gravity on the flow dynamics. The turbulence state of the flow is given by the Reynolds Number, Re and is related to the effect of viscosity on flow movement. Thus, the two parameters define four possible combinations of flow regimes (Figure 6.12). Hydraulic jumps occur:

-when Fr > 1 and Re < 2000, the flow is in a supercritical-laminar state;

-when Fr > 1 and Re > 2000, the flow is in a supercritical-turbulent state;

We estimate the potential flow regimes in the 1984 Mauna Loa (Figure 6.12a, c) and 1974 Kīlauea gully (Figure 6.12b, d) channels by examining a range of possible lava and flow parameters. The flow regimes presented here correspond to the conditions just upstream of the standing wave. We vary η between 1 and 1000 Pa.s and H 1 from ∼ 0.25 to 20 m.

For reference, the results obtained in the above sections for the two case studies are shown.

Hydraulic jumps in lava flow becomes possible when:

-the lava is channelized (Figure 6.3,6.4 and 6.6);

-the velocity head (v 2 /2g) is larger than half pressure head (H cos α) (Figure 6.2; Equation 6.5, 6.6). For example, the velocity head in the 1984 Mauna Loa channel before the observed standing wave is ∼ 1.13 times greater than the pressure head;

-v 1 > 2.5 m/s (for η ≈ 10 -50 Pa.s and H 1 < 0.5 m) to v 1 ≈ 15 m/s (for η ≈ 300 -400

Pa.s and v 1 ≈ 6 m; Figure 6.12).

It is not possible to have a supercritical flow, and therefore a hydraulic jump, for η > 500 Pa.s, unless v 1 > 20 m/s and H 1 > 20 m; this is unlikely to occur for basaltic lava flows on Earth. The turbulence state in supercritical conditions corresponds to η < 100 Pa.s and v 1 > 7 m/s for L j > 10 m or A j > 2.5 m and H 1 ≈ 0.25 -3 m. This regime may have been reached by very low viscosity and channelized lavas such as komatiite flows [START_REF] Huppert | Komatiites I: Eruption and flow[END_REF][START_REF] Williams | Emplacement and erosion by Archean komatiite lava flows at Kambalda: Revisited[END_REF].

10 2 5×10 1 5×10 2
Lava apparent viscosity, η (Pa.s)

Supercritical Turbulent

Supercritical Laminar 1984 Mauna Loa

10 2 5×10 1 5×10 2
Lava apparent viscosity, η (Pa.s) In c, the critical conditions are unknown (they could be anywhere on the Fr = 1 curve).

Accurate Calculation of Flow Depth and Discharge Rates in High Speed Lava Channels

Accurate assessment of flow velocity and channel depth are critical input parameters in deterministic lava flow modelling used for hazard mitigation during volcanic crises [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF][START_REF] Costa | Numerical simulation of lava flows based on depthaveraged equations[END_REF][START_REF] Hidaka | VTFS project: Development of the lava flow simulation code Lava SIM with a model for three-dimensional convection, spreading, and solidification[END_REF][START_REF] Cordonnier | Benchmarking lava-flow models[END_REF][START_REF] Fujita | LavaSIM: its physical basis and applicability[END_REF][START_REF] Kelfoun | VolcFlow capabilities and potential development for the simulation of lava flows[END_REF]. Identifying standing waves in active lava channels can be an important tool to enable real time and precise monitoring of lava flow dynamics in the near vent area (Figure 6.13). Furthermore, the discharge rate of a channelized lava can be calculated from measurements of flow velocity, channel width and depth. While flow velocity and channel width can be estimated from video analysis (e.g., velocimetry), channel depth of an active lava flow is extremely difficult to estimate and is thus one of the greatest sources of error [START_REF] Lev | The influence of cross-sectional channel geometry on rheology and flux estimates for active lava flows[END_REF] [START_REF] Lev | Investigating lava flow rheology using video analysis and numerical flow models[END_REF][START_REF] Lev | Assessing lava flow dynamics and rheology using sUAS data[END_REF]Dietterich et al., 2018a;[START_REF] Patrick | Cyclic lava effusion during the 2018 eruption of Kilauea Volcano[END_REF][START_REF] James | Volcanological applications of unoccupied aircraft systems (UAS): Developments, strategies, and future challenges[END_REF]. If standing waves are identified in such videos, the channel depth can be rapidly calculated with precision from the amplitude and/or length of the standing waves (via the Froude number) using the methodology presented here; in conjunction with velocity and channel width measurements from the video, this can provide accurate discharge rates (Figure 6.13). 

Reconstruction of the Flow Dynamics of Historical Lava Flows

In addition to its clear benefit for monitoring flow conditions during an active eruptive crisis, the analysis of standing waves preserved in the channels of past flows can also be applied to reconstruct lava flow dynamics of historical lava, as we demonstrate through the 1974 Kīlauea 'gully flow'. By applying the same methodology, the dynamics of past lava flows can be determined in other locations where standing waves have been preserved in the lava deposits. For example, super-elevated levees at channel bends similar to those in the 1974 Kīlauea gully are present in a confined lava channel near Pico Partido volcano, Lanzarote

Island, Canary Islands [START_REF] Woodcock | A preliminary analysis of the dynamics of a channelled lava flow on Pico Partido volcano, Lanzarote, Canary Islands[END_REF][START_REF] Woodcock | The dynamics of a channel-fed lava flow on Pico Partido volcano, Lanzarote[END_REF]. While the lack of data limits proper assessment of the lava flow properties in this channel, a high velocity flow in a supercritical state was suggested; [START_REF] Woodcock | A preliminary analysis of the dynamics of a channelled lava flow on Pico Partido volcano, Lanzarote, Canary Islands[END_REF] calculated a Froude number of 2.3 and 2.9 at two different channel bends (Appendix D.2). Similar morphological features may also be present in other historical high speed lava flows such as the 1801 Hualalai lava channel (Hawai'i), or the 1823 Keaiwa lava flow (Kīlauea; [START_REF] Baloga | The dynamics of rapidly emplaced terrestrial lava flows and implications for planetary volcanism[END_REF][START_REF] Guest | Emplacement of xenolith nodules in the Kaupulehu lava flow, Hualalai Volcano, Hawaii[END_REF] where the 11 m super-elevated lava deposits (called the 'plastered cones') may have resulted from an oblique standing wave (similar to Figure 6.4). Investigating such morphological features can greatly improve our understanding of the emplacement and dynamics of these lava flows and requires high resolution topographic mapping of the channels and, where possible, direct measurements of super-elevated levees dimensions.

Conclusions

Standing waves in a lava channel were identified as the result of lava flow in supercritical i) it occurred in the mid-18 th century [START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF]. It is the second youngest eruption in Canada and amongst the youngest recorded and noteworthy volcanic events in North America; ii) it was responsible for one the Canada's worst natural disasters: it is believed to have been responsible for the death of up to 2,000 people of the Nisga'a First Nation living in villages along the shores of the Nass River, ∼ 20 km from the volcano (Nisga'a

Tribal Council and B.C. Parks Committee, 1997;Nisga'a Tribal Council, 2004); iii) it was recorded in the Nisga'a Adawaak (customs, oral and written histories), thus preserving observational accounts of the volcanic events [START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF][START_REF] Mccullagh | Ignis. A Parable of the Great Lava Plain in the Valley of "Eternal Bloom[END_REF][START_REF] Barbeau | Volcanoes on the Nass[END_REF]Nisga'a Tribal Council, 2004); iv) it produced a large variety of volcanic landforms and enigmatic features that are very well preserved because of its young age.

For these reasons, Tseax offers a remarkable opportunity to explore and investigate exciting new aspects of Canadian volcanism. This thesis presents a comprehensive volcanological study of Tseax with the aim of providing insight into the origin, evolution and eruptive history of Canada's deadliest volcano.

As defined in the Introduction Chapter, a volcano is "characterized by three linked elements: (1) magma, (2) eruptions and (3) edifice" [START_REF] Borgia | What is a volcano?, in What Is a Volcano?[END_REF]. According to this definition, the different chapters of this thesis can be grouped as follow:

• (1) Magma: Chapter 3 presents the characteristics of the Tseax lavas and unravels their origin from the Earth's interior layer and evolution prior to eruption.

• 

Chapter 3 -Unravelling the Magmatic Origin and Rheology of a small Monogenetic Volcano: the Case of Tseax, Canada's Deadliest Volcano

In order to determine the origin of Tseax volcano and the evolution of the magma from the mantle to the surface, the geochemical characteristics of the Tseax volcanic products were studied by combined petrological, geochemical modelling and rheological investigations.

This work was presented in Chapter 3 and provides an answer to Research Question #II.

• Research Question #II: What is the magmatic origin, evolution, and rheological properties of the Tseax lavas?

The Tseax lavas are geochemically very homogeneous; all the erupted products overlap in the basanite-to-trachyte composition field, and the trace element patterns of all the identified volcanic units are undifferentiated. These results suggest that all the erupted products come from a single magma batch that had a fairly simple story from its source to the surface. Determining the source composition of the Tseax magma was investigated by trace element modelling. The strategy was to simulate different degrees of partial melting of a given source composition in order to reproduce as closely as possible the trace element distribution of the Tseax lavas. We tested partial melting of sources having the composition of the average mantle lherzolite, OIB and various mantle xenoliths from the NVCP and other active western Canadian volcanic belts. The best candidate was a composition similar to a cpx-poor wehrlite, most likely located at 55 to 62 km depth. Our geochemical modelling

shows that a few percent melting (∼ 3 -4 %) of such a composition allows reproduction of the trace element distribution of the Tseax lavas. Another set of geochemical modelling was performed with MELTS using the major elements [START_REF] Ghiorso | Chemical mass transfer in magmatic processes IV. A revised and internally consistent thermodynamic model for the interpolation and extrapolation of liquid-solid equilibria in magmatic systems at elevated temperatures and pressures[END_REF] in order to estimate the conditions of magma storage (depth, temperature, time). The goal was to reproduce the conditions for the co-crystallisation of olivines, plagioclases and Fe-Ti oxides.

This is achieved if the magma was stalled in the upper crust (< 5.5 km depth) and had cooled to 1087 -1094 • C. These results were combined with geochemical and petrological data to estimate the syn-and pre-eruptive rheological conditions (i.e., [START_REF] Krieger | A Mechanism for Non-Newtonian Flow in Suspensions of Rigid Spheres[END_REF][START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF].

This study provides several key rheological parameters for the Tseax magma and lavas.

These results are used in Chapter 4 to help reconstruct the Tseax eruptive history and in

Chapter 5 for modelling of the lava flow emplacement.

Chapter 5 -Dynamics of the ∼ 1700 CE Tseax Lava Flow -Insights from Numerical Modelling

In this study, I attempted to numerically model the emplacement of the lava flow that was responsible for the destruction of the former Nisga'a villages. The aim was to investigate the dynamics of this lava flow by using the numerical code VolcFlow. This Chapter completes the response to the Research Question #V.

• Research Question #V: What were the emplacement dynamics of the Tseax lava flows?

Perhaps the most notable feature of this study is the 32 km-long and voluminous lava flow that emerges from the small volcanic edifice trapped at the bottom of the narrow 

Chapter 6 -Standing Waves in High Speed Lava Channels: a Tool for Constraining Lava Dynamics and Eruptive Parameters

This last data Chapter investigates the standing waves frequently observed in high speed channelised lava flows. I show that they can be used to estimate the lava flux and viscosity.

This provides an answer to the Research Question #VI.

• Research Question #VI: Is there an useful physical phenomenon of fast-moving lava flows that can be easily modelled in order to monitor an ongoing eruption?

Estimates of the rheological parameters of lava flows are essential for understanding their • Assuming the lava can be approximated as a Newtonian fluid in close proximity to the vent, a method was developed to estimate the channel depth, velocity, discharge rate and apparent viscosity from the length and/or amplitude of a standing wave Section 6.5

• The model presented here allows for rapid estimation of flow dynamics essential for modelling and hazard mitigation Figure 6. [START_REF] Foshag | Birth and Development of Paricutin Volcano Mexico[END_REF][START_REF] Escobar | Erupción de 1979 del volcán Mirador, Andes del Sur, 40Âř21'S: características geoquímicas de las lavas y Xenolltos graníticos[END_REF][START_REF] Allen | Eruption styles and volcanic hazard in the Auckland Volcanic Field, New Zealand[END_REF][START_REF] Johnson | Magmatic volatile contents and degassing-induced crystallization at Volcán Jorullo, Mexico: Implications for melt evolution and the plumbing systems of monogenetic volcanoes[END_REF][START_REF] Chevrel | The AD 1250 effusive eruption of El Metate shield volcano (Michoacán, Mexico): Magma source, crustal storage, eruptive dynamics, and lava rheology[END_REF]. The Northern Cordillera Volcanic Province is the most active volcanic belt in Canada, with an eruption every ∼ 270 years during the Holocene on average (Table 1. 1;[START_REF] Stasiuk | The vulnerability of Canada to volcanic hazards[END_REF]. However, given the remoteness of most of the NCVP volcanic centres (Figure 1.3b; [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF], the eruption of Tseax volcano in ∼ 1700 CE was the only volcanic event directly observed by individuals; observational accounts are recorded in oral and written stories of the Nisga'a (Section 1.4.3), the First Nation living there at the time of the eruption.

Therefore, Tseax may be unique for two reasons: (1) it is a recent monogenetic eruption and

(2) it was witnessed by the local population.

Tseax, a Typical Monogenetic Volcano?

Sensu stricto, a monogenetic volcano is "a volcano that erupts only once" [START_REF] Walker | Basaltic-volcano systems[END_REF].

This definition was expanded by [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]:

"A volcanic edifice with a small cumulative volume (typically ≤ 1 km 3 ) that has been built up by one continuous, or many discontinuous, small eruptions that occurred in a short timescale (typically ≤ 10 years) and fed from one or multiple magma batches through a relatively simple, closely spaced feeder dyke (and sill) system with no associated well-developed magma chambers."

In the above definition volcanoes that erupted a few times from one or more pockets of magma are considered as monogenetic volcanoes. For example, Rangitoto volcano in the Auckland Volcanic Field can be included as a monogenetic volcano (Figure 1. 4;[START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF] despite the fact that multiple eruptions occurred over a period of ∼ 1000 years [START_REF] Linnell | Long-lived shield volcanism within a monogenetic basaltic field: The conundrum of Rangitoto volcano, New Zealand[END_REF]. This highlights the point that the distinction between monogenetic and polygenetic volcano is not sharp. Indeed, as shown by [START_REF] Németh | Monogenetic volcanic fields : Origin, sedimentary record, and relationship with polygenetic volcanism[END_REF] and [START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF], there is a continuum and a progressive increase of edifice complexity from a sensu stricto monogenetic volcano and a sensu stricto polygenetic volcano (c.f. Figure 7 in [START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. Therefore, it is difficult to provide a simple and precise description of a monogenetic volcano. However, I propose that a theoretical "textbook" example of a monogenetic volcano can be defined from the physical and geochemical characteristics of Tseax:

• Located in a monogenetic volcanic field/province. Tseax is the southernmost volcanic centre of the NCVP (Figure 1.3b). There are a few shield volcanoes in the NCVP, but more than 100 small-volume (< 0.1 km 3 ) monogenetic edifices have been identified [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF].

• Minimal post-emplacement erosion. Tseax erupted some 250 years ago, therefore most of the volcanic landforms are still well-preserved and easy to identify (Figure 2.6, 2.8).

• Small volume. Tseax is a small-volume volcanic edifice; a total of ∼ 0.5 km 3 erupted material was estimated (Table 2.1).

• Simple volcanic edifice. The architecture of Tseax volcano is simple. The edifice is composed of two well-preserved and imbricated pyroclastic edifices: a spatter rampart and a central tephra cone (Figure 2.6, 2.8).

• Short-lived eruption. The eruption of Tseax lasted ∼ 1 to 4 months and the time gaps between individual eruptive events were very small (Figure 4.6) highlighting the "one-off " [START_REF] Németh | Monogenetic volcanic fields : Origin, sedimentary record, and relationship with polygenetic volcanism[END_REF] character of the eruption.

• Geochemical and petrological homogeneity. All the erupted products of Tseax are composed of the same mineral assemblage and present very limited differences in major and trace element compositions (Figure 3.2, 3.3).

• Simple plumbing system. Tseax erupted from a single magma batch that was stalled in the upper crust for < 10 3 days (Figure 3.10). Contamination of the magma by the host rock was very limited and not recorded in the erupted materials.

• Deep mantle source. The magmatic source of Tseax is located near the lithosphere/asthenosphere boundary. This is also a very common characteristic in many other monogenetic systems [START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF].

Lava Flow Dynamics

Numerical Modelling of Lava Flows using VolcFlow

Modelling the emplacement of a lava flow is a complex task. Indeed, to properly simulate the dynamics of a lava flow, a numerical code should include the geometry of the underlying topography, the conditions at the vent (effusion rate, volume, geometry of the vent, eruption temperature), the physical properties of the lava (density, crystallinity, viscosity, yield strength, etc.) and the cooling conditions (radiation, convection, conduction, etc.;[START_REF] Cordonnier | Benchmarking lava-flow models[END_REF]. Several numerical models exist for the simulation of lava flows (e.g., FLOWGO, MAGFLOW, SCIARA, LAVASIM, FLOW 3D, etc.; see [START_REF] Cordonnier | Benchmarking lava-flow models[END_REF] references therein) but all of them assume simplifications. For example, FLOWGO is used for the simulation of channelised flows. This code determines the flow length, velocity, heat budget and crystallisation rate. However, it is a 1D approach (i.e., no vertical and horizontal profiles) and important assumptions on the channel dimension at the vent have to be made [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF].

VolcFlow, a depth-averaged method, was originally developed for the simulation of isothermal geophysical flows such as rock avalanches [START_REF] Kelfoun | Numerical modeling of the emplacement of Socompa rock avalanche, Chile[END_REF], pyroclastic density currents [START_REF] Kelfoun | Testing the suitability of frictional behaviour for pyroclastic flow simulation by comparison with a well-constrained eruption at tungurahua volcano (Ecuador)[END_REF][START_REF] Charbonnier | Evaluation of the impact of the 2010 pyroclastic density currents at Merapi volcano from high-resolution satellite imagery, field investigations and numerical simulations[END_REF] and lahars [START_REF] Vasconez | Reconstrucción de los flujos de lodo del volcán Carihuairazo originados por el terremoto de 1698 utilizando el código VolcFlow[END_REF]. The isothermal version of VolcFlow was also successfully tested for the simulation a lava flow, simplified as an isoviscous flow, on Tungurahua volcano (Ecuador) by [START_REF] Kelfoun | VolcFlow capabilities and potential development for the simulation of lava flows[END_REF]. 5.2). In the example provided in Chapter 5, most of these input parameters were estimated in the previous Chapters after careful and detailed investigations of the petrological and geochemical properties of the lava. However, in a typical study focused on a particular lava flow, most of these inputs could be easily estimated (e.g., initial crystallinity, eruption viscosity, etc.) or reasonable assumptions can be made according to the lava composition.

Lava Standing Waves -a Tool for Modelling and Predicting Lava Flow Emplacement

The study presented in Chapter 6 is particularly timely given the extraordinary 4 monthlong eruption at Kīlauea in 2018, the largest in over 200 years [START_REF] Patrick | The historic events at Kilauea Volcano in 2018: summit collapse, rift zone eruption, and Mw 6.9 earthquake: preface to the special issue[END_REF]. At the peak of activity, Kīlauea's Fissure 8 produced a high speed lava channel (up to ∼ 10 -15 m/s; [START_REF] Patrick | Cyclic lava effusion during the 2018 eruption of Kilauea Volcano[END_REF] and importantly, numerous standing waves were observed in the near-vent area (Figure 6. 13 Cashman et al., 2018;[START_REF] Patrick | Cyclic lava effusion during the 2018 eruption of Kilauea Volcano[END_REF]. In this study, I show that standing waves are in fact a common phenomenon in high speed lava channels, having been observed in ongoing or past eruptions of Mauna Loa, Kīlauea, Sierra Negra, Lanzarote, etc. These standing waves, usually located at a break in slope or at channel bends, may be referred to as hydraulic jumps, thus indicating lava in a supercritical state. We can therefore apply the hydraulic theory of supercritical flow in open channels to determine important flow dynamic parameters including channel depth, velocity, discharge rate and viscosity. These are critical input parameters for effective deterministic lava flow modelling and associated hazard mitigation. As such, this topic is of broad interest to the scientific community and particularly relevant to observatory scientists and emergency management professionals.

Future Research Avenues

Considering the work presented in Chapter 2 -6 and the discussion above, several research questions are raised leading to the exploration of multiple new exciting research avenues that need to be explored to advance our knowledge of Volcanology and Canadian volcanism.

To conclude this thesis, I present below a list of potential research ideas that emerged from my study of Tseax volcano. Among the most intriguing volcanic deposits is the fragile, fluidal in form, highly vesicular, 0.2 -10 cm diameter, oxidised fountain tephra. They are found near the crater rims and were most likely deposited in high temperature environments. The clasts have undergone post depositional expansion and are thus defined as "inflated pyroclasts" (Figure 7.2). This volcanic feature resembles Pele's tears but at a much larger scale [START_REF] Porritt | Pele's tears and spheres: Examples from Kilauea Iki[END_REF]. We propose to decipher the formation of these distinct and unique pyroclasts, allowing us to gain a better understanding of the explosive dynamics of basaltic eruptions by posing the following question:

Inflated Pyroclasts in Proximal Fallout Deposits

• What are the physical processes operating in low viscosity lava fountaining?

We suggest that a set of detailed field and chemical observations and high temperature rheometry experiments will reveal the lava fountain conditions and transport dynamics that formed these pyroclasts. The aim is to produce a regime diagram including the relevant timescales and key physical processes occurring in basaltic lava fountaining.

Pressure Ridges on Lava Flows

I have shown in Chapter 2 that the Tseax lava flow displays, north of Lava Lake and at the mouth of Tseax River valley, large fields of surface pressure ridges. It is commonly accepted, that pressure ridges in lava flows, interpreted as surface folds, are the results of physical decoupling of the viscous upper crust from the hot molten flow interior. It has been proposed that the geometry of pressure ridges is proportional to the lava viscosity, i.e., the more viscous the lava, the larger the pressure ridge. [START_REF] Fink | Ropy pahoehoe: Surface folding of a viscous fluid[END_REF] and [START_REF] Fink | Surface folding and viscosity of rhyolite flows[END_REF] developed a model to estimate the viscosity of a lava knowing the wavelength and amplitude of the pressure ridges. This model is regularly applied to lava of different compositions (e.g., [START_REF] Pyle | Quantitative morphology, recent evolution, and future activity of the Kameni Islands volcano, Santorini, Greece[END_REF][START_REF] Latutrie | Eruption and emplacement dynamics of a thick trachytic lava flow of the Sancy volcano (France)[END_REF][START_REF] Farrell | Multiple-generation folding and non-coaxial strain of lava crusts[END_REF], but most commonly the ridges are analysed along a profile perpendicular to their orientation, i.e., 1D analysis.

During this thesis, we developed a numerical code in MatLab that automatically recognises the surface folds of a lava flow on a DEM. Based on the equations of [START_REF] Fink | Surface folding and viscosity of rhyolite flows[END_REF], the code estimates the amplitudes and wavelengths of the folds and then calculates the viscosity of the crust and interior of the flow. This code was applied at Tseax on the pressure ridge fields located at the mouth of Tseax River valley. Figure 7.3 shows the wavelength and amplitude map of these pressure ridges as well as the corresponding frequency distribution histograms. These results allowed us to estimate a lava flow viscosity of 600 ± 300 Pa.s. This is consistent with the viscosity estimated from a petrological approach (Table 3.6). Currently, this code still requires modification for large fold amplitudes and wavelengths.

However, given the simplicity and the rapidity of calculations, I was able to collect high resolution elevation data from lava flows displaying well-preserved surface ridges in order to test and calibrate the code. Figure 7.4 shows preliminary pressure ridge maps of lava flows from Laguna del Maule Volcanic Field, Chile, and South Sister, Oregon, USA. Finally, I have compiled all the preliminary results obtained using this methodology (Figure 7.5).

The present dataset is small and consists of only a dozen lava flows. For future work on this subject, I propose the following research question:

• Can we predict the lava flow composition from the geometrical properties of its surface pressure ridges?

From the early results presented in Figure 7.5, there may be, in fact, a strong correlation between the pressure ridge wavelength and the flow interior viscosity. I propose to explore this research question in more depth by examining the geometrical characteristics of pressure ridges from more locations and with more compositional diversity (i.e., andesites, trachytes etc.). I suggest that the outcome of such a study will help for automatic mapping of lava folds and estimates of lava composition in remote locations or from other planetary bodies (e.g., Venus, Mars, etc.). 

Lava Flow -River Interactions

The interaction between the Nass River and the Tseax lava flows (in particular Flow 1)

has been highlighted several times throughout this thesis, from the Nisga'a Adawaak in Chapter 1 to our lava flow numerical modelling in Chapter 5. We have seen that the Nass River, the 3 rd largest river in British Columbia [START_REF] Roden | On river discharge into the northeastern Pacific Ocean and the Bering Sea[END_REF], was diverted by several kilometres due to the Tseax flow. • What balance of lava flux and river discharge is required to divert a river? How does the local topography affect the formation of lava dams, and can we predict when they might fail?

Tseax Lava Flow Emplacement Mechanisms

The Tseax lava flow surface morphologies are described in detail in Chapter 2. Chapters 

North American Subduction

Aleutian Volcanic Arc, Garibaldi Volcanic Belt, High Cascades Volcanic Arc ? OIB (Sun & McDonough, 1969) Subduction Cpx-poor wehrlite [START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF] North American Subduction 

Development of a Numerical Tool for Standing Wave Analysis

The recent eruption of Kīlauea volcano, was the most destructive volcanic event over the past 200 years on the Big Island of Hawai'i [START_REF] Patrick | The historic events at Kilauea Volcano in 2018: summit collapse, rift zone eruption, and Mw 6.9 earthquake: preface to the special issue[END_REF], in particular due to a long lived high speed channelised lava flow. This eruption highlighted the necessity to provide tools for real time monitoring of such lava flows to forecast potential lava inundation areas (e.g., [START_REF] Neal | The 2018 rift eruption and summit collapse of Kilauea Volcano[END_REF][START_REF] Patrick | Cyclic lava effusion during the 2018 eruption of Kilauea Volcano[END_REF]. Standing waves were observed during many days near the Fissure 8 vent. In Chapter 6, I showed that the amplitude and wavelength of lava standing waves are related to channel depth, lava discharge rate and apparent viscosity.

I propose to implement our model in MatLab or Python (Figure 7.9). This could serve as a powerful tool for the volcanology community for rapid real time monitoring of channel evolution and supply rate as well as providing key parameters for lava flow modelling and hazard assessment. Scientists, historians and archaeologists recognise the impact of volcanic eruptions on human population (the "vibrating string" effect; Figure 1.5; Zeilinga de [START_REF] Zeilinga De Boer | Volcanoes in Human History: The Far-Reaching Effects of Major Eruptions, core textb[END_REF]. In the southern European volcanic regions (e.g., Etna, Stromboli, Santorini, etc.), reconstruction of some large historical eruptions were conducted using written and archaeological sources (e.g., [START_REF] Stothers | Volcanic eruptions in the Mediterranean before A.D. 630 from written and archaeological sources[END_REF][START_REF] Druitt | Caldera formation on Santorini and the physiography of the islands in the late Bronze Age[END_REF][START_REF] Branca | Eruptions of Mt. Etna During the past 3,200 years: A revised compilation integrating the historical and stratigraphic records[END_REF][START_REF] Chester | The importance of religion in shaping volcanic risk perception in Italy, with special reference to Vesuvius and Etna[END_REF]. Over the past ∼ 15 years, similar studies were conducted in places with strong Indigenous cultures such as in the Pacific Islands or in Hawaii (e.g. [START_REF] Nunn | On the Convergence of Myth and Reality : Examples from the Pacific Islands[END_REF][START_REF] King | MÄĄori environmental knowledge and natural hazards in aotearoaâĂŘnew zealand[END_REF][START_REF] Cashman | Welcoming a Monster to the World : Myths , oral tradition , and modern societal response to volcanic disasters[END_REF][START_REF] Németh | Volcanic structures and oral traditions of volcanism of Western Samoa (SW Pacific) and their implications for hazard education[END_REF]Troll et al., 2015, and c.f., multiple sessions during the Cities on Volcanoes conferences).

British Columbia is an active geological region and at high risk for catastrophic natural events. Not exclusively volcanic eruptions, but also earthquakes, landslides and other natural phenomena such as floods, large forest fires or extreme weather have shaped the British Columbian scenery. British Columbia is home to 198 First Nations (Indigenous and Northern Affairs Canada; https://tinyurl.com/y3s5cklx), and thus a place of rich and varied histories and cultures. Observations of events such as the eruption of Tseax recorded in the Nisga'a Adawaak and other catastrophic natural disasters may have been passed down over generations through oral traditions and customs. In other words:

• What can we learn from Indigenous knowledge about the recent natural history of British Columbia?

A.1.2 Hygrometry

We used the plagioclase-liquid hygrometer developed by [START_REF] Waters | An updated calibration of the plagioclase-liquid hygrometer-thermometer applicable to basalts through rhyolites[END_REF]. This hygrometer is based on the mineral-liquid exchange between the anorthite, An, and albite, Ab, component of plagioclases and is dependent on the pressure and temperature at which the plagioclase crystallises. We determined that the plagioclase phenocrysts crystallised just after olivines and oxides phenocryst cores and at the same temperature and pressure conditions. Hence, for the hygrometric calculations, we used a liquid with the composition of the average bulk rock minus the composition of the olivine and oxide cores according to their proportions in the lavas. This plagioclase-liquid hygrometer depends on the pressure of plagioclase crystallisation. [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF] showed that the southern NCVP lavas crystallised at depth > 20 km which approximately corresponds to base of the crust in this region of the Northern Cordillera (Moho ∼ 22 -36 km in depth; [START_REF] Nicholls | Petrologic Variations in Quaternary Volcanic Rocks, British Columbia, and the Nature of the Underlying Upper Mantle[END_REF][START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF][START_REF] Harder | Thermal state of the upper mantle beneath the Northern Cordilleran Volcanic Province (NCVP)[END_REF]. Therefore, we bracketed the water content by taking a pressure of 0.1 to 6 kbar (assuming a constant lithostatic pressure gradient of 3.7 kbar/km). To evaluate the plagioclase-liquid equilibrium in our lava samples, we used a Ab-An exchange coefficient between plagioclase and liquid of K Ab-An D pl-liq = 0.27 ± 0.11 for T > 1050 • C and K Ab-An D pl-liq = 0.10 ± 0.05 for T < 1050 • C [START_REF] Putirka | Thermometers and barometers for volcanic systems[END_REF]. To perform the hygrometric calculations, we used the Excel spreadsheet from the American Mineralogist data repository (deposit item AM-09-017; [START_REF] Lange | A thermodynamic model for the plagioclaseliquid hygrometer/thermometer[END_REF]. The estimated error associated with this hygrometer is ± 0.35 wt% H 2 O.

Table A.2:

Composition of theoretical mantle source used to model the degree of partial melting. 5% and 30% PME OIB composition are from the average OIB [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF] and the cpx-poor wehrlite is from [START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF]. where, R is the universal gas constant (8.3145 J/(mol•K)), T is the eruption temperature in Kelvin, m is the molecular weight of H 2 O (∼ 18 g/mol) and P atm is the local atmospheric pressure (∼ 10 5 Pa).

Element

Conditions and Corrections Assuming a Lava Pond

The development of a lava pond strongly reduces the height of a lava fountain and the escape velocity of the lava pyroclasts. In this model, we assume a lava pond density of ρ pond = 1,000 kg/m 3 [START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF]. For a given lava pond depth, h pond , the total pressure above the eruptive fissure is:

P = P atm + ρ pond gh pond (B.3)
Thus the bulk density of the eruptive lava fountain is given by:

1 β i = nRT mP + 1 -n H 2 O ρ lava (B.4)
And the escape velocity of the lava clasts as a function of the lava pond depth is [START_REF] Wilson | Explosive volcanic eruptions -IV. The control of magma properties and conduit geometry on eruption column behavior[END_REF]:

v c = 2 v 2 i 2 + gh - nRT m ln P P atm - 1 -n ρ lava (P -P atm ) (B.5)
The above equation should satisfy v c < v i . The average value of the vertical escape velocity (v m ) and lava fountain density (β m ) are:

v m = v c + v i 2 (B.6) β m = β i + ρ pond 2 (B.7)
Thus, the mass flux of entrained lava from the pond back into the fissure follows:

M entr = 2Lh pond ρ pond αv m β m ρ pond (B.8)
where, α is a constant of proportionality equal to 0.08 [START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF]. This entrainment of lava requires correction of the speed of the ejected clasts in the lava fountain. The corrected velocity is calculated by:

v m,2 = v m + M M + M entr v m /2 (B.9)
We iterate the above equations until we obtain negligible changes. The results will converge to a final value of the mean escape velocity, v F . Finally, the height of lava fountain, H F , is calculated by:

H F = v 2 F 2g (B.10)

B.1.2 Localized Vent

In the late phases of most of mafic eruptions, the explosive activity progressively becomes localised to a single or several separate vents forming tephra or spatter cones. The methodology applied here is similar to the one developed above for fissure eruptions (i.e., searching for initial conditions and correction due the presence of a lava pond).

For a given amount of exsolved H 2 O, n H 2 O , and mass eruption rate, M , the initial height of the fountain (no lava pond) is graphically determined using Figure 2 

C.1.2 Heat Loss by Radiation

Heat loss by radiation, Θ RAD , is dependent on the thermal state of the flow surface. The heat energy lost by radiation is controlled by the flow surface temperature (T surf ), the lava flow emissivity (ε) and the Stefan-Boltzamn (σ) constant. Θ RAD is calculated by:

Θ RAD = σε(T 4 surf -T 4 atm ) (C.2)
where, T atm is the temperature of the overlying atmopshere into which the flow heat is lost.

As the flow travels away from the vent, it cools and a crust at the flow surface is progressively formed. Therefore, the thermal state of the flow surface is related to the fraction, f , occupied by a cooled crust. The surface temperature of the flow (T surf ) is dependent on the amount of crust developed as well as the temperature of the crust. T surf is resolved by:

T surf = f T 4 crust + ceT 4 hot 0.25 (C.3)
where, T crust and T hot are the crust and the molten lava temperatures, respectively. The calculation of T crust is explained in Section C.2. ce is the fraction of the flow surface not occupied by a crust (= 1 -f ). T hot is not assumed to be equal to the flow core temperature, as it is offset from T core by a buffer found to be at 140 • C by [START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF]. Thus:

T hot = T core -140 (C.4)
The proportion of the flow covered by a crust, f , can be evaluated from the flow velocity, v [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF], following:

f = ae bv (C.5)
where, the constant coefficients a = 0.9 and b = -0.16 [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF][START_REF] Harris | FLOWGO: A kinematic thermo-rheological model for lava flowing in a channel[END_REF]. For a fixed crust temperature, T surf diminishes with increasing the surface fraction of crust coverage. The drop of T surf is greater with cooler crusts.

C.1.3 Heat Loss by Convection

Heat is also lost by convection, Θ CON V , into the surrounding atmosphere. Heat is lost by natural convection, Θ N AT , in a motionless atmosphere (without winds) follows:

Θ N AT = J nat [T conv -T atm ] 4/3 (C.6)

J nat = 0.1ρ atm cp atm (gα atm κ 2 atm /ν atm ) 1/3 (C.7)

where, g is the acceleration due to gravity (= 9.81 m/s 2 ), ρ atm , cp atm , α atm , κ atm and ν atm are the density, specific heat, thermal expansion coefficient, diffusivity and kinematic viscosity of the convective atmosphere.

If a flux is present above the lava flow surface (U atm = atmospheric winds), heat is lost by forced convection, Θ F ORCE , and follows:

Θ F ORCE = J f orce (T conv -T atm ) (C.8)

J f orce = C H ρ atm cp atm U atm (C.9)
The parameter C H refers to the ratio (U * /U ) 2 , where U * is the friction speed of the flux.

T conv is the characteristic surface temperature for convection (i.e., the difference between the surface temperature and the lava flow core temperature). T conv is calculated following: .333 crust + ceT 1.333 hot ] 0.75 (C.10)

T conv = [f T 1
For a fixed crust temperature, T surf decreases with increasing the surface fraction of crustal coverage. The drop of T surf is higher with cooler crust.

C.1.4 Heat Loss by Water Evaporation at the Flow Surface

Heat is also lost by evaporation (Θ EV AP ) of water in contact with the surface of the lava flow. The heat lost by evaporation is written as:

Θ EV AP = (δR/δt)ρ H 2 O L H 2 O (C.11)
where, ρ H 2 O and L H 2 O are the density of water at 100 • C and the latent heat of vaporisation of water. δR/δt is the rate of water falling on the hot lava surface that evaporates.

form from the channel side walls. In narrow channels, the shockwaves can eventually cross in the channel centre line increasing the amplitude of the undular jump [START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF].

The Breaking Undular Jump

Breaking undular jumps occur when Fr 1,limit < Fr 1 < Fr 1,upper , where Fr upper upper is the upper limit for the formation of breaking undular jumps and characterized by the formation of a roller on the first wave crest. In wide channels, undulations at the channel side walls are barely visible. The transition to the weak jump occurs with higher inflow Froude numbers.

The transition from non-breaking to breaking undular jump (i.e., the value of Fr 1,limit ) depends on the upstream flow conditions, more specifically the inflow Reynolds number.

Transition to Weak Jump [START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF] showed that lowering the Reynolds number will delay the breaking of undular jumps and the transition to a weak jump (i.e., when Fr 1 < Fr 1,upper ) to higher Fr numbers. Undular hydraulic jumps are naturally observed in channels with Froude numbers up to 3 -4 depending on the channel slope, channel walls roughness and upstream flow conditions [START_REF] Bradley | Hydraulic Design of Stilling Basins: Hydraulic Jumps on a Horizontal Apron (Basin I)[END_REF][START_REF] Hager | On pseudo-uniform flow in open channel hydraulics[END_REF][START_REF] Chanson | Current knowledge in hydraulic jumps and related phenomena. A survey of experimental results[END_REF].

Length and Amplitude of Undular Jumps

For Fr 1 < 4, the length of a hydraulic jump, L j , is dependent on the inflow Froude number, Fr 1 , and flow depth, H 1 [START_REF] Hager | Energy dissipators and Hydraulic jumps[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]:

L j = 220H 1 × tanh F r 1 -1 22 (D.1)
where tanh is the hyperbolic tangent. When 4 < Fr 1 < 12, Equation D.1 simplified to L j = 6H 2 . The amplitude, A j , of the hydraulic jump is given by:

A j = H 1 1 + 8F r 2 1 -3H 1 2 (D.2)

D.1.2 The Undular Oblique Jump

For the case of a channel bend (geometry defined in Figure 6.4), one of the vertical channel walls makes an inward bend with an angle of value θ with respect to the original wall direction. For a supercritical fluid moving in this geometrical situation, an oblique hydraulic jump may occur [START_REF] Ippen | Verification of theory for oblique standing waves[END_REF][START_REF] Hager | Supercritical flow near an abrupt wall deflection[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]. The hydraulic wave front will be an oblique standing wave making an angle of value β from the point of deflection with the original wall direction (Figure 6.4). β should be θ < β < 90 • . The oblique wave front angle satisfies [START_REF] Ippen | Verification of theory for oblique standing waves[END_REF][START_REF] Hager | Supercritical flow near an abrupt wall deflection[END_REF]:

sin β = 1 F r 1 1 2 × H 2 H 1 H 2 H 1 + 1 (D.3)
When H 2 /H 1 < 2, the jump is called a non-breaking oblique undular jump [START_REF] Ippen | Verification of theory for oblique standing waves[END_REF]; [START_REF] Hager | Supercritical flow near an abrupt wall deflection[END_REF]. According to the mathematical verification of this equation, [START_REF] Ippen | Verification of theory for oblique standing waves[END_REF] demonstrated that rollers on the wave (e.g., breaking oblique jump) develop when the depth ratio is greater than 2.

Oblique hydraulic jumps are sometimes referred to as oblique shock waves [START_REF] Ippen | Verification of theory for oblique standing waves[END_REF][START_REF] Hager | Supercritical flow near an abrupt wall deflection[END_REF][START_REF] Chaudhry | Open-Channel Flow[END_REF]. However, to avoid confusion with the lateral shock waves of an undular jump occurring in straight rectangular channels, we prefer the term oblique jump or oblique standing wave.

D.3 Calculation of the Channel Depth from the Amplitude of a Hydraulic Jump

Advances in field video acquisition technology allow for good estimates of surface lava flow velocity, v, in high speed open channels (e.g., [START_REF] Lev | Investigating lava flow rheology using video analysis and numerical flow models[END_REF][START_REF] Lev | Assessing lava flow dynamics and rheology using sUAS data[END_REF][START_REF] Dietterich | [END_REF][START_REF] Patrick | Cyclic lava effusion during the 2018 eruption of Kilauea Volcano[END_REF][START_REF] James | Volcanological applications of unoccupied aircraft systems (UAS): Developments, strategies, and future challenges[END_REF]. Video acquisition can also facilitate the measurement of the hydraulic jump length, L j , and amplitude, A j . With these parameters constrained, it is possible to estimate the channel depth, important for calculating the lava flow discharge rate which is crucial for hazard assessment and lava flow modelling. In this section, we provide a model to predict flow depth of a lava exhibiting a hydraulic jump based on measured flow velocities, amplitudes and lengths of the jumps.

In the following, the variables are: Fr 1 , The Froude number; H 1 , the channel depth, v 1 , the flow velocity, A j , the hydraulic jump amplitude, α the channel slope angle and g the gravitational constant. The only unknown is the channel depth, H 1 . Assuming a sloped rectangular channel, the length and amplitude of the hydraulic jump are given by [START_REF] Chaudhry | Open-Channel Flow[END_REF][START_REF] Hager | Energy dissipators and Hydraulic jumps[END_REF]:

L j = 220H 1 × tanh F r 1 -1 22 (D.4) A j = H 1 1 + 8F r 2 1 -3H 1 2 (D.5)
where tanh is the hyperbolic tangent. The Froude number, Fr 1 , satisfies:

F r = v √ gH cos α (D.6)

Calculation of the Channel Depth from the Hydraulic Jump Amplitude

We have to solve for H 1 :

v 1 = F r 1 gH 1 cos α (D.7)
with,

F r 1 = 1 2 √ 2 × 2A j + 3H 1 H 1 2 -1 (D.8)
obtained from Equation D.5. We pose: ω = g cos α and Ψ = [(2A j + 3H 1 )/H 1 ] 2 . Therefore, Equation D.7 is written as:

v 1 = F r 1 H 1 Ψ (D.9)
And the Froude number, Fr 1 , from Equation D.5 as:

F r 1 = 1 2 √ 2 × √ Ψ -1 (D.10)
Replacing Fr 1 into Equation D.10, we have:

H 1 (Ψ -1) = 8v 2 1 (D.11
)

H 1 Ψ -H 1 - 8v 2 
1 ω = 0 (D.12)

When solving Equation D.12 for Ψ, the solution is: √ Ω]/ω. Thus, the upstream flow depth of a lava exhibiting a hydraulic jump is given by:

Ψ = H 1 + 8v 2 
H 1 = 1 2 H C - 1 4 3ωA j - √ Ω ω (D.22)
Tseax volcano (Wil Ksi Baxhl M'ihl) is a polygenetic cinder and scoria cone associated with a basanite lava flow in Northwest British Columbia, Canada, which marks the southern extent of the Northern Cordillera Volcanic Province. Located in the Anhluut'ukwsim Laxmihl Angwinga'asanskwhl Nisga'a (Nisga'a Memorial Lava Bed Provincial Park), Tseax is the site of one of the youngest and deadliest volcanic eruptions in Canada; an eruption in the mid-1700s killed an estimated 2000 people of the Nisga'a Nation living in two villages near the volcano. A rich oral history has preserved detailed observational accounts of the eruption, however, the exact cause of the fatalities remains unclear. Moreover, only a limited number of scientific studies exist for Tseax, and thus many questions still need to be addressed.

Detailed field mapping and sampling in 2016 and 2017 in conjunction with an aerial photogrammetry survey enabled the development of a high-resolution 3D model (using Agisoft PhotoScan) of the volcano and lava flow. The Tseax lava flow is 32 km-long with a volume of ∼0.5 km 3 , and can be divided into several units corresponding to surface textures such as blocky, slabby, rubbly, wavy or flat pahoehoe. There are notable features characteristics of a very low viscosity and suggest a rapid expansion of the flow. Indeed, numerous lava tubes up to 3-m-high are found along the entire flow and several mega-pillows (up to 4 m in diameter) are exposed along the Nass River. Furthermore, at least 150 accretionary lava balls (formed by rolling of viscous lava on the surface of an open channel) ranging from 1 m to > 5 m in diameter are found along the first 6 km of the flow. These field observations, along with petrophysical data, are combined with the high-resolution 3D photogrammetry model in order to numerically model (e.g., with VolcFlow, Q-LavHA) the emplacement of the lava flow.

As such we aim to establish the sequence and duration of the volcanic events responsible for one of Canada's worst natural disasters. Our models show that a large volume and a low viscosity lava emitted during a short period of time could effectively reach the location of the two ancient Nisga'a villages and thus cause fatalities. Tseax volcano is a monogenetic cinder cone associated with a basanite/hawaiite lava flow in Nothwest British Columbia, Canada. Tseax is the site of one of the youngest and potentially deadliest volcanic eruption in Canada; an eruption in the mid-1700s killed up to 2000 people of the Nisga'a Nation living in two villages near the volcano. A rich oral history has preserved detailed observational accounts of the eruption, however, the exact cause of the fatalities remains unclear. We aim to establish the sequence and duration of this little known yet important volcanic event.

E.2 Cities on

Detailed field mapping and sampling in 2016 and 2017 in conjunction with aerial photogrammetry survey enabled the development of a high-resolution map and 3D model of the volcano and lava flow. The Tseax lava flow is 32 km-long, topographically constrained, with a volume of ∼0.5 km 3 covering a surface of 40 km 2 . A range of textures (e.g., blocky, rubbly, hummocky, slabby and sheet pahoehoe) typical of flood basalt surface morphologies are observed and suggest a very low viscosity and rapid expansion of the flow. Field observations correlated with petrophysical data indicate flow discharge rates in the order of 2-3 × 10 3 m/s. This suggests that the entire flow field was emplaced over 2-3 days. Preliminary numerical models using the VolcFlow code show that a large volume of low viscosity lava emitted during a short period of time could effectively reach the location of the two former Nisga'a villages at velocities reaching 10 m/s and thus be directly responsible for fatalities. Estimates of the rheological parameters of lava flows are essential for understanding their emplacement and for hazard assessment. Velocity, discharge rate and viscosity are amongst the most critical physical parameters for modelling and predict lava flow emplacement and behavior. Basaltic lava flows, when channelised, can reach velocities of ≥ 10 m/s and discharge rates > 100 m/s, and thus pose a significant localized hazard. While standing waves in lava have been frequently described at high speed channelised lava flows, to our knowledge these observations were not used to determine flow parameters. Generally located at breaks in slopes, these standing waves are interpreted as hydraulic jumps, therefore indicating that the lava flow is exhibiting super-critical conditions, i.e., Froude number > 1.

E.3 27th International Union of Geodesy and Geophysics

This offers an opportunity to apply open channel fluid hydraulics for super-critical flows in order to determine important eruption parameters such as flow velocity (v), discharge rate (Q) and viscosity (η). We confidently reproduce past lava flows dynamics from both observational data and video analysis. 
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 12 Figure 1.2 Distribution of historical volcanism by tectonic settings. Intraplate volcanism (intracontinental + oceanic hotspot volcanoes) account for an average output of ∼ 0.4 -0.5 km 3 /yr. Intracontinental volcanism alone is ∼ 0.03 -0.1 km 3 /yr including the ∼ 10 -4 km 3 /yr of the Northern Cordillera Volcanic Province (NCVP). Modified from Siebert
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 141 Figure 1.4 Schematic representation of some small-volume monogenetic volcanoes. Lava flows are in orange. Modified from Németh and Kereszturi (2015). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 18 Figure 1.8 Compilation of published eruption ages by Williams-Jones et al. (2020) from oral histories, dendrochronology, radiometric and paleomagnetic data. Radiometric data are shown within the cyan borders and the age probabilities are shown by black bars for 1 and 2 σ probability confidence. The last data are the most recent estimation of the eruption date by Williams-Jones et al. (2020). . . . . . . . .
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 19 Figure 1.9 The Nisga'a Adawaak Laxmihl showing the two boys playing with salmons in the river and the anger of Nak-nok of the Mountain (Nisga'a Tribal Council and B.C. Parks Committee, 1997). . . . . . .
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 121 Figure 1.10 Schematic diagram describing the thematic areas addressed by the different chapters of this thesis. Chapter 2 -5 are specific to Tseax volcano. Chapter 6 develops a useful tool for monitoring high speed lava flows during ongoing basaltic effusive eruptions. Not to scale. Gitlaxt'aamiks and Gitwinksihlkw are the 2 Nisga'a villages near the volcanic field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 22 Figure 2.2 a. Locations of the aerial photographic datasets used to construct the DEM. The yellow star is the location of the only geotechnical drilling on the lava flow field. b. Acquisition of a GCP on the lava flow. c. Ultralight aircraft used to take aerial photographs above Crater Creek Valley and Tseax volcano. d. Locations of the flight lines and bathymetry surveys. . . . . . . . . . . . . . . . . . . . . .
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 23 Figure 2.3 Topographic profiles perpendicular to the lava flow along Crater Creek and Tseax River valleys made to estimate the flow thickness.The map shows the location of the profiles . . . . . . . . . . . . . .
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 24 Figure 2.4 (See previous page) a. Panoramic photograph of the lava flow plain in the Nass Valley; looking south across the Nass River above Gitwinksihlkw. The extent of the lava flow is delimited by the white dashed line. The field of view is about 13 km. b. Aerial photograph used for mapping. This example shows an area with multiple major breakouts

  pāhoehoe. c. Subset of the high resolution DEM (60 cm) of Tseax lava flow. The black lines show the lava flows margins. Note the interpolated holes due to water or forests. a-b topographic profile trace shown in d. Sl-Rb: slabby-to-rubbly pāhoehoe; Hm: hummocky pāhoehoe. d. Topographic profile across the lava flow. The lava thickness is ∼ 12 m according to Purssell (1993). Surface features are discussed in the text. . . . . . . . . . . . . . . . . . . . . . . . .
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 2526 Figure 2.5 Schematics of the tephra cones and spatter rampart for volume calculations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 27 Figure 2.7 a. Overview map of Tseax lava field. Bathymetry of b Lower Melita
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 28 Figure 2.8 (See next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 28 Figure 2.8 (See previous page) Representative photographs of different surface morphologies. Note that the lava is covered by green to yellow moss and/or lichen. a. 'A'ā lava flow at the bottom of Crater Creek Valley. b-h. These photographs were taken on Nass Valley lava plain. b. Hummocky pāhoehoe (Hm). c. a large lava-rise area (Lr). d. Hummocky-to-lava-rises pāhoehoe (Hm-Lr). e. Slabby pāhoehoe (Sl). f. Slabby-to-rubbly pāhoehoe (Sl-Rb). g. Lava-rise pit ∼ 2 m deep and ∼ 15 m in diameter. h. A surface plate; note the the disrupted slabs surrounding the plate. . . . . . . . . . . . . . . . . .
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 3132 Figure 3.1 a. Simplified map of the Tseax lava flow field. The lava field is divided into 4 lava flows: 2 pāhoehoe flows (Flow 1 and Flow 2) and 2 'a'ā flows (Flow 3 and Flow 4). Modified after Le Moigne et al. (2020a). Locations of the former Nisga'a villages, smokehouses and fish camps are from Nisga'a Tribal Council and B.C. Parks Committee (1997). Coordinates system: UTM Projection Zone 9N, WGS 1984 Datum. Contour interval is 200 m. b. Simplified stratigraphy of the lava flow field. Vertical exaggeration: ∼ 550×. c. 3D model of Tseax volcano built in Agisoft PhotoScan (see Le Moigne et al., 2020a) showing the tephra cone surrounded by a horseshoe shaped spatter rampart. . . .
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 33 Figure 3.3 Cross-polarised photomicrographs of Tseax lavas. a-b. Flow 1 (samples. TS-S51 and TS-S52). c-d. Flow 2 (samples TS-S02 and TS-S47). e-f.. Flow 4 (samples TS-S26 and TS-S33). Note the increasing amount of phenocrysts and micro-phenocrysts from Flow 1 to Flow 4. Abbreviations: ol: olivine; ox: Fe-Ti oxide; pl: plagioclase; ves: vesicle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 34 Figure 3.4 Back scattered images of the groundmass (sample TS-S02). Abbreviations: ol: olivine; ox: Fe-Ti oxide; pl: plagioclase; cpx: clinopyroxene; ap: apatite. Note different scales. . . . . . . . . . . . . . . . . . . .
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 35 Figure 3.5 Photomicrographs and line drawings of olivine-plagioclase-oxide glomerocrysts (samples TS-S26, TS-S33 and TS-S47). This texture indicates co-precipitation of these three mineral phases. . . . . . . . . .
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 36 Figure 3.6 Composition of (a) olivine and (b) plagioclase pheno-and microphenocrysts. c. Olivine-liquid equilibrium and the corresponding calculated temperature using the Helz and Thornber (1987) thermometer. The standard error associated with this thermometer is ± 71 • C. d. Plagioclase-liquid equilibrium (Putirka, 2008) and
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 37 Figure 3.7 
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 4 1 and Model 2 are the best scenarios. The numbers along the model lines represent the degree (%) of partial melting. Model 1: ∼ 0.5 -2 % partial melting of an OIB-like mantle source having undergone a previous melt extraction (PME) of ∼ 5 -30 % can reproduce most of the Dy/Yb ratios of the Tseax lavas (residue is 60 ol + 10 cpx + 25 opx + 0.5 sp, i.e., average lherzolite from Winter (2001)); Model 2: ∼ 3partial melting of a cpx-poor wehrlite (74 ol + 21 cpx + 2 opx + 3 sp; Peslier et al., 2002) would reproduce the average Dy/Yb ratio of the Tseax lavas (residue is 60 ol + 3 cpx + 35 opx + 2 sp). NCVP field
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 33839 Figure 3.8 Pseudo-liquidus diagram (using MELTS with f O 2 = QFM-0.12 and H 2 O = 1.25 wt.%) corresponding to the average bulk rock composition of the Tseax lavas. The grey area corresponds to estimated depths of the MOHO (Harder and Russell, 2006, and references therein). Note that for depths > 17 km, clinopyroxene is the first phase at the solidus while for shallower depths, Fe-Ti oxide is the first phase at the solidus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
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 310 Figure 3.10 (See next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 310124 Figure 3.10 (See previous page) Conceptual model assuming a wehrlitic mantle (Model 2) for the generation of the Tseax lavas in 4 stages. Not to scale. (1) Uprising of hot asthenosphere due to a slab window allows the production of alkaline melts. The rising and percolation of these melts through a spinel-bearing lherzolite mantle or through dunitic channels forms wehrlite reservoirs at the base of the lithospheric mantle. (2) About 3 % partial melting of these wehrlites between 1100 -1300 • C reproduce well the chemical characteristics of the Tseax lavas. (3) The magma rises to the upper crust, above 5.5 km (1.5 kbar), where Fe-Ti oxide is the first phase at the liquidus and co-precipitates with olivine and plagioclase (i.e., Tseax glomerocrystic assemblage) when T = 1080 -1094 • C. After storage on the order of ∼ 10 2 days, the magma rises to the surface and erupts at T = 1080 -1094 • C. (4) The first eruptive phase is highly effusive with the discharge of the pāhoehoe Flow1 and Flow 2. The last phases are more explosive with the discharge of the more viscous 'a'ā Flow 3 and Flow 4. See text for details and descriptions of these processes. Abbreviations and symbols: sp: spinel; ol: olivine; pl: plagioclase; Fe-Ti ox: Fe-Ti oxides; cpx: clinopyroxene; φ: crystallinity (%); η: viscosity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 4141 Figure 4.1 (see next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 42 Figure 4.2 Volcanological map of Tseax volcano (modified from Le Moigne et al., 2020a). Coordinate system: UTM Projection 9N, WGS 1984 Datum. Contour interval is 50 m. . . . . . . . . . . . . . . . . . . . . . . . .

Figure 4

 4 Figure 4.3 3D model of Tseax volcano a., created in Agisoft PhotoScan (see Le Moigne et al., 2020a) showing the tephra cone surrounded by the horseshoe-shaped spatter rampart. Note the presence of a satellite cone north of Lower Melita Lake. b, c. Detailed stratigraphy of the southern and eastern wall of the horseshoe-shaped spatter rampart.
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 44 Figure 4.4 Length-volume relationship of the 4 Tseax lava flows. a. Lengthvolume relationship along the entire flow field length. Dashed line is the Pinkerton and Wilson (1994) model. b. Zoom on the first 10 km of the Tseax lava flow field. Note that the 4 flows closely follow the length-volume relationship along the narrow V-shaped Crater Creek and Tseax River valleys. In the Nass Valley, Flow 1 departs from the model due to widening of the lava. . . . . . . . . . . . . . . . . . .
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 4 Figure 4.5 a. Minimum height estimate of the convective plume using lines of sight of a person standing in the former Nisga'a villages towards the location of Tseax volcano. b. A ∼ 5 km high buoyant plume seen from the former location of Laxksiluux (Figure 4.1a). . . . . . . . . .
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 46 Figure 4.6 Sequence of eruptive episodes versus volume emitted. The eruption is divided in two period and four pulses corresponding to the emission of the 4 lava flows. . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 4747 Figure 4.7 (See next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 47 Figure 4.7 (Continued) d. Period B, Pulse III: localisation to a single vent and formation of the inner tephra cones during Strombolian-style explosions. We suggest that Flow 3 breached the cone and was emplaced in ∼ 5 -10 days. e. Period B, Pulse IV: the last phases of the eruption corresponded to low magnitude Strombolian eruptions. Flow 4 was probably erupted from beneath the tephra cone and was emplaced in ∼ 5 -10 days. . . . . . . . . . . . . . . . . . . . . . . . .
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 152 Figure 5.1 a. Simplified map of the Tseax lava flow field and volcano. The lava field is divided into 4 lava flows. Modified after Le Moigne et al. (2020a). Flow 1, in green, is the simulated lava flow in this study. b. Simplified stratigraphy of the lava flow field. Vertical exaggeration: ∼ 550×. c. Pre-eruption geography of the Tseax area. The approximate locations of the former Nisga'a villages, smokehouses and fish camps are also shown. Extensively modified from Nisga'a Tribal Council and B.C. Parks Committee (1997). Coordinates system: UTM Projection Zone 9N, WGS 1984 Datum. Contour interval is 200 m. . . . . . .
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 3 Figure 5.3 Monthly mean discharge rate of the Nass River (in blue) near Gitlaxt'aamiks (New Aiyansh) (hydrometric station 08DB001). Shaded in grey the approximate spawning season of the pink salmon in the Nass River which is concomitant to the Tseax eruption according the Adawaak Laxmihl. Historical data compiled from Water Office Canada (https://wateroffice.ec.gc.ca). . . . . . . . . . . . . .
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 4 Figure 5.4 a. Estimated fraction of surface crust coverage as a function of the flow velocity (Equation C.5). Note that for velocities < 1 m/s, f ∼ 0.9. b. Surface temperatures as a function of f . Model calculated using values from Table 5.2. . . . . . . . . . . . . . . . . . . . . . .
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 5 Figure 5.5 3D models showing the simulated lava flow velocity, thickness and depth-averaged temperature for each modelled scenario.The 3 former Nisga'a villages in the Nass Valley, the Smokehouses and Fish camps in Tseax River valley are located according to Nisga'a Tribal Council and B.C. Parks Committee (1997). . . . . . . . . . . . . . . . . . .
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 61 Figure 6.1Open channel flow on a sloped surface. The free surface is subject to an atmospheric pressure, P . This diagram is shown parallel to a streamline at the centre of the channel (i.e., parallel to the x-axis)and perpendicular to the y-axis). Definitions of the symbols are given in Table6.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 6 . 2

 62 Figure 6.2 Specific energy curves in a rectangular open channel with W = 15 m, α = 10 • and Q = 10, 20, 100, 200, 500 and 1000 m 3 /s. The specific energy is the sum of the velocity head and pressure head with respect to the channel slope. The critical depth for each discharge rate scenario is shown by a white diamond. This is the depth at which the flow is in a critical state, i.e., Fr = 1 and possesses the lowest amount of energy. Above this point, the flow is in a subcritical state (Fr < 1, i.e., low velocities, deep flows). Inversely, below the critical point, the flow is in a supercritcal state (Fr > 1, shallow depths, high velocities). . . . . . . . . . . . . . . . . . . . . . . . . .
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 6364 Figure 6.3 Schematic diagram of a lava flow in a rectangular channel exhibiting a non-breaking undular hydraulic jump at a break in slope. This diagram represents the conditions in the centre of the channel (w < W ). Not shown here, are the lateral shock waves along the channel side walls. An undular hydraulic jump is produced when a supercritical flow transforms into a subcritical flow. This phenomenon produces a standing wave of length L j and height A j usually followed downstream by several free surface undulations. Inset shows standing waves in a channelized lava flow during the 1983-84 eruption of Pu'u 'O'o (from Wolfe et al., 1988). . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 65 Figure 6.5 Reynolds number, Re, plotted against the ratio of buoyancy to viscous stresses, G, for a rectangular channel in slope of α = 10 • . The bold line Fr = 1 represents lava flow under critical conditions. Below this line, the lava is in supercritical conditions, Fr > 1 where as above the lava is in subcritical conditions, Fr < 1. . . . . . . . . . . . . .

Figure 6 . 6

 66 Figure 6.6 Standing waves in high speed lava channels. a. A series of stationary undulating waves during the eruption of Pu'u 'O'o in 1983-84 (Wolfe et al., 1988). b. Non-breaking undular hydraulic jump in a lava channel during the 1984 eruption of Mauna Loa (screenshot from the movie "Into the Inferno"by Herzog (2016). c. Standing waves during the eruption of Fissure 8, Kīlauea, in 2018 (photo taken on Wednesday, June 13, 2018; USGS Hawaiian Volcano Observatory). d. Preserved super-elevated levees at a channel bend by an oblique hydraulic jump after the eruption of Kīlauea in 1974 (Heslop et al., 1989). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 6768 Figure 6.7 Schematic diagram showing the different parameters influencing the Fanning friction factor, f, in a rectangular channel. τ s is the shear stress along the channel side walls, r is the average height of the channel irregularities and P 2 -P 1 is the pressure difference between two points of the channel. . . . . . . . . . . . . . . . . . . . . . . .
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 696 Figure 6.9 Standing wave in a 1984 lava channel. a. Screenshot from the movie "Into the Inferno"by Herzog (2016). b. Velocimetry showing the lava flow speed in the region of the standing wave. . . . . . . . . . . . . 164 Figure 6.10 Super-elevated levees at channel bend number 3 of the 1974 Kīlauea

Figure 6 .Figure 6 .

 66 Figure 6.11 In grey, conditions (Fr 1 and β) that satisfy the equation of the oblique hydraulic jump (Equation D.3) for the super-elevated levees in the 1974 Kīlauea 'gully flow'at bend number 3. (H 2 /H 1 ) max corresponds to the maximum super-elevation with H 1 = 3.35 m. The purple circles show the possible apparent lava viscosity, discharge rate and upstream velocity for the formation of the maximum super-elevation for β = 45 • , 60 • , 70 • and 80 • . . . . . . . . . . . . . . . . . . . . . . 167

Figure 6 .

 6 Figure 6.13 Methodology for calculation of channel depth, discharge rate and lava viscosity in order to determine the lava flow regime (Fr and Re numbers) from UAV or ground based acquired video when a standing wave is present at spillways. Inset: photo of the Fissure 8 lava channel (USGS, Hawaiian Volcano Observatory, June 13, 2018). Standing waves are present in the middle of the high speed lava channel, about 200 m from the vent. Preliminary estimate of the velocity is up to 15 m/s (Patrick et al., 2019). . . . . . . . . . . . .

Figure 7 . 1

 71 Figure 7.1 The Tseax lava flow inundated the Nass Valley, looking from the uphills of Gitwinksihlkw. The Nass River in the foreground, Xhlawit and Gennu'axwt mountains in the background. . . . . . . . . . . .
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 72 Figure 7.2 Inflated pyroclasts from Tseax. a. Small inflated pyroclasts from the rim of the Satellite cone. b. CT Scan slice of an inflated pyroclast.
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 7374 Figure 7.3 a. Location of the pressure ridge lava field at the mouth of Tseax River valley. b. Amplitude map and histogram of amplitude distribution. c. Wavelength map and histogram of wavelength distribution.Coordinate system: WGS 1984 / UTM Zone 9N (metres). . . . . .

Figure 7 . 5

 75 Figure 7.5 Preliminary analysis of pressure ridges in lava flows of different compositions. a. Wavelength, L, as a function of amplitude, A. H is the upper crust thickness and A must be ≤ H. b. Wavelength versus lava viscosity calculated following Fink (1980). . . . . . . . . . . . .
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 76 Figure 7.6 Canadian examples of interaction between lava flows (outlined in yellow) and rivers (outlined in blue). a. Kostal Cone lava flow damming Kostal Lake and McDougall Lake, and diverting a river.Vent location: 52.175 • N, -119.945 • W, Wells Grey Volcanic Belt. b. Lava Fork lava flows damming Lava Lakes and Blue Lake, and diverting the Unuk River to the south. Vent location: 56.421 • N, -130.853 • W, NCVP. . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 7 . 7

 77 Figure 7.7 Cross section sketches (perpendicular to the flow direction) of some representative lava flow surface morphologies at Tseax. Steady state supply rate results in continuous inflation and increases the surface smoothness. Inversely, surges in discharge rate may disrupt the surface crust, thus increasing the surface roughness and eventually forming a'ā flow types. . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 7 . 8 4 %

 784 Figure 7.8 Tseax lava compositions compared to NCVP basalts and basanites. Also plotted for comparison, OIBs from several oceanic islands and lavas from the North American subduction volcanic arcs (data compiled from http://georoc.mpch-mainz.gwdg.de/georoc/). Do we have to extend the geochemical definition of the NCVP to include Tseax? In green, our Model 2, i.e., partial melting of a cpx-poor wehrlite, that best reproduces the Tseax lava composition for ∼ 3 -4 % partial melting. Numbers along the Model line indicate the degree (%) of partial melting. Tseax lavas are enriched in Ba compared to other NCVP mafic lavas. This gap is unexplained but points towards a subduction-derived component in the mantle source. . . . . . . .
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 79 Figure 7.9 Diagram showing the potential of a standing wave numerical analysis tool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  .1) and account for ∼ 3.5 km 3 /yr of erupted material (Figure 1.2). In contrast, intraplate volcanoes (hotspots and intracontinental) are 1 located away from plate boundaries (e.g., the hotspot volcanoes of Hawai'i, Galápagos or La Réunion Island, and the intracontinental settings of the West European Rift or the Northern Cordillera Volcanic Province). Intraplate volcanism represents an average annual output rate of 0.4 -0.5 km 3 /yr with intracontinental volcanism accounting for 0.03 to 0.1 km 3 /yr (Figure 1.2;

Figure 1 . 2 :

 12 Figure 1.2: Distribution of historical volcanism by tectonic settings. Intraplate volcanism (intracontinental + oceanic hotspot volcanoes) account for an average output of ∼ 0.4 -0.5 km 3 /yr. Intracontinental volcanism alone is ∼ 0.03 -0.1 km 3 /yr including the ∼ 10 -4 km 3 /yr of the Northern Cordillera Volcanic Province (NCVP). Modified from Siebert et al.(2015), with data from[START_REF] Crisp | Rates of magma emplacement and volcanic output[END_REF] and[START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF].
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 13 Figure 1.3: Location of Tseax volcano in North America and western Canada. a. The active volcanic regions in northwestern North America. AVA: Aleutian Volcanic Arc; CVA: Cascades Volcanic Arc; BR/BG: Basin and Range/Rio Grande rift system; SRP: Snake River Plain; CRP: Columbia River Plateau. b. Location of Tseax volcano in northwest British Columbia. Tseax is the southernmost volcanic centre of the Northern Cordillera Volcanic Centre (NCVP). WVB: Wrangell Volcanic Belt; AVB: Anaheim Volcanic Belt; WGC: Wells Gray-Clearwater Volcanic Field; GVB: Garibaldi Volcanic Belt; Exp P.: Explorer plate (Modified from[START_REF] Edwards | Field Kinetic, and Thermodynamic Studies of Magmatic Assimilation in the Northern Cordilleran Volcanic Province[END_REF] Russell, 1999, 2000).

Figure 1 . 4 :

 14 Figure 1.4: Schematic representation of some small-volume monogenetic volcanoes. Lava flows are in orange. Modified from Németh and Kereszturi (2015).

  Late 1800s and Early 1900s Surveys in the Nass ValleyPoudrier (1891): The first mention of the Tseax lava flow in a scientific publication is given by A. L. Poudrier in the survey reports in 1891(British Columbia. Legislative Assembly, 1891, p. 354-370). As part of the exploration survey of New Caledonia (former British Columbia), Poudrier was ordered to map an area extending between the 54 th north parallel, the Fraser River and the Coast Range; an area including the Nass Valley. Poudrier noted the presence of a "thick bed of scoriaes" and a large "volcanic plateau" near the Nisga'a village of Gitlaxt'aamiks and that the Nass River flowed into a canyon made of lava (British Columbia. Legislative Assembly, 1891, p. 366).Selwyn (1894):Two years after Pourdrier, in the 1893 annual summary report of the Geological Survey of Canada, James McEvoy presents a summary of his reconnaissance mission near the boundary of the southern part of Alaska (Selwyn, 1894). As part of their expedition, McEvoy and his team entered the Nass Valley from Portland Inlet and canoed up the Nass river. They reached the Nisga'a village of Gitlaxt'aamiks by the narrow canyon that separates the village to the lava plain. McEvoy observed that the lava originated from Tseax Valley and erupted some 100 -200 years before his reconnaissance. He also wrote that the lava blocked the river and forced it to form the narrow canyon along the northern margins of the lava flow.

Figure 1 . 7 :

 17 Figure 1.7: Earliest maps and photos of Tseax lava flow. a. Modified from McCullagh(1918). b. Modified from Figure7of[START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF]. c. Modified from Figure1of Sutherland-[START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF]. Field photos of (d) the lava flow from[START_REF] Barbeau | Volcanoes on the Nass[END_REF] and of (e) a volcanic vent from[START_REF] Hanson | Reconnaissance Between Skeena River and Stewart[END_REF].

  Figure 1.8).
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 18 Figure 1.8: Compilation of published eruption ages by Williams-Jones et al. (2020) from oral histories, dendrochronology, radiometric and paleomagnetic data. Radiometric data are shown within the cyan borders and the age probabilities are shown by black bars for 1 and 2 σ probability confidence. The last data are the most recent estimation of the eruption date by Williams-Jones et al. (2020).

  .9) is available to the public and relates to the eruption of Tseax volcano. Here is an English translation of this Adaawak retrieved from the Nisga'a Lisims Government website: "Long ago, two children were playing down by the river. One child caught a salmon and slit open its back. The child stuck sticks into the salmon's back, set them on fire, and returned the fish to the river. The children were amused to see the salmon swim erratically, smoke rising from its back. The other child caught a salmon and slit open its back, inserted a piece of shale, and put it back into the river. The salmon floated on its side, weighed down by the shale. The children laughed at the struggling fish. An elder happened upon the scene and warned the children, "Take care what you do. The salmon will curse you and the Creator will respond in kind." The ground began to tremble and shake. Nature's harmony had been upset. A scout was sent to investigate. From the top of Gennu'axwt, he saw smoke and flames and ran to warn the people of their fiery destiny. In panic, some villagers fled up the mountain.
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 19 Figure 1.9: The Nisga'a Adawaak Laxmihl showing the two boys playing with salmons in the river and the anger of Nak-nok of the Mountain (Nisga'a Tribal Council and B.C. Parks Committee, 1997).

•

  concerning the volcanological history of Tseax volcano, and its relation within the NCVP. In this Ph.D. thesis, I propose to study these aspects via 5 research questions: • Research Question #I: What are the physical characteristics of the Tseax volcanic field? Research Question #II: What is the magmatic origin, evolution, and rheological properties of the Tseax lavas? • Research Question #III: What are the observational data in the Nisga'a Adaawak and what do they tell us about the eruptive behavior of Tseax volcano? • Research Question #IV: What is the volcanic history of Tseax volcano and the chronology and dynamism of the eruption? How does this eruption compare with other basaltic and monogenetic eruptions? • Research Question #V: What were the emplacement dynamics of the Tseax lava flows?
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 110 Figure 1.10: Schematic diagram describing the thematic areas addressed by the different chapters of this thesis. Chapter 2 -5 are specific to Tseax volcano. Chapter 6 develops a useful tool for monitoring high speed lava flows during ongoing basaltic effusive eruptions. Not to scale. Gitlaxt'aamiks and Gitwinksihlkw are the 2 Nisga'a villages near the volcanic field.

  Figure 2.1). Tseax is located at about 600 m above sea level in the steep sided Crater Creek valley, a 5 km-long E-W tributary valley to Tseax River valley. The surrounding area is heavily vegetated and most of the mountain slopes are covered by a thick and dense rainforest.
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 21 Figure 2.1: Local geology around Tseax volcano from the regional map by the Geological Survey of Canada. Tseax lava field is shown as a single unit and represented in purple, HA. The location of the 3 former Nisga'a villages are shown by white squares. Modified from Evenchick et al. (2008).
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 22 Figure 2.2: a. Locations of the aerial photographic datasets used to construct the DEM. The yellow star is the location of the only geotechnical drilling on the lava flow field. b. Acquisition of a GCP on the lava flow. c. Ultralight aircraft used to take aerial photographs above Crater Creek Valley and Tseax volcano. d. Locations of the flight lines and bathymetry surveys.
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 232424 Figure 2.3: Topographic profiles perpendicular to the lava flow along Crater Creek and Tseax River valleys made to estimate the flow thickness. The map shows the location of the profiles

  diameter, 2h c , of the main crater by the relation established by[START_REF] Sato | Relationship between crater size and ejecta volume of recent magmatic and phreato-magmatic eruptions: Implications for energy partitioning[END_REF] semi-elliptical truncated cone with a cylindrical inner caldera
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 25 Figure 2.5: Schematics of the tephra cones and spatter rampart for volume calculations.
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 26 Figure 2.6: Images of different volcanic features in the Tseax vents area. a. Oblique 3D view (AgiSoft PhotoScan point cloud) of Tseax volcano and surrounding area. Tseax volcano consists of a tephra cone and an outer horseshoe-shaped spatter rampart. The Satellite cone is located north of Lower Melita Lake. The symbol " " represents the point of view of the photograph in d. b. Tephra cone crater (∼ 80 m in diameter and ∼ 30 m deep). c. The Satellite cone, about 20 m high. d. View of the eastern spatter wall from the tephra cone. e. Close up view of the eastern spatter wall (∼ 9 m high).

  define 'lava flow' as an individual outpouring of lava from the vent, likely corresponding to an individual eruptive event. The margins of a lava flow are generally steep and easily identifiable in the field. Despite being emplaced during a single eruption, the Tseax lava flow field can be divided into 4 distinct lava flows, named Flow 1, Flow 2, Flow 3 and Flow 4 (see Main map).

Flow 1 .Flow 2 .Flow 3 .

 123 Flow 1 is the longest, most voluminous and stratigraphically lowest lava flow. It is a phenocryst-poor pāhoehoe lava 31.6 km in length with an average thickness of 12 ± 2 m in the Nass Valley. Flow 1 forms the entire lava plain in the Nass Valley, 2.8 km wide on average and ∼ 12 km long. We suggest that the thickness of Flow 1 increases to 14 ± 2 m in Tseax River and Crater Creek Valleys due to narrowing. This results in a volume of 0.41 ± 0.07 km 3 . Thus, Flow 1 accounts for ∼ 84 % of the total flow field volume. Flow 2 is a 21.2 km long phenocryst-poor pāhoehoe lava flow. Located along Crater Creek Valley, it ends near the mouth of Tseax River Valley where it forms two distinct ∼ 2 km long lava lobes. We estimate a thickness of 7 ± 1 m. Despite the length, we estimate a volume of 0.06 ± 0.01 km 3 , which represents ∼ 13 % of the total flow field volume. Flow 3 is a 7.2 km long phenocryst-rich 'a'ā lava flow descending from the volcano in Crater Creek Valley and terminating in Tseax River Valley near Ross lake. We estimate an average thickness of 3 ± 1 m in Tseax River Valley and 4.5 ± 1 m in Crater Creek Valley.

Flow 4 .

 4 Flow 4 is a phenocryst-rich 'a'ā lava flow and the stratigraphically uppermost lava flow of the Tseax lava flow field. It has a length of 5.3 km long, located only in Crater Creek Valley. This 'a'ā flow ends where Crater Creek Valley debouches in Tseax River Valleybut does not reach Lava Lake. We estimate a thickness of 4.5 ± 1 m which gives a volume of 0.006 ± 0.001 km 3 . This corresponds to ∼ 1 % of the total flow field volume.

  Field observations suggest all the lava exposed along the shoreline and on the islands separating Lower and Upper Melita Lakes are from the same flow unit. Petrographic analysis of a lava block sampled along the northern shore of Melita Lake shows a crystal poor lava, similar to Flow 1 and Flow 2. The deepest part of the lake is found near the western shores (∼ 3.5 m deep). The eastern part of the lake is shallower although two deep spots are located close to the central and north-east shores.
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 27 Figure 2.7: a. Overview map of Tseax lava field. Bathymetry of b Lower Melita Lake and c Lava Lake. Bathymetry on Lower Melita Lake does not show any particular volcanic or lava features. On the northern shores of Lava Lake, we can identify the termination of Flow 3 at ∼ 7 m depth and the termination of the flow field at ∼ 27 m depth. Coordinate system: WGS 1984 / UTM Zone 9N (metres).

Figure 2 .

 2 8 shows photographs of representative surface morphologies seen on the Tseax lava flow field. 'A'ā Lava Flows. The 'a'ā lava flows on the Tseax lava flow field are Flow 3 and Flow 4 (see main map). They are the stratigraphically uppermost and less voluminous lava flows (Table 2.1). 'A'ā lava flows present brecciated, rough and jagged surfaces made of loose angular to rounded lava fragments called clinkers (Figure 2.8a; Macdonald (1953); Peterson and Tilling (1980); Harris et al. (2017); Lipman and Banks (1987)). The majority of the clinkers are 0.1-0.5 m in diameter, with the largest clinkers up to 2 m in diameter. The clinkers form an upper crust of about 1 to 2 m thick. When exposed, the core of 'a'ā lava flows are dense. The base of 'a'ā lava flows was never visible.The terminus of Flow 3 displays a series of pressures ridges oriented perpendicularly to the lava flow direction. These pressure ridges are 1-4 m high with a regular spacing of 15-20 m. The highest pressure ridges are found between 250 and 900 m south of Ross Lake. Flow 4 can be followed from Tseax cone to the mouth of Crater Creek Valley. This flow shows multiple frontal margins of individual lava lobes, notably in the higher part of Crater Creek Valley. Channel levees a few metres high are sometimes preserved. A meandering network of channels can be seen in aerial photographs. A few pressure ridges are located near the termination of Flow 4.

  2.8e). The slabs are dislocated pāhoehoe crust of 1-10 m 2 , tabular to curved, tilted up and sometimes piled and turned upwards. On average, individual slab thickness varies between 0.1-1 m. Some areas that underwent more compression are characterized by smaller and thinner slabs with sometimes the presence of pressure ridges. Flow 2 appears to consist essentially of slabby pāhoehoe. On Flow 1, in the Nass Valley lava plain, slabby pāhoehoe is also the principal surface morphology. Slabby pāhoehoe are mainly found in the central and western part of the Nass Valley lava plain.

  Valley and uniquely on Flow 1. The pāhoehoe slabs are similar to those observed on slabby pāhoehoe but are not randomly distributed. Near the front of the unit, the largest slabs are up to 1.5 m thick and ∼ 5 m 2 . Moving upstream, the slabs become smaller and thinner, i.e., 0.10-0.40 m thick, and less than 3 m 2 , eventually fragmenting into rubble. Rubble is loose blocks of pāhoehoe crust, generally smaller than 0.5 m in diameter (rare rubble up to 1.5 m in diameter have been noticed). While a few dense rubble have been found (probably from the lava flow interior), the majority of the rubbles are vesicular and from the fragmented upper crust.The slabby-to-rubbly pāhoehoe is associated with pressure ridges oriented perpendicularly to the flow direction. The ridges are 10-150 m long and frequently coalesced together. The pressure ridges are up to 3.5 m high at the front of the unit and progressively decreased to 0.5-1 m high in the most upstream part of the unit. The wavelength of the pressure ridges range from 10 to 25 m on average with the longest wavelength located near the front of the unit.
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 28 Figure 2.8: (See previous page) Representative photographs of different surface morphologies. Note that the lava is covered by green to yellow moss and/or lichen. a. 'A'ā lava flow at the bottom of Crater Creek Valley. b-h. These photographs were taken on Nass Valley lava plain. b. Hummocky pāhoehoe (Hm). c. a large lava-rise area (Lr). d.Hummocky-to-lava-rises pāhoehoe (Hm-Lr). e. Slabby pāhoehoe (Sl). f. Slabby-to-rubbly pāhoehoe (Sl-Rb). g. Lava-rise pit ∼ 2 m deep and ∼ 15 m in diameter. h. A surface plate; note the the disrupted slabs surrounding the plate.
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 1 22,500 map of Tseax volcano and its close surroundings is presented here and provides the first detailed and comprehensive description of the volcanic products. The mapping and characterization of the volcanic products was conducted over three field seasons with the help of high resolution aerial photographs, photogrammetry and bathymetric surveys. The map is designed to document and characterize the lava features and the lava flow surface morphologies.Tseax volcano consists of two imbricated volcanic structures (a central tephra cone and an outer spatter rampart) located at about 600 m a.s.l. in Crater Creek Valley. The pyroclastic products cover a surface of > 10 km 2 . Tseax volcano is associated with a 0.49 ± 0.08 km 3 and 32 km long lava flow field. We identified 4 lava flows, probably corresponding to 4 different eruptive events. Stratigraphically, we have from bottom to top: 2 long and voluminous pāhoehoe lava flows (Flow 1 and Flow 2, 0.41 ± 0.07 and 0.06 ± 0.01 km 3 , respectively) and 2 shorter 'a'ā lava flows (Flow 3 and Flow 4, 0.009 ± 0.002 and 0.006 ± 0.001 km 3 , respectively). The pāhoehoe lava flows show several distinctive lava surface morphologies namely: hummocky, lava-rises, slabby, hummocky-to-lava-rises, slabby-torubbly pāhoehoe and rafted plates. Usually, we observe a complete transition between these surface morphologies in a lava lobe unit within a lava flow. The main sharp disturbances are marked by major breakouts on the large lava-rises that disrupted the smooth and flat top crust into slabby pāhoehoe.

  located in central western British Columbia ∼ 70 km north of the city of Terrace (∼ 760 km north of Vancouver, BC; Figure 1.3), near the town of Gitlaxt'aamiks (formerly New Aiyansh) and Gitwinksihlkw (formerly Canyon City) (Figure 3.1a; Le Moigne et al., 2020a). Recent radiocarbon dating in conjunction with paleomagnetic studies constrain the eruption date to between 1675 AD and 1778 AD (95.4 % probability;

Figure 3 .

 3 Figure 3.1a provides a simplified volcanological map of the lava flow field and vent-proximal tephra deposits. The most volumetrically important deposits are the lava flows that originate from the vent and filled two narrow V-shaped valleys (∼ 20 km in length) to form a ∼ 11 by ∼ 2.5 km large lava plain in the Nass Valley for a total volume of 0.49 ± 0.08 km 3 . Le Moigne et al. (2020a) identified 4 distinct lava flows: 2 long phenocryst-poor pāhoehoe flows (Flow 1, 0.41 ± 0.07 km 3 ; Flow 2, 0.06 ± 0.01 km 3 ) and 2 shorter phenocryst-rich 'a'ā flows (Flow 3, 0.009 ± 0.002 km 3 ; Flow 4, 0.006 ± 0.001 km 3 ). Tseax volcano is located at ∼ 600 m above sea level (m. a.s.l.) about 5 km east of Tseax river, in Crater Creek Valley (Figure 3.1c). The volcano consists of two imbricated volcanic edifices: an external horseshoed shaped spatter rampart and an inner tephra cone. A few unnamed tephra cones

Figure 3 .

 3 Figure 3.1: a. Simplified map of the Tseax lava flow field. The lava field is divided into 4 lava flows: 2 pāhoehoe flows (Flow 1 and Flow 2) and 2 'a'ā flows (Flow 3 and Flow 4). Modified after Le Moigne et al. (2020a). Locations of the former Nisga'a villages, smokehouses and fish camps are from Nisga'a Tribal Council and B.C. Parks Committee (1997). Coordinates system: UTM Projection Zone 9N, WGS 1984 Datum. Contour interval is 200 m. b. Simplified stratigraphy of the lava flow field. Vertical exaggeration: ∼ 550×. c. 3D model of Tseax volcano built in Agisoft PhotoScan (see Le Moigne et al., 2020a) showing the tephra cone surrounded by a horseshoe shaped spatter rampart.

  elements (LILE) compared to OIB (Cs = 0.2 ± 0.1 ppm, Rb = 22.9 ± 3.6 ppm, Sr = 461 ± 43 ppm, U = 0.8 ± 0.1 ppm, Th = 2.6 ± 0.3 ppm) but a slight enrichment in Ba (882 ± 68 ppm) and K. There is minor depletion in the light REE (La = 29 ± 3 ppm, Ce = 63 ± 6 ppm, Pr = 8 ± 1 ppm) and slight enrichment in heavy REE (Lu = 0.4 ± 0.04 ppm, Yb = 2.6 ± 0.2 ppm, Er = 3.3 ± 0.3 ppm). We also note a positive anomaly in Eu(3.6 ± 0.6 ppm).
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 32 Figure 3.2: a. Total alkali-silicate diagram (Le Bas et al., 1986) of Tseax and NCVP compositions. b. Trace element abundances of analysed lavas normalised to primordial mantle. c. Rare earth elements abundances of analysed samples normalised to primordial mantle. Symbols same as b. Tseax lavas are compared to NCVP lavas (Edwards and Russell, 2000, and references therein) and ocean island basalt (OIB) in b and c. Values for trace element normalisations are from[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF].
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 3 Figure 3.3 and 3.4 and the modal proportions of the phenocrysts and micro-phenocryst are

1 - 2 %

 2 olivines and 1 -3 % plagioclases. The proportions of micro-phenocrysts are 12 -15 % with various amount of olivine(3 -5 %), plagioclase (4 -7 %) and oxides(3 -4 %). The samples from Flow 4 have 13 -16 % phenocrysts, dominated by 10 -12 % plagioclases and 3 -5 % olivines. The proportions of micro-phenocrysts (11 -15 %) are similar to those observed in Flow 2, with 4 -5 % olivine, 4 -6 % plagioclase and 3 -5 % oxides. It should be noted that clinopyroxene is never observed as phenocrysts or micro-phenocrysts. The groundmass (Figure3.4) of all the samples consists of microliths (< 0.2 mm) of euhedral to subhedral olivine, rectangular plagioclase, and euhedral to rounded oxides. Clinopyroxenes are best visible in back-scattered images and are euhedral to skeletal or elongated(Figure 3.4).

  Analysed olivines (n = 158) have compositions of Fo 46 to Fo 71 with ∼ 87 % (n = 138) between Fo 58 and Fo 64 (Figure 3.6a). The cores of olivine pheno-and micro-phenocrysts range in composition from Fo 55 to Fo 65 . About 88 % of olivine cores have compositions of Fo 60 -Fo 64 . The olivine composition of the 4 flows covers the same forsterite range. For example, olivines from Flow 1 are Fo 55 -Fo 65 (n = 40) and olivine from Flow 4 are Fo 58 -Fo 64 (n = 15). The least magnesian olivine is found in sample TS-S68 (Flow 1, concomitant with a high bulk rock FeO T = 19.84 wt.%), while the most magnesian olivine is found in sample TS-S62 (Flow 1). The rims of the olivine phenocrysts show a similar range in composition with Fo 54 to Fo 71 (∼ 92 % between Fo 58 -Fo 62 , n = 47). However, within a single grain, we observe little normal zonation, up to 2 Fo units. Groundmass olivines are Fo 46 to Fo 61 with ∼ 47 % between Fo 58 and Fo 60 . Flow 4 has the least magnesian olivine microliths (Fo 46 -Fo 53 ), while the other flows have olivine microlith compositions that overlap the compositions of the olivine phenocrysts.
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 33 Figure 3.3: Cross-polarised photomicrographs of Tseax lavas. a-b. Flow 1 (samples. TS-S51 and TS-S52). c-d. Flow 2 (samples TS-S02 and TS-S47). e-f.. Flow 4 (samples TS-S26 and TS-S33). Note the increasing amount of phenocrysts and micro-phenocrysts from Flow 1 to Flow 4. Abbreviations: ol: olivine; ox: Fe-Ti oxide; pl: plagioclase; ves: vesicle.

Figure 3 . 4 :

 34 Figure 3.4: Back scattered images of the groundmass (sample TS-S02). Abbreviations: ol: olivine; ox: Fe-Ti oxide; pl: plagioclase; cpx: clinopyroxene; ap: apatite. Note different scales.
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 35 Figure 3.5: Photomicrographs and line drawings of olivine-plagioclase-oxide glomerocrysts (samples TS-S26, TS-S33 and TS-S47). This texture indicates co-precipitation of these three mineral phases.

  calculate minimal variation in olivine crystallisation temperature between the different flow units: in Flow 1, 19 olivine cores (Fo 55-65 ) were found to be in equilibrium with the bulk composition (K D = 0.31 ± 0.04; Mg # = 31 ± 4) for T = 1099 ± 4 • C. In Flow 2, 12 olivine phenocryst cores (Fo 61-65 ) were in equilibrium with the bulk rock composition (K D = 0.31 ± 0.03; Mg # = 32 ± 2) for T = 1100 ± 1 • C. In Flow 4, 7 olivine phenocryst cores were in equilibrium with the bulk rock composition (K D = 0.33 ± 0.01; Mg # of ∼ 34) for a temperature of 1099 ± 1 • C.
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 36 Figure 3.6: Composition of (a) olivine and (b) plagioclase pheno-and micro-phenocrysts.c. Olivine-liquid equilibrium and the corresponding calculated temperature using the[START_REF] Helz | Geothermometry of Kilauea Iki lava lake, Hawaii[END_REF] thermometer. The standard error associated with this thermometer is ± 71 • C. d. Plagioclase-liquid equilibrium[START_REF] Putirka | Thermometers and barometers for volcanic systems[END_REF] and calculated H 2 O (wt.%) using the plagioclase-liquid hygrometer of[START_REF] Waters | An updated calibration of the plagioclase-liquid hygrometer-thermometer applicable to basalts through rhyolites[END_REF]. The error on H 2 O is ± 0.21 wt.% for P = 0.1 -6 kbar. The data outside the equilibrium range were disregarded. Abbreviations: Fo: forsterite; An: anothirte; Byt: Bytownite; Lab: labradorite; And: andesine; Olig: Oligoclase; Ab: albite; Anor: anorthosite; San: sanidine; Orth: orthoclase.
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 37 Figure 3.7: Modelling of the mantle source compositions. a. Models of the mantle source composition in terms of Dy/Yb vs.Nb/Y which reflect optimal markers for the degree of partial melting and heterogeneities in the mantle (e.g.,[START_REF] Vigouroux | The sources of volatile and fluid-mobile elements in the Sunda arc: A melt inclusion study from Kawah Ijen and Tambora volcanoes, Indonesia[END_REF]. Model 1 and Model 2 are the best scenarios. The numbers along the model lines represent the degree (%) of partial melting. Model 1: ∼ 0.5 -2 % partial melting of an OIB-like mantle source having undergone a previous melt extraction (PME) of ∼ 5 -30 % can reproduce most of the Dy/Yb ratios of the Tseax lavas (residue is 60 ol + 10 cpx + 25 opx + 0.5 sp, i.e., average lherzolite from Winter (2001)); Model 2: ∼ 3 -4 % partial melting of a cpx-poor wehrlite (74 ol + 21 cpx + 2 opx + 3 sp;[START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF] would reproduce the average Dy/Yb ratio of the Tseax lavas (residue is 60 ol + 3 cpx + 35 opx + 2 sp). NCVP field shown in pink(Edwards and Russell, 2000, and references therein), Northern Cordillera lherzolites (orange) and wehrlites (green) from[START_REF] Francis | An overview of the Canadian Cordilleran lithospheric mantle[END_REF] and[START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF], and PriMa (Primitive Mantle) from[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF]. b. The two models with the best fit in degree of partial melting normalised to the Tseax lava average composition (red horizontal line). Note that Model 2, after 3 % partial melting, best reproduces the Tseax lavas trace element pattern.
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 1038 Figure 3.8: Pseudo-liquidus diagram (using MELTS with f O 2 = QFM-0.12 and H 2 O = 1.25 wt.%) corresponding to the average bulk rock composition of the Tseax lavas. The grey area corresponds to estimated depths of the MOHO(Harder and Russell, 2006, and references therein). Note that for depths > 17 km, clinopyroxene is the first phase at the solidus while for shallower depths, Fe-Ti oxide is the first phase at the solidus.

Figure 3 . 9 :

 39 Figure 3.9: Evolution of crystallinity and viscosity of a magma with the average composition of the Tseax lavas. a. Crystallisation sequence at P = 1.5 kbar. Note that for T = 1094 -1080 • C (i.e., eruption temperature, pink), Fe-Ti oxides, olivine and plagioclase are coprecipitating. The precipitation of clinopyroxene is delayed to T < 1080 • C. b. Viscosity model of the magma at P = 1.5 kbar.In pink, the eruption temperature. Grey curves correspond to pure liquid (no crystallisation when cooling) with a composition of the bulk rocks. The dashed line is the melt viscosity (η melt ; Equation A.3) and the solid line is the magma (melt and crystals) viscosity inferred from the melt compositions and crystal amounts given by MELTS during the cooling model. The first deviation from the liquid model corresponds to crystallisation of Fe-Ti oxides and each slope change corresponds to crystallisation of a new mineral phase (i.e., η r ; Equation A.4). Abbreviations: liq: liquid; cpx: clinopyroxene; ol: olivine; ox: Fe-Ti oxide; pl: plagioclase; ap: apatite.
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 3 Figure 3.9a shows the evolution of crystallinity at P = 1.5 kbar from 1150 to 950 • C as modelled by MELTS. The liquidus phase is Fe-Ti oxide at T = 1133 • C (temperature that agrees with geochemical modelling by Edwards and Russell, 2000), followed by olivine at 1114 • C. This predicted olivine liquidus temperature agrees with the calculated olivine-liquid equilibrium temperatures obtained using the Helz and Thornber (1987) thermometer (Figure 3.6c). Once ∼ 3 % olivine + oxides is crystallised from the liquid, plagioclase starts to precipitate at 1094 • C. Clinopyroxene only appears after crystallisation of 12.5 % of the magma when T < 1080 • C. Apatite precipitates immediately after at T = 1077 • C. Hence, for P < 1.5 kbar and T = 1094 -1080 • C, olivines, oxides and plagioclases can co-crystallise (Figure 3.9a) and form the observed glomerocrysts (Figure 3.5). This argues for a magma chamber located at < 5.5 km depth (i.e., in the upper crust), that progressively cooled to a minimum of 1080 • C prior to eruption.
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 310310134 Figure 3.10: (See next page)

  η r = 0) having the composition of the Tseax bulk rock from 1200 • C to 950 • C (Figure 3.9b). This results in calculated viscosities of 1.5 ± 0.7 × 10 1 and 9.3 ± 5.3 × 10 2 Pa.s at 1200 • C and 950 • C, respectively. The T-dependence model of the liquid viscosity of Tseax based on the VFT expression and GRD model is:

2. 1 × 10 2 2 =

 1102 Pa.s at 950 • C (Figure 3.9b). In a second stage, we used MELTS to model the cooling and crystallisation of a vesiclefree magma having the average composition of the Tseax bulk rocks (P = 1.5 kbar, f O QFM-0.12 and H 2 O = 1.25 wt.%) from 1200 • C to 950 • C at a temperature step of 1 • C. The use of MELTS assumes cooling and crystallisation in equilibrium which was

Fe-

  Ti oxides as spheres, plagioclase, apatite and clinopyroxene as needles, and the fitting parameters of[START_REF] Mueller | The rheology of suspensions of solid particles[END_REF]. According to MELTS, the onset of crystallisation occurs at 1133 • C with the crystallisation of Fe-Ti oxide in melt having a viscosity of ∼ 33 Pa.s and marks the deviation from the Newtonian melt viscosity model (η r > 0;Figure 3.9b). This compares well with liquidus viscosities measured in Hawaiian basalts (∼ 30 -50 Pa.s) and Etnean basalts (∼ 12 -57 Pa.s;[START_REF] Shaw | The viscosity of basaltic magma: an analysis of field measurements in Makaopuhi lava lake, Hawaii[END_REF][START_REF] Harris | One-, two-and three-phase viscosity treatments for basaltic lava flows[END_REF]. Tseax liquidus viscosity also resembles the liquidus viscosity of Nyiragongo foidite lavas (∼ 33 Pa.s) and Nyamuragira tephrite lavas (∼ 40 Pa.s;[START_REF] Morrison | The rheology of crystallizing basaltic lavas from Nyiragongo and Nyamuragira volcanoes, D.R.C[END_REF]. We note that the modelled liquidus temperature of Tseax lava is ∼ 67 • C cooler than Hawaiian basalts (∼ 1200 • C) and ∼ 27 • C cooler than Etnean lavas (∼ 1160 • C;Harris and Allen, 2008, and references therein). At such temperatures, the viscosity of Tseax lavas is 1 -2 × 10 1 Pa.s.
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 32 If cooling continues, the first olivine (1114 • C), plagioclase (1094 • C), clinopyroxene (1080 • C) and apatite (1077 • C) crystallise in residual liquids having viscosities of ∼ 43, ∼ 72, ∼ 165 and ∼ 197 Pa.s, respectively. From the onset of crystallisation, the viscosity of the magma remains low over ∼ 40 • C before rapid crystallisation of plagioclases below 1094 • C (Figure 3.9b). For example, at 1050 • C, we predict a residual melt viscosity of ∼ 250 Pa.s in a system containing ∼ 33 vol.% of crystals including ∼ 18 vol.% plagioclase, ∼ 7 vol.% olivine, ∼ 4 vol.% clinopyroxene, ∼ 3 vol.% Fe-Ti oxide and ∼ 1 vol.% apatite (Figure 3.9b). Following the Krieger and Dougherty (1959) model (Equation A.4), this corresponds to relative viscosity of (η r ) pl ∼ 3.42 Pa.s, (η r ) ol ∼ 1.27 Pa.s, (η r ) cpx ∼ 1.14 Pa.s, (η r ) ox ∼ 1.12 Pa.s and (η r ) ap ∼ 1.06 Pa.s. The overall viscosity of the system at 1050 • C is ∼ 1.5 × 10 Pa.s. Similarly, at 950 • C the magma viscosity is ∼ 2.02 × 10 6 Pa.s, with ∼ 63 vol.% of crystals (including ∼ 36 vol.% plagioclases) corresponding to (η r ) tot ∼ 195 Pa.s (with (η r ) pl ∼ 73 Pa.s; Figure 3.9b). We have estimated the pre-eruption conditions for T = 1094 -1080 • C and the co-precipitation of Fe-Ti oxides, olivine and plagioclase (i.e., formation of the glomerocrysts; Figure 3.9b) corresponding to a magma viscosity of ∼ 7.2 × 10 1 to ∼ 1.6 × Pa.s.

  1700 CE produced ∼ 0.5 km 3 of volcanic materials, mostly in the form of long lava flows and is believed to have killed up to 2,000 people of the Nisga'a First Nation. By investigating the geochemical, petrological and rheological properties of the erupted products, we propose an integrated source to surface model of Tseax volcano(Figure 3.10).All the erupted products are Fe-Ti-rich basanite-to-trachybasalts and are geochemically homogeneous, i.e., there is no difference between the different stratigraphic units. This argues in favour of a single magma batch that has undergone very limited evolution from its source to the surface. All the lavas contain olivines, plagioclases and Fe-Ti oxides as phenocrysts, and often form glomerocrysts, suggesting co-crystallisation of these mineral phases. Importantly, we note the absence of clinopyroxene as a phenocryst phase. Geochemical modelling shows that ∼ 3 -4 % partial melting of a source similar in composition of a cpx-poor wehrlite, between 55 and 62 km in depth, reproduces well the trace element distribution of the Tseax lavas. Using MELTS, we then estimate that the magma stalled in the upper crust, most likely above 5.5 km in depth, where it cooled down to 1094 -1080 • C to allow co-crystallisation of olivine + plagioclase + Fe-Ti oxide and thus the formation of the glomerocrysts. Upon eruption, we calculate a viscosity of ∼ 2 × 10 2 and ∼ 1 × 10 3 Pa.s for the early pāhoehoe and late 'a'ā flows, respectively. This study provides important rheological parameters essential for characterising the physical processes at the surface during the eruption, i.e., eruptive behaviour, lava flow dynamics, etc. These topics are addressed in Chapter 4 and 5. Further work would also compare the geochemical origin of Tseax with the other NCVP monogenetic volcanoes For example, such as at Tseax, the lack of clinopyroxene is commonly observed in the mafic NCVP lavas. Does the absence of clinopyroxene imply shallow storage throughout the NCVP? What is the source composition of the NCVP lavas? Chapter, I proposed a model for the origin of Tseax volcano from the Earth's interior layers to the syn-eruptive magmatic conditions (c.f. Figure 3.10). In the present Chapter, I pursue the story of Tseax by investigating the events that occurred at the surface during its eruption ∼ 250 years ago. With the help of the Nisga'a Adaawak (oral and written stories), I establish the nature, chronology, time-scales and magnitudes of the Tseax volcanic events by addressing the Research Question #III and #IV. • Research Question #III: What are the observational data in the Nisga'a Adaawak and what do they tell us about the eruptive behavior of Tseax volcano? • Research Question #IV: What is the volcanic history of Tseax volcano and the chronology and dynamism of the eruption? How does this eruption compare with other basaltic and monogenetic eruptions? This Chapter can be read independently, however, some sections will directly refer to the main results and conclusions of Chapter 2 and Chapter 3. This co-authored Chapter is in preparation for submission to an international peer-reviewed journal. Glyn Williams-Jones 1 , Karim Kelfoun 2 , Nathalie Vigouroux 1,3 , Philippe Labazuy 2 and Kelly Russell 4 have contributed to the data collection, fieldwork and review process of the first manuscript drafts. I also acknowledge Thomas Jones (University of Liverpool, United Kingdom) for sharing his expertise about the explosive dynamics of basaltic eruptions. Many thanks to Dr. Deanna Nyce, Alyson Nyce and Irene Squires from the Wilp Wilxo'oskwhl Nisga'a Institute (WWNI), and Mansell Griffin and Harry Nyce from the Nisga'a Lisims Government who generously shared their extensive knowledge on the Nisga'a Adaawak related to the Nisga'a Lava Beds.
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  pre-eruption geography of the Nass Valley and the region surrounding Tseax and the location of the former Nisga'a villages (Figure 4.1a) is proposed by Nisga'a Tribal Council(2004) and Nisga'a Tribal Council and B.C. Parks Committee (1997). The bottom of Crater Creek valley was occupied by a small creek (Crater Creek). Sii Tax (Lava Lake), located south of the mouth of Crater Creek valley already existed and was as deep as it is today.

  volumes and characterisation of the Tseax volcanic products were determined from field observations, bathymetry surveys and photogrammetry. The methodology used to estimate the volume of tephra, pyroclastic edifices, and lava flows as well as a detailed description of the volcanic products is given in Le Moigne et al. (2020a) (see Chapter 2).
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 4141 Figure 4.1: (see next page)
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 4 2 and 4.3a;[START_REF] Sutherland-Brown | Aiyansh lava flow, British Columbia[END_REF] Le Moigne et al., 2020a). Two vertical walls (∼ 250 m long) of the spatter rampart are visible to the West and South of Tseax. These spatter walls are ∼ 15 -25 m high, but their bases are hidden beneath thick deposits of tephra sourced from the inner cone.Stratigraphically, the spatter rampart is composed of a succession of agglutinated spatter and scoria more or less coalesced (see Figure 4.3b, c for more stratigraphic details). The total volume of the spatter edifice is 1.1 ± 0.3 × 10 6 m 3 (Le Moigne et al., 2020a). The inner tephra cone is 65 -75 m high and hosts a crater 80 m in diameter and 30 -35 m deep (Figure 4.3a) for an estimated volume of 2.8 ± 0.4 × 10 6 m 3 (Table 4.2; Le Moigne

Figure 4 .

 4 2 and 4.3a). The estimated volume of ejected tephra is ∼ 6.5 × 10 6 m 3 and the total volume of pyroclastics is 10.5 ± 0.7 × 10 6 m 2 covering a surface area of∼ 2.2 × 10 7 m 2 (Table 4.2;[START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF] Le Moigne et al., 2020a).Grain size and componentry analyses were performed by Gallo (2018) on 30 proximal and distal tephra samples. Lithics are mm-size fragments of siltstones, mudstones, fine-grained metamorphic and plutonic clasts and represent ∼ 0.5 vol%. All samples are well to very well sorted and dominated by the 4 -8 mm size fraction(∼ 70 vol%;[START_REF] Gallo | History and Dynamics of Explosive Volcanism at Tseax Cone, British Columbia[END_REF].
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 42 Figure 4.2: Volcanological map of Tseax volcano (modified from Le Moigne et al., 2020a). Coordinate system: UTM Projection 9N, WGS 1984 Datum. Contour interval is 50 m.
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 43 Figure 4.3: 3D model of Tseax volcano a., created in Agisoft PhotoScan (see Le Moigne et al., 2020a) showing the tephra cone surrounded by the horseshoe-shaped spatter rampart. Note the presence of a satellite cone north of Lower Melita Lake. b, c. Detailed stratigraphy of the southern and eastern wall of the horseshoe-shaped spatter rampart.
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 8344 Figure 4.4: Length-volume relationship of the 4 Tseax lava flows. a. Length-volume relationship along the entire flow field length. Dashed line is the Pinkerton and Wilson (1994) model. b. Zoom on the first 10 km of the Tseax lava flow field. Note that the 4 flows closely follow the length-volume relationship along the narrow V-shaped Crater Creek and Tseax River valleys. In the Nass Valley, Flow 1 departs from the model due to widening of the lava.

  12 m/s (∼ 290 -430 m/h) to form the slabby and slabby-to-rubbly surface morphologies located in the Nass Valley at the mouth of Tseax River valley. The corresponding discharge rate, Q, is obtained by multiplying the velocity by the flow width, W . The slabby-to-rubbly surface morphology located at the mouth of Tseax River valley has a width of 1,200 -1,500 m where the flow thickness is 12 ± 2 m (Le Moigne
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 1 Constraints from the Nisga'a Oral and Written StoriesBefore investigating the dynamics and duration of the ∼ 1700 CE Tseax eruption, it is important first to consider the observational data provided in the Nisga'a oral traditions and history (Adaawak) along with written stories. Refer to the Section 1.4.3 of Chapter 1 for a more extensive description of these stories. Indeed, our eruption model and sequence of events must satisfy these observational accounts. The eruption of Tseax forms an important part of the Nisga'a culture as it may have caused up to 2,000 fatalities, destroyed three villages and changed the local environment (Figure4.1); several Adaawak refer to the eruption of Tseax. While these Adaawak are only for the Nisga'a to tell, the Adaawak Laxmihl (Where the Fire Ran Out) is related to the eruption and publicly available(Nisga'a Tribal Council, 

Figure 4 3 .

 43 The lava emerged from Crater Creek valley into Tseax River valley. There, the lava blocked Tseax River where it came out of what is now Sii Tax (Lava Lake) and progressively enlarged the lake to its present size. It was only "after a few years" that Tseax River flowed again to the Nass Valley and "came back at the place where the stream was blocked up"[START_REF] Barbeau | Volcanoes on the Nass[END_REF]; 4. In the Nass Valley, some Adaawak refer to a fast moving lava flow at the beginning of the eruption (". . . the people saw the flames coming towards them in huge swift currents. . . ", ". . . The fire then rolled down like a river. . . ";[START_REF] Barbeau | Volcanoes on the Nass[END_REF]. Other accounts suggest that the villages were engulfed by a slow moving lava flow (". . . The fire came down the side in their direction, but not as fast as forest fire. It moved down slowly, very slowly. . . ";[START_REF] Barbeau | Volcanoes on the Nass[END_REF]. The lava flows may have been partly responsible for the Nisga'a fatalities (". . . Others canoed to the far side of the river but were killed by the lava. . . "; Nisga'a Tribal Council, 2004) as some people may have been trapped during their flight between the Nass River and the advancing lava flow (D.Nyce, pers. comm., 2019). The lava flow displaced the Nass river from the southern to the northern sides of the Nass Valley (". . . It flowed along by the base of the mountains on the farther side of the valley some miles away. . . ";[START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF]; 5. A violent lava / water interaction may have produced a 'vog' (e.g.,[START_REF] Williams-Jones | Hazards of volcanic gases[END_REF][START_REF] Carlos | Volcanic Eruptions and Threats to Respiratory Health[END_REF], the "spirit cloud"[START_REF] Collison | war canoe : a stirring record of forty years' successful labour, peril & adventure amongst the savage Indian tribes of the Pacific coast, and the piratical head-hunting Haidas of the Queen Charlotte Islands[END_REF], that may also have been responsible for the fatalities (". . . came Pluvius, pouring over all a cooling stream: Great the ire of Ignis, roaring, he dispelled it all in steam! Mighty rocks he rent in pieces; flung them high into the air. . . ", ". . . There were fumes spreading ahead, and those who smelled them were smothered. They died and their body stiffened like rock. . . "; ". . . the river which quenched and cooled the fire-stone, boiling and thundering. . . ";

Flow 1 ,

 1 Figure 4.5: a. Minimum height estimate of the convective plume using lines of sight of a person standing in the former Nisga'a villages towards the location of Tseax volcano. b. A ∼ 5 km high buoyant plume seen from the former location of Laxksiluux (Figure 4.1a).

  From the vent area, the lava was forced to flow down the narrow V-shaped Crater Creek valley, reached Tseax River valley (∼ 5 km to the west) and then flowed north ∼ 15 km to the Nass Valley (Figure 4.7b). In the two narrow valleys, the lava was probably flowing faster than in the Nass Valley flats due to the lateral confinement and steeper slopes. Flow 1 occupies a volume of 0.14 ± 0.02 km 3 (∼ 35 % of the Flow 1 volume) in Crater Creek and Tseax River valleys. Again, considering peak effusion rates of ∼ 800 -1,000 m 3 /s at the beginning of the eruption, ∼ 50 vol% of the final fully inflated flow in Crater Creek and Tseax River valleys was emplaced in ∼ 17 -28 hours. This implies average lava advance rates of ∼ 0.2 -0.4 m/s (∼ 720 -1,440 m/h) along Crater Creek and Tseax River valleys. Based on the above constraints, Flow 1 reached Lava Lake in ∼ 5 hours (Figure 4.7b). It then flowed down Tseax River valley to the north until it encountered the Nass River near Lax Wiilaxk'ap (Figure 4.7b) after approximately 25 hours, destroying the fish camps located on the shore of Tam Gimwits'ax and the smokehouses near the mouth of Tseax River valley (Figure 4.7b). The lava diverted the Nass River from the south to the north side of the Nass Valley to its current position (Figure 4.7a, b). With maximum advance rates of 180 -430 m/h, the lava would have reached the Nisga'a village of Laxksiluux in ∼ 32 -41 h after the beginning of the eruption (see the approximate locations of the former Nisga'a villages on Figure 4.1a). Located about 5 km from the mouth of Tseax River valley, the lava engulfed the village of Laxksiwihlgest after ∼ 37 -53 hours and finally arrived in the village of Ts'oohlts'ap ∼ 43 -69 hours after the start of the eruption. In the Nass Valley, the lava initially flowed in the Nass River flood plain and then progressively extended to the north. The Nisga'a Fatalities Given the observations recorded in the Nisga'a Adaawak and the mapped flow morphologies, the emplacement of Flow 1 was most likely responsible for the fatalities as it flooded the 3 former Nisga'a villages (Figure 4.7b). Lava flows are generally not a threat to the population, nevertheless, under certain circumstances (i.e., high discharge rates and front flow velocities), they can be dangerous to the individuals living in their path. For instance, the eruptions of Nyiragongo (D. R. C.) in 1977 and 2002 produced low viscosity lava flows which reached the densely populated city of Goma at extremely high velocities, on the order of 10 -100 km/h, and 70 -100 inhabitants were directly killed by

  3). The breached spatter rampart is asymmetric with pyroclasts extending up to ∼ 300 m east and > 100 m to the west(Figure 4.2, 4.3 and 4.7c). This suggests that winds were sufficiently strong to favour preferential accumulation of the pyroclasts to the east. This may explain the more complex stratigraphic sequence of the eastern spatter wall(Figure 4.3b, c). Crater Creek river was rapidly dammed, progressively forming Melita Lake (Figure4.7b, c).The eruption began with the opening of a ∼ 750 -800 m-long fissure, roughly oriented north-south (Figure4.7b) at the bottom of Crater Creek valley, which is approximately the distance between the two most distant pyroclastic edifices (i.e., the spatter rampart and the Satellite cone; Figure4.2). We associate this phase with the emission of Flow 1 at a peak discharge rate of 800 -1,000 m 3 /s at the beginning of the eruption, corresponding to a mass flux of ∼ 2.4 ± 0.3 × 10 6 kg/s. During ascent of the magma to the surface, we model exsolution of 0.45 wt% of the initial dissolved water content corresponding to a magma fragmentation depth of ∼ 400 m and predicted initial column height of ∼ 650 m (Wilson
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 246 Figure 4.6: Sequence of eruptive episodes versus volume emitted. The eruption is divided in two period and four pulses corresponding to the emission of the 4 lava flows.
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 9 With H = 4.5 ± 1 m, L = 7,200 m, W = 280 m (average on 36 profiles), we have Q = 54 ± 12 m 3 /s for Flow 3. Finally, with H = 4.5 ± 1 m, L = 5,200 m, W = 260 m (average of 26 profiles), we have Q = 36 ± 8 m 3 /s for Flow 4. These calculated average discharge rates fall within the range of discharge rates estimated using Walker's (1973) method (i.e., Q ∼ 0.8 -105 m 3 /s for Flow 3, Q ∼ 0.3 -50 m 3 /s for Flow 4). The duration of the flow

  During Period B, the curtain of fire phase ended and the vent localised to a single point (Figure4.7d) progressively forming the inner tephra cone (Figure4.2 and 4.3a) in a Strombolian eruption style (e.g.,[START_REF] Németh | Monogenetic volcanism: personal views and discussion[END_REF]. Soon after the beginning of Period B, Flow 3 was extruded at 1.5 ± 0.3 × 10 5 kg/s which corresponded to an initial fountain height of ∼ 200 m that possibly decreased with the building of a lava pond at the bottom of the crater(Figure 4.7d;[START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF]. The lava fountain would be > 30 m high assuming a lava pond with a depth of a few meters. This phase was characterised by more intense eruptions with higher degrees of magma fragmentation mostly producing pyroclasts ∼ 4 -8 mm in diameter. The tephra fallout was preferentially deposited to the east (up to 1.2 km from the cone; Figure4.1a) due to prevailing winds.Towards the end of the eruption, minor Strombolian explosions continued to build the inner tephra cone (Figure4.7e).[START_REF] Marshall | Ice-Blocked Tubes in the Aiyansh Flow[END_REF] mapped a large tube system at the foot of the tephra cone. Our mapping confirmed the presence of lava tubes that probably originated from beneath the tephra cone(Le Moigne et al., 2020a). We suggest the 'a'ā Flow 4 was erupted through these lava tubes and reached the surface further downstream inundating Crater Creek valley. Overpressure, or occasional blocking of the lava tubes, may have forced the lava to the surface and formed the hornitos located near the vent (Figure4.7e).
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 47 Figure 4.7: (See next page)
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 47 Figure 4.7: Main volcanic events of the ∼ 1700 CE eruption of Tseax Volcano. a. Preeruption settings. b. Period A, Pulse I: the eruption started with the opening of a ∼ 750 -800 m long fissure, creating a lava curtain a few tens of meters high typical of a Hawaiian eruption style. Early stages had high effusion rates and emission of a pāheohoe lava flow that reached the Nass Valley and the Nisga'a villages in ∼ 1 -2 days. The flux progressively diminished and the lava inflated by endogenous growth for ∼ 10 -100 days. White dashed lines are approximate arriving times in hours. c. Period A, Pulse II: the eruptive fissure shortened to ∼ 400 m long and the fountain was > 20 m high on average. Accumulation of pyroclasts formed the horseshoe-shaped spatter rampart. This phase corresponded to the emission of Flow 2 in ∼ 5 -10 days. Caption continues next page.
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 47 Figure 4.7: (Continued) d. Period B, Pulse III: localisation to a single vent and formation of the inner tephra cones during Strombolian-style explosions. We suggest that Flow 3 breached the cone and was emplaced in ∼ 5 -10 days. e. Period B, Pulse IV: the last phases of the eruption corresponded to low magnitude Strombolian eruptions. Flow 4 was probably erupted from beneath the tephra cone and was emplaced in ∼ 5 -10 days.

1 (

 1 Figure 4.1). With a length of ∼ 32 km (Figure 4.1a; Le Moigne et al., 2020a), Flow 1 is unusually long even for basaltic flows. From the 479 basaltic lava flows studied by Walker (1973), the average length is 4.1 km and less than 10 % of lava flows are > 25 km-long. Long lava flows generally challenge the understanding of lava flow emplacement but a clear and simple definition is given by Cashman et al. (1998): "In the context of historical eruptions, a lava flow is considered to be long if it has a length in excess of the largest known in that region. Such lava flows have destroyed property on areas not generally considered to be in danger of lava flow inundation." A few examples meet the conditions defined by Cashman et al. (1998). The 1669 Etna lava flow was the most destructive historical volcanic event on Mt. Etna. The lava flow inundated unusually distal locations, up to 20 km from the vent, and destroyed several
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 2 and having a significant impact on the local environment and on the people of Nisga'a First Nation living in the area. Most of the erupted products are lava flows that destroyed three Nisga'a villages and killed up to 2,000 people making it the deadliest volcanic eruption in Canada. The chemical homogeneity of the lava and tephra points towards a single magma batch that erupted over a short period of time, most likely in 1 -4 months. Tseax volcano can be compared in terms of eruption volume, rates and duration to the recent basaltic eruptions of Hekla in 1991, Mauna Loa in 1984 or the recent eruption of Fissure 8, Kīlauea in 2018.The magma ascended to the surface in 2 distinct eruptive periods (Period A and B) perhaps separated by a short pause. The products of Period A are characterised by phenocryst-poor lavas, while those of Period B are phenocryst-rich. The eruptive history can be summarised in the following key points (seeFigure 4.6 and 4.7):-Period A began with the opening of a 750 -800 m long fissure that erupted a 5 -10 km convective plume in the atmosphere but rapidly dissipated. The lava erupted in a typical Hawaiian style with a lava curtain > 100 m high and the effusion of the 0.41 km 3 of pāhoehoe lava (Flow 1) in 10 -100 days; -About half the entire lava volume was emitted during the first days of the eruption at effusion rates of 800 -1000 m 3 /s. The lava rapidly reached the Nass River in about one day, which it progressively diverted to its current position. Within 2 -3 days, the lava engulfed the Nisga'a villages and may have been responsible for the reported fatalities.Another factor that may have caused deaths is potential volcanic laze produced during the lava -water interaction; -During the second phase of Period A, low levels of fountain activity continued with the building of a horseshoe-shaped spatter rampart and the emission of a second pāhoehoe lava flow, Flow 2, in about 10 days; -The 'a'ā flows (Flow3 and 4) were extruded during Period B. This phase was characterised by lava fountaining localised to a single vent and more violent explosions that fragmented the magma to form the inner tephra cone. The explosive activity continued at a lower level towards the end of the eruption with limited dispersion of the tephra fallout with the late Flow 4. The Tseax lava flow field is young and has undergone very limited post emplacement erosion which is almost unique in the NCVP. The flow field exhibits a wide range of surface flow morphologies providing an exceptional opportunity to study the emplacement mechanism of large volume lava flows from monogenetic volcanoes in continental settings and hilly terrains. Furthermore, Tseax also offers the possibility to study lava / river interaction and how lava can divert rivers. Chapter, I established the sequence of volcanic events during the eruption of Tseax in the mid-18 th century. The first episode of the eruption was characterised by the eruption of a long and voluminous lava flow (Flow 1, see Chapter 2). Nisga'a Adawaak and investigations of the lava flow morphologies indicate that this lava flow was emplaced at high discharge rates. In this Chapter, I investigate the emplacement and dynamics of this lava flow by numerical modelling and thus address Research Question #V. • Research Question #V: What were the emplacement dynamics of the Tseax lava flows?
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 47 . The eruption produced ∼ 0.5 km3 of volcanic materials mostly in the form of 4 long valley-filling lava flows covering a total surface of ∼ 40 km 2 (Figure5.1; Le Moigne et al., 2020a). The first lava flow, Flow 1, is the longest (∼ 32 km long) and the most voluminous (∼ 0.41 km 3 , 80 % of the total volume) of the 4 lava flows (Figure5.1a). In Crater Creek (∼ 5 km long) and Tseax River valley (∼ 15 km long), Flow 1 is 14 ± 2 m thick and in the Nass Valley the lava forms a 12 × 2.5 km wide and 12 ± 2 m thick lava plain(Figure 5.1a). This lava flow was emplaced during the first stages of the eruption and at high discharge rates. In Chapter 4, we estimated from morphological evidence, that almost half of its volume, ∼ 0.20 km 3 , was erupted during the first days of the eruption. We concluded that an evolution of discharge rates similar to those observed and measured in the 1984 Mauna Loa main lava channel or during the 1991 eruption of Hekla (Iceland) were the best scenarios that agree with the Nisga'a Adawaak and thus explain the fatalities. For example, with discharge rate of 800 m 3 /s, the lava flow would have reached the Nass River, ∼ 20 km from the vent, in about 25 hours, the village of Lax Ksiluux in 32 -41 hours, the village of Laxksiwihlgest in 37 -53 hours and the villages of Ts'oohlts'ap, the furthest downstream, in 43 -69 hours (Figure4.7b). We estimated that the average lava flow velocty was slightly less 1 m/s in Crater Creek valley and Tseax River valley and between 0.4 to 0.7 m/s in the Nass Valley. Once ∼ 0.20 km 3 lava were erupted, the flux decreased to a few tens of m 3 /s to 200 m 3 /s until the end of this pulse. As such, Flow 1 would have been emplaced on the order of ∼ 100 days.
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 5151 Figure 5.1: (see next page)
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 2 extracted the volume of lava flows filling the Crater Creek and Tseax River valleys as well as the volume of lava forming the lava plain in the Nass Valley. The pre-eruptive bed of the Nass River was reconstructed along the southern margins of the Nass Valley in agreement with Nisga'a Tribal Council and B.C. Parks Committee (1997). The methodology is detailed in Chapter For presentation and practical purposes, this DEM was merged with the 30 m SRTM DEM of the area in order to fill any missing data and to represent the surrounding mountains. To limit excessive processing time, the DEM was degraded to a spatial resolution of 50 m.
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 52 Figure 5.2: Schematic and simplified VolcFlow numerical scheme for the simulation of lava flow inundation. a. Simplified representation of a simulation of lava flow inundation by VolcFlow, plan view. h is the lava flow depth and u, T and C r are the depth averaged flow velocity, temperature and crystal mass. At t1, from a cell already inundated by lava, VolcFlow calculates the equations of mass (Equation 5.1), momentum (Equation 5.2 and 5.3), thermal (Equation5.5) and crystal conservations (Equation 5.6), represented by black arrows. Thus, at t2, lava inundates the adjacent cells to a depth h, with a velocity u, temperature T and a crystal mass C r . This process is repeated from t2 to t3, etc. . . until the end of the simulation, tmax, input by the user. dt is the time between two simulation steps specified by the user. Black arrows represent the equations of mass, momentum, thermal and crystal conservation (Equation 5.1, to 5.5) from one cell to its neighbour. b. Temperature and heat loss processes in a cell inundated by lava. The definitions of all symbols are given in Section 5.3, Table5.2 and 5.3 and in Appendix C. 
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 2 Scenario D -2014-2015 Pāhoa 3 (0.15 ), 2 (0.30 ), 1 (0.41 ) D1, τ = 10 2

  Figure 5.4: a. Estimated fraction of surface crust coverage as a function of the flow velocity (Equation C.5). Note that for velocities < 1 m/s, f ∼ 0.9. b. Surface temperatures as a function of f . Model calculated using values from Table5.2.

  • C. The methods to calculate the depth averaged temperature of the upper brittle crust is given in Appendix C.2. At the mouth of the Tseax River valley, the average slab thickness of the upper crust is 0.3 m. According to Equation C.13, this corresponds to a temperature at the surface of the crust of ∼ 140 • C and therefore, T crust = 470 • C. Note that this temperature is slightly lower than the solidus temperature. As a comparison, Hon et al. (1994) measure an average crust temperature of 535 • C on active inflated pāhoehoe flows at Kīlauea volcano, Hawaii.

Scenario A1 -τ = 10 4 4 4 2

 4442 PaIn this first scenario, the lava, at 2.5 m/s, reaches the bottom of Crater Creek valley in1.3 hours. In the Tseax River valley, the lava flow slowly advances (< 0.5 m/s) and reaches the Nass River in about 36 hours. At the end of the simulation (60 hours), the lava crosses the Nass River but does not reach at the Nisga'a villages. The flow is < 5 m thick in Crater Creek valley and is > 20 m thick in the lower part of Tseax River valley. The depth-averaged temperature of the lava flow remains above ∼ 1040 • C. Cooler sections (∼ 1000 • C) are located in the centre flow line of Tseax River valley. Scenario A2τ = 10 3 PaThe lava flow arrives at the bottom of Crater Creek valley after ∼ 0.6 hours, with velocities reaching 5.5 m/s in the steepest parts of the valley. In the upper part of Tseax River valley, the lava velocity decreases to ∼ 1.5 m/s and 0.75 -0.5 m/s in the lower part of the valley.The lava enters the Nass River with velocities of ∼ 0.5 m/s. The lava flows slowly (< 0.5 m/s) in the Nass Valley. The lava rapidly crosses the Nass River and reaches the lower slopes on the opposite side of the Nass Valley. A large lava lobe flows westwards and at the end of the simulation, the lava front is located about 1 km west of Ts'oohlts'ap. When the discharge rates decrease to 1000 m 3 /s (after ∼ 28 hours), the lava velocity in Crater Creek and Tseax River valleys diminishes to 3 m/s and 1 m/s, respectively. In this simulation, the lava is < 5 m thick from the vent to the Fish camps area. Downstream, the flow thickens to about 10 m at the mouth of Tseax River valley. In the Nass Valley, the maximum lava thickness is 12 m, but the lobe reaching Ts'oohlts'ap is only 4 -6 m thick on average. Scenario A3τ = 10 2 Pa The lava flow reaches the bottom of Crater Creek valley after only 30 minutes, with velocities up to 6 m/s in the middle and lower part of the valley. Then, the lava flows at > 3 m/s for a few kilometres before decreasing to ∼ 2 m/s along the Tseax River valley. At the mouth of Tseax River valley, the lava advances at 1 m/s and reaches the Nass River about 6 hours after the start of the eruption. It only takes ∼ 7 more hours for the lava to cross the Nass Valley. After 30 hours of simulation, the lava inundates most of the Nass Valley and the flow front is ∼ 2 km west of Ts'oohlts'ap. At the end of the simulation, the flow is < 3 m and ∼ 4 -6 m thick in the Crater Creek and Tseax River valley, respectively. In the Nass Valley, the lava flow rapidly thicken to more than 8 m. For example, at the location of Laxksiluux, it takes ∼ 12 hours for the lava to thickens to 9 m. The depth-averaged temperature of the lava flow remains above 1060 • C in Crater Creek and Tseax River valleys. When the lava spreads out in the Nass Valley, the temperature is < 1025 • C on average. Pa In this scenario, the lava flow arrives in Tseax River valley ∼ 2.8 hours after the start of the simulation. The maximum velocities are reached in the middle part of Crater Creek valley, ∼ 1.2 -1.4 m/s. The lava then advances at ∼ 0.6 m/s on average in Tseax River valley. At the end of the simulation (after 60 hours) the lava does not reach the Nass Valley. The flow is > 4 m thick in Crater Creek valley and up to 14 -16 m thick in the lower part of Tseax River valley. There, the lava front is divided in 2 lobes; the eastern lobe is the longest and its toe reached the Nass River at the very end of the simulation. In the thicker sections, the depth-averaged temperature of the lava flow is > 1000 • C. Scenario B2τ = 10 3 Pa The lava flow arrives at the bottom of Crater Creek valley in ∼ 1 hour at velocities up to 3 m/s. In Tseax River valley, the lava slows from 1.5 m/s in the upper sections of the valley to 0.5 m/s after the Fish camps. The lava flow enters the Nass River at velocities < 0.5 m/s, propagates to the west and the flow front is located near the villages of Laxksiluux and Laxksiwihlgest at the end of the simulation. The lava flow is < 4 m thick in Crater Creek valley as well as in the upper part of Tseax River valley. To the north, where the Tseax River valley widens, and in the Nass Valley, the lava flow thickens up to 9 m. From the vent to the Fish camps area, the depth-averaged temperature of the lava flow remains above 1050 • C. From the Fish camps to the Nass River, the flow is 1000 -1025 • C on average. We note that in the Nass Valley, the depth-averaged temperature is 975 -950 • C or lower. Scenario B3τ = 10 2 Pa In this scenario, the lava flow reaches the bottom of Crater Creek valley in ∼ 0.9 hours at velocities of 3 m/s in many parts of the valley. Then the lava flow continues at 1.5 -2m/s in the upper part of Tseax River valley. The velocity decreases to ∼ 1 m/s after the Fish camps in the Tseax River valley. The lava reaches the Nass River after about 14 hours and crosses it in ∼ 5 hours. At the end of the 60 simulation hours, the lava inundates the Nass Valley. The flow front is located ∼ 3 km east of Laxksiwihlgest. In the Crater Creek and Tseax River valleys, the flow is only a few metres thick (< 4 m). In the Nass Valley, the flow is only ∼ 2 m thick north of the Nass River but 8 -10 m thick in the Nass River bed. The modelled depth-averaged temperature diminishes progressively to ∼ 1000 • C from the vent to the Smokehouses area. In the Nass Valley, the average temperature drops below 950 • C. Pa In this case, the lava flow arrives at the bottom of Crater Creek valley after 5 hours with maximum velocities of 1.2 m/s. Then, until the end of the simulation, the lava advances slowly (∼ 0.2 m/s) to about 5 km north of the Fish camps and thickens to a maximum of ∼ 12 m. In this scenario, the flow does not reach the Nass River. The depth-averaged temperature remains above 1060 • C in Crater Creek valley but drops below 1000 • C in Tseax River valley. Scenario C2τ = 10 3 Pa During this scenario, the lava flow arrives in Tseax River valley after 1.7 hours and the maximum velocities are about 3 m/s. In Tseax River valley, the lava advances at ∼ 0.5 m/s on average and at the end of the simulation, the lava reaches the Smokehouses area. The flow is a few metres thick in Crater Creek valley and progressively thickens to ∼ 10 m between the Fish camps and the Smokehouse. The depth-averaged temperature of the flow is > 1060 • C in Crater Creek valley and cools down to 950 • C after the Fish camps. Scenario C3τ = 10 2 Pa The lava flow reaches the Tseax River valley in 1.5 hours at an average velocity of ∼ 1.3 m/s. 60 hours after the start of the eruption, the lava almost reaches the Nass River with a simulated average velocity of 0.2 m/s. The flow thickness is < 3 m in Crater Creek valley and in the upper Tseax River valley and is up to 9 m thick downstream of the Fish camps area. From the vent, the depth-averaged temperature diminishes progressively to < 950 • C near the flow front. Pa In this last scenario, the lava flow barely reaches the bottom of Crater Creek valley after 60 simulated hours. The low discharge rates induces velocities lower than 0.1 m/s. The flow does not thicken more than 3 m.

  the lava would have barely reached the bottom of Crater Creek valley after 3 days (Figure5.5). In these conditions, several weeks are needed for the lava flow to enter the Nass Valley. The lava flow did not reach the Nass Valley even for discharge rates of a few hundreds of m 3 /s. Indeed, with a scenario similar to the eruption of Mauna Loa in 1984, it takes at least 60 hours for the lava flow to inundate the Tseax River valley under ∼ 6 m of lava (Figure5.5). It is likely that such a scenario would have destroyed the Nisga'a Fish Camps and perhaps the Smokehouses (the flow front barely arrives in this area after 60 simulated hours). However, this scenario cannot explain the Nisga'a fatalities. If Nisga'a were present in the Fish camps and Smokehouses, they would have had enough time to escape up the nearby valley flanks. We note that for yield strength on the order of 10 4 Pa and effusion rates of 800 m 3 /s (i.e., the 1991 Hekla scenario), a thick (> 12 m) lava flow almost enters the Nass River (Figure5.5). Therefore, scenario B1 is also not in agreement with the Nisga'a observations.
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 56 Figure 5.6: Locations of the lava flow fronts in the Nass Valley for Scenario A, B and C at the end of the 60 simulated hours (30 hours for Scenario A3). Note that the lava inundates the Nisga'a villages for Scenario A3, A2, B3 and B2. In white, the mapped lava flow.
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 1234678 During a Summer of the late-18 th century[START_REF] Williams-Jones | The age of the Tseax volcanic eruption, British Columbia, Canada[END_REF], a volcanic fissure opened at ∼ 600 m above sea level at the bottom of the narrow V-shaped Crater Creek valley (Figure 4.7b); The first phase of volcanic activity was notably characterised by the eruption at 1087-1094 • C of a lava flow at discharge rates ≥ 800 m 3 /s and viscosity of ∼ 225 Pa.s The lava was forced to flow westward, at a velocity of a few m/s, and filled Crater Creek valley. The flow reached Tseax River valley, ∼ 5 km downstream, in just a few hours; Due to gentler slopes and slightly wider areas, the lava flow in Tseax River valley slowed to ∼ 1 m/s. The lava reached the Nisga'a Fish camps in ∼ 8-12 hours and arrived about 5-10 hours later in the Smokehouses area; 5) Soon after, the lava flow entered the Nass River from the opposite bank to the village of Lax Ksiluux; The lava progressively pushed the river northward. Perhaps some parts of Lax Ksiluux were first inundated by the river before being engulfed by the lava flow; The lava flow slowly inundated the Nass Valley, destroying at first the village of Lax Ksiluux, followed by the village of Laxksiwihlgest a few hours later and finally the village of Ts'oohlts'ap ∼ 8-10 hours later; The lava flow velocities in the Nass Valley were < 1 m/s. While the flow may have been locally or temporarily faster, it seems unlikely that the Nisga'a fatalities were uniquely due to the lava flow. Perhaps some Nisga'a were trapped between the voluminous advancing lava flow and the fast flowing Nass River (D. Nyce, pers. comm., 2019);

  Figure 6.1:Open channel flow on a sloped surface. The free surface is subject to an atmospheric pressure, P . This diagram is shown parallel to a streamline at the centre of the channel (i.e., parallel to the x-axis) and perpendicular to the y-axis). Definitions of the symbols are given in Table6.1.
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 6 Figure 6.2 shows a plot of the flow energy, E S , versus depth of flow, H, for a given sloped rectangular channel and a variety of discharge rates, Q (m 3 /s). For illustrative purposes,

1 Figure 6 . 2 :

 162 Figure 6.2: Specific energy curves in a rectangular open channel with W = 15 m, α = 10 • and Q =[START_REF] Halliday | [END_REF] 20, 100, 200, 500 and 1000 m 3 /s. The specific energy is the sum of the velocity head and pressure head with respect to the channel slope. The critical depth for each discharge rate scenario is shown by a white diamond. This is the depth at which the flow is in a critical state, i.e., Fr = 1 and possesses the lowest amount of energy. Above this point, the flow is in a subcritical state (Fr < 1, i.e., low velocities, deep flows). Inversely, below the critical point, the flow is in a supercritcal state (Fr > 1, shallow depths, high velocities).
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 63 Figure 6.3: Schematic diagram of a lava flow in a rectangular channel exhibiting a nonbreaking undular hydraulic jump at a break in slope. This diagram represents the conditions in the centre of the channel (w < W ).Not shown here, are the lateral shock waves along the channel side walls. An undular hydraulic jump is produced when a supercritical flow transforms into a subcritical flow. This phenomenon produces a standing wave of length L j and height A j usually followed downstream by several free surface undulations. Inset shows standing waves in a channelized lava flow during the 1983-84 eruption of Pu'u 'O'o (from[START_REF] Wolfe | Geologic observations and chronology of eruptive events, in The Puu Oo Eruption of Kilauea Volcano[END_REF].

FrFigure 6 . 4 :

 64 Figure 6.4: Schematic diagram of channelized lava flow exhibiting an oblique hydraulic jump in plan view. This diagram represents the conditions on the left side of the channel.The right side of the lava channel is not shown. The wavefront of the oblique hydraulic jump originates from the point of bending of the channel and makes an angle β with respect to the original channel wall direction. β should satisfies θ < β < 90 • , with θ the channel bend angle (modified from[START_REF] Ippen | Verification of theory for oblique standing waves[END_REF]. The inset shows preserved super-elevated levees at a channel bend after the 1974 eruption of Kīlauea (from[START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF].

  Figure 6.5: Reynolds number, Re, plotted against the ratio of buoyancy to viscous stresses, G, for a rectangular channel in slope of α = 10 • . The bold line Fr = 1 represents lava flow under critical conditions. Below this line, the lava is in supercritical conditions, Fr > 1 where as above the lava is in subcritical conditions, Fr < 1.
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 66 Figure 6.6: Standing waves in high speed lava channels. a. A series of stationary undulating waves during the eruption of Pu'u 'O'o in 1983-84 (Wolfe et al., 1988). b. Non-breaking undular hydraulic jump in a lava channel during the 1984 eruption of Mauna Loa (screenshot from the movie "Into the Inferno" by Herzog (2016). c. Standing waves during the eruption of Fissure 8, Kīlauea, in 2018 (photo taken on Wednesday, June 13, 2018; USGS Hawaiian Volcano Observatory). d. Preserved super-elevated levees at a channel bend by an oblique hydraulic jump after the eruption of Kīlauea in 1974[START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF].

4 .

 4 The standing waves were usually located in close proximity to the vent. Standing waves were seen in vent spillways during the 1983-84 Pu'u 'O'o eruption (Episodes 4 and 17) or within a few hundred metres of the base of Pu'u 'O'o (Episodes

  Episode 4 of the Pu'u 'O'o eruption, a lava velocity of ∼ 15 m/s was estimated just upstream of a standing wave in a channel of ∼ 3 m depth. Applying the Froude number equation (Equation 6.7), the Fr 1 ≈ 2.7. For most of the other examples, the channel depth and slope are not reported or are unknown. However, assuming reasonable flow depths (H 1 = 1 -5 m) and channel slopes (α up to 20 • ), we obtain a Fr 1 ∼ 1.1 -3. This indicates lava
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 67 Figure 6.7: Schematic diagram showing the different parameters influencing the Fanning friction factor, f, in a rectangular channel. τ s is the shear stress along the channel side walls, r is the average height of the channel irregularities and P 2 -P 1 is the pressure difference between two points of the channel.
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 69 Figure 6.9: Standing wave in a 1984 lava channel. a. Screenshot from the movie "Into the Inferno" by Herzog (2016). b. Velocimetry showing the lava flow speed in the region of the standing wave.

. 4 .

 4 Our inputs are the channel depth, H 1 = 3.35 m, channel width, W = 8 m, underlying slope, α = 7.5 • , channel bend, θ = 45 • and lava density, ρ = 875 ± 225 kg/m 3 (
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 610 Figure 6.10: Super-elevated levees at channel bend number 3 of the 1974 Kīlauea 'gully flow', modified from Heslop et al. (1989). The angle of bending is θ = 45 • . This feature was formed by an oblique hydraulic jump at this channel bend indicating lava under supercritical conditions. The maximum super-elevation of A j = 3.15 m above the average flow depth. The wavefront angle, β, is unknown but should be θ < β < 90 • . The maximum super-elevation corresponds to Froude number of 1.69 that gives a maximum lava flow velocity of 9.65 m/s (Figure 6.11).

Figure 6 .

 6 Figure 6.11 shows the range of Froude number that satisfies the Equation D.3 of an oblique jump given the above inputs. We find a maximum upstream Froude number of 1.69 for β = 45 • and (H 2 /H 1 ) max . As a comparison,[START_REF] Lev | Investigating lava flow rheology using video analysis and numerical flow models[END_REF] estimated Fr = 1.6 for the same flow. This corresponds to a maximum upstream velocity of v 1 = 9.65 m/s that gives Q = 259 m 3 /s. From Equation6.18, f = 0.050 and Re < 2000 according to the f vs. Re diagram for whichever f /Re curves (Figure6.8a). Therefore, even during the maximum discharge rate, the lava flow was still under a laminar state. With with 24 < K < 30, Re = 540 ± 60[START_REF] Lev | Investigating lava flow rheology using video analysis and numerical flow models[END_REF] gave Re = 586) giving η = 118 ± 42 Pa.s (Figure6.8c). These values compare well with the 85 -140 Pa.s calculated by[START_REF] Heslop | Dynamics of a confined lava flow on Kilauea volcano, Hawaii[END_REF] (Figure 6.8c).

Figure 6 . 11 :

 611 Figure 6.11: In grey, conditions (Fr 1 and β) that satisfy the equation of the oblique hydraulic jump (Equation D.3) for the super-elevated levees in the 1974 Kīlauea 'gully flow' at bend number 3. (H 2 /H 1 ) max corresponds to the maximum super-elevation with H 1 = 3.35 m. The purple circles show the possible apparent lava viscosity, discharge rate and upstream velocity for the formation of the maximum super-elevation for β = 45 • , 60 • , 70 • and 80 • .

  they are sometimes directly referred to as hydraulic jumps. Importantly, this phenomenon indicates lava flow under supercritical conditions and therefore, assuming Newtonian flow, we can apply open channel hydraulics theory to supercritical flow in order to extract several key parameters in flow dynamics. The flow depth, velocity and discharge rate are calculated using the Froude Number, the length and amplitude of the standing waves. Combining the Fanning friction factor and the Reynolds number we can determine the apparent viscosity of the lava flow.

Figure 6 . 12 :

 612 Figure 6.12: Flow regimes for the 1984 Mauna Loa channel and 1974 Kīlauea 'gully flow' upstream of the hydraulic jumps. The 1984 Mauna Loa flow regime are calculated assuming W = 7.5 m, α = 6.5 • , K = 24 and ρ = 910 kg/m 3 . The 1974 Kīlauea flow regimes are calculated assuming W = 8 m, α = 7.5 • , β = 45 • , K = 28 and ρ = 980 kg/m 3 . The Re curves denote the transition from laminar to turbulent. The Fr = 1 curves denote the transition from subcritical to supercritical condition. a, b. Lava viscosity, η, is plotted as a function of L j for the Mauna Loa channel and A j for the Kīlauea 'gully flow'. c, d. The flow regimes are represented in a space v 1 vs. H 1 . We use η = 107 Pa.s and 118 Pa.s for the Mauna Loa channel and 1974 Kīlauea 'gully flow', respectively. The purple and blue markers represent the lava flow conditions: (1) critical state; (2) conditions of the observed standing wave (1984 Mauna Loa) or conditions for the maximum super-elevation of the levees (1974 Kīlauea 'gully flow'). In c, the critical conditions are unknown (they could be anywhere on the Fr = 1 curve).
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 613 Figure 6.13: Methodology for calculation of channel depth, discharge rate and lava viscosity in order to determine the lava flow regime (Fr and Re numbers) from UAV or ground based acquired video when a standing wave is present at spillways. Inset: photo of the Fissure 8 lava channel (USGS, Hawaiian Volcano Observatory, June 13, 2018). Standing waves are present in the middle of the high speed lava channel, about 200 m from the vent. Preliminary estimate of the velocity is up to 15 m/s (Patrick et al., 2019).

1 A

 1 conditions. Standing waves generally occur in high speed channels and in close proximity to the vent. Therefore, assuming the lava can be approximated as a Newtonian fluid, open channel hydraulic theory allows the calculation of channel depth, velocity and discharge rate using the length and amplitude of the standing waves via the Froude number. The lava apparent viscosity is estimated using the Reynolds number. Here, we present a methodology that estimates those parameters, critical in lava flow modelling. Our results are in good agreement with historical data for two examples from Hawai'i; we reproduce past measurements using channel deposit geometry (for the 1974 Kīlauea gully flow) and video analysis (for the 1984 Mauna Loa channel). Therefore, standing waves could be used to reconstruct the dynamics of historical lava flows. With the rapid advance in video acquisition in the field during eruptions, scientists can deploy low cost equipment near open lava channels in order to monitor the lava channel evolution and flow discharge rate. Identifying standing waves in an active open lava channel allows rapid determination of the channel depth, discharge rate and lava apparent viscosity, critical parameters in monitoring an ongoing eruption (Figure 6.13). While some of the assumptions in this work may seem too restrictive, this can be easily applied to all active and well monitored volcanoes where Comprehensive Study of Tseax Volcano Tseax volcano, Wil Ksi Baxhl Mihl (formerly know as Tseax River cone and Aiyansh volcano), is a young volcano, located in the Anhluut'ukwsim Laxmihl Angwinga'asanskwhl Nisga'a (a.k.a. Nisga'a Memorial Lava Bed Park) near the towns of Gitwinksihlkw and Gitlaxt'aamiks, ∼ 60 km north of Terrace and ∼ 1200 km north of Vancouver, British Columbia (Figure 2.1). Despite being the cause of one of Canada's worst natural disasters, only a limited range of studies have been made at Tseax volcano, and thus its history is neither widely known within Canada, nor in British Columbia. However, the eruption of Tseax is notable and unique for several reasons:
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 234 Eruption: the chronology and an in-depth study of the ∼ 1700 CE Tseax eruptive events are detailed in Chapter 4. Insights in the dynamics of the Tseax lava flows are given in Chapter 5. These two chapters help to understand the cause of the natural disaster. Edifice: the description of the Tseax volcanic products and landforms are presented in Chapter 2. Their formation and emplacement mechanisms are analysed inChapterThe following sections provide a synthesis of the chapters and place them within the context of the Research Questions and Scientific Themes of the thesis stated in the Introduction Chapter (Chapter 1). Finally, the last section proposes some potential future work and research ideas to explore that emerged from this work. "...Ksagalgolhl mihl hugaxathl Lisims, luu mitkwhl Sii Tax, ii hugoxathl akshl haniigeehlum dilxlakw..." "...The fire then rolled down like a river, filled the lake, and for a time the water was a bed of flames.."[START_REF] Barbeau | Volcanoes on the Nass[END_REF], translated in Nisga'a by I. Seguin.

Figure 7 . 1 :

 71 Figure 7.1: The Tseax lava flow inundated the Nass Valley, looking from the uphills of Gitwinksihlkw. The Nass River in the foreground, Xhlawit and Gennu'axwt mountains in the background.

V

  -shaped Crater Creek Valley and covers ∼ 25 km 2 the Nass Valley. In Chapter 2, I estimate that this lava flow is 0.41 km 3 representing more than 80 % of the total volume of erupted materials. The Nisga'a Adaawak refer to a lava flow arriving in the Nass Valley soon after the beginning of the eruption in "swift currents"[START_REF] Barbeau | Volcanoes on the Nass[END_REF], inundating the Nass Valley and being one of the cause for the fatalities. I attempted to reproduce the dynamics of the first 60 hours of the lava flow emplacement using VolcFlow. I used the thermo-rheological version of VolcFlow that includes thermal energy and crystallinity balance equations (Figure5.2). Several scenarios were tested in order to reproduce the inundation of the Nass Valley according to the Nisga'a Adawaak. The results argue in favour of scenarios with high discharge rates. Indeed, the lava must have been erupted at discharge rates > 800 m 3 /s in order to reach the Nass Valley between 1 and 2 days after the start of the eruption. The lava may have reached the former Nisga'a villages in less than 3 days but the simulated lava velocities (< 1 m/s) do not explain all the fatalities. We suggest that other factors could have been responsible, such as toxic volcanic gases released by the lava -Nass River interaction or people being trapped between the river and the advancing lava flow. The simulated flows also diverted the Nass River, but failed to reproduce the river in its actual location. The version of VolcFlow used in this study shows promising capabilities for the simulation of lava flows.

  emplacement and for hazard assessment. Velocity, discharge rate and viscosity are amongst the most critical physical parameters for modelling and predicting lava flow emplacement and behavior. Basaltic lava flows, when channelised, can reach velocities of ≥ 10 m/s and discharge rates > 100 m 3 /s, and thus pose a significant localised hazard (e.g., Kīlauea's Fissure 8 eruption in 2018;[START_REF] Patrick | The historic events at Kilauea Volcano in 2018: summit collapse, rift zone eruption, and Mw 6.9 earthquake: preface to the special issue[END_REF]. While standing waves in lava have been frequently described at high speed channelised lava flows, to our knowledge these observations were not used to determine flow parameters. In this chapter, I compiled historical observations of standings waves. They are generally located at breaks in slopes or channel bends and are interpreted as hydraulic jumps, thus indicating that the lava flow is exhibiting super-critical conditions, i.e., Froude number > 1. Assuming that a high speed lava can be simplified as a Newtonian fluid in the near vent area, I developed a methodology based on the theory of open channel fluid hydraulics for super-critical flows in order to determine important eruption parameters such as flow velocity (v), discharge rate (Q) and apparent viscosity (η). This confidently reproduces past lava flow dynamics from both observational data (1974 Kīlauea 'gully flow') and video analysis (1984 Mauna Loa channel). The model developed in this chapter allows for rapid calculation of these parameters, crucial for lava flow modelling and volcanic hazard mitigation.
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  of the Few Observed Monogenetic EruptionsAs mentioned in the Introduction Chapter, the average magmatic output in intracontinental volcanism is ∼ 0.03 -0.1 km 3 /yr(Figure 1.2;[START_REF] Crisp | Rates of magma emplacement and volcanic output[END_REF]. Therefore, eruptions of monogenetic volcanoes in continental settings are not common and only a very few eruptions have been directly observed (e.g., Paricutin, Jorollo and El Matate in the Michoacán-Guanajuato Volcanic Field (Mexico), Rangitoto in the Auckland volcanic field (New Zealand) or Mirador volcano in southern Chile;

  [START_REF] Vargas | Numerical models of volcanic flows for an estimation and delimatation of volcanic hazards, the case of Reventador volcano (Ecuador)[END_REF] started to modify the numerical code by adding thermal energy and crystallinity balance equations. I used this thermo-rheological version of VolcFlow in Chapter 5 to simulate the emplacement of a lava flow at Tseax. This study shows that this version of VolcFlow is a promising tool for the simulation of lava flows. Indeed, we successfully provide important insights for the emplacement of the lava flow responsible for the inundation of the former Nisga'a villages. Besides its depth-averaged approach, one might think that a major shortcoming of this version of VolcFlow is the great number of input parameters. For instance, about 20 input parameters are required to start a simulation(Figure 5.2, Table 

A

  co-authored manuscript on this research topic, led by T. J. Jones (University of Liverpool), is in preparation for submission to Nature Communications. Other contributors include myself, J. K. Russell (University of British Columbia), G. Williams-Jones (Simon Fraser University), D. Giordano (Universitá degli Study di Torino) and D. B. Dingwell (Ludwig-Maximilians-Universität, Munich). This project concerns an enigmatic type of pyroclast, which is, to our knowledge, unique to Tseax volcano.

Figure 7 . 2 :

 72 Figure 7.2: Inflated pyroclasts from Tseax. a. Small inflated pyroclasts from the rim of the Satellite cone. b. CT Scan slice of an inflated pyroclast.
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 73 Figure 7.3: a. Location of the pressure ridge lava field at the mouth of Tseax River valley. b. Amplitude map and histogram of amplitude distribution. c. Wavelength map and histogram of wavelength distribution. Coordinate system: WGS 1984 / UTM Zone 9N (metres).
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 7475 Figure 7.4: Preliminary results of pressure ridge numerical mapping. a. Laguna de Maule volcanic field, Chile, and location of the Las Nieblas (rhyolite) and Northwest (rhyodacite) flows. b, c. Amplitude maps of Las Nieblas and Northwest flows. d. South Sister volcano, USA, and Rock Mesa flow (rhyolite). e. Amplitude and wavelength maps of Rock Mesa flow.

Figure 7 . 6 :

 76 Figure 7.6: Canadian examples of interaction between lava flows (outlined in yellow) and rivers (outlined in blue). a. Kostal Cone lava flow damming Kostal Lake and McDougall Lake, and diverting a river. Vent location: 52.175 • N, -119.945 • W, Wells Grey Volcanic Belt. b. Lava Fork lava flows damming Lava Lakes and Blue Lake, and diverting the Unuk River to the south. Vent location: 56.421 • N, -130.853 • W, NCVP.

4 and 5 Figure 7 . 7 :

 577 Figure 7.7: Cross section sketches (perpendicular to the flow direction) of some representative lava flow surface morphologies at Tseax. Steady state supply rate results in continuous inflation and increases the surface smoothness. Inversely, surges in discharge rate may disrupt the surface crust, thus increasing the surface roughness and eventually forming a'ā flow types.
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 79747 Figure 7.9: Diagram showing the potential of a standing wave numerical analysis tool.

  of Wilson et al. (1995), and the mean eruption speed using Equation B.1. The bulk density is obtained by Equation B.4 where P is equal to the atmospheric pressure. The corresponding vent radius, R i , follows:R i = M πv i β i (B.11)Assuming the presence of a lava pond of depth h pond and density ρ pond = 1000 kg/m 3[START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF], the pressure above the feeding conduit is calculated by Equation B.3, the bulk density by Equation B.4, and the escape velocity of the pyroclasts by Equation B.5. These last calculations take into account a lava pond; thus the vent radius must be corrected: should satisfy R c < R i . The average value of the vertical escape velocity (R m ) is:R m = R c + R i 2 (B.13)and the average lava fountain density (β m ) and vertical escape velocity (v m ) follow Equation B.7 and Equation B.6, respectively. Then, the mass flux of entrained lava from the pond back into the conduit follows:

  For example, hydraulic jumps of ∼ 35 m in length (1984 Mauna Loa lava flow), correspond to v ≈ 12 m/s, Q ≈ 750 m 3 /s and η ≈ 330 Pa.s; raise of levees (∼ 15 m-long) along channel bends (1974 Kīlauea flow) suggests v ≈ 8 m/s, Q ≈ 210 m 3 /s and η ≈ 340 Pa.s. With the rapid advances in UAV technology, scientists can deploy equipment to have low-cost real time monitoring of these phenomena which constrain eruption flux and viscosity, key parameters in volcanic hazard mitigation.
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  -2 -10 m/s;[START_REF] Smith | Source to surface model of monogenetic volcanism: A critical review[END_REF] with limited or no storage time. The majority of monogenetic volcanoes are mafic in composition. Very commonly, and even in the smallest monogenetic volcanoes, the geochemical compositions of the erupted products trend towards more evolved compositions.

  Thorkelson 

  The first description of the physical characteristics of the "Tseax River Lava Flow" and volcanic cones was made by George Hanson from the Geological Survey of Canada during his reconnaissance between the Skeena River and Stewart in 1923. His observations are reported in the 1924 Summary Report Part A of the Geological Survey

Hanson (1924):

  dated the eruption at 1753 CE and 1770 CE, respectively. Radiocarbon on carbonized wood gives an age of 1749 ± 130 AD, 1751 ± 220 CE or 1721 ± 50 CE

  The second part of this work is the Nisga'a Adaawak Laxmihl transformed by McCullagh into verse -in respect to the original and official version of this Adaawak, we choose to not report it here. McCullagh is recognised for the first published map of the lava plain (Figure

	Ignis heaved the molten magma, Vulcan smote it into shape,
	Lithos stamped it 'kaka pragma', -ocean bed or free landscape.
	Thus they swinged, each other urging, seemingly with common aim;
	Every added substance purging in the elemental flame.
	Live chaos! they cried; nor wondered whereunto chaos might tend,
	Little dreaming, (had they pondered), of an ordered, glorious end.
	Ages passed,-came Pluvius, pouring over al a cooling stream:
	Great the ire of Ignis, roaring, he dispelled it all in steam!
	Mighty rocks rent in pieces; flung them high into the air;
	Rolled and folded them in creases,-ought retreating to his lair.
	Raged the fiery stour unceasing, Pluvius succoured Lithos well,
	Till at last, the heat decreasing, they walled Ignis in his hell;
	And on top of him they piled high mountains, rugged, stark and grim;
	Saying, as they glimpsed his wild eye, That's the last we'll see of him."
	Toiled like true caloric Peons and mid fiery vapour sought,
	With the zest of high achievement, all the embryonic store,
	Rich and rare beyond believement, for Earth's new-created shore.
	Standing o'er the fuming furnace, Ignis visions joy and hope;
	Slaps his thigh and cries, Odds burn us, for my talent here is scope!
	O'er this flambant orb with pleasure I shall reign for evermore.-
	Hell-fire kingdom! brimstone treasure! suit me well on Earth's red floor.
	Came the son of Schist and Granite, Lithos, kingly, stern and cold;
	And both he and Vulcan ran it, for an age, with Ignis old.
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1: Type (Pāhoehoe or 'A'ā), length, surface area and volume of the Tseax lava flow field and the 4 identified individual lava flows.

Flow # Type Length Surface Area Volume (km) (km 2 ) (km 3 ) Error (km 3 )

  

	Flow 1	Pāhoehoe	31.6	26.97	0.41	0.07
	Flow 2	Pāhoehoe	21.2	6.74	0.06	0.01
	Flow 3	'A'ā	7.2	1.11	0.009	0.002
	Flow 4	'A'ā	5.3	1.22	0.006	0.001
	Total		31.6	36.04	0.49	0.08
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	Hummocky pāhoehoe (Hm)	5.5	22
	Lava-rises (Lr)	4.6	18
	Hummocky-to-lava-rises pāhoehoe (Hm-Lr)	2.5	10
	Slabby pāhoehoe (Sl)	8.2	33
	Slabby-to-rubbly pāhoehoe (Sl-Rb)	3.7	15
	Rafted plates	0.5	2

2: Area occupied by the different pāhoehoe surface morphologies in the Nass Valley. Surface morphology Area (km 2 ) Area (%) Figure 2.8: (See next page)
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 31 Major elements and normative composition of Tseax lava and tephra. Samples TS-S40A and TS-S40B are highly oxidised.1 In the text, sample numbers are preceded by "TS-S".

	Unit				Flow 1					Flow 2	
	Sample 1	62	63	48	50	52	71	68	51	02	60	47
	Major elements (wt.%)									
	SiO 2	46.80 48.00 47.20 47.20 46.85 46.20 44.00 46.60 46.20 46.20 46.30
	TiO 2	3.53	3.58	3.53	3.51	3.67	3.31	3.25	3.51	3.48	3.39	3.36
	Al 2 O 3	14.25 14.65 14.30 14.30 14.64 14.05 13.75 14.15 14.30	14.4	14.60
	FeO T	14.62 14.84 14.75 14.71 14.74 16.91 19.84 14.67 14.53 16.24 14.40
	MnO	0.22	0.22	0.22	0.22	0.22	0.24	0.28	0.22	0.22	0.24	0.22
	MgO	4.44	4.39	4.30	4.33	4.64	4.19	4.07	4.36	4.35	4.22	4.31
	CaO	7.48	7.78	7.62	7.59	7.51	7.22	7.03	7.54	7.42	7.37	7.37
	Na 2 O	3.97	4.08	4.07	4.01	4.03	4.07	3.98	3.94	4.06	4.16	3.99
	K 2 O	1.82	1.79	1.82	1.79	1.81	1.85	1.81	1.77	1.87	1.91	1.78
	P 2 O 5	1.15	1.15	1.19	1.16	1.16	1.17	1.14	1.15	1.19	1.20	1.15
	Total	98.9 101.16 99.70 99.48 99.82 99.71 98.88 98.73 98.25 100.11 98.39
	LOI 1000	-1.16	-1.14									
		79	5.87	5.89	5.80	5.84	5.92	5.79	5.71	5.93	6.07	5.77
	CaO/Al 2 O 3	0.52	0.53	0.53	0.53	0.51	0.51	0.51	0.53	0.52	0.51	0.50
	Mg Normative composition									
	Zircon	0.31	0.30	0.31	0.3	0.32	0.29	0.30	0.32	0.33	0.31	0.31
	Nepheline	3.16	3.00	3.44	2.95	3.07	4.98	7.89	3.06	4.42	5.82	3.52
	Magnetite	2.42	2.40	2.42	2.42	2.40	2.78	3.29	2.43	2.42	2.67	2.40
	Ilmenite	6.86	6.81	6.81	6.79	7.05	6.41	6.33	6.85	6.81	6.54	6.59
	Apatite	2.73	2.67	2.8	2.74	2.72	2.76	2.71	2.74	2.84	2.83	2.75
	Chromite	0.02	0.01	0.01	0.01	0.01	0.05	0.03	0.02	0.02	0.03	0.02

-1.11 -1.13 -1.38 -1.54 -2.62 -0.97 -1.14 -1.18 

-0.84 Na 2 O + K 2 O 5.# 21.47 21.01 20.78 21.11 22.07 20.13 15.43 22.06 21.26 18.90 24.42 Orthoclase 11.01 10.59 10.93 10.77 10.81 11.14 10.97 10.75 11.39 11.47 10.86 Albite 28.54 29.03 28.66 29.1 27.88 25.9 19.99 28.61 27.24 25.03 28.35 Anorthite 16.06 16.39 15.63 16.02 17.19 14.88 14.68 16.13 15.74 15.22 17.21 Diopside 11.57 11.97 12.10 11.87 10.42 11.24 10.94 11.86 11.53 11.35 10.39 Olivine 17.33 16.83 16.87 17.02 17.87 19.57 22.86 17.24 17.27 18.72 17.61
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 31 (continued).

	Unit		Flow 4			Spatter rampart			Tephra cones	
	Sample 1	26	33	57	56	19	20	06	78	40B	55	40A	04
	Major elements (wt.%)										
	SiO 2	47.00 46.70 46.86 47.30 46.85 46.54 45.20 45.70 44.90 45.80 45.20 46.79
	TiO 2	3.47	3.43	3.58	3.51	3.59	3.68	3.33	3.39	3.45	3.40	3.46	3.56
	Al 2 O 3	14.25 14.20 14.68 14.40 14.57 14.54 13.70 14.45 14.20 14.65 14.25 14.70
	FeO T	14.53 14.45 14.63 14.76 14.77 14.70 18.08 14.89 14.94 14.93 14.98 14.55
	MnO	0.22	0.22	0.22	0.22	0.22	0.22	0.26	0.22	0.22	0.22	0.22	0.22
	MgO	4.24	4.21	4.51	4.28	4.56	4.65	4.11	4.18	4.21	4.23	4.24	4.51
	CaO	7.57	7.49	7.45	7.61	7.42	7.44	7.05	7.29	6.59	7.30	6.67	7.45
	Na 2 O	3.98	3.95	3.90	4.05	3.95	4.02	3.90	4.05	4.12	4.03	4.05	4.10
	K 2 O	1.80	1.78	1.80	1.81	1.83	1.78	1.73	1.89	1.87	1.86	1.86	1.84
	P 2 O 5	1.17	1.18	1.18	1.18	1.18	1.12	1.07	1.19	1.12	1.19	1.12	1.18
	Total	99.19 98.59 99.76 100.15 99.88 100.15 98.18 98.22 98.19 98.69 98.61 99.76
	LOI 1000	-0.81 -0.77 -0.93	-0.76	-1.00	-0.37	-2.40 -0.85 0.66 -0.74 0.74 -1.03
	Na 2 O + K 2 O 5.78	5.73	5.70	5.86	5.78	5.80	5.63	5.94	5.99	5.89	5.91	5.94
	CaO/Al 2 O 3	0.53	0.53	0.51	0.53	0.51	0.51	0.51	0.50	0.46	0.50	0.47	0.51
	Mg #	25.07 26.39 21.72 26.00 21.73 22.16 16.87 20.16 65.77 20.30 69.55 21.83
	Normative composition										
	Zircon	0.31	0.32	0.34	0.32	0.33	0.32	0.28	0.30	0.31	0.32	0.32	0.33
	Orthoclase	10.90 10.85 10.81 10.86 10.97 10.72 10.53 11.57 11.63 11.34 11.25 10.82
	Albite	29.27 29.51 28.93 28.93 28.58 27.58 24.90 26.43 27.23 26.54 27.56 27.53
	Anorthite	16.09 16.25 17.84 16.01 17.36 16.90 15.21 16.23 15.51 16.91 15.58 16.21
	Nepheline	2.84	2.69	2.18	3.18	2.39	3.62	4.93	4.91	5.13	4.68	4.07	3.79
	Diopside	11.83 11.47 9.67	11.78	9.89	10.78 11.06 10.71 9.11 10.11 9.22 10.97
	Olivine	16.82 16.97 17.96 16.94 18.08 17.96 20.99 17.80 18.88 18.08 20.59 19.04
	Magnetite	2.41	2.41	2.40	2.41	2.43	2.42	3.00	2.49	2.55	2.48	2.49	2.34
	Ilmenite	6.75	6.72	6.91	6.77	6.92	6.95	6.51	6.67	6.90	6.66	6.74	6.75
	Apatite	2.78	2.82	2.78	2.78	2.77	2.64	2.55	2.86	2.73	2.85	2.51	2.57
	Chromite	0.02	0.02	0.01	0.01	0.01	0.02	0.03	0.03	0.02	0.03	0.03	0.02
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 32 Trace element (ppm) composition of the Tseax lava and tephra.1 In the text, sample numbers are preceded by "TS-S".

	Unit				Flow 1					Flow 2	
	Sample 1	62	63	48	50	52	71	68	51	02	60	47
	Ba	835	851	897	867	844	840	860	877	923	921	869
	Ce	59.40 59.40 61.30 59.50 60.00 63.30 65.50 60.70 63.50 68.10 59.40
	Cr	10.00 10.00 10.00 10.00 10.00 30.00 20.00 10.00 10.00 20.00 10.00
	Cs	0.20	0.22	0.23	0.21	0.21	0.23	0.23	0.26	0.24	0.22	0.21
	Dy	6.79	6.96	7.07	6.67	7.04	7.06	7.54	7.12	7.28	7.78	6.89
	Er	3.44	3.27	3.40	3.24	3.20	3.08	3.40	3.31	3.45	3.47	3.37
	Eu	3.37	3.36	3.39	3.35	3.49	3.69	3.80	3.46	3.52	4.21	3.40
	Ga	24.20 24.10 24.30 24.10 24.20 23.50 24.70 24.50 25.40 25.20 23.70
	Gd	8.69	8.53	8.90	8.83	8.77	8.91	8.95	8.93	9.36	9.44	8.86
	Hf	5.00	4.80	5.20	4.80	4.90	4.70	4.80	5.20	5.20	5.10	5.00
	Ho	1.26	1.30	1.30	1.32	1.35	1.32	1.42	1.32	1.34	1.46	1.27
	La	27.80 27.50 28.40 27.50 28.30 29.20 30.00 28.10 29.30 31.50 27.40
	Lu	0.36	0.35	0.39	0.37	0.39	0.38	0.42	0.39	0.37	0.40	0.36
	Nb	35.80 35.50 36.70 35.60 34.80 34.40 35.10 36.50 37.60 36.80 35.50
	Nd	34.10 34.00 35.40 34.00 33.20 35.50 36.80 34.70 36.60 38.70 34.30
	Pr	7.81	7.83	8.02	7.85	7.66	8.30	8.69	7.92	8.31	9.02	7.82
	Rb	21.50 21.40 22.50 21.70 22.40 23.10 23.30 22.50 22.50 24.10 21.40
	Sm	8.00	8.26	8.73	8.83	8.59	8.67	9.07	8.59	8.99	9.47	8.50
	Sn	2.00	2.00	2.00	2.00	2.00	2.00	2.00	2.00	2.00	2.00	2.00
	Sr	441	457	454	451	449	461	477	461	463	489	442
	Ta	2.00	1.90	2.00	2.00	2.00	2.00	2.20	2.00	2.10	2.20	2.00
	Tb	1.21	1.22	1.26	1.25	1.32	1.31	1.30	1.25	1.31	1.41	1.23
	Th	2.47	2.34	2.47	2.41	2.48	2.68	2.64	2.52	2.58	2.82	2.30
	Tm	0.43	0.42	0.43	0.41	0.43	0.43	0.45	0.43	0.43	0.47	0.44
	U	0.73	0.70	0.73	0.70	0.73	0.79	0.82	0.75	0.79	0.86	0.73
	V	163	164	161	162	171	170	177	168	163	177	152
	W	6.00	2.00	7.00	2.00	<1	1.00	1.00	1.00	1.00	1.00	1.00
	Y	32.10 31.90 33.20 32.40 32.80 34.30 35.90 33.50 33.90 37.20 32.20
	Yb	2.45	2.52	2.46	2.45	2.65	2.83	2.66	2.60	2.53	2.71	2.51
	Zr	201	203	208	201	215	189	196	210	214	204	200
	Dy/Yb	2.77	2.76	2.87	2.72	2.66	2.49	2.83	2.74	2.88	2.87	2.75
	Nb/Y	14.61 14.09 14.92 14.53 13.13 12.16 13.20 14.04 14.86 13.58 14.14
	V/Yb	66.53 65.08 65.45 66.12 64.53 60.07 66.54 64.62 64.43 65.31 60.56
	La/Yb	11.35 10.91 11.54 11.22 10.68 10.32 11.28 10.81 11.58 11.62 10.92
	Ce/Yb	24.24 23.57 24.92 24.29 22.64 22.37 24.62 23.35 25.10 25.13 23.67
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 32 (continued).

	Unit		Flow 4			Spatter rampart			Tephra cones	
	Sample 1	26	33	57	56	19	20	06	78	40B	55	40A	04
	Ba	896	894	935	909	878	833	802	887	852	925	881	909
	Ce	61.20 60.30 63.90 62.50 60.90 58.30 61.00 66.40 64.70 69.20 67.50 62.30
	Cr	10.00 10.00 10.00 10.00 10.00 10.00 20.00 20.00 10.00 20.00 20.00 10.00
	Cs	0.18	0.21	0.21	0.20	0.25	0.21	0.21	0.22	0.34	0.27	0.34	0.22
	Dy	6.94	7.08	7.41	7.43	6.95	6.90	6.96	7.25	7.62	7.84	8.02	7.39
	Er	3.41	3.29	3.36	3.41	3.19	3.08	3.09	3.02	3.52	3.47	3.55	3.39
	Eu	3.63	3.50	3.87	3.55	3.57	3.28	3.65	3.81	3.83	3.78	3.79	3.61
	Ga	24.50 24.50 25.30 24.90 24.40 23.80 23.50 24.10 24.60 25.50 25.00 24.90
	Gd	8.90	8.97	9.53	9.37	8.98	8.79	8.36	9.19	9.10	9.63	9.16	9.09
	Hf	5.00	5.10	4.90	5.30	4.80	4.70	4.70	4.90	4.80	5.10	4.90	4.90
	Ho	1.30	1.33	1.41	1.35	1.37	1.27	1.31	1.39	1.38	1.47	1.40	1.37
	La	28.50 28.20 30.00 29.10 28.40 27.50 28.50 30.30 30.00 31.90 31.10 29.30
	Lu	0.39	0.37	0.39	0.39	0.38	0.37	0.40	0.41	0.40	0.42	0.42	0.40
	Nb	36.30 35.90 36.70 36.80 34.60 34.00 33.80 35.20 35.60 36.80 37.40 35.70
	Nd	35.40 34.40 36.50 35.70 34.20 33.50 35.40 37.00 36.50 39.80 38.00 35.90
	Pr	7.86	7.86	8.27	8.21	7.93	7.53	7.91	8.50	8.51	9.13	8.86	8.06
	Rb	22.10 21.40 23.00 22.50 22.40 21.90 20.50 23.70 24.90 24.30 25.70 22.60
	Sm	8.53	8.57	9.29	9.00	8.84	8.30	8.24	8.71	9.36	9.53	9.24	9.09
	Sn	2.00	2.00	2.00	2.00	2.00	2.00	2.00	2.00	8.00	2.00	8.00	2.00
	Sr	454	455	473	465	447	442	463	480	455	505	463	466
	Ta	2.00	1.90	2.10	2.10	2.00	1.90	2.10	2.10	2.00	2.20	2.20	2.00
	Tb	1.25	1.27	1.32	1.30	1.30	1.21	1.23	1.33	1.30	1.35	1.34	1.35
	Th	2.35	2.39	2.54	2.44	2.41	2.44	2.63	2.64	2.77	2.80	2.81	2.51
	Tm	0.44	0.41	0.48	0.46	0.44	0.42	0.42	0.46	0.45	0.49	0.45	0.43
	U	0.78	0.76	0.82	0.78	0.74	0.76	0.82	0.86	0.89	0.89	0.92	0.82
	V	156	157	168	161	170	171	179	173	184	183	191	164
	W	3.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	Y	33.00 32.90 34.80 33.80 33.20 32.50 33.50 35.70 35.80 38.10 37.00 33.80
	Yb	2.64	2.50	2.78	2.54	2.62	2.51	2.46	2.64	2.79	2.70	2.78	2.68
	Zr	206	206	223	211	217	208	186	195	196	206	203	219
	Dy/Yb	2.63	2.83	2.67	2.93	2.65	2.75	2.83	2.75	2.73	2.90	2.88	2.76
	Nb/Y	1.10	1.09	1.05	1.09	1.04	1.05	1.01	0.99	0.99	0.97	1.01	1.06
	V/Yb	59.09 62.80 60.43 63.39 64.89 68.13 72.76 65.53 65.95 67.78 68.71 61.19
	La/Yb	10.80 11.28 10.79 11.46 10.84 10.96 11.59 11.48 10.75 11.81 11.19 10.93
	Ce/Yb	23.18 24.12 22.99 24.61 23.24 23.23 24.80 25.15 23.19 25.63 24.28 23.25

  .1) and the different field units cannot be geochemically distinguished. Samples exhibit an extremely limited range of TiO 2 (3.25 -3.68 wt.%), Al 2 O 3 (13.70 -14.70 wt.%), O 5 (1.07 -1.20 wt.%) despite a range in SiO 2 from 44 to 48 wt.%. One of the most notable chemical characteristics of the lavas is their low MgO content (4.07 -4.65 wt.%) with Mg # (molar MgO/(MgO + FeO T )) equal to 21.5 ± 6.0. The samples show a high iron content, FeO T = 14 -15 wt.%. The lava samples are alkali rich (Na 2 O + K 2 O = 5.84 ± 0.21; Alkali Index (Al 2

	MnO (0.22 -0.28 wt.%), CaO (6.59 -7.78 wt.%), Na 2 O (3.90 -4.16 wt.%), K 2 O (1.73 -1.93
	wt.%) and P 2

  c. Olivine-liquid equilibrium and the corresponding calculated temperature using the[START_REF] Helz | Geothermometry of Kilauea Iki lava lake, Hawaii[END_REF] thermometer. The standard error associated with this thermometer is ± 71 • C. d. Plagioclase-liquid equilibrium[START_REF] Putirka | Thermometers and barometers for volcanic systems[END_REF] and calculated H 2 O (wt.%) using the plagioclase-liquid hygrometer of[START_REF] Waters | An updated calibration of the plagioclase-liquid hygrometer-thermometer applicable to basalts through rhyolites[END_REF]. The error on H Among the 60 analysed plagioclase phenocryst cores, 50 plagioclases (An 48-57 ) were in equilibrium with a K D = 0.32 ± 0.06 (Figure3.6d). Using the technique of[START_REF] Waters | An updated calibration of the plagioclase-liquid hygrometer-thermometer applicable to basalts through rhyolites[END_REF], the results indicate a water content of 1.28 ± 0.49 wt.% H 2 O. We calculated a water content of 1.26 ± 0.47 wt.% (K D = 0.32 ± 0.06, An4 49-57 ), 1.42 ± 0.36 wt.% (K D = 0.29 ± 0.03, An 53-57 ) and 1.39 ± 0.28 wt.% (K D = 0.30 ± 0.02, An 54-56 ) for Flow 1, 2 and 4, respectively. The highest calculated amount of H 2 O corresponds to P = 6 kbar and the lowest to P = 0.1 kbar. Note that results between the flow units are within error and within the error associated with the methods used (± 0.35 wt.% for H 2 O content, ± 0.11 for the K D ).

2 O is ± 0.21 wt.% for P = 0.1 -6 kbar. The data outside the equilibrium range were disregarded. Abbreviations: Fo: forsterite; An: anothirte; Byt: Bytownite; Lab: labradorite; And: andesine; Olig: Oligoclase; Ab: albite; Anor: anorthosite; San: sanidine; Orth: orthoclase.

  . Tseax compositions have high Dy/Yb = 2.77 ± 0.27 and Nb/Y = 1.05 ± 0.09 (Table3.2) and compare well with NCVP lavas (i.e., Dy/Yb ≈ 2.5 and 0.7 < Nb/Y < 1.4). In comparison, typical OIB lavas from Hawaii and Piton de La Fournaise, La Réunion island, have 2 < Dy/Yb < 3 and 0.2 < Nb/Y < 1.6 (compiled from the GeoRoc database;

	http://georoc.mpch-mainz.gwdg.de/georoc/).
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 34 Modelled distribution of the trace element (ppm) and comparison with the average Tseax composition. a Model 1 after 0.5 % partial melting of 5 % PME OIB; b Model 1 after 2 % partial melting of 30 % PME OIB.

				Avg. Tseax		Avg. Tseax		Avg. Tseax
	Rb	22.9	0.75	0.03	0.04	0.002	19.7	0.86
	Ba	882	156	0.18	6.88	0.01	771	0.87
	Th	2.55	8.51	3.34	0.55	0.22	8.84	3.47
	U	0.8	2.01	2.51	0.14	0.18	-	-
	Nb	36	337	9.35	22.45	0.62	36.1	1.02
	Ta	2.07	-	-	-	-	2.63	1.27
	La	29.2	445	15.25	41.81	1.43	119	4.07
	Ce	63.1	1083	17.18	148	2.35	221	3.5
	Pr	8.26	-	-	-	-	37.8	4.58
	Nd	36	467	12.98	79.36	2.21	116	3.22
	Sr	462	7373	15.97	1156	2.5	528	1.14
	Zr	207	4147	20.04	681	3.29	271	1.31
	Hf	4.96	-	-	-	-	3.85	0.78
	Sm	8.83	11.51	11.51	21.87	2.48	18	2.04
	Eu	3.62	-	-	-	-	5.2	1.44
	Ti	21129	133281	6.31	34370	1.63	13525	0.64
	Gd	9.11	-	-	-	-	17.2	1.89
	Tb	1.28	-	-	-	-	2.7	2.11
	Dy	7.25	37.84	5.22	11.62	1.6	8.73	1.21
	Ho	1.35	-	-	-	-	2.76	2.06
	Y	34.2	153	4.48	51.12	1.5	34.6	1.01
	Er	3.35	-	-	-	-	4.54	1.36
	Yb	2.62	12.44	4.75	4.71	1.8	3.19	1.22
	Lu	0.38	-	-	-	-	0.47	1.24

Element Avg. Tseax Model 1 a Model 1 a / Model 1 b Model 1 b / Model 2 Model 2 /

  . Vanadium is preferentially incorporated in clinopyroxene in comparison to Yb, while Ce and La have very low partition coefficients between the melt and clinopyroxene (partition coefficients between a Fe-rich basaltic melt and clinopyroxene are ∼ 5.09, ∼ 0.055, ∼ 0.032, ∼ 0.23 for V, Ce, La and Yb, respectively; Dygert et al., 2014). Hence, a positive relationship between V/Yb and CaO/Al 2 O 3 (or MgO) or a negative relationship between Ce/Yb or La/Yb and CaO/Al 2 O 3 indicates fractionation of clinopyroxene at depth. We measure little variation

			Apatite
		Clinopyroxene	
	cpx: 1080 ºC	ap: 1077 ºC	
	pl:		
	1094 ºC	Plagioclase
	ol:		
	1114 ºC		
	ox:		
	1133 ºC	Fe-Ti oxide	Olivine

in the V/Yb (64.79 ± 5.69), La/Yb (11.13 ± 0.82) and Ce/Yb (23.98 ± 1.61) ratios for CaO/Al 2 O 3 = 0.51 ± 0.05 (Table

3.1 and 3.2

). These results do not support fractionation of clinopyroxene at depth and thus it cannot be considered as the liquidus phase. This suggests a low storage pressure, i.e., < 5 kbar, and assuming a constant crustal geostatic gradient of 3.7 kbar/km, implies a magma chamber located in the middle to upper crust, i.e., a maximum depth of ∼ 15 km.

Table 3 . 5 :

 35 Liquidus and pre-eruption conditions.

	Liquidus	Pre-eruption Pressure	fO 2	H 2 O	Liquidus Pre-eruption
	temperature temperature				viscosity	viscosity
	( • C)	( • C)	(kbar)		(wt.%)	(Pa.s)	(Pa.s)
	1133	1087 ± 7	∼ 1.5	-0.12 QFM 1.28 ± 0.49	∼ 33	166 ± 44

Table 3 . 6 :

 36 • C, f O 2 = -0.12QFM and with the initial water content obtained from the plagioclase-liquid hygrometer of[START_REF] Waters | An updated calibration of the plagioclase-liquid hygrometer-thermometer applicable to basalts through rhyolites[END_REF]. We estimate the exsolution of ∼ 0.45 wt.% H 2 O for Flow 1, ∼ 0.60 wt.% H 2 O for Flow 2 and ∼ 0.55 wt.% H 2 O for Flow 3 and 4. Using the values given in Table3.3 and 3.5, viscosities upon eruption of the lava flows are thus 225 ± 26; 366 ± 44; 1162 ± 140 Pa.s forFlow 1, 2, 3 and 4, respectively (Table 3.6, Figure 3.10). Syn-eruption viscosity (Pa.s) of the 4 lava flows.

	Flow #	Type	H 2 O	Fe-Ti oxide	Olivine	Plagioclase (η r ) tot	η melt	η lava
	Flow 1	Pāhoehoe 0.81	2.56	1.09	3.56	1.13	3.67	1.23	1.51	150 ± 17	225 ± 26
	Flow 2	Pāhoehoe 0.82	3.25	1.11	5.25	1.20	7.50	1.56	2.08	176 ± 21	366 ± 44
	Flow 3 -4 'A'ā	0.84	4.00	1.14	8.33	1.34	15.67	2.86	4.37	266 ± 32 1162 ± 140

wt.% vol.% (η r ) ox vol.% (η r ) ol vol.% (η r ) pl

Table 4 . 1 :

 41 Type and geometrical characteristics of the Tseax lava flows (from Le Moigne et al., 2020a).

			Avg.	Avg. Thickness	Avg. Width	Length	Surface	Volume
	Flow #	Type	Slope				Area	(error)
			•	m	m	km	km 2	km 3
	Flow 1	Pāhoehoe 0.24 1 ; 2.5 ± 0.6 2 12 ± 2 1 ; 14 ± 2 2	2.47 1 ; 0.30 2	31.6	26.97	0.41 (0.07)
	Flow 2	Pāhoehoe	2.50 ± 0.6	7 ± 1	0.44	21.2	6.74	0.06 (0.01)
	Flow 3	'A'ā	3.11 ± 0.4	4.5 ± 1	0.28	7.2	1.11	0.009 (0.002)
	Flow 4	'A'ā	3.11 ± 0.4	4.5 ± 1	0.26	5.3	1.22	0.006 (0.001)
	Total					31.6	36.04	0.49 (0.08)

Table 4 . 2 :

 42 Volume of the pyroclastic edifices and ejected tephra (from Le Moigne et al., 2020a).

	Edifice	Volume (error)
	(ejected tephra)	(m 3 )
	Spatter rampart	1.1 × 10 6 (0.3)
	Tephra cone	2.8 × 10 6 (0.4)
	(ejected tephra)	6.5 × 10 6
	Other pyroclastic cones	2.7 × 10 4 (0.2)
	(ejected tephra)	2.3 × 10 4
	Total	10.5 × 10 6 (0.7)

Lava Flow Discharge Rates 4.4.1 Flow 2, 3 and 4 -Captured and Space-Limited Flows

  

	0.241	(4.6)
	H P = 1.67Q 0.251	(4.7)
	4.4	

Table 4 . 3 :

 43 Effusion rates, apparent viscosities and yield strength calculated from a morphological approach.

		Flow 1	Flow 2	Flow 3 Flow 4
	Average discharge rate (m 3 /s)				
	Walker (1973)	50 -5,000	20 -1,500 0.8 -105 0.3 -50
	Pinkerton and Norton (1995)	-	99 -149	42 -66	28 -44
	Derived from Kilburn (2004) 800 -1,000 (max)	-	-	-
	Apparent viscosity (×10 5 Pa.s)				
	Nichols (1939)	0.4 -2.7	1.9 -9.4	0.5 -4.6 0.8 -6.4

  LeMoigne et al., 2020a). To estimate the average discharge rate of Flow 1, we first used the method of[START_REF] Walker | Lengths of lava flows[END_REF] that only takes into account the length of the lava flow. The maximum effusion rate estimates are scaled up to 10 3 m 3 /s, however, we assume here that the[START_REF] Walker | Lengths of lava flows[END_REF] model is applicable for effusion rates > 10 3 m 3 /s without introducing significant errors. Lateral confinement in the V-shaped Crater Creek and Tseax River valleys most likely played a considerable role in the emplacement of the Tseax lava flows, potentially lengthening them by several kilometres.

	Hulme (1974)	1.0 -2.1	0.5 -1.2	4.2 -9.1 4.2 -9.1
	Chevrel et al. (2013)	1.1 -1.6	2.1 -3.9	1.1 -2.9 1.2 -3.1
	4.4.2 Flow 1			

3 Pa) Flow 1 cannot be simplified as a channelised lava flow (Figure 4.1b and 4.4) because about 65 % of its volume (∼ 0.32 ± 0.03 km 3 ) forms a 26.3 km 2 (∼ 12 by ∼ 2.5 km) inflated lava plain in the Nass Valley (Figure 4.1b and 4.4;

  1 km 3 , 122 days;[START_REF] Corsaro | The 1669 eruption at Mount Etna: Chronology, petrology and geochemistry, with inferences on the magma sources and ascent mechanisms[END_REF], the 1256 CE Madinah flow in Harrat Rahat volcanic field (0.44 -0.50 km 3 , 52 days;[START_REF] Camp | The Arabian continental alkali basalt province : Part I. Evolution of Harrat Rahat, Kingdom of Saudi Arabia[END_REF][START_REF] Dietterich | [END_REF] and the recent Fissure 8 eruption of Kīlauea volcano in 2018 (0.8 km 3 , 60 days;[START_REF] Neal | The 2018 rift eruption and summit collapse of Kilauea Volcano[END_REF].Peak effusion rates of Flow 1 are larger than most of the recent mafic eruptions but lower than those estimated during the rapid emplacement of the 1977 Nyiragongo lavas (Table4.4;

Table 4 . 4 :

 44 Comparison of the Tseax lava flow emplacement characteristics with other recent basaltic flows. Asterisk: minimum length, lava enters the sea or a lake for the 2002 Nyiragongo example.

	Volcano / Eruption	Length	Volume	Discharge Rate Advance rate	Duration
		(km)	(km 3 )	(m 3 /s)	(m/h)	(days)
	Tseax / Flow 1	31.6	0.34 -0.48	130 -1,000	180 -430	10 -100?
	Tseax / Flow 2	21.2	0.05 -0.07	99 -149	160 -280	∼ 5 -10
	Tseax / Flow 3	7.2	0.008 -0.01	42 -66	580 -860	∼ 5 -10
	Tseax / Flow 4	5.3	0.005 -0.007	28 -44	470 -720	∼ 5 -10
	Mauna Loa / 1984 1	27	0.22	20 -800	280	21
	Mauna Loa / 1859 2	51*	0.27	116 -235	260	18 -27
	Kīlauea / June 27th 2014-2015 Pāhoe flow 3	20	0.02 -0.05	1 -2	< 21	∼ 270
	Kīlauea / 2018 Fissure 8 4,5,6	13*	0.3	350 -1,700	?	∼ 60
	Piton de La Fournaise / 2007 7	4	0.20 -0.23	84	261	29.6
	Holuhraun / 2014-2015 8	17	1.44	90	63	182
	Laki / 1782-83 9,10	60	∼ 14	1,150 -8,700	100 -1,500	∼ 250
	Hekla / 1991 11	> 10	0.15	1 -800	> 1440	53
	Etna / 1669 12	17*	0.5 -1	50 -100	17	122
	Lanzarote / 1736 Montaña de Las Nueves 13	21	0.14	60	36 -108	∼ 28
	Harrat Rahat / 1256 AD Madinah 14,15	22 -23	0.44 -0.50	98	17 -840	52
	Nyiragongo / 1977 16	∼ 9	∼ 0.02	3,055 -6,100	> 10,000	0.04 -0.08
	Nyiragongo / 2002 16	8*	∼ 0.02	290 -145	>10,000	1 -2
	Collier Cone / 1600 BP 17	13.6	0.14 -0.17	3 -18	?	60 -275
	Tolbachik / 2013-2014 18	17.8	0.55	23 -440	3 -200	280

  ). Flow 1, in green, is the simulated lava flow in this study. b. Simplified stratigraphy of the lava flow field. Vertical exaggeration: ∼ 550×. c. Pre-eruption geography of the Tseax area. The approximate locations of the former Nisga'a villages, smokehouses and fish camps are also shown. Extensively modified from Nisga'a Tribal Council and B.C. Parks Committee (1997).

	Coordinates system: UTM Projection Zone 9N, WGS 1984 Datum. Contour interval is 200
	m.											
						∂h ∂t	+	∂ ∂x	(hu) +	∂ ∂y	(hv) = 0	(5.1)
	∂h ∂t	(hu) +	∂ ∂x	hu 2 +	∂ ∂y	(huv) = gh sin α x -	1 2	κ act/pass	∂ ∂x	gh 2 cos α +	R x ρ lava	(5.2)
	∂h ∂t	(hv) +	∂ ∂x	(hvu) +	∂ ∂y	hv 2 = gh sin α y -	1 2	κ act/pass	∂ ∂y	gh 2 cos α +	R y ρ lava	(5.3)

Table 5 . 1 :

 51 Simulated scenarios for the emplacement of Flow 1 at Tseax. Numbers in parenthesis are the cumulative volume erupted at the corresponding discharge rate.

Table 5 . 2 :

 52 VolcFlow input parameters. See text, Figure 5.2 and Appendix C for the definition of each parameter.

	Symbol	Definition	Value	Unit	Source
	z	Ground topography	DEM	m	Chapter 2
	Lava Flow				
	g	Acceleration due to gravity	9.81	m/s 2	-
	ε	Emissivity of a basalt	0.95	-	Harris and Rowland (2001)
	σ	Stephan-Boltzmann constant	5.67×10 -8	W/(m 2 •K 4 ) Harris and Rowland (2001)
	κ	Thermal conductivity of basalt	2.42	W/(m•K)	Horai (1991)
	ρ DRE	Dense rock equivalent density	2670	kg/m 3	Table A.1
	ves	Vesicularity	25	%	This Chapter, Section 5.3.5
	ρ lava	Lava bulk density	2000	kg/m 3	This Chapter, Section 5.3.5
	φ pl,ini	Plagioclase initial content	3.67	%	Chapter 3, Table 3.6
	φ ol,ini	Olivine initial content	3.56	%	Chapter 3, Table 3.6
	φ ox,ini	Oxide initial content	2.56	%	Chapter 3, Table 3.6
	φ tot,ini	Total crystal initial content	9.79	%	Chapter 3, Table 3.6
	φ max	Max. crystal packing	54	%	Mueller et al. (2010)
	β	Einstein coefficient	5.39 (pl)	-	Chapter 3, Mueller et al. (2010)
			3.27 (ol, ox)	-	Chapter 3, Mueller et al. (2010)
	∆φ	Crystal grown during cooling	0.9	-	Harris et al. (2015)
	L cryst	Latent heat of crystallisation	3.5 × 10 5	J/kg	Harris and Rowland (2001)
	r c	Rate of crystallisation (= ∆φ/∆T )	0.00168	-	This Chapter, Section 5.3.5
	η melt,ini	Initial melt viscosity	150	Pa.s	Chapter 3, Table 3.6
	η r,ini	Initial relative viscosity	1.51	Pa.s	Chapter 3, Table 3.6
	η lava,ini	Initial bulk lava viscosity	225	Pa.s	Chapter 3, Table 3.6
	T liq	Liquidus temperature	1408	• K	Chapter 3, Table 3.5
	T erupt	Eruption temperature	1360	• K	Chapter 3, Table 3.5
	T solid	Solidus temperature	825	• K	This Chapter, Section 5.3.5
	T surf,crust	Surface temperature of	411	• K	This Chapter, Section 5.3.5
		brittle crust			
	T crust	Depth-averaged temperature of	743	• K	This Chapter, Section 5.3.5
		surface brittle crust			
	T base	Temperature at base of the flow	1073	• K	This Chapter, Section 5.3.5
	Buf	Flow core -molten lava buffer	140	• C	Harris and Rowland (2001)
	∆T max	Max. cooling range (= T erupt -T solid )	535	• K	This Chapter, Section 5.3.5
	ce	Lava flow surface crust free fraction	0.1	-	This Chapter, Section 5.3.5
	f	Lava flow surface crust cover fraction	0.9	-	This Chapter, Section 5.3.5
	A, B and C GRD model constants	-4.55, 6051, 460 -	Chapter 3, Giordano et al. (2008)
	Overlying Atmopshere			
	ρ atm	Atmosphere density	0.4412	kg/m 3	-
	cp atm	Atmosphere specific heat capacity	1.006 × 10 -3	J/(kg•K)	-
	U	Wind speed	2	m/s	This Chapter, Section 5.3.6
	C H	= (U # /U ) 2 , U # = wind friction speed	3.6 × 10 -3	-	Harris and Rowland (2001)
	T atm	Atmosphere temperature	295	• K	This Chapter, Section 5.3.6
	δR/δt	Average rainfall rate	3.81 × 10 -8	m/s	This Chapter, Section 5.3.6
	Nass River				
	T N ass	Avg. Nass River temperature (Summer) 288	• K	Nisga'a Tribal Council Fisheries
	Q N ass	Average flux of the Nass River	1500	m 3 /s	Figure 5.3
	ρ H2O	Water density	1000	kg/m 3	-
	cp H2O	Water specific heat capacity	4.19 × 10 -3	J/(kg•K)	-
	L H2O	Water latent heat of vaporisation	2.8 × 10 -8	J/kg	-

Table 5 . 3 :

 53 Variables in the VolcFlow numerical model. See text and Appendix C for a detailed description of each parameter. These variables are also represented on Figure 5.2b.

	Symbol Definition	Unit	Source or Equation
	Q	Effusion rate at the vent	m 3 /s	This Chapter, Table 5.3
	v	Lava flow mean velocity	m/s	Equation 5.1, 5.2, 5.3
	h	Lava flow thickness	m	Equation 5.1, 5.2, 5.3, Table 5.3
	τ	Yield strength	Pa	Equation 5.2, 5.3
	η melt	Melt viscosity	Pa.s	Chapter 3, Equation A.3
	η r	Crystal relative viscosity	Pa.s	Chapter 3, Equation A.4, A.5
	η lava	Bulk Lava viscosity	Pa.s	Chapter 3, Equation 5.11
	φ pl	Plagioclase content	%	Equation 5.9
	φ ol	Olivine content	%	Equation 5.9
	φ ox	Oxide content	%	Equation 5.9
	φ tot	Total crystal content	%	= φ pl + φ ol + φ ox
	T surf	Temperature of flow surface	• K	Equation C.3
	T conv	Characteristic surface temperature for convection • K	Equation C.10
	T hot	Temperature of molten lava	• K	Equation C.4
	T core	Temperature of flow interior	• K	Adjusted to the depth-averaged T
	T	Depth-averaged temperature of lava flow	• K	Equation 5.5
	Θ CON D	Heat loss by convection	W/m 2 Equation C.1
	Θ RAD	Heat loss by radiation	W/m 2 Equation C.2
	Θ CON V	Heat loss by forced convection	W/m 2 Equation C.8
	Θ EV AP	Heat loss by evaporation of rainfall	W/m 2 Equation C.11
	Θ LOSS	Total heat loss	W/m 2 Equation 5.8

Table 5 . 4 :

 54 Arrival times (in hours) at some key locations. Numbers in italics are the lava flow velocities (in km/h) averaged from the vent. Dash symbols: not reached by the lava flow after the 60 hours of simulations. In the last column are the results from Chapter 4 for comparison.

	Location	Distance	Flood-like	1991 Hekla	1984 Mauna Loa Chapter 4
		(km)	A1 A2 A3 B1 B2 B3 C1 C2	C3
	Tseax River valley	5	1.3	0.5	0.5	2.5	1.0	0.9 5.2 1.7	1.5	6.0
			4.0	10	10	2.0	5.0	5.6 1.0 2.9	3.3	0.8
	Fish camps	14	11.3 3.6	2.6 17.6 6.9	5.0	32 18.3	13.6	17
			1.2	3.9	5.4	0.8	2.0	2.8 0.4 0.8	1.0	0.8
	Smokehouses	20	27.3 8.6	5.4	47 18.9 11.8	-	60	51.8	22
			0.7	2.3	3.7	0.4	1.1	1.7	-	0.3	0.4	0.9
	Nass River	21.5	32.2 10.1 6.0	50 23.3 14.2	-	-	-	25
			0.7	2.1	3.6	0.4	0.9	1.5	-	-	-	0.9
	Laxksiluux	23	-	19 10.2	-	48.2 27.8	-	-	-	32 -41
			-	1.2	2.3	-	0.5	0.8	-	-	-	0.6 -0.7
	Laxksiwihlgest	26	-	22.6 13.3	-	58.7 44.4	-	-	-	37 -53
			-	1.2	2.0	-	0.4	0.6	-	-	-	0.5 -0.7
	Ts'oohlts'ap	28.5	-	36.3 22.1	-	-	-	-	-	-	43 -69

Table 6 . 1 :

 61 Notation and symbols used. Subscripts 1 and 2 refer to upstream and downstream conditions of the hydraulic jump.

	Symbol Unit	Definition
	A	m 2	Channel cross-section
	A j	m	Amplitude of a hydraulic jump
	B	-	Bingham number
	Be	m	Bernouilli's equation
	D	m	Hydraulic diameter
	E S	m	Specific energy per unit mass of the fluid
	Fr	-	Froude number
	f	-	Fanning friction number
	G	-	Ratio of the buoyancy to the viscous stresses
	g	m/s 2	Gravitational acceleration
	H	m	Lava flow depth
	H c	m	Critical depth
	K	-	Coefficient depending on the channel shape and roughness
	L j	m	Length of a hydraulic jump
	P	Pa	Pressure
	P W	m	Wetted perimeter
	Q	m 3 /s	Lava flow discharge rate
	Re	-	Reynolds number
	r	m	Average height of channel wall irregularities
	v	m/s	Lava flow velocity
	W	m	Channel width
	z	m	Elevation above the reference datum
	α	•	Channel slope angle
	β	•	Oblique hydraulic wave front angle with respect to the
			original wall direction
	γ	-	Kinetic energy correction factor for the non-uniform velocity
			gradient in the channel cross-section; or Coriolis coefficient
	ε	s -1	Strain rate
	η	Pa.s	Lava flow viscosity
	θ	•	Bending angle of one of the channel wall with respect to the
			original wall direction
	ρ	kg/m 3 Lava flow density
	σ o	Pa	Yield stress
	τ s		

Table 6 . 2 :

 62 Lava flow conditions for the formation of the maximum super-elevated levees in the 1974 Kīlauea gully for different wavefront angle. Re and η are calculated for 24 < K < 30.

	Wavefront angle β ( • )	Upstream Froude number Fr 1	Upstream velocity v 1 (m/s)	Discharge rate Q (m 3 /s)	Fanning friction factor f	Reynolds number Re	Apparent viscosity η (Pa.s)
	45	1.69	9.65	259	0.050	540 ± 60	118 ± 42
	50	1.56	8.90	239	0.059	457 ± 50	129 ± 46
	60	1.38	7.88	211	0.075	360 ± 40	145 ± 52
	70	1.27	7.25	194	0.089	303 ± 33	159 ± 57
	80	1.21	6.91	185	0.098	275 ± 30	166 ± 59

  . For example, overestimation of channel depth by only 1 m for the 1984 Mauna Loa example would have resulted in a ∼ 40 % greater discharge rate estimate. Fortunately, real-time video surveys of active lava flows are becoming standard thanks to the rapid advance of ground based video acquisition and Unmanned Aerial Vehicles (UAV) technology (e.g.,

Table 7 . 1 :

 71 Answers to the Research Questions and references to the main Figures and Tables.

  Tseax lava compositions compared to NCVP basalts and basanites. Also plotted for comparison, OIBs from several oceanic islands and lavas from the North American subduction volcanic arcs (data compiled from http://georoc.mpch-mainz.gwdg.de/georoc/). Do we have to extend the geochemical definition of the NCVP to include Tseax? In green, our Model 2, i.e., partial melting of a cpx-poor wehrlite, that best reproduces the Tseax lava composition for ∼ 3 -4 % partial melting. Numbers along the Model line indicate the degree (%) of partial melting. Tseax lavas are enriched in Ba compared to other NCVP mafic lavas. This gap is unexplained but points towards a subduction-derived component in the mantle source.

	a	Aleutian Volcanic Arc, Garibaldi Volcanic Belt, High Cascades Volcanic Arc b	Subduction-derived	component	Model 2	NCVP basanites & basalts
		Tseax lavas			
					gap	
				?		
						OIB Hawaii, Galapagos, Piton de La
						Fournaise, Azores, Canaries, Cabo
						Verde, Ascension, Tristan da
						Cunha, Kerguelen
	Figure 7.8:					

5% PME OIB 30% PME OIB Cpx-poor Wehrlite

  

	Rb	0.006	0.001	0.75
	Ba	0.84	0.14	23.35
	K	766	135	332
	Th	0.08	0.01	0.28
	U	0.02	0.00	-
	Nb	3.07	0.54	1.29
	Ta	-	-	0.13
	La	6.22	1.21	4.39
	Ce	24.82	5.58	10.15
	Pb	0.71	0.14	-
	Pr	-	-	1.30
	Nd	15.02	3.71	5.54
	Sr	224	51.97	32.29
	Zr	114	28.60	12.59
	Hf	-	-	0.33
	Sm	4.85	1.36	1.03
	Eu	-	-	0.32
	Ti	9492	2929	1067
	Gd	-	-	1.02
	Tb	-	-	0.16
	Dy	3.54	1.25	0.88
	Ho	-	-	0.18
	Y	19.10	7.06	5.12
	Er	-	-	0.49
	Yb	1.56	0.65	0.46
	Lu	-	-	0.08

Table A . 3 :

 A3 Trace element partition coefficients between melt and mineral used to model the degree of partial melting. Abbreviations: ol: olivine; cpx: clinopyroxene; opx: orthopyroxene; plag: plagioclase; sp: spinel; gt: garnet.

	Element	K ol D	K cpx D	K opx D	K plag D	K sp D	K gt D
	Rb	0.00001 1	0.004 1	0.005 1	0.08 1	0.32 1	0.00001 1
	Ba	0.00001 1	0.002 1	0.0006 1	0.16 1	0.001 1	0.00001 1
	Th	0.0000062 2	0.04 3	0.0007 6	0.07 3	0.013 9	0.0021 2
	U	0.0000078 2	0.05 3	0.00255 6	0.06 3	0.06 9	0.01354 2
	K	0.00002 1	0.001 1	0.0001 1 0.3011 1	0.07 1	0.013 1
	Nb	0.00353 1	0.006 1	0.004 1	0.0236 1	0.08 1	0.01 1
	Ta	0.03 2	0.04 3	0.0025 5	0.04 3	0.0004 9	0.00525 5
	La	0.000007 1	0.05 1	0.016 1	0.042 1 0.0006 1	0.001 1
	Ce	0.00001 1	0.08 1	0.04 1	0.036 1 0.0006 1	0.005 1
	Pb	0.000274 2 0.00733 2 0.0001 7	0.625 8 0.0005 9	0.00034 2
	Pr	0.0000172 2	0.107 5	0.0032 5	0.24 8	0.01 4	0.02965 4
	Nd	0.00007 1	0.18 1	0.037 1	0.029 1 0.0006 1	0.04 1
	Sr	0.00012 1	0.079 1	0.062 1	1.97 1	0.4 1	0.0005 1
	Zr	0.003 1	0.13 1	0.03 1	0.09 1	0.04 1	0.9 1
	Hf	0.04 3	0.48 3	0.0545 6	0.05 3	0.003 9	0.235 4
	Sm	0.0007 1	0.29 1	0.054 1	0.022 1 0.0006 1	0.21 1
	Eu	0.00095 1	0.33 1	0.063 1	0.22 1	0.0006 1	1 1
	Ti	0.017 1	0.36 1	0.08 1	0.045 1	0.07 1	0.28 1
	Gd	0.015 4	0.3 4	0.034 5	0.0415 8	0.01 4	0.498 4
	Tb	0.00285 2	0.31 4	0.054 5	0.0505 8	0.01 4	0.75 4
	Dy	0.004 1	0.46 1	0.1621 1	0.013 8 0.0015 1	3.8 1
	Ho	0.0165 1	0.31 4	0.048 7	0.048 1	0.01 4	2.705 7
	Y	0.0074 1	0.41 1	0.3 1	0.01 4	0.0039 1	3.1 1
	Er	0.009 1	0.38 1	0.1816 1	0.013 1	0.003 1	4.5 1
	Yb	0.023 1	0.42 1	0.2605 1	0.012 1 0.0045 1	5.5 1
	Lu	0.03 1	0.45 1	0.318 1	0.012 1 0.0045 1	7.1 1

  Equation D.20 is in the form of a second degree polynomial and the theoretical solution is:where, the critical depth,H C = v 2 1 /ω and H S in the form of [3ωA j + -3ωA j ) + (ωA j ) 2 . H S is related to the excess of energy the supercritical flow possesses. Furthermore, H S , should satisfies H C > H S > 0. This is only valid if H S = [3ωA j -

	Equation D.19 simplifies to:					
	2ωH 2 1 + H 1 3A j -2v 2 1 + ωA 2 j = 0	(D.20)
		H 1 =	1 2	H c -	1 4	H S	(D.21)
							√	Ω]/ω or [3ωA j -	√	Ω]/ω,
	with Ω = 4v 2 1 (v 2 1					
							1
							H 1	ω	(D.13)
		Ψ =	8v 2 1 ωH 1	+ 1	(D.14)
	Furthermore,					
	Ψ =	2A j + 3H 1 H 1	2		=	9H 2 1 + 12H 1 A j + 4A 2 j 1 H 2	(D.15)
	Combining Equation D.14 and D.15, we have:
		9H 2 1 + 12H 1 A j + 4A 2 j H 2 1	=	8v 2 1 ωH 1	+ 1	(D.16)
	ωH 1 9H 2 1 + 12H 1 A j + 4A 2 j = H 2 1 ωH 1 + 8v 2 1	(D.17)
	8ωH 3 1 + 12ωH 2 1 A j + 4ωA 2 j H 1 -8H 2 1 v 2 1 = 0	(D.18)
	Dividing Equation D.18 by 4H 1 , we obtain:	
	2ωH 2 1 + 3ωH 1 A j + 4ωA 2 j -2H 2 1 v 2 1 = 0	(D.19)
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Table G . 3 :

 G3 Comment SiO 2 TiO 2 Al 2 O 3 FeO MnO MgO CaO Na 2 O Cr 2 O 3 NiO Total TiO 2 Al 2 O 3 FeO MnO MgO CaO Na 2 O Cr 2 O 3 NiO Total TiO 2 Al 2 O 3 FeO MnO MgO CaO Na 2 O Cr 2 O 3 NiO Total TiO 2 Al 2 O 3 FeO MnO MgO CaO Na 2 O Cr 2 O 3 NiO Total Electron microprobe analyses of oxide minerals Comment SiO 2 TiO 2 Al 2 O 3 Cr 2 O 3 FeO MnO MgO CaO Na 2 O K 2 O Total TiO 2 Al 2 O 3 Cr 2 O 3 FeO MnO MgO CaO Na 2 O K 2 O Total

	TS S68 ol1 TS S68 ol1 TS S68 ol2 TS S68 ol2 TS S68 ol3 TS S68 ol3 TS S68 ol4 TS S68 ol4 TS S68 ol5 TS S68 ol5 TS S48 ol1 TS S48 ol1 Comment SiO 2 TS-S62 ol1 core 36.59 0.11 36.02 0.12 35.21 0.49 36.12 0.26 34.90 0.78 36.05 0.09 36.27 0.12 35.38 0.16 36.15 0.12 36.08 0.14 36.31 0.06 36.33 0.04 36.79 0.04 TS-S62 ol1 edge 36.50 0.08 TS-S62 ol2 core 36.95 0.05 TS-S62 ol2 edge 36.21 0.14 TS-S62 ol3 core 36.88 0.05 TS-S62 ol3 edge 36.95 0.06 TS-S62 ol4 core 36.64 0.03 TS-S62 ol4 edge 36.28 0.11 TS-S62 ol5 core 36.44 0.05 TS-S62 ol5 edge 36.68 0.12 TS-S62 ol6 core 36.92 0.06 TS-S62 ol6 edge 36.92 0.10 Comment SiO 2 TS60 -ol1_core 36.14 0.01 TS60 -ol1_edge 36.03 0.04 TS60 -ol2_core 35.94 0.06 TS60 -ol2_edge 36.09 0.05 TS60 -ol3_core 36.62 0.06 TS60 -ol3_edge 36.34 0.07 TS60 -ol4_core 36.91 0.07 TS60 -ol4_edge 36.30 0.06 TS60 -ol5_core 35.93 0.07 TS60 -ol5_edge 37.56 0.04 TS60 -ol6_core 36.37 0.07 TS60 -ol6_edge 35.80 0.09 Comment SiO 2 TS-S26 ol1 core 36.37 0.06 TS-S26 ol1 edge 35.30 0.05 TS-S26 ol2 core 36.26 0.06 TS-S26 ol2 edge 35.82 0.06 TS-S26 ol3 core 35.86 0.06 TS-S26 ol3 edge 35.67 0.03 TS-S26 ol4 core 36.43 0.03 TS-S26 ol4 edge 35.58 0.00 TS-S26 ol5 core 36.46 0.05 Comment SiO 2 TS62 -pl1_micro 56.855 Comment SiO 2 TS S68 ox1 0.05 25.08 2.83 0.01 0.04 0.05 0.01 0.17 0.03 0.06 0.03 0.04 0.03 0.03 0.05 0.03 0.03 0.02 0.03 0.03 0.01 0.05 0.03 0.02 0.02 0.04 0.04 0.04 0.05 0.02 0.03 0.03 0.16 0.00 0.03 0.01 0.06 0.04 0.03 0.03 0.02 0.04 0.05 0.02 0.03 0.04 0.02 0.05 Al 2 O 3 FeO 32.14 0.51 33.98 0.54 35.18 0.48 34.25 0.49 35.06 0.56 34.70 0.60 34.30 0.51 37.44 0.57 34.02 0.53 34.19 0.58 33.21 0.57 33.36 0.49 30.81 0.45 31.76 0.49 30.06 0.42 31.67 0.47 30.17 0.36 29.95 0.42 29.87 0.41 30.57 0.45 31.10 0.41 31.52 0.48 30.40 0.45 30.15 0.45 31.91 0.51 34.42 0.61 34.27 0.55 33.52 0.56 31.00 0.45 30.74 0.45 31.66 0.42 31.74 0.49 32.60 0.45 26.05 0.30 31.27 0.51 32.93 0.55 31.90 0.43 38.33 0.69 32.75 0.41 34.47 0.52 35.26 0.57 35.70 0.67 30.81 0.45 35.90 0.63 32.17 0.42 MgO CaO 30.76 0.28 28.34 0.40 27.85 0.44 28.37 0.43 27.87 0.44 27.92 0.44 28.45 0.43 25.42 0.52 28.71 0.38 28.65 0.42 28.89 0.34 29.44 0.36 30.98 0.33 29.69 0.31 31.19 0.32 29.96 0.31 31.28 0.34 31.14 0.30 31.58 0.24 30.50 0.36 30.74 0.29 30.40 0.33 31.16 0.29 31.26 0.33 30.09 0.37 28.46 0.38 28.20 0.44 29.27 0.31 30.93 0.23 31.24 0.28 31.03 0.31 30.74 0.36 30.11 0.40 35.39 0.19 30.66 0.29 29.60 0.37 30.80 0.30 25.42 0.39 29.53 0.35 28.52 0.40 27.52 0.36 26.76 0.42 31.06 0.27 27.12 0.42 31.01 0.30 25.9097 0.7569 0.0893 8.7217 Al 2 O 3 FeO MgO CaO 0.06 65.09 0.52 3.34 Comment SiO 2 TS50 -ox1_edge 0.09 24.77 2.06 0.03 65.65 0.69 2.20 TS62 -pl2_micro 55.5079 27.2447 0.815 0.1081 10.063 TS S68 ox2 0.07 25.72 2.42 0.00 66.04 0.61 3.07 TS50 -ox2_edge 0.11 31.40 2.52 0.09 59.19 0.58 2.51 TS62 -pl3_micro 55.5173 26.9482 0.6374 0.0877 9.883 TS S68 ox3 0.07 25.68 2.97 0.00 65.06 0.45 3.43 TS50 -ox3_edge 0.16 26.11 2.04 0.00 65.73 0.59 2.26 TS62 -pl4_micro 55.7924 26.8376 0.6137 0.0782 9.9452 TS62 -pl5_micro 55.6663 27.1463 0.6415 0.1298 9.8671 TS S48 ox7 0.08 23.86 3.01 0.00 65.55 0.51 3.10 TS50 -ox4_edge 0.12 27.48 3.71 0.10 58.94 0.58 2.90 TS S48 ox8 0.11 24.99 3.14 0.06 65.00 0.41 4.07 TS50 -ox5_edge 0.12 28.78 2.31 0.00 60.74 0.56 2.19 TS62 -pl6_micro 56.0067 27.1682 0.6764 0.0784 9.7603 TS S48 ox9 0.07 25.00 3.12 0.03 64.84 0.39 4.02 TS62 -ox1_edge 0.14 24.49 3.02 0.05 64.03 0.51 3.61 TS62 -pl7_micro TS S48 ox10 0.07 24.67 3.28 0.03 65.08 0.46 4.09 TS62 -ox2_edge 0.12 24.95 2.94 0.12 64.70 0.47 3.35 55.4694 27.4213 0.8063 0.1375 10.2273 5.2064 0.5996 99.8678 0.01 0.02 100.42 0.10 0.00 99.53 0.00 0.04 99.76 0.00 0.03 99.95 0.00 0.00 99.77 0.03 0.03 99.88 0.04 0.03 100.21 0.02 0.05 99.58 0.00 0.05 100.00 0.00 0.00 100.11 0.04 0.07 99.50 0.00 0.02 0.00 99.46 0.00 0.01 98.87 0.03 0.00 99.03 0.00 0.06 98.85 0.00 0.05 99.15 0.01 0.05 98.89 0.00 0.04 98.86 0.00 0.01 98.32 0.03 0.03 99.12 0.03 0.04 99.64 0.02 0.01 99.36 0.00 0.01 99.26 0.02 99.09 0.04 100.03 0.02 99.51 0.03 99.86 0.06 99.39 0.04 99.33 0.01 100.41 0.05 99.77 0.06 99.63 0.17 99.76 0.00 99.21 0.03 99.42 0.00 0.03 99.92 0.06 0.04 100.30 0.04 0.00 99.45 0.04 0.01 99.88 0.02 0.01 99.67 0.01 0.00 99.29 0.02 0.02 99.12 0.05 0.01 99.71 0.01 Na 2 O K 2 O Total Na 2 O K 2 O Total 0.00 96.97 0.06 0.03 0.03 95.60 6.0212 0.9794 99.3331 0.04 97.97 0.05 0.03 0.01 96.48 5.5113 0.7201 99.97 0.02 97.68 0.12 0.00 0.04 97.04 5.4954 0.6754 99.2445 5.5264 0.642 99.4356 5.4385 0.681 0.13 0.00 0.05 0.00 93.89 96.23 0.08 0.12 0.06 0.00 94.88 97.87 99.5705 0.05 97.52 0.09 0.05 0.00 96.00 5.4802 0.6995 99.8696 0.07 97.74 0.10 0.01 0.00 96.76 TS S48 ox11 0.05 24.90 3.13 0.09 64.56 0.48 4.20 0.08 97.50 TS62 -ox3_edge 0.09 24.66 2.77 0.02 65.08 0.51 2.96 0.05 0.02 0.01 96.17 0.04 100.50 TS-S26 ol5 edge 36.16 0.06 0.02 33.36 0.54 29.29 0.28 0.05 TS62 -pl8_micro 54.8589 27.1504 0.6444 0.0914 10.1445 5.264 0.553 98.7065 TS S48 ox12 0.09 24.58 3.31 0.00 64.84 0.47 3.97 0.02 97.27 TS62 -ox4_edge 0.06 24.34 3.26 0.03 64.14 0.49 3.56 0.06 0.03 0.00 95.97 0.05 99.81 TS-S26 ol6 core 35.83 0.07 0.02 35.18 0.62 27.39 0.36 0.00 TS62 -pl9_micro 55.5156 26.4112 1.3416 0.2522 10.0859 5.2078 0.6765 99.4907 TS S48 ox13 0.10 24.73 3.08 0.05 64.11 0.45 4.14 0.02 96.67 TS62 -ox5_edge 0.10 24.35 3.13 0.06 64.04 0.45 3.55 0.03 0.00 0.02 95.73 0.05 99.53 TS-S26 ol6 edge 35.36 0.07 0.04 36.19 0.63 26.13 0.40 0.05 0.00 98.87 TS62 -pl10_micro 55.6065 27.3165 0.6618 0.0781 9.8486 5.5286 0.6169 99.6569 TS50 -ox1_core 0.12 27.37 2.15 0.04 65.64 0.60 2.36 0.03 0.00 0.01 98.33 TS60 -ox1_edge 0.09 24.91 2.74 0.00 64.48 0.48 3.85 0.15 0.00 0.03 96.73 0.04 100.11 TS S48 ol2 36.14 0.14 0.03 33.60 0.53 28.41 0.40 0.01 0.01 99.29 TS S48 ol2 36.03 0.11 0.01 33.78 0.45 28.60 0.39 0.00 0.00 99.36 TS S48 ol3 36.29 0.05 0.05 33.72 0.51 29.09 0.34 0.00 0.02 100.06 TS S48 ol3 35.81 0.17 0.08 33.61 0.46 28.82 0.38 0.01 0.07 99.41 TS S48 ol4 36.39 0.03 0.04 33.14 0.57 29.33 0.38 0.04 0.04 99.96 TS S48 ol4 36.43 0.02 0.04 33.62 0.48 28.71 0.38 0.01 0.01 99.69 TS S48 ol5 35.73 0.12 0.02 33.75 0.54 28.80 0.46 0.00 0.04 99.46 TS S48 ol5 35.92 0.09 0.07 33.57 0.55 29.06 0.38 0.00 0.02 99.66 TS-S50 ol edge 35.81 0.04 0.03 32.71 0.57 29.15 0.29 0.00 0.01 98.61 TS-S50 ol core 36.07 0.07 0.03 32.88 0.52 29.10 0.27 0.03 0.04 99.00 TS-S50 ol edge 35.75 0.09 0.06 33.95 0.51 28.05 0.35 0.02 0.00 98.79 TS-S50 ol2 core 36.33 0.11 0.05 32.73 0.48 29.39 0.30 0.00 0.05 99.44 TS-S50 ol2 edge 35.34 0.17 0.01 36.13 0.59 26.12 0.53 0.03 0.04 98.97 TS-S50 ol3 core 35.87 0.03 0.02 32.95 0.51 29.38 0.31 0.00 0.00 99.08 TS-S50 ol3 edge 35.56 0.04 0.03 33.75 0.46 28.75 0.39 0.00 0.02 99.01 TS-S50 ol4 core 36.05 0.02 0.05 32.25 0.46 29.82 0.36 0.00 0.04 99.05 TS-S50 ol4 edge 36.16 0.03 0.03 34.78 0.49 28.19 0.39 0.03 0.05 100.15 TS-S50 ol5 core 35.60 0.06 0.04 33.36 0.58 28.98 0.32 0.02 0.06 99.05 TS-S50 ol5 edge 35.50 0.09 0.03 35.34 0.56 27.44 0.46 0.00 0.00 99.42 TS-S50 ol6 core 35.93 0.05 0.03 33.25 0.51 28.73 0.32 0.02 0.04 98.89 TS-S50 ol6 edge 35.87 0.12 0.03 34.60 0.54 28.04 0.41 0.00 0.00 99.60 TS-S50 ol7 core 36.27 0.06 0.03 32.95 0.50 29.65 0.30 0.00 0.03 99.79 TS-S50 ol7 edge 35.95 0.11 0.03 34.07 0.51 28.09 0.41 0.01 0.03 99.21 TS-S50 ol8 core 36.47 0.03 0.02 32.83 0.45 29.29 0.34 0.00 0.01 99.44 TS-S50 ol8 edge 36.16 0.06 0.03 34.26 0.47 28.43 0.38 0.03 0.03 99.85 TS-S50 ol9 core 36.75 0.07 0.03 32.06 0.46 29.72 0.35 0.05 0.01 99.50 TS-S50 ol9 edge 36.30 0.10 0.02 34.21 0.52 28.24 0.42 0.01 0.03 99.84 TS-S50 ol10 core 36.18 0.06 0.02 32.77 0.53 29.64 0.33 0.01 0.03 99.56 TS-S50 ol10 edge 35.91 0.08 0.03 33.06 0.54 28.69 0.34 0.03 TS-S50 ol micro1 36.14 0.06 0.05 34.03 0.52 27.72 0.51 0.04 TS-S50 ol micro2 35.85 0.22 0.03 34.65 0.52 27.66 0.43 0.01 TS-S50 ol micro3 35.77 0.23 0.04 34.17 0.48 28.17 0.41 0.05 TS-S50 ol micro4 35.62 0.41 0.04 34.92 0.50 27.70 0.42 0.02 TS-S50 ol micro5 35.35 0.21 0.04 36.88 0.54 25.38 0.56 0.01 0.02 98.99 TS-S50 ol micro6 36.04 0.23 0.05 34.91 0.54 27.42 0.53 0.00 TS-S50 ol micro7 35.80 0.13 0.04 35.28 0.59 26.92 0.43 0.02 0.00 99.21 TS-S26 ox10 0.09 26.09 2.47 0.03 65.97 0.47 2.62 0.01 0.00 0.00 97.76 0.01 99.73 TS60 -pl10_edge 54.4175 28.5027 0.4947 0.0766 11.3143 4.721 TS-S26 ox9 0.33 27.06 1.57 0.02 66.22 0.69 2.39 0.06 0.05 0.01 98.41 0.5541 100.0809 TS-S26 ox8 0.08 25.67 2.09 0.01 67.11 0.66 2.26 0.04 0.04 0.02 97.98 0.01 99.63 TS60 -pl10_core 53.947 28.6505 0.4674 0.0656 11.7028 4.5105 0.4539 99.7977 TS-S26 ox7 0.08 26.29 2.69 0.09 65.47 0.61 2.68 0.05 0.02 0.01 97.99 0.02 99.35 TS60 -pl9_edge 54.2582 28.5103 0.4962 0.0787 11.0952 4.7952 0.4443 99.6781 TS-S26 ox6 core 0.08 17.60 3.07 0.00 72.25 0.62 2.08 0.03 0.00 0.02 95.75 0.00 99.36 TS60 -pl9_core 53.8985 28.7806 0.4587 0.0593 11.7728 4.5994 0.3522 99.9215 TS-S26 ox5 0.07 28.72 2.42 0.02 64.73 0.51 2.54 0.06 0.06 0.01 99.14 0.04 99.09 TS60 -pl8_edge 54.6509 27.7437 0.6105 0.0659 10.682 TS-S26 ox4 0.07 22.18 2.97 0.06 67.12 0.59 3.00 0.03 0.00 0.00 96.02 5.0164 0.5987 99.3681 0.04 98.72 TS-S62 ol7 core 36.76 0.07 0.04 30.81 0.41 31.34 0.30 0.03 0.00 99.76 TS-S62 ol7 edge 36.25 0.04 0.06 32.21 0.52 29.72 0.38 0.02 0.00 99.20 TS-S62 ol8 core 36.48 0.08 0.07 29.99 0.38 31.52 0.34 0.03 0.05 98.94 TS-S62 ol8 edge 36.08 0.12 0.02 32.01 0.44 29.49 0.40 0.01 0.04 98.61 TS-S62 ol9 core 36.33 0.10 0.04 31.67 0.52 30.18 0.38 0.02 0.00 99.24 TS-S62 ol9 edge 36.25 0.08 0.04 32.52 0.54 29.39 0.38 0.04 0.01 99.24 TS-S62 ol10 core 36.84 0.07 0.04 30.12 0.35 31.28 0.28 0.01 0.01 99.01 TS-S62 ol10 edge 36.90 0.09 0.08 30.70 0.42 30.61 0.32 0.02 0.03 99.17 TS62 -ol1_micro 35.34 0.04 0.04 33.91 0.53 28.65 0.42 0.04 98.97 TS62 -ol2_micro 34.23 1.47 0.16 33.93 0.48 28.38 0.37 0.04 99.07 TS62 -ol3_micro 35.72 0.10 0.05 33.34 0.53 29.01 0.48 0.05 99.28 TS62 -ol4_micro 35.54 0.05 0.04 32.89 0.47 29.23 0.38 0.01 98.62 TS62 -ol5_micro 35.54 0.10 0.02 33.93 0.52 28.25 0.44 0.00 98.80 TS62 -ol6_micro 35.53 0.12 0.06 33.24 0.49 28.66 0.39 0.02 98.50 TS62 -ol10_micro 35.32 0.16 0.02 33.32 0.54 28.51 0.45 0.03 98.35 TS62 -ol7_microb 35.43 0.13 0.06 34.44 0.59 28.01 0.47 0.02 99.15 TS62 -ol8_microb 35.38 0.16 0.05 33.48 0.52 28.64 0.42 0.00 98.65 TS62 -ol9_microb 35.55 0.13 0.06 33.30 0.57 28.52 0.38 TS60 -ol7_core 36.55 0.02 0.04 30.48 0.43 31.67 0.30 0.02 99.49 TS60 -ol7_edge 36.44 0.06 0.03 30.88 0.47 31.07 0.31 0.03 99.29 TS60 -ol8_core 36.46 0.00 0.03 31.30 0.46 30.97 0.30 0.04 99.56 TS60 -ol8_edge 36.10 0.09 0.00 32.89 0.51 29.28 0.36 0.03 99.25 TS60 -ol9_core 35.92 0.05 0.02 33.95 0.58 28.79 0.33 0.02 99.66 TS60 -ol9_edge 35.69 0.07 0.06 34.07 0.56 28.36 0.38 0.01 99.20 TS60 -ol10_core 36.12 0.06 0.05 32.41 0.56 29.68 0.37 0.02 99.27 TS60 -ol10_edge 36.46 0.06 0.00 32.01 0.51 30.19 0.39 0.08 99.71 TS60 -ol1_micro 36.21 0.35 0.78 34.27 0.58 25.16 0.62 0.05 98.01 TS60 -ol2_micro 35.69 0.23 0.02 34.52 0.56 27.82 0.50 0.00 99.34 TS60 -ol3_micro 35.94 0.11 0.02 34.19 0.56 27.86 0.51 0.02 99.21 TS60 -ol4_micro 35.59 0.08 0.04 34.47 0.57 27.98 0.41 0.00 99.14 TS60 -ol6_micro 35.88 0.15 0.06 34.63 0.62 28.00 0.50 0.02 99.84 TS60 -ol8_micro 35.71 0.12 0.03 34.50 0.59 27.57 0.52 0.00 99.05 TS60 -ol10_micro 34.79 0.56 0.10 34.83 0.55 27.32 0.45 0.00 98.60 TS S33 ol1 37.05 0.02 0.03 31.52 0.59 30.36 0.31 0.00 0.03 99.90 TS S33 ol1 36.60 0.00 0.02 33.32 0.56 29.05 0.34 0.01 0.00 99.90 TS-S26 ol7 core 36.44 0.01 0.03 32.42 0.53 30.22 0.27 0.06 0.05 100.04 TS-S26 ol7 edge 36.03 0.03 0.03 32.77 0.47 29.65 0.22 0.03 0.00 99.23 TS-S26 ol8 core 36.60 0.00 0.02 31.36 0.47 30.43 0.23 0.03 0.01 99.14 TS-S26 ol8 edge 35.83 0.07 0.03 33.26 0.60 28.93 0.34 0.01 0.00 99.07 TS-S26 ol9 core 36.36 0.08 0.03 31.32 0.45 30.82 0.34 0.01 0.01 99.43 TS-S26 ol9 edge 35.74 0.09 0.04 34.34 0.52 28.18 0.29 0.04 0.04 99.27 TS-S26 ol10 core 36.25 0.14 0.02 32.79 0.50 29.61 0.34 0.01 0.02 99.68 TS-S26 ol10 edge 36.41 0.07 0.01 33.40 0.54 29.34 0.31 0.00 0.00 100.09 TS-S26 ol micro1 34.70 0.08 0.01 39.49 0.79 23.49 0.50 0.00 0.01 99.08 TS-S26 ol micro2 34.53 0.13 0.01 39.93 0.72 22.85 0.57 0.00 0.00 98.74 TS-S26 ol micro3 34.75 0.07 0.04 39.65 0.77 23.69 0.50 0.02 0.00 99.49 TS-S26 ol micro4 34.51 0.12 0.02 37.50 0.75 23.51 1.72 0.02 0.00 98.16 TS-S26 ol micro5 34.02 0.19 0.03 42.56 0.85 20.47 0.57 0.02 TS S02 pl1 TS50 -ox2_core 0.11 27.72 2.94 0.08 61.25 0.68 2.89 0.02 0.02 0.00 95.73 TS60 -ox2_edge 0.13 24.87 2.75 0.03 64.29 0.51 3.40 0.09 0.00 0.02 96.08 54.4907 28.3701 0.4935 0.0742 11.2693 4.8056 0.4238 99.9273 TS S02 pl1 54.5228 27.964 TS50 -ox3_core 0.10 26.19 2.33 0.02 65.54 0.63 2.66 0.00 0.01 0.00 97.48 TS60 -ox3_edge 0.35 24.68 2.73 0.01 64.89 0.46 3.41 0.15 0.00 0.03 96.71 0.5012 0.0715 10.7817 4.8615 0.4744 99.1769 TS S02 pl2 TS50 -ox4_core 0.10 28.99 2.62 0.07 59.53 0.47 2.78 0.03 0.06 0.00 94.65 TS60 -ox5_edge 0.11 23.88 2.59 0.00 64.18 0.48 3.29 0.10 0.00 0.01 94.64 54.7305 28.0675 0.6125 0.0777 10.7742 4.9757 0.4437 99.6819 TS S02 pl2 TS50 -ox5_core 0.09 27.36 2.74 0.12 62.19 0.53 2.66 0.01 0.01 0.00 95.70 TS-S26 ox1 edge 0.11 26.21 2.24 0.04 65.74 0.66 2.34 0.03 0.00 0.01 97.37 53.1278 28.9166 0.6824 0.0819 11.8586 4.3515 0.3829 99.4017 TS S02 pl3 56.776 26.6127 0.7004 0.055 9.3641 TS62 -ox1_core 0.13 24.51 3.17 0.08 62.57 0.47 3.74 0.10 0.07 0.00 94.82 TS-S26 ox2 edge 0.06 25.73 2.93 0.05 64.24 0.58 3.11 0.16 0.00 0.02 96.88 5.7556 0.7641 100.0279 TS S02 pl3 56.7181 25.5345 0.7916 0.0827 8.3497 TS62 -ox2_core 0.10 24.64 3.57 0.09 64.36 0.47 3.82 0.07 0.01 0.01 97.13 TS-S26 ox3 edge 0.06 24.72 3.12 0.06 65.99 0.60 2.76 0.01 0.00 0.00 97.33 5.8095 1.0243 98.3103 TS S02 pl4 55.4744 26.55 0.6696 0.0631 9.448 TS62 -ox3_core 0.15 24.30 3.68 0.08 63.62 0.48 4.05 0.10 0.00 0.01 TS-S26 ox6 edge 0.09 16.63 3.44 0.02 71.14 0.61 2.02 0.02 0.04 0.01 94.05 96.48 5.5165 0.7628 98.4844 TS S02 pl4 56.3535 26.6093 0.6285 0.0898 9.3866 TS62 -ox4_core 0.09 24.48 3.30 0.05 64.26 0.45 3.87 0.07 0.02 0.02 96.61 TS50 -ox1_micro 2.14 25.63 2.15 0.00 54.72 0.36 1.02 5.92 0.98 0.17 93.10 5.6662 0.8065 99.5403 TS S02 pl5 TS62 -ox5_core 0.12 24.76 3.25 0.03 64.01 0.41 3.68 0.07 0.00 0.01 96.36 TS50 -ox2_micro 0.14 29.70 1.27 0.00 59.06 0.71 1.36 0.25 0.23 0.04 92.75 54.4632 28.1446 0.5046 0.0874 11.1099 4.7862 0.3937 99.4896 TS S02 pl5 55.6886 26.1168 0.6017 0.0921 9.452 5.3873 0.7051 98.0436 TS60 -pl1_core 54.3083 28.0508 0.567 0.0677 10.9708 4.6627 0.3901 99.0175 TS60 -ox1_core 0.12 24.83 2.75 0.03 64.10 0.45 3.81 0.12 0.00 0.00 TS50 -ox3_micro 0.14 25.78 1.08 0.03 65.50 0.79 1.29 0.31 0.00 0.07 94.99 96.20 TS60 -ox2_core 4.39 23.31 3.17 0.09 60.44 0.58 3.11 1.06 0.07 0.28 TS50 -ox4_micro 8.13 25.79 3.08 0.00 55.51 0.67 1.09 0.31 0.98 0.64 96.21 96.50 TS60 -ox3_core 0.05 25.32 2.79 0.05 64.76 0.45 3.80 0.04 0.01 0.00 97.27 TS50 -ox5_micro 5.01 25.14 1.97 0.00 58.16 0.60 1.59 0.75 0.65 0.35 94.23 0.00 98.72 TS-S26 ol micro6 35.06 0.11 0.04 38.43 0.71 24.76 0.49 0.00 TS60 -pl1_edge2 54.7907 27.5682 0.5193 0.1243 10.6614 4.9347 0.4537 99.0521 TS60 -ox4_core 0.07 24.97 2.85 0.06 64.40 0.48 3.89 0.05 0.00 0.00 96.77 TS62 -ox1_micro 0.23 24.75 1.86 0.00 64.21 0.53 2.02 0.16 0.03 0.03 93.83 0.01 99.61 TS-S26 ol micro8 34.35 0.10 0.02 40.40 0.80 22.74 0.53 0.05 0.01 99.00 TS-S26 ol micro9 34.07 0.12 0.03 41.78 0.84 21.47 0.52 0.07 0.00 98.90 TS-S26 ol micro10 34.24 0.15 0.01 41.46 0.82 21.76 0.49 0.00 0.03 98.97 TS60 -pl2_core TS60 -ox5_core 0.09 24.93 2.78 0.06 64.65 0.55 3.87 0.09 0.02 0.02 97.06 TS62 -ox2_micro 0.15 25.14 2.37 0.04 65.05 0.53 2.79 0.12 0.00 0.04 96.24 54.2736 28.1308 0.5042 0.0956 10.8558 4.7672 0.3992 99.0263 TS60 -pl2_edge 53.8803 28.5706 0.5343 0.0822 11.2934 4.4375 0.4731 99.2714 TS60 -pl3_core 54.2951 28.633 0.486 0.0978 11.389 4.5756 0.3434 99.8198 TS S02 ox1 0.09 24.88 2.72 0.10 64.92 0.42 3.93 0.09 TS62 -ox4_micro 0.53 24.25 2.77 0.00 64.63 0.39 3.39 0.13 0.00 0.00 96.08 97.14 TS S02 ox2 0.13 24.88 2.75 0.09 65.39 0.52 4.02 0.08 TS62 -ox5_micro 0.71 24.59 1.53 0.00 67.08 0.58 1.53 0.28 0.05 0.09 96.43 97.85 0.03 98.55 TS62 -ol10_microb 35.47 0.35 0.03 33.23 0.49 28.68 0.43 0.00 98.68 TS S02 ol1 36.86 0.03 0.06 30.18 0.35 31.80 0.25 0.00 0.08 99.62 TS S02 ol1 36.44 0.04 0.02 32.23 0.51 30.33 0.31 0.01 0.03 99.92 TS S02 ol2 36.44 0.09 0.01 30.65 0.44 31.20 0.29 0.00 0.03 99.14 TS S02 ol2 36.06 0.08 0.04 33.13 0.48 29.32 0.37 0.00 0.02 99.51 TS S02 ol3 35.78 0.08 0.02 34.45 0.56 28.53 0.41 0.00 0.04 99.87 TS S02 ol3 35.82 0.11 0.04 34.44 0.62 27.74 0.49 0.00 0.02 99.27 TS S02 ol4 36.42 0.07 0.05 30.81 0.41 31.88 0.27 0.00 TS S02 ol4 36.36 0.06 0.01 32.15 0.52 30.28 0.30 0.00 0.02 99.71 TS S02 ol5 35.69 0.12 0.04 34.40 0.55 27.99 0.47 0.00 0.01 99.27 TS S02 ol5 35.76 0.15 0.03 34.68 0.60 28.27 0.48 0.03 0.02 100.01 TS60 -pl7_core TS60 -pl8_edge 54.011 TS60 -pl8_core TS-S26 ox3 core 0.09 25.15 2.74 0.06 65.31 0.54 2.81 0.06 0.00 0.02 96.78 54.6782 27.8807 0.5252 0.0812 10.6622 5.0165 0.4283 99.2722 TS-S26 ox2 core 0.11 26.21 2.77 0.08 64.51 0.49 3.00 0.06 0.07 0.03 97.33 28.3467 0.4726 0.0898 11.1633 4.7093 0.4241 99.2166 TS-S26 ox1 core 0.06 25.12 2.72 0.04 65.60 0.63 2.90 0.02 0.00 0.00 97.09 54.3228 28.0175 0.4454 0.0637 11.1098 5.0622 0.4354 99.4568 0.00 99.90 TS S33 ol2 36.75 0.07 0.02 32.57 0.54 29.75 0.28 0.00 0.01 100.00 TS S33 ol2 36.26 0.16 0.03 35.27 0.62 27.60 0.41 0.01 0.00 100.35 TS S33 ol3 36.82 0.07 0.04 31.64 0.51 30.14 0.29 0.04 0.00 99.55 TS S33 ol3 36.81 0.05 0.04 31.51 0.44 30.12 0.33 0.00 0.03 99.34 TS S33 ol4 36.52 0.09 0.06 32.97 0.52 29.32 0.34 0.00 0.01 99.82 TS S33 ol4 35.85 0.08 0.03 34.61 0.55 27.19 0.43 0.00 0.00 98.75 TS S33 ol5 36.21 0.07 0.07 34.13 0.60 27.74 0.42 0.02 0.03 99.30 TS S33 ol5 36.12 0.12 0.01 35.09 0.63 27.53 0.44 0.05 0.05 100.05 TS60 -pl3_edge 54.3168 27.973 0.6131 0.0917 10.856 4.716 TS S02 ox3 0.14 24.76 2.77 0.07 64.94 0.51 3.62 0.07 96.88 TS60 -ox1_micro 0.08 24.41 2.84 0.03 64.57 0.47 3.89 0.06 0.09 0.00 96.44 0.4857 99.0522 TS60 -pl4_core 54.0693 28.6268 0.519 TS S02 ox4 0.10 24.66 2.79 0.02 64.80 0.49 3.59 0.08 96.54 TS60 -ox2_micro 0.17 25.01 2.89 0.01 64.65 0.52 3.80 0.11 0.05 0.01 97.22 0.0666 11.2792 4.7432 0.3477 99.6518 TS60 -pl4_edge 54.2157 28.209 0.6464 0.1139 11.1672 4.8069 0.505 TS S02 ox5 0.10 25.02 2.88 0.01 65.25 0.53 3.53 0.10 97.41 TS60 -ox3_micro 0.08 24.73 2.87 0.01 64.70 0.50 3.70 0.08 0.00 0.00 96.66 99.6642 TS60 -pl5_core 54.7325 28.2755 0.4651 0.0768 10.9051 4.8767 0.4141 99.7459 TS60 -pl5_edge 53.6536 28.7259 0.6294 0.0534 11.751 TS S33 ox1 0.44 26.68 1.02 0.05 60.33 0.78 2.09 0.26 TS60 -ox4_micro 0.08 25.21 2.76 0.01 65.12 0.45 3.70 0.09 0.00 0.01 97.43 91.65 TS S33 ox2 0.08 25.68 2.40 0.00 66.21 0.60 2.09 0.14 TS60 -ox5_micro 0.13 24.44 2.85 0.03 64.55 0.52 3.52 0.16 0.00 0.01 96.21 97.20 4.6307 0.4238 99.8679 TS60 -pl6_edge 56.3835 26.7907 0.4469 0.1304 9.4357 TS S33 ox3 0.22 27.58 0.64 0.05 63.78 0.65 1.44 0.32 94.68 TS-S26 ox micro1 0.09 24.79 1.36 0.00 67.79 0.67 1.76 0.15 0.03 0.00 96.64 5.5623 0.6984 99.4478 TS60 -pl6_core2 TS S33 ox4 0.06 25.23 1.87 0.02 67.02 0.73 1.99 0.06 TS-S26 ox micro2 0.10 22.76 0.97 0.00 69.40 0.57 1.24 0.22 0.04 0.06 95.36 96.98 54.4946 28.3887 0.4416 0.0623 11.3164 4.7109 0.4357 99.8503 TS S33 ox5 0.10 26.24 0.84 0.00 66.08 0.82 1.42 0.32 95.81 TS-S26 ox micro4 0.10 32.88 1.28 0.02 58.18 0.65 2.68 0.24 0.34 0.03 96.40
	TS-S50 ol micro8 TS S68 ox1	35.97 0.06 0.11 25.10 2.90 0.04	34.79 0.52 0.09 65.64 0.56 27.34 0.50 3.59	0.05 0.03	0.02 99.30 98.01
	TS-S50 ol micro9 TS S68 ox2	35.98 0.20 0.12 25.62 2.35 0.04	34.57 0.53 0.00 66.23 0.57 27.44 0.49 2.94	0.03 0.09	0.00 99.29 97.91
	TS-S50 ol micro10 35.47 0.10 TS S68 ox3 0.09 25.37 2.83 0.03	36.62 0.61 0.03 65.48 0.49 25.85 0.44 3.10	0.10 0.08	0.01 99.22 97.47
	TS S48 ox7	0.10	25.23 3.09	0.08	65.07 0.46	4.11	0.00	98.14
	TS S48 ox8	0.08	24.57 3.11	0.06	64.89 0.51	3.99	0.03	97.25

remplissant le fond de vallées pour un volume total de 0.5 km[START_REF] Pyle | Quantitative morphology, recent evolution, and future activity of the Kameni Islands volcano, Santorini, Greece[END_REF] , submergeant les ancients villages Nisga'a. Tout les produits volcaniques sont des basanites/trachybasaltes riches en Fe et Ti. L'homogénéité géochémique des produits suggère l'éruption d'une seule poche de magma dont l'origin est de la fusion partielle d'une wehrlite pauvre en cpx entre 52 et 66 km de profondeur. Avant eruption, le magma fut stocké pendant > 10 3 jours dans la croûte supérieure et a refroidit jusqu'à 1087 -1094 • C. L'éruption dura entre 1 et 4 mois et fut divisée en deux périodes éruptives. Dans un style Hawaiien, la première période a construit le rampart de spatters et les 2 longues coulées pāhoehoe sont éruptées. Près de la moitié du volume total de lave est émis lors des premiers jours de l'éruption avec des flux > 800 m 3 /s. Les histoires orales et les modélisations numériques montrent que les coulées de laves auraient pu innonder les villages Nisga'a en quelques dizaines d'heures et ainsi être en parti responsables de la mort des Nisga'a. La seconde période d'activité fut characterisée par des explosions Stromboliennes de faibles intensités, la formation du cone de tephra et l'éruption des 2 coulées 'a'ā. Les vagues stationnaires à la surface des coulées de laves rapides et chennalisées, sont souvent interprétées en tant que sauts hydrauliques, et indiquent donc des conditions supercritiques. En utilisant la théorie d'hydraulique à surface libre pour les fluides superciritiques, la géométrie de ses vagues stationnaires permettent d'estimer les flux éruptifs et la viscosité de la lave. Je propose une méthode rapide et simple appliquer pour calculer ces paramètres essentiels pour les modélisations numériques et pour attenuer les risques d'éruption en cours. Mots-clés : Volcanologie ; Géochimie ; Magma ; Coulée de lave ; Volcan Tseax ; Volcanisme monogénique

Average flow thickness and width in the Nass Valley;

Average flow thickness and width in Crater Creek and Tseax River Valleys.
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Highlights

• We propose a conceptual model for the origin and evolution of the magma erupted at Tseax, Canada's deadliest volcano, located in the Northern Cordillera Volcanic Province.

• All the Tseax volcanic products are alkali Fe-Ti-rich basanite-to-tephrite and their homogeneity suggest a similar source and evolution from the mantle to the surface.

• The Tseax magma likely originated from ∼ 3 -4 % partial melting of a source similar in composition to a cpx-poor wehrlite

• The magma was stalled for 10 2 -10 3 years at > 5.5 km depth and cooled down to 1094 -1080 • C prior eruption.

• Early lavas erupted at viscosity of ∼ 2 -4 × 10 2 Pa.s and the late lavas at ∼ 10 3 Pa.s.

A conceptual model for the generation of the Tseax lavas is proposed. I hypothesize on the source composition and estimate the rheological evolution of the magma from the mantle to the surface prior to eruption. The estimation of the rheological properties of the magma is used to model the sequence of events during the eruption of Tseax (Chapter 4) and for numerical modelling of the lava flows (Chapter 5).

This Chapter is currently submitted to Chemical Geology and presented by Y. Le Moigne 1,2 , N. Vigouroux 3 , G. Williams-Jones 1 , J. K. Russell 4 , K. Kelfoun 2 and P. Labazuy 2 .

The author contributions are as follows. YLM collected, modelled and interpreted the geochemical data and wrote the manuscript. NV and JKR interpreted the data. GWJ, NV, JKR, KK, and PL reviewed and edited the manuscript prior to submission.

Abstract

The Northern Cordillera Volcanic Province (NCVP) is an active volcanic belt in western Canada comprising > 100 monogenetic volcanic systems. Despite being the most active volcanic belt in Canada, the magmatic origin and evolution of these volcanoes have received relatively little attention. Here, we focus on the physiochemical properties of Tseax volcano, the southernmost volcanic centre of the NCVP and second youngest (∼ 1700 CE) eruption in Canada. The eruption is also one of Canada's worst natural disasters as it killed up to 2,000 people of the Nisga'a First Nation living there at the time. We present a conceptual model for the origin and evolution of the Tseax magma from the mantle to the surface. Its eruption emitted ∼ 0.5 km 3 of volcanic materials, mainly in the form valley-filling lava flows.

The early products consist of 2 far-travelled crystal-poor pāhoehoe lava flows (21 and 32 km long), and the late products are 2 shorter crystal-rich 'a'ā flows. All Tseax products are Fe-Ti-rich basanite-to-tephrite, ne-normative alkaline lavas with a trace element distribution similar to the other mafic NCVP lavas. Phenocrysts consist of plagioclase, olivine and Fe-Ti oxide, often forming glomerocrysts suggesting co-crystallisation of these 3 mineral phases.

Clinopyroxene is never observed as a phenocryst phase. Based on the homogeneity of the products, we suggest that all the lavas have an identical source and have undergone a similar evolution. Our geochemical modelling argues for a mantle source at 52-66 km depth, having the composition of a cpx-poor wehrlite which may have been produced by the percolation of ne-normative melt (from hot asthenospheric fluxes induced by the northern Canadian slab window) into a sp-bearing lherzolite mantle. About 3-4 % partial melting of this wehrlitic source reproduces the Tseax trace element pattern. These melts rapidly rose up to < 5.5 km where Fe-Ti becomes the first phase on the liquidus (1133 • C, with a melt of viscosity 166 ± 44 Pa.s) delaying the crystallisation of cpx to lower temperatures according to MELTS. Based on the size of the plagioclase phenocrysts, the magma stalls for 10 2 -10 3 years and cooled down to 1080 -1094 • C prior to eruption. This temperature range allows the co-crystallisation of Fe-Ti ox + ol + pl and thus the formation of the observed glomerocrysts. Upon eruption, we estimate a lava viscosity of ∼ 2 -4 × 10 2 Pa.s and ∼ 10 3 Pa.s for the early pāhoehoe and late 'a'ā flows, respectively. Results of this study will serve to develop the eruption model of Tseax.

Keywords: Monogenetic volcano, Tseax volcano, Northern Cordillera Volcanic Province, Geochemistry, Magma rheology, Pre-syn-eruption conditions.

Abstract

The eruption of Tseax volcano in ∼ 1700 CE, in north-western British Columbia, was the second youngest volcanic event in Canada. It is also one of Canada's worst natural disasters as it killed up to 2,000 people of the Nisga'a First Nation living there at the time of the eruption. It also significantly impacted the local environment by diverting the Nass River (the 3 rd largest river in British Columbia). Within the Nisga'a culture, Adaawak stories ultimately preserve an observational account of the Tseax eruption. In this study, we establish the chronology of the eruption by integrating fieldwork observations, petrophysical data and Nisga'a oral and written histories. The Nisga'a stories all agree with the short and exceptional intensity of the eruption. The eruption was divided in two main periods: 

Indigenous knowledge

Period A

Pulse I About 84 % of the total lava volume was extruded during the first pulse of the eruption (Figure 4.6) and corresponded to the effusion of Flow 1 (0.41 ± 0.07 km 3 ). The simple length -average effusion rate relationship of [START_REF] Walker | Lengths of lava flows[END_REF] gives ∼ 50 -5,000 m 3 /s. This leads to a wide range of emplacement durations (calculated by t = V /Q), from 1 to 111 days (for V = 0.41 ± 0.07 km 3 ; Table 4.1). Based on the slabby-to-rubbly surface morphology in the Nass Valley, we estimated a peak effusion rate of 800 -1,000 m 3 /s at the beginning of the eruption. Similar high effusion rates were measured during two consecutive days at the beginning of the 1991 eruption of Hekla [START_REF] Gudmundsson | The 1991 eruption of Hekla, Iceland[END_REF] and during the first day of the 1984 eruption of Mauna Loa [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]. At Tseax, sustained effusion at 800 -1,000 m 3 /s for 2 days implies eruption of 0.15 ± 0.02 km 3 of lava (∼ 37 % of the total volume of Flow 1).

An important question to address is how much the effusion rate decreased as the eruption proceeded. Although this cannot be accurately answered without a detailed analysis of the surface flow morphologies, we examine 3 possible scenarios based on historical basaltic eruptions: 1) 2014-2015 June 27 th Pāhoa flow (Hawaii;[START_REF] Poland | The 2014-2015 Pahoa lava flow crisis at Kilauea Volcano, Hawai'i: Disaster avoided and lessons learned[END_REF], 2) 1991 eruption of Hekla (Iceland; [START_REF] Gudmundsson | The 1991 eruption of Hekla, Iceland[END_REF] and 3) 1984 eruption of Mauna Loa [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF].

1. In 2014-2015, the June 27 th Pāhoa (Hawaii) inflated flow was emplaced in ∼ 270 days at an average 1 -2 m 3 /s [START_REF] Poland | The 2014-2015 Pahoa lava flow crisis at Kilauea Volcano, Hawai'i: Disaster avoided and lessons learned[END_REF]. Such low effusion rates are typical of other inflated pāhoehoe flow (e.g., [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF]. If the effusion rates dropped to these values, Flow 1 could have been emplaced in 4 -8 years;

2. During the 1991 eruption of Hekla (Iceland), the effusion rates rapidly decreased to ∼ 10 m 3 /s until the end of the eruption [START_REF] Gudmundsson | The 1991 eruption of Hekla, Iceland[END_REF]. In this scenario for Tseax, Flow 1 would have continued to form over a period of ∼ 300 days following the peak effusion rate; 3. During the eruption of Mauna Loa (Hawaii) in 1984, after peak effusion rates in the first days, the flux remained at ∼ 110 m 3 /s for 10 days and then progressively decreased to 10 -20 m 3 /s until the end of the eruption [START_REF] Lipman | A'a flow dynamics, 1984 Mauna Loa eruption[END_REF]. Such a scenario for Flow 1 would imply extrusion of 0.24 ± 0.02 km 3 of lava during the first 12 days of the eruption. The remaining 0.17 ± 0.05 km 3 , if extruded at 10 -20 m 3 /s, would have been emplaced in 70 -250 days. In this case Flow 1 would be fully emplaced in ∼ 12 -37 weeks.

The three scenarios imply very different timescales of emplacement, from several weeks to several years. Estimating the time interval of catastrophic natural events through oral histories is challenging because their durations are often underestimated [START_REF] Masse | Exploring the nature of myth and its role in science[END_REF]; All authors reviewed the final manuscript before submission. Crystal-melt suspension; [START_REF] Crisp | Crystallization history of the 1984 Mauna Loa lava flow[END_REF] Bulk app. viscosity; [START_REF] Moore | Preliminary estimates of the rheological properties of 1984 Mauna Loa lava[END_REF] Smooth Channel Lava apparent viscoity, η (×10 [START_REF] Stanton | Similarity of Motion in Relation to the Surface Friction of Fluids[END_REF][START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Burger | Laminar and turbulent flow of non-newtonian fluids in open channels for different cross-sectional shapes[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF] allows the calculation of Re when f is known. In laminar conditions, f is related to Re by a roughness factor, K [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Burger | Experimental database for non-Newtonian flow in four channel shapes[END_REF][START_REF] Burger | Laminar and turbulent flow of non-newtonian fluids in open channels for different cross-sectional shapes[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF]. The suggested value of K corresponds to smooth channels, 24 < K < 30 (see text for more details). In turbulent conditions, Re follows the Blasius equation for smooth channels [START_REF] Blasius | Das Aehnlichkeitsgesetz bei Reibungsvorgängren[END_REF][START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Laviolette | On the history, science, and technology included in the Moody diagram[END_REF]. For rough channels, Re depends on the average height of the rough particles on the channel walls, r (see Figure 6.7). b and c. Roughness factor K vs. η for the 1984 Mauna Loa channel and the 1974 Kīlauea 'gully flow', respectively. η is estimated by the Equation 6.1 with Re values previously estimated from the f vs. Re diagram. For comparison we have plotted in both cases the estimated viscosity ranges from previous studies.

Note on the Channel Roughness, K and r

As explained earlier, the lava apparent viscosity is obtained from the Reynolds Number, Re, via the Fanning friction factor, f and by the roughness parameter K in the laminar regime and r in the turbulent regime (Figure 6.8a). The roughness of a lava channel corresponds to the irregularities on the channel walls and floor. On channel walls, the roughness is mainly due to solidified lava from drainage of overflows back into the channel or channel wall accreted sheets [START_REF] Harris | Construction dynamics of a lava channel[END_REF]. Roughness on the channel floor is usually due to lava ropes from previous solidified flows [START_REF] Fink | Ropy pahoehoe: Surface folding of a viscous fluid[END_REF]. These features are 1 -10 cm high. With rectangular channels 1 -10 m deep, the ratio of the average particle height to the channel depth is 1/10 -1/100; channel roughness does not therefore play a significant role in the lava flow dynamics. For a basaltic lava flow with viscosity in the range of 10 2 -10 3 Pa.s (eruptive viscosity for most of the basaltic lava flows on Earth), the lava is generally in a laminar regime or in the transitional regime even for high speed flows. For laminar regimes, Equation 6.19 can be therefore used with a suggested value of K < 30 (i.e., ∼ smooth channel). However, changes in the value of K will have a very limited effects on the deduced viscosity. For a given lava density, there is a maximum difference ∼ 75 Pa.s between K = 24 and K = 60 (Figure 6.8b, c).

high-speed lava flows have been historically observed and where a potential threat to the local communities and human infrastructure exists (e.g., Kīlauea, Mauna Loa, Galapagos, Piton de La Fournaise, Nyiragongo, etc.). This can be a powerful yet simple tool to assess the evolution of lava channels, lava flow dynamics and magma supply rates.

Summary and Answers to Research Questions

The following sections summarise the main findings of Chapter 2 -6 and Table 7.1 compiles the answers to the Research Questions raised in the Introduction Chapter.

Chapter 2 -Physical Volcanology of Tseax Volcano, British Columbia, Canada

Chapter 2 answers the Research Question #I by presenting the first detailed description of the Tseax volcanic products.

• Research Question #I: What are the physical characteristics of the Tseax volcanic field?

During the Summer of 2016, 2017 and 2019, fieldwork was carried out on the Tseax volcanic field in order to map the volcanic products and to establish their stratigraphy. To help the mapping, bathymetry data were collected on Melita Lake and Lava Lake and high resolution aerial photos were taken to build a DEM of the volcanic field. Our mapping shows that the Tseax volcanic field covers a total surface of ∼ 50 km 2 for a volume of This chapter presents fundamental data required for understanding the eruptive history of Tseax volcano, discussed in the following Chapters.

Chapter 4 -Chronology, Styles and Dynamics of the ∼ 1700 CE Eruption of Tseax Volcano, BC, the Deadliest Volcano in Canada

Chapter 4 presents the chronology of the Tseax eruption, the timescales of the volcanic events and their magnitudes. This answers Research Question #IV and #V. It is believed that the eruption killed up to 2,000 people of the Nisga'a First Nation. Several Nisga'a Adawaak (oral and written histories) have preserved observational accounts of the eruption (c.f. Section 1.4.3). The Nisga'a knowledge of the lava beds and Tseax volcano were critical to constrain the timescales and intensities of the volcanic events (i.e., Research Question #III is answered).

• Valley plain (similar to the study of [START_REF] Guilbaud | Morphology, surface structures, and emplacement of lavas produced by Laki, A.D. 1783-1784[END_REF] on the Laki lava flows). What are the influence of discharge rate variations? What role did the Nass River play? What were the processes and timescales of lava inflation? These are some of the questions that will need to be investigated if a such study is conducted. Tseax lavas are alkaline with compositions typical of other mafic NCVP lavas. Similar alkaline signatures are found in the lavas of small volume edifices such as Alligator Lake and Fort Selkirk as well as in the mafic lavas of larger edifices in Mt Edziza or Level Mountain for instance [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. The lack of clinopyroxene as a phenocryst phase is also commonly observed in the NCVP [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. The NCVP is a Fe-rich volcanic province with average FeO T = 12.97 ± 2.47 wt% measured in the mafic lavas (basanites and basalts; [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. Tseax lavas are also Fe-rich, but with FeO T up to 15.24 ± 0.84 wt%. The Tseax lavas are enriched in TiO 2 (∼ 3.48 ± 0.23 wt%) compared to the NCVP lavas (2.33 ± 1.34 wt%). This Fe and Ti enrichment at Tseax is reflected by the abundance of large Fe-Ti oxides in the surface lavas (Figures 3.3,3.4,3.5). A multidisciplinary approach would be necessary to cover all the potential aspects raised by the above question, i.e., Earth sciences, Indigenous studies, archaeology, history, etc. The outcomes would not only be to quantify the recurrence of natural hazards, their magnitudes and timescales, but also to improve our understanding and perception of Super, Natural British Columbia! Appendix A

The high content of FeO

Supplementary Material for Chapter 3 A.1 Methods for Thermometry and Hygrometry Calculations

Thermometry and hygrometry calculations using mineral-melt pairs were performed to estimate the temperature and water content of the magma to constrain pre-eruptive storage conditions.

A.1.1 Thermometry

At the first stage of the analysis, the depth of olivine crystallisation and water content in the magma are unknowns. The conventional olivine-liquid geothermometers of [START_REF] Putirka | Thermometers and barometers for volcanic systems[END_REF], that are dependent on the crystallisation pressure of olivines and dissolved water content in the magma, cannot be applied. Therefore, we use the [START_REF] Helz | Geothermometry of Kilauea Iki lava lake, Hawaii[END_REF] liquid thermometer, modified by Putirka (2008) (Equation 13in [START_REF] Putirka | Thermometers and barometers for volcanic systems[END_REF], that relates the temperature of olivine crystallisation to the wt% of MgO of the host liquid:

We consider that the cores of olivine phenocrysts are in equilibrium with a liquid having the composition of the host bulk rock. Olivine-liquid equilibrium is tested considering the Fe-Mg exchange coefficient between olivine and the host liquid, [START_REF] Roeder | Olivine-Liquid Equilibrium[END_REF]. The theoretical olivine-liquid pairs define an equilibrium envelope corresponding to a specific K D . Data points plotting outside this envelope indicate a disequilibrium between the liquid and olivine. Thus, to estimate the crystallisation temperatures, all olivine-liquid pairs plotting outside the interval were disregarded.

A.2 Methods to Calculate the Magma Apparent Viscosity and Density

A.2.1 Magma Apparent Viscosity

The apparent viscosity of a magma, η magma , is defined as the product of the liquid viscosity, η melt , by the relative effect of suspended crystals (e.g., crystal effect, η r ) and vesicles, η ves [START_REF] Pinkerton | Methods of determining the rheological properties of magmas at sub-liquidus temperatures[END_REF][START_REF] Crisp | Crystallization history of the 1984 Mauna Loa lava flow[END_REF][START_REF] Harris | One-, two-and three-phase viscosity treatments for basaltic lava flows[END_REF][START_REF] Riker | The length of channelized lava flows: Insight from the 1859 eruption of Mauna Loa Volcano, Hawai'i[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF]:

Vesicles are present in various amounts in our samples and η ves is dependent on the size and shape of the vesicles [START_REF] Stein | Rheology and microstructure of magmatic emulsions: theory and experiments[END_REF][START_REF] Pistone | Rheological flow laws for multiphase magmas: An empirical approach[END_REF]. At Tseax, the vesicles have surely affected the lava viscosity and the flow behaviour [START_REF] Pinkerton | Field measurements of the rheology of lava[END_REF][START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF]. However, the geometry of the vesicles in our samples was likely acquired during the last stage of lava emplacement and as such, the effect of vesicles on the lava viscosity is not considered.

Melt Viscosity

The melt viscosity was estimated using the model proposed by [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF] (GRD model). This model is based on a non-Arrhenian temperature dependence of viscosity and is valid for a large range of silicate melt compositions. The model is expressed in the form of the Vogel-Fulcher-Tammann (VFT) equation [START_REF] Vogel | Das temperaturabhaangigkeitsgesetz der viskositat von fluussigkeiten[END_REF][START_REF] Fulcher | Analysis of Recent Measurements of the Viscosity of Glasses[END_REF][START_REF] Tamman | Die Abhängigkeit der Viscosität von der Temperatur bie unterkühlten Flüssigkeiten[END_REF][START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF]:

where the constants A, B and C are fitting parameters specific to the melt composition (e.g., combinations of major oxide and volatile components in mol%; [START_REF] Giordano | Viscosity of magmatic liquids: A model[END_REF]. Melt viscosities are highly sensitive to the amount of water dissolved in the melt. To apply this model, we used the water content estimated from the plagioclase-liquid hygrometer.

Relative Viscosity of the Crystal Content

The crystal effect (η r ) on the viscosity is directly related to the amount of suspended crystals in the flow (φ). There are several methods to model the relative effect of crystals in the melt, η r (e.g., [START_REF] Roscoe | The viscosity of suspensions of spheres[END_REF][START_REF] Krieger | A Mechanism for Non-Newtonian Flow in Suspensions of Rigid Spheres[END_REF][START_REF] Ryerson | Rheology of subliquidus magmas. 1. Picritic compositions[END_REF][START_REF] Shaw | Rheology of basalt in the melting range[END_REF][START_REF] Zhou | Yield stress and maximum packing fraction of concentrated suspensions[END_REF][START_REF] Harris | One-, two-and three-phase viscosity treatments for basaltic lava flows[END_REF][START_REF] Mueller | The rheology of suspensions of solid particles[END_REF][START_REF] Castruccio | Rheology and flow of crystal-bearing lavas: Insights from analogue gravity currents[END_REF][START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Chevrel | The AD 1250 effusive eruption of El Metate shield volcano (Michoacán, Mexico): Magma source, crustal storage, eruptive dynamics, and lava rheology[END_REF][START_REF] Del Gaudio | The effect of particle size on the rheology of liquid-solid mixtures with application to lava flows: Results from analogue experiments[END_REF][START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF][START_REF] Kolzenburg | The rheological evolution of the 2014/2015 eruption at Holuhraun, central Iceland[END_REF][START_REF] Dietterich | [END_REF]. Here we use Krieger and Dougherty's equation [START_REF] Krieger | A Mechanism for Non-Newtonian Flow in Suspensions of Rigid Spheres[END_REF][START_REF] Mueller | The rheology of suspensions of solid particles[END_REF]:

where, Φ m is the maximum crystal packing and β is the Einstein coefficient and both are dependent on the crystal shape. Olivine and oxides are considered as spheres with a maximum packing Φ m = 0.64 and β = 3.27, whereas plagioclase and apatite are considered as needles with a maximum packing Φ m = 0.43 and β = 5.39 [START_REF] Mueller | The rheology of suspensions of solid particles[END_REF]. The total crystal effect is the product of each crystal phase in the melt:

To use this model, we adjusted the crystallinities to the melt + crystal fraction (e.g., [START_REF] Chevrel | Lava flow rheology : A comparison of morphological and petrological[END_REF][START_REF] Dietterich | [END_REF].

A.2.2 Magma Density

The density of the lava samples is determined using the method developed by Iacovino and Till (2019) (Table A .1). This method calculates the density of magmatic liquid from 423 to 1627 • C and up to 30 kbar. To perform the calculations, we used the online version of the density calculator (https://densityx.herokuapp.com/). It has been demonstrated that the NCVP lavas record an OIB signature [START_REF] Edwards | Distribution, nature, and origin of Neogenequaternary magmatism in the Northern Cordilleran volcanic province, Canada[END_REF]. We show in Figure 3.2b, c, that the Tseax lavas also follow the same OIB signature. We model mantle sources having the composition of the average OIB that have undergone previous melt extractions. We use the average OIB composition given by [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF]. The compositions after PME of the OIB are given by:

where X element is the concentration in ppm of the trace element X, %P M E is the degree of partial melting from the OIB source and K Bulk D,element is the bulk partition coefficient of the trace element X between the OIB source and the melt. We used the K Bulk D,element given in [START_REF] Workman | Major and trace element composition of the depleted MORB mantle (DMM)[END_REF]. We calculate soruce compsitions from 5 to 30 % PME of the OIB (Table A.2).

Cpx-poor Wehrlite -Model 2

For Model 2, the mantle source is assumed to be a cpx-poor wehrlite having the geochemical and modal composition of the sample SLX-39 from [START_REF] Peslier | The Lithospheric Mantle beneath Continental Margins: Melting and Melt-Rock Reaction[END_REF] (Table A.2). This wehrlite xenolith was samples at Kostal Cone, about ∼ 400 km east of Tseax volcano.

A.3.2 Modelling the Degree of Partial Melting of the Source

We simulate partial melting of our source composition with the aim of reproducing the composition of the Tseax lavas. The melt concentration in ppm for a specific trace element is calculated by:
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where,

In the two equations above, X source element is the concentration in ppm of the trace element X in the source, %P M is the degree of partial melting in percent, K Bulk D,element is the bulk partition coefficient of a the element X between the source and the melt, X Residue is the concentration of the element X in the residue and K D,element is the melt-mineral partition coefficient. The subscripts and superscripts ol, cpx, opx and sp standing for olivine, clinopyroxene, orthopyroxene and spinel, respectively. To calculate the K Bulk D,element of each trace element, we use the specific melt-mineral partition coefficient given in Table A.3 (see next page). For both models, we assume a residue with a modal composition of 60ol + 3cpx + 35opx + 2sp (average mantle lherzolite; [START_REF] Winter | Introduction to Igneous and Metamorphic Petrology[END_REF].

Appendix B

Supplementary Material for Chapter 4 B.1 Lava Fountain Dynamics

We use theoretical models to estimate the explosive dynamics and associated morphological development of the pyroclastic edifices during the Tseax eruption. The explosive phases of the Tseax eruption were characterised by lava fountaining and emission of a volcanic plume.

The height of a lava fountain is controlled by several parameters including the eruptive flux, the content of exsolved gases within the erupted magma (and the efficiency of bubble coalescence prior to eruption), the amount of material re-entrainment into the fissure, the rise speed of the magma in the feeder conduit, and the presence or absence of a lava pond above the eruptive fissure [START_REF] Parfitt | Factors influencing the height of Hawaiian lava fountains: implications for the use of fountain height as an indicator of magma gas content[END_REF][START_REF] Wilson | Explosive volcanic eruptions -IV. The control of magma properties and conduit geometry on eruption column behavior[END_REF][START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF].

B.1.1 Fissure Eruption

Initial Conditions

The initial height of the lava fountain, H i , depends on the exsolved water content, n H 2 O , and mean eruption rate, M . H i is determined graphically from Figure 2 of [START_REF] Wilson | Explosive volcanic eruptions-VIII. The role of magma recycling in controlling the behaviour of Hawaiian-style lava fountains[END_REF]. Considering an eruptive fissure of length L, the initial mean eruption speed of a lava fountain without the presence of a lava pond is given by:

where, g is the gravitational acceleration (9.81 m 2 /s). The density of the ejected spray, β i (mixture of magmatic gases and ejected lava clasts), is given by:

The required correction of the velocity is given by Equation B.9. Equations B.12, B.13, B.6, B.7 and B.14 are iterated until we get negligible changes. The final lava fountain height is calculated by Equation 4.5.

Appendix C

Supplementary Material for Chapter 5 C.1 Heat Loss during Cooling of Lava Flows

The heat loss processes can be determined by the thermal and physical properties of the lava flow and surrounding environment into which the heat is transferred. In this section, we define these heat transfer processes.

C.1.1 Heat Loss by Conduction

Heat lost by conduction, Θ CON D , is produced by heat transfer from the hot core of the flow to the underlying surface on which the lava is flowing. Therefore, Θ CON D is dependant on the core and base crust temperatures and is calculated by:

where, κ is the flow thermal conductivity (κ = 2.42 W/(m•K) for a typical basalt; [START_REF] Lesher | Thermodynamic and Transport Properties of Silicate Melts and Magma[END_REF], T core is the temperature of the flow interior and T base is the temperature at the base of the flow. h base is the distance between the flow core and where T base is reached. From field observations on active lava flows on Stromboli, Etna and Hawai'i, h base has been shown to be around 10 % of the total flow thickness. Cooling by conduction induces solidification of the bottom of the lava flow, forming a basal crust. Heat transfer by conduction can also lead to thermal erosion of the underlying rocks if the lava flow is very hot or if the melting point of the underlying material is low relative to the lava flow [START_REF] Griffiths | The Dynamics of Lava Flows[END_REF]. Cooling by conduction is also related to the flow velocity, more precisely to the Reynolds number. Indeed, eddies on a turbulent flow (i.e., a rapid flow) induce more efficient transfer of heat from the flow core to the flow base, and thus higher Θ CON D [START_REF] Griffiths | The Dynamics of Lava Flows[END_REF].

C.2 Depth Averaged Temperature of the Upper Brittle Crust

The equations of crust formation vs. time developed below are based on field observations and modelling of inflated pāhoehoe lava flows by [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF]. When a lava flow cools, a brittle crust on its surface progressively forms and increases in thickness with time. [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF] showed that the base of the brittle crust corresponds to the isotherm 800 • C. The time (in hours) needed to form a crust of thickness, h crust is:

The temperature at the surface of the crust, T surf,crust , in time can be calculated by the following equation [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF]:

Thus, the depth averaged temperature of the surface brittle crust is:

Appendix D

Supplementary Material for Chapter 6 D.1 Classification and Equations for Undular Hydraulic Jumps

In the following sections, subscripts 1 and 2 refer to upstream and downstream conditions, respectively. The geometry of a hydraulic jump is dependent on the inflow Froude number. [START_REF] Chow | Open-Channel Hydraulics[END_REF] in his authoritative textbook proposed the following classification, with increasing inflow Froude number: undular jump for 1 < Fr 1 < 1.7; weak jump for 1.7 < Fr 1 < 2.5; oscillating jump for 2.5 < Fr 1 < 4.5; steady jump for 4.5 < Fr 1 < 9.0 and strong jump for Fr 1 < 9.0.

D.1.1 The Undular Hydraulic Jump

For a Froude number slightly above the unity, the hydraulic jump is characterised by a smooth rise of the free-surface perpendicular to flow direction, often followed by a train of stationary free surface undulations (Figure 6.3). This is referred to as undular hydraulic jump [START_REF] Chow | Open-Channel Hydraulics[END_REF][START_REF] Hager | On pseudo-uniform flow in open channel hydraulics[END_REF][START_REF] Montes | Characteristics of undular hydraulic jumps: Experiments and analysis[END_REF][START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF][START_REF] Chanson | Current knowledge in hydraulic jumps and related phenomena. A survey of experimental results[END_REF]. It can be observed in horizontal channels and at transitions between steep and lower channel slopes [START_REF] Hager | On pseudo-uniform flow in open channel hydraulics[END_REF][START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF]. Based on experimental results, [START_REF] Montes | Characteristics of undular hydraulic jumps: Experiments and analysis[END_REF] and [START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF] revised [START_REF] Chow | Open-Channel Hydraulics[END_REF] classification of undular jumps, dividing them into non-breaking and breaking undular jumps.

The Non-breaking Undular Jump

Non-breaking undular jumps occur for low inflow Froude numbers, i.e., for 1 < Fr 1 < Fr 1,limit , where Fr 1,limit is the upper limit for the formation of a non-breaking undular jump [START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF]. At a constant inflow Reynolds number, we have the following observations [START_REF] Ohtsu | Flow conditions of undular hydraulic jumps in horizontal rectangular channels[END_REF]: for Fr 1 ≤ 1.2, the undular jump is characterised by small amplitude undulating waves (Figure 6.3). With increasing inflow Froude number, lateral shockwaves

D.2 Citations of Standing Waves or Hydraulic Jumps

General lava flow dynamics: Griffiths (2000, p. 488) Finch and MacDonald (1953, p. 60) "Just upstream from the dome fountain, the rush of the liquid lava leaving the cascade gave rise to a hydraulic jump with a standing wave 4 to 8 feet high [1.2 to 2.4 m high]." Finch and MacDonald (1953, p. 60, Fig. 14) "The lava river at the foot of the cascade shown in figure 13. The stationary wave at the front of the cascade is visible." Finch and MacDonald (1953, p. 68) "The height of the standing wave of the hydraulic jump below the cascade increased to about 12 feet [3.6 m] and that of the dome fountain to about 8 feet [2.4 m]." Cashman and Mangan (2014, p. 362) 1, values of F in the range 1.5 -2.2 are obtained." "Supercritical flows exhibit characteristic cross-wave disturbance patterns on the surface, which increases the superelevation effect. This might help to account for the big difference in lava levels between the outside and inside of the bends."

Pico Partido (Lanzarote, Canary Islands), 1730 -1736: Woodcock (2003, p. 8 -11) "The flow appears to have been supercritical within the channel and may have changed abruptly to subcritical at a break in slope at the lower end of the channel. A lava flow feature at the lower end of the channel may have been produced by the lava equivalent of a hydraulic jump." "It appears that the lava flow in the channel was supercritical, thus the possibility of a hydraulic jump exists where the flow conditions change abruptly at the break in slope at the lower end of the channel. The flow regime below the break in slope can be assessed by estimating the likely velocity and depth of flow as the lava spreads out at the channel end." Woodcock and Harris (2006, p. 214) " [START_REF] Woodcock | A preliminary analysis of the dynamics of a channelled lava flow on Pico Partido volcano, Lanzarote, Canary Islands[END_REF] suggested that the break in slope might be occupied by a hydraulic jump, where the flow regime changes abruptly from supercritical to subcritical. Application of standard inviscid flow theory indicates that the lava flow is supercritical above the break in slope."

Sierra Negra, 2005 Caldera eruption / Galapagos Islands, Ecuador: Geist et al. (2008, p. 658) "Most of the lava emplaced in the caldera was erupted from 5 vents, which supplied a 2 km-wide anastomosing flow field that cascaded down intracaldera benches to the caldera floor. Lava in the channels was estimated to be flowing at 15 m/s and formed standing waves > 5 m high."

Kīlauea, Pu'u 'O'o-Kupaianaha / 1986: Kauahikaua et al. (1998, p. 27,313 -27,315) "Stationary waves are often observed at lava falls. A particularly spectacular wave could be seen in the 2163-foot (659 m) skylight during much of 1996 (Plate 1). There the tube made an 80 • left turn while descending over a falls. The lava stream, traveling 5.6 m/s, swirled in a clockwise direction as it descended to the left to create a standing wave with an edge that oscillated occasionally. The standing wave was visible until the skylight crusted over in November 1996. Strictly laminar flow describes a situation where each element of fluid is flowing along parallel paths [e.g., Granger, 1995]. Observation of standing waves indicates significant disruption of flow along parallel paths. For example, fluid that was formerly in the interior of the flow often comes to the surface." Kauahikaua et al. (1998, p. 27,314, Plate 1) "Photo of a standing wave in the 2163-foot skylight. The view is downstream, and the tube turns left 80 • and drops beneath the skylight so that the stream forms a standing wave which seems to break to the left. Note the undulation in the wave crest, which stands ∼ 1.5 m above the left stream edge (not visible in photo)." 76, 1-15 (2014).

-H. R. Dietterich et al., in American Geophysical Union Fall Meeting Abstracts (2018). Appendix G

Raw Electron Microprobe Data

In this Appendix, we provide the raw data of electron microprobe analyses performed on olivine (Table G