Supplementary Materials

A- Methodology
Fieldwork was carried out during the summers of 2016, 2017 and 2019 focussed on the Tseax volcanic field with the goal of mapping the extent, distribution, 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 (Figures A.1, A.2).

A.1-  Aerial Photograph Datasets
The location of the aerial photographs used are shown on Figure A.1. We used an ultralight aircraft to acquire high resolution aerial photographs of Tseax volcano and Crater Creek Valley (Figure A.1(c, d)). The aircraft flew at ~ 500 m above the ground at a constant speed of 110 km/h. RGB photographs were taken using a Nikon D800 camera fixed to one of the aircraft's wings. We used a 28 mm lens on the camera. The horizontal FOV and angular FOV were 65 and 46, respectively. The resolution of the photographs are 7960 × 4912 pixels and each photo thus captured a field of view of ~ 643 × 429 m corresponding to a ground resolution of ~ 0.08 m. Nevertheless, the aerial photographs are blurry due to vibrations of the wing to which the camera was fixed. The minimum size of the identifiable object on the ground is thus ~ 0.5 m. 

The camera was set to take a photo every 2 seconds. 1044 photos were taken along 7 flight lines above the lava flow in Crater Creek Valley and Tseax Volcano. The forward overlap between two consecutive photos is 82 % and the side overlap is 83 % between photos of two adjacent flight lines. Due to excessively high wind speeds, we were unable to acquire aerial photographs from the ultralight of Tseax River and Nass Valleys. However, 23 high resolution digital air photos (in grey-scale) were acquired from the Government of British Columbia (Figure. A.1(a)). These photos were taken on August 12, 2001, from an airplane flying at ~ 5,800 m a.s.l. The focal length used was 153 mm and the scale is 1:30,000 with a resolution of 19,225 ~ 19,218 pixels. The ground resolution is ~ 0.46 m and each photo has a field of view of 8.84 × 8.84 km. Between two consecutive photos, there is a forward overlap of 80 % and a side overlap of 65 %. The 2019 Digital Globe satellite imagery was also used to help map the lava flow surface morphologies on ESRI ArcGIS 10.7.

A.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 A.1(b)). 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 1(b)). A base station was located in Gitwinksihlkw and ran continuously 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 (Agisoft LLC, 2019). PhotoScan is widely use in geology (e.g., Bemis et al., 2014; Gwinner, Hauber, Jaumann, & Neukum, 2000; James & Robson, 2012) to reconstruct and visualize objects or topographic surfaces in 3 dimensions. All aerial images (the 1044 RGB photographs taken from the ultralight aircraft and the 23 grey-scale digital air photos) were loaded in PhotoScan in two separate chunks as PhotoScan is unable to merge colour and grey-scale images. As such, the two chunks were prepared separately. All the photos were georeferenced with the GCPs. From the chunk containing the 1044 RGB aerial photos, we obtained a sparse cloud of 1.2 × 105 points and a dense cloud of 5.2 × 108 points. In the chunks containing the grey-scale aerial photos, we obtained a sparse cloud of 3.4 × 104 points and a dense cloud of 1.5 × 108 points. The 2 dense point clouds were subsequently exported in CloudCompare software (Girardeau-Montaut, Telecom Paris Tech, & EDF, 2017) and merged. The dense point cloud was then exported back into PhotoScan to generate the 3D meshes and DEM. The final DEM has a resolution of ~ 0.6 m (Figure 2(c)). For mapping design, we completed our DEM with the SRTM DEM (30 m resolution).

A.3- 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 A.1(a, 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 in 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 Shapefiles (.shp) for use in ArcGIS.

A.4 Volume Calculations

A.4.1- Lava Flows
The calculation of the lava flow volumes of Tseax are challenging as the base of the flow field was
never observed. The volumes 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 drilling on the entire lava flow field. It is located in the Nass Valley near the bridge that leads to the town of Gitwinksihlkw (Figure A.1(a)) and was provided by the Ministry of Transportation and Highways of British Columbia (Purssell, 1993). 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 may have undergone different inflation processes.

Along Crater Creek and Tseax River valleys, we drawn 16 topographic profiles perpendicular to the flow (Figure A.2). In order to determine 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 field volume was calculated by adding the lava volumes in the Nass, Tseax River and Crater Creek valleys.

A.4.2- 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, Vc, and the spatter
rampart, Vs, are calculated by (each term is defined on Figure A.3):
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The volume of ejected pyroclastic materials from a tephra cone, Ve, is related to the diameter, 2hc, of the main crater by the relation established by Sato & Taniguchi (1997):
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B- Lava Flow Surface Morphologies
Here, we present short definitions of these surface morphological features as well as their location. We refer the reader to the Main map and to the Figure 5 for a better understanding.

‘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 least voluminous flows (Table 1). ‘A‘ā lava flows present brecciated, rough and jagged surfaces made of loose angular to rounded lava fragments called clinkers (Figure 5(a); Harris Rowland, Villeneuve, & Thordarson, 2017; Lipman & Banks, 1987; Macdonald, 1953; Peterson & Tilling, 1980). The majority of clinkers are 0.1 - 0.5 m in diameter, with the largest up to 2 m in diameter. The clinkers form an upper crust ~ 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 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 and 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.

Pāhoehoe lava flows. Pāhoehoe lavas are often described as having smooth and regular surfaces
compared to rough ‘a‘ā lava flows (Harris et al., 2017; Macdonald, 1953; Self, Keszthelyi, & Throdarson, 1998). However, various surface morphologies on pāhoehoe lava flows can be differentiated implying different mechanisms of emplacement and flow regimes. The pāhoehoe flows at Tseax are Flow 1 and Flow 2. They are the longest, most voluminous and stratigraphically lowest of the lava flow field (see Main map, Table 1). We identified hummocky (Hm), lava-rises (Lr), slabby (Sl), hummocky-to-lava-rises (Hm-Lr) and slabby-to-rubbly (Sl-Rb) pāhoehoe 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 5(b); Hon, Kauahikaua, Denlinger, & Mackay, 1994; Self et al., 1998; Swanson, 1973). Tumuli are ~ 10-200 m long, sinuous and inter-crossed mounds of 1-4 m high pāhoehoe lava flow lobes that failed to coalesce (e.g., aborted inflation) or that have undergone differential inflation processes (Hon et al.,1994). Due to inflation, most of the tumuli have a central and/or lateral cracks, called lava-inflation clefts (Walker, 1991), up to 2.5 m deep and 1.5 m large. 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 km2) of flat, almost perfectly horizontal pāhoehoe lava plates (Figure 5(c)). Lava-rises are the results of a fully developed inflated pāhoehoe flow and are only poorly disturbed by superficial cracks and collapsed pits called lava-rise pits (Walker, 1991). 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. Lava-rises are only present on Flow 1 and mainly found on the western part of the Nass Valley lava plain. Some lava-rise 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 5(d)). The hummocks are smaller than in hummocky pāhoehoe. Hummocky-to-lava-rise pāhoehoe is found in 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 (Guilbaud, Self, Thordarson, & Blake, 2005; Macdonald, 1953; Peterson & Tilling, 1980; Swanson, 1973). Slabby pāhoehoe is characterized by chaotic surfaces dominated by broken pāhoehoe lava crusts, called pāhoehoe slabs (Figure 5(e)). The slabs are dislocated pāhoehoe crust of 1-10 m2, 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 occasionally 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.

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 5(f)). The name rubbly pāhoehoe has been proposed by Keszthelyi & Thordarson (2000) 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 (Keszthelyi, Thordarson, & Self, 2001). Rubbly pāhoehoe is sometimes referred to as a transitional state from pāhoehoe to ‘a‘ā (Keszthelyi & Thordarson, 2000). The slabby-to-rubbly pāhoehoe morphology is principally found at the mouth of Tseax River 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 m2. Moving upstream, the slabs become smaller and thinner, i.e., 0.10-0.40 m thick, and less than 3 m2, 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 were observed). While a few dense rubble were found (probably from the lava flow interior), the majority of the rubble are vesicular and from the fragmented upper crust.

The slabby-to-rubbly pāhoehoe is associated with pressure ridges oriented perpendicularly to 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 decrease to 0.5-1 m high in the most upstream part of the unit. The wavelength of the pressure ridges ranges from 10 to 25 m on average with the longest wavelength located near the front of the unit.

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 (Guilbaud et al., 2005).

Rafted Plates and Major Breakouts. Rafted plates are large rounded to polygonal plates of undisturbed pāhoehoe at crust surfaces surrounded by slabby pāhoehoe (Figure 5(h)). Large pāhoehoe lava surfaces composed of rafted plates are sometimes called platy lava (Keszthelyi et al., 2004; Stevenson et al., 2012). 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 m2 were mapped. The largest surface plates are best visible from aerial photographs (the average area is 1,116 m2, the largest plate is ~ 70,000 m2). 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 characterized by piling up of large pāhoehoe slabs forming linear mounds up to 5 m high. At least 23 major breakouts > 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 5(g); Walker, 1991). They form when lava drains downstream and reflect part of the lava tube system in the Nass Valley. Some of these pits are also related to different amounts of lava inflation (Walker, 1991) and are 2 to 5 m deep, circular to polygonal pits up to 9950 m2. The Main map only shows the largest collapsed lava tubes (i.e., < 250 m2). Large polygonal broken slabs of the pāhoehoe upper crust (~ 0.5 - 1 m thick) form the floor of the collapsed pits.
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