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Highlights:-We propose a novel approach for retrieving a 3D displacement field on lava flows.

-We measure horizontal motion on a lava flow several months after its emplacement.

-Thermal contraction, loading and flow all contribute to the displacements.

Introduction:

Spaceborne remote sensing datasets, providing information with a good spatial coverage over areas that are difficult to access, have proven to be powerful tools to study lava flows.

Radar images have the advantage that they are insensitive to cloud cover and solar lighting.

They can be used to detect and map new lava flows with either coherence or amplitude based methods [START_REF] Schaber | Remote sensing data of SP Mountain and SP lava flow in northcentral Arizona[END_REF][START_REF] Zebker | Imaging radar polarimetry from wave synthesis[END_REF][START_REF] Zebker | Analysis of active lava flows on Kilauea volcano, Hawaii, using SIR-C radar correlation measurements[END_REF][START_REF] Gaddis | Lava-flow characterization at Pisgah volcanic field, California, with multiparameter imaging radar[END_REF][START_REF] Rowland | Volumetric characteristics of lava flows from interferometric radar and multispectral satellite data: the 1995 Fernandina and 1998 Cerro Azul eruptions in the western Galápagos[END_REF][START_REF] Dietterich | Tracking lava flow emplacement on the east rift zone of Kīlauea, Hawai'i, with synthetic aperture radar coherence[END_REF]. They are also commonly used to estimate their thickness and volume, and thus determine volcano extrusion rates [START_REF] Stevens | Lava flow volume and morphology from digitised contour maps: a case study at Mount Etna, Sicily[END_REF][START_REF] Rowland | Volumetric characteristics of lava flows from interferometric radar and multispectral satellite data: the 1995 Fernandina and 1998 Cerro Azul eruptions in the western Galápagos[END_REF][START_REF] Terunuma | Detection of traces of pyroclastic flows and lahars with satellite synthetic aperture radars[END_REF][START_REF] Poland | Time-averaged discharge rate of subaerial lava at Kīlauea Volcano, Hawai'i, measured from TanDEM-X interferometry: Implications for magma supply and storage during 2011-2013[END_REF][START_REF] Bato | Monitoring an effusive eruption at Piton de la Fournaise using radar and thermal infrared remote sensing data: insights into the October 2010 eruption and its lava flows[END_REF][START_REF] Arnold | Decaying Lava Extrusion Rate at El Reventador Volcano, Ecuador, Measured Using High-Resolution Satellite Radar[END_REF], which is key information in terms of hazard assessment. Interferometry has been used to study the post-emplacement dynamics of lava flows (e.g. [START_REF] Briole | Post-eruptive deformation associated with the 1986-87 and 1989 lava flows of Etna detected by radar interferometry[END_REF][START_REF] Lu | Interferometric synthetic aperture radar study of Okmok volcano, Alaska, 1992-2003: Magma supply dynamics and postemplacement lava flow deformation[END_REF][START_REF] Ebmeier | Measuring large topographic change with InSAR: Lava thicknesses, extrusion rate and subsidence rate at Santiaguito volcano, Guatemala[END_REF][START_REF] Bato | Monitoring an effusive eruption at Piton de la Fournaise using radar and thermal infrared remote sensing data: insights into the October 2010 eruption and its lava flows[END_REF][START_REF] Chaussard | Subsidence in the Parícutin lava field: Causes and implications for interpretation of deformation fields at volcanoes[END_REF], see table 1), and in turn, calculate their material properties [START_REF] Wittmann | Post-emplacement cooling and contraction of lava flows: InSAR observations and a thermal model for lava fields at Hekla volcano, Iceland[END_REF]. However, most of these studies were performed on basaltic lava flows emplaced on gentle topographic slopes (see table [START_REF] Lavallée | Magmatic architecture of dome-building eruptions at Volcán de Colima, Mexico[END_REF], where lava flows are frequent and InSAR is highly effective. On the contrary, it is well-established that InSAR methods are more difficult to use on andesitic stratovolcanoes because of their steep topography and generally dense vegetation coverage, causing low coherence and noisy data [START_REF] Pinel | The challenging retrieval of the displacement field from InSAR data for andesitic stratovolcanoes : case study of Popocatepetl and Colima Volcano, Mexico[END_REF]. A limitation to the use of InSAR to characterize post-emplacement deformation of lava flows is that, in the absence of p. 4 additional measurements of the surface displacement such as GNSS or SAR acquired from a different satellite [START_REF] Peltier | Assessing the reliability and consistency of InSAR and GNSS data for retrieving 3D-displacement rapid changes, the example of the 2015 Piton de la Fournaise eruptions[END_REF], radar images acquired by a given satellite for both the ascending and descending tracks are difficult to use to reconstruct the 3D displacement fields due to the lower accuracy in the north-south (N-S) direction (InSAR measurements being only sensitive to the displacements along the satellite line of sight, which horizontal projection is usually close to the east-west direction for both ascending and descending tracks). Thus, most studies consider that the Line of Sight (LOS) displacements measured result from vertical displacements alone. This assumption prevents the extraction of information about the lava flows horizontal displacement fields being extracted, and could introduce an error into the estimated vertical displacements.

Volcán de Colima, one of the most active volcanoes in North America, is located at the SW front of the Trans Mexican Volcanic Belt (Fig. 1), created by the subduction of the Cocos and Rivera plates under the North American plate. Volcanic activity is characterized by cycles of around one hundred years which culminate in a large Plinian eruption; the last major explosive eruption was in 1913 [START_REF] Robin | Eruptive history of the Colima volcanic complex (Mexico)[END_REF][START_REF] Luhr | Petrological monitoring of cyclical eruptive activity at Volcán Colima, Mexico[END_REF].

A new episode of mostly effusive activity began in 1961, when the lava that had slowly infilled the crater left by the 1913 explosions reached the lowest notch in the northern crater rim, generating block-lava flows. Similar episodes of activity followed in 1975-1976 and 1981-1982. In 1991 the lava extrusion began to form a lava dome that fed new block-lava flows [START_REF] Luhr | Petrology and geochemistry of the 1991 and 1998-1999 lava flows from Volcán de Colima, México: implications for the end of the current eruptive cycle[END_REF]. Collapses of the crater rim and the overflowing dome have since caused numerous block and ash flows, particularly in 2004-2005. Dome-building activity resumed in 2007. Vulcanian p. 5 explosions destroyed the dome in early 2013, and a new dome began growing again overflowing from the crater and producing further lava flows in March 2013 [START_REF] Capra | Preliminary report on the July 10-11, 2015 eruption at Volcán de Colima: Pyroclastic density currents with exceptional runouts and volume[END_REF].

At the end of 2014, an increase in eruptive activity was recorded, notably marked by the July 10 and 11, 2015 pyroclastic density currents (PDCs) which represented the largest runout since 1913 [START_REF] Capra | Preliminary report on the July 10-11, 2015 eruption at Volcán de Colima: Pyroclastic density currents with exceptional runouts and volume[END_REF][START_REF] Reyes-Dávila | Volcán de Colima dome collapse of July, 2015 and associated pyroclastic density currents[END_REF][START_REF] Macorps | Stratigraphy, sedimentology and inferred flow dynamics from the July 2015 block-and-ash flow deposits at Volcán de Colima, Mexico[END_REF]. The 2015 eruption was not preceded by any detectable precursors in terms of edifice inflation or seismic velocity variations [START_REF] Lesage | Absence of Detectable Precursory Deformation and Velocity Variation Before the Large Dome Collapse of July 2015 at Volcán de Colima, Mexico[END_REF]. Before and after these events, large lava flows were emplaced on the volcano flanks [START_REF] Reyes-Dávila | Volcán de Colima dome collapse of July, 2015 and associated pyroclastic density currents[END_REF]. Activity reports describe active lava flows on the western (W) and south-western (SW) flanks from September-November 2014 to mid-February 2015, when no downward motion was observed (Sennert, 2015a). In July, 2015, just after the PDC occurrences, another lava flow formed on the southern (S) flank in the same channel as the PDCs (Sennert, 2015b). Most of studies about this high activity period deal with PDC deposits [START_REF] Capra | Preliminary report on the July 10-11, 2015 eruption at Volcán de Colima: Pyroclastic density currents with exceptional runouts and volume[END_REF][START_REF] Reyes-Dávila | Volcán de Colima dome collapse of July, 2015 and associated pyroclastic density currents[END_REF][START_REF] Macorps | Stratigraphy, sedimentology and inferred flow dynamics from the July 2015 block-and-ash flow deposits at Volcán de Colima, Mexico[END_REF] but lava flows should also be considered in order to properly characterize and understand the volcano activity.

The present study combines both radar and optical remote sensing data with the aim of determining where lava flows were emplaced as well as their volumes and their postemplacement dynamics, in order to have greater insight into the 2014-2015 eruptive crisis of Volcán de Colima. New approaches are proposed to: (1) improve the remote sensing detection of lava flows on andesitic stratovolcanoes, and (2) reconstruct approximate 3D ground displacements associated with the emplacement of lava flows using InSAR LOS measurements on both the ascending and descending tracks from a single satellite, without any other additional observation. Finally, the thermal compaction of the lava flow is numerically modeled p. 6 and its relative contribution together with the loading and downward flow effect, are investigated. An estimation of the magma bulk viscosity is also derived based on the downward lava displacement. described area location (dashed blue rectangle) at a larger scale. The PLEIADES DEM coverage (10×13 km 2 centered on the edifice summit) is not displayed here for clarity. 
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Etna (1986-1987 & 1989) 3-7 Basaltic ~23° [START_REF] Briole | Post-eruptive deformation associated with the 1986-87 and 1989 lava flows of Etna detected by radar interferometry[END_REF](Briole et al., ) (1991(Briole et al., -1993) ) 2-6 Basaltic ~13° [START_REF] Stevens | Surface movements of emplaced lava flows measured by synthetic aperture radar interferometry[END_REF] Krafla (1975)(1976)(1977)(1978)(1979)(1980)(1981)(1982)(1983)(1984) 8-20 Basaltic ~1° [START_REF] Sigmundsson | Readjustment of the Krafla spreading segment to crustal rifting measured by satellite radar interferometry[END_REF] Hekla (1991 & 2000) 2-25 Basaltic-Andesitic ~8° [START_REF] Wittmann | Post-emplacement cooling and contraction of lava flows: InSAR observations and a thermal model for lava fields at Hekla volcano, Iceland[END_REF] South America

Reventador (2002)(2003)(2004)(2005) 3-6 Andesitic ~18° [START_REF] Fournier | Duration, magnitude, and frequency of subaerial volcano deformation events: New results from Latin America using InSAR and a global synthesis[END_REF] Lonquinay (1988)(1989) 17-18 Andesitic ~4° [START_REF] Fournier | Duration, magnitude, and frequency of subaerial volcano deformation events: New results from Latin America using InSAR and a global synthesis[END_REF] p. 8 

Data and methods

Data and processing

Topographic changes induced by lava flow emplacement were estimated based on two Digital Elevation Models (DEM). The pre-eruptive DEM used is the TanDEM-X, 12 m resolution, provided by the German Space Agency (©DLR 2015) and obtained from X-band radar images acquired between January 2011 and August 2014 (see footprint on Fig. 1). A post-eruptive DEM was obtained using one stereo pair of Pleiades optical images (©CNES_2016, distribution AIRBUS DS, France, all rights reserved) acquired on 10 January 2016 and made available through an ISIS (Incitation à l'utilisation Scientifique des Images Spot, French initiative to promote the scientific use of Spot images) project. Pleiades panchromatic images have a nominal resolution of 0.5m. Along-track incidence angles of the two images are -9.3° and -13.1°, while the acrosstrack angle varies between -14.5° and -9.6°. The DEM was computed using the NASA open source software Ames Stereo Pipeline [START_REF] Broxton | The Ames Stereo Pipeline: Automated 3D surface reconstruction from orbital imagery[END_REF]. Disparities between the two images are searched for; this provides a point cloud of the surface topography which is then converted onto a grid regularly spaced every 3 m. In this way we obtain a Digital Surface Model, but as no vegetation is present on the region of interest, where lava flows are emplaced, it corresponds to a DEM.

p. 9

Surface displacements induced by the lava flows were quantified based on 36 SAR images acquired from November 23, 2014 to February 10, 2016, on both ascending and descending tracks, by the European satellite Sentinel-1A with a Vertical-Vertical polarization (Table 2). Images were acquired in Terrain Observation by Progressive Scans SAR (TOPSAR)

Interferometric Wide Swath mode [START_REF] Zan | TOPSAR: Terrain Observation by Progressive Scans[END_REF] and provided as Single Look

Complex (SLC) images with a spatial resolution of 15.6 m in azimuth and 2.3 m in slant range (see Fig. 2 for spatio-temporal distribution of the dataset). As Volcán de Colima's flanks are steep, local topographic slopes are close to or even greater than the incidence angle, inducing low resolution and a possible layover effect on the flanks facing the satellite. This is particularly true for the descending track where the incidence angle is very close to the volcano slope on the eastern flanks around the summit area (~35°). Ground area affected by low resolution was estimated and consequently masked based on acquisition geometries.

Interferograms as well as coherence images were computed on ascending and descending tracks from SLC images using the NSBAS processing chain as described in [START_REF] Doin | Presentation Of The Small Baseline NSBAS Processing Chain On A Case Example: The ETNA Deformation Monitoring From 2003 to 2010 Using ENVISAT Data[END_REF] and modified to allow for TOPSAR data ingestion [START_REF] Grandin | Interferometric Processing of SLC Sentinel-1 TOPS Data[END_REF]. Topographic phase contribution was removed using the SRTM Digital Elevation Model at 30 m resolution oversampled to 15 m. Interferograms were corrected for tropospheric phase delays using atmospheric data provided by the European Center for Medium Range Weather Forecast (ECMRWF) [START_REF] Doin | Corrections of stratified tropospheric delays in SAR interferometry: Validation with global atmospheric models[END_REF]. Interferograms were then unwrapped using the ROI_PAC branchcut unwrapping algorithm. Phase delays were converted to LOS ground displacements considering ground displacement as null in a 255x255 m reference area located at the basal part of the SW volcano sector (see Fig. 67). Cumulative LOS ground displacements for each p. 10 successive date after to the first one were obtained by time series inversion, pixel by pixel, using 161 a least squares method [START_REF] Doin | Presentation Of The Small Baseline NSBAS Processing Chain On A Case Example: The ETNA Deformation Monitoring From 2003 to 2010 Using ENVISAT Data[END_REF] data used to study lava flow subsidence. Dots are for SAR images (the star being for the master image acquired on August 17, 2015) and red lines are for the 14 computed interferograms.

Lava flow mapping and thickness estimation

Final lava flow extents and thicknesses were estimated by computing the difference between the DEMs acquired before and after the eruptive deposits emplacement, the TanDEM-X and Pleiades DEMs, respectively. The elevation difference was converted into a thickness (H) of lava emplaced on an inclined substratum using the local slope (). We estimated the volume of the lava flows as the product of their surface area by average thickness (which is equivalent to the sum of the volume variation of each pixel located on the lava flow). The uncertainty on the DEMs' difference was estimated based on the standard deviation measured on the reference area, which was not affected by any lava flow (empirical estimation as described in [START_REF] Poland | Time-averaged discharge rate of subaerial lava at Kīlauea Volcano, Hawai'i, measured from TanDEM-X interferometry: Implications for magma supply and storage during 2011-2013[END_REF]. The uncertainty on the lava flow surface area was estimated by computing the variation resulting from an extension of the lava flow's contours by 1 pixel. Finally, we computed the error on the volume estimations by adding the product of the thickness uncertainty by the lava flow area to the product of the area uncertainty by the average thickness of the lava flow.

In order to gain insight into the timing of lava flow emplacement we used the coherence evolution over the lava flows. The coherence, defined by [START_REF] Zebker | Decorrelation in interferometric radar echoes[END_REF], is a measurement of the similarities in the ground backscattering properties between two SAR p. 13 images acquired at different dates using both amplitude and phase information. Several sources of decorrelation exist, such as thermal effects affecting the satellite sensor, changes in radar wave penetration which are often induced by vegetation cover, variations in acquisition geometry and temporal decorrelation due to surface and/or topographic changes [START_REF] Pinel | Volcanology: Lessons learned from Synthetic Aperture Radar imagery[END_REF]. Our aim was to highlight the coherence evolution due to surface changes by reducing the effects of other decorrelation sources. The summit area of Volcan de Colima (~5 km around the crater) is free of vegetation, thus the main sources of decorrelation are geometric effects, thermal noise, and surface changes, mostly induced by the emplacement of volcanic deposits. [START_REF] Lee | Analysis of topographic decorrelation in SAR interferometry using ratio coherence imagery[END_REF] showed that the geometric decorrelation related to terrain slope is proportional to the perpendicular baseline between the two images. It follows that couples of images with similar temporal and spatial baselines are theoretically affected by the same loss of coherence. In order to reduce the influence of geometric decorrelation, we selected, for three different periods, several image pairs with similar temporal and perpendicular baselines (Fig. 2A). Comparison of these pairs thus highlight surface changes, with possible contribution of thermal sensor noise. The selected periods are during the deposition of the W and SW flank lava flows (no data were available before), after their deposit, and after the occurrence of the July 2015 crisis, respectively. For each period, we computed the coherence for the various imagepairs. Then, we compared, for given successive periods, the coherence difference for couples with the same temporal and perpendicular baselines. As coherence data are very noisy in the summit area of Volcan de Colima , we average the coherence differences computed for given successive periods in order to highlight surface changes resulting from lava flow emplacements p. 14 rather than noise induced by frequent ash emissions [START_REF] Pinel | The challenging retrieval of the displacement field from InSAR data for andesitic stratovolcanoes : case study of Popocatepetl and Colima Volcano, Mexico[END_REF] and thermal sensor effects.

Reconstruction of 3D ground displacement field

For each track, calculated ground displacements are 1D and correspond to a projection of the displacement vector in the satellite Line Of Sight (LOS) direction. Therefore, at least three independent measurements with different acquisition geometries are required to reconstruct the displacement vector in 3D [START_REF] Wright | Toward mapping surface deformation in three dimensions using InSAR[END_REF]. In most cases, only two distinct measurements (right-looking ascending and descending paths) are available, so that the problem is underdetermined. Having additional geometry of acquisitions clearly improves the accuracy of the retrieved 3D displacement [START_REF] Peltier | Assessing the reliability and consistency of InSAR and GNSS data for retrieving 3D-displacement rapid changes, the example of the 2015 Piton de la Fournaise eruptions[END_REF]. However, due to the near-polar satellite orbit, the N-S component of the displacement is always less well constrained. One method commonly used in volcanology is then to assume a null displacement in the NS direction and to invert for the vertical and E-W displacement [START_REF] Samsonov | Multidimensional Small Baseline Subset (MSBAS) for volcano monitoring in two dimensions: Opportunities and challenges. Case study Piton de la Fournaise volcano[END_REF]. The flaw in this approach is that the orientation of the horizontal displacement field is strongly dependent on the displacement source and cannot necessarily be neglected in the N-S direction. Here, we favor an alternative approach for which we use a strong a priori based on a physical model to fix the orientation of the horizontal displacement. As we study lava flows, we follow a strategy similar to the one used in glaciology. In order to quantify mass sliding of glaciers from InSAR measurements, authors often make the assumption that, when there is a horizontal component of displacement, it will be directed down the maximum slope (e.g. [START_REF] Rabus | Comparison of SAR-interferometric and surveyed velocities on a mountain glacier: Black Rapids Glacier, Alaska[END_REF]. Thus, the problem becomes bi-dimensional and the displacement vector can be estimated using both ascending and descending LOS displacement measurements. As a lava flow path is mainly p. 15 controlled by the topography [START_REF] Felpeto | Assessment and Modelling of Lava Flow Hazard on Lanzarote (Canary Islands)[END_REF][START_REF] Mossoux | Q-LAVHA: A flexible GIS plugin to simulate lava flows[END_REF], the same assumption can be made for lava flows by considering that, if a bulk horizontal motion is observed, it should be aligned with the direction of maximum slope.

In the next section, the angles on the horizontal plane are defined relative to the east and are considered positive in a counterclockwise sense. On E-W and N-S components, displacements are defined as positive towards the E and N, respectively. Vertical motions are considered positive in the upward direction (Fig. 3A). On each track, the displacement measured, 𝑑 𝐿𝑂𝑆 , is a projection of the displacement vector, d, in the LOS direction:

𝑑 𝐿𝑂𝑆 = 𝑑 𝑝, (1) 
where p ̂ is the unit LOS vector, pointing from the satellite to the ground. Using θ, the satellite look angle, and ϕ the horizontal angle between satellite LOS directions and E direction (which is opposite to the heading defined as the direction of the satellite trajectory relative to the north, positive in a clockwise sense, provided in SAR images metadata and noted as ϕ' in Fig. 3B and Table 3, ϕ =-ϕ'), 𝑝̂ can be expressed in three dimensions on the N, E and V directions by 𝑝N, 𝑝Ê and 𝑝V :

𝑝̂= { 𝑝N 𝑝Ê 𝑝V = { 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 -𝑐𝑜𝑠 𝜃 . ( 2 
)
A rotation, in the horizontal plan, of the coordinate system by an angle α is introduced (Fig. 3B).

This angle corresponds to the maximum slope direction, relative to the E, direction along which the lava is expected to flow. The normal vector 𝑝N and 𝑝Ê are thus transformed in 𝑝L, the normal vector oriented towards the maximum slope and 𝑝T, the transversal direction of 𝑝L : (3)

Then, we assume the lava flows displacements as null in the transversal direction (This requires to consider that lateral spreading motions are negligible compared to the displacement in the maximum slope direction). Thus, the problem becomes 2D and by using the geometrical parameters of the acquisitions (𝑝L and 𝑝V), and LOS displacements, on both tracks (Ascending and Descending), the equation set can be formulated as:

[ 𝑑 𝑎𝑠𝑐 𝐿𝑂𝑆 𝑑 𝑑𝑒𝑠 𝐿𝑂𝑆 ] = [ 𝑝L 𝑎𝑠𝑐 𝑝V 𝑎𝑠𝑐 𝑝L 𝑑𝑒𝑠 𝑝V 𝑑𝑒𝑠 ] [ 𝑑 𝐿 𝑑 𝑉 ], (4) 
which can be solved to retrieve 𝑑 𝐿 and 𝑑 𝑉 , the displacements along the maximum slope and vertical directions, respectively:

[ 𝑑 𝐿 𝑑 𝑉 ] = [ 𝑝̂𝐿 𝑎𝑠𝑐 𝑝̂𝑉 𝑎𝑠𝑐 𝑝L 𝑑𝑒𝑠 𝑝V 𝑑𝑒𝑠 ] -1 [ 𝑑 𝑎𝑠𝑐 𝐿𝑂𝑆 𝑑 𝑑𝑒𝑠 𝐿𝑂𝑆 ]. (5) 
Eventually, displacement dL is re-expressed in the N and E directions in order to represent the solution on a map:

𝑑 = { 𝑑 𝑁 𝑑 𝐸 𝑑 𝑉 = { 𝑑 𝐿 𝑠𝑖𝑛(𝛼) 𝑑 𝐿 𝑐𝑜𝑠(𝛼) 𝑑 𝑉 . ( 6 
)
Geometrical parameters of the ascending and descending acquisitions are indicated in Table 3.

The maximum slope direction is computed from the TanDEM-X DEM, the most recent prior to the lava flow emplacement, down-sampled at 60 m in order to reduce potential DEM error p. 17 As the time between the two DEMs used to estimate elevation changes is more than 18 months, we use the coherence evolution to further constrain the timing of lava flow p. 19 emplacement. Figure 5 shows the coherence evolution maps for the two periods analyzed. Both maps present noisy results, but some significant evolutions in the coherence can be seen.

Between approximately December 2014 and April 2015, a significant increase of the coherence is observed on the SW and W (Fig. 5A), where active lava flows had been reported until February 2015 (Sennert, 2015a). This result shows that, in May 2015, a large part of the SW and W lava flows had already recovered a good coherence suggesting limited displacement at their surface. No coherence change is detected on the N flank, suggesting that part of the N lava flow had been emplaced prior to this and it was thus not contemporaneous with the emplacement of the SW and W lava flows. The second coherence map (Fig. 5B), covering the time lapse between April and October 2015, presents an additional increase in coherence on the SW lava flow mainly in its lower part, corresponding to the thickest cross-section of lava (see Fig. 4A). Results

on the W lava flows are less obvious but we observed a coherence increase at a localized area in the upper part, also where lava thickness is expected to be greater. This is consistent with the observation on basaltic lava flows made by [START_REF] Dietterich | Tracking lava flow emplacement on the east rift zone of Kīlauea, Hawai'i, with synthetic aperture radar coherence[END_REF], that the time required for a lava flow to become coherent increases with the lava thickness. This behavior is probably related to the fact that the amplitude of the displacement observed on lava flows is in proportion to the lava thickness such that it takes more time for the horizontal displacement to decrease below a threshold at which there is a coherence stability when the lava is thicker. We also notice that a loss of coherence affects the area where PDCs and the S lava flow were emplaced in the summer of 2015 (Fig. 5B).

We used the volume of the W and SW lava flows, which were emplaced contemporaneously, to estimate a mean extruding rate of 1-2 m 3 s -1 between November 2014 p. 20 and February 2015. We have not taken into account the small volume (< 2 × 10 6 m 3 ) of the N lava flow on the coherence map, as its emplacement timing is not well constrained implying that the estimated extrusion rate might be slightly underestimated. and the PDCs are located [START_REF] Capra | Preliminary report on the July 10-11, 2015 eruption at Volcán de Colima: Pyroclastic density currents with exceptional runouts and volume[END_REF][START_REF] Reyes-Dávila | Volcán de Colima dome collapse of July, 2015 and associated pyroclastic density currents[END_REF][START_REF] Macorps | Stratigraphy, sedimentology and inferred flow dynamics from the July 2015 block-and-ash flow deposits at Volcán de Colima, Mexico[END_REF].

Average ground displacement rates

We now focus on the SW lava flow, which is the only one where displacements are well imaged on the two available tracks. The average displacements rates, away from the satellite, are 64 ± 8 mm yr -1 and 82 ± 8 mm yr -1 on ascending and descending tracks, respectively. The maximum displacement rates are 128 ± 8 mm yr -1 and 176 ± 8 mm yr -1 , located on the lava flow. We note that on the descending track, a sharp decrease in the LOS displacement rate is observed when moving towards the summit along the lava flow. This sharp decrease occurs at the exact location of the abrupt slope change from ~35° on the summit part to ~20° on the basal part (Fig. 4B), and just above the thickest part of the lava flow (Fig. 4A). We hypothesize that this reflects locally complex behavior of the lava flow with an expected piling up of the material at the slope failure.

We estimated the 3D displacement field on the pixels covered by both tracks with Eqs.

5-6. The parameters, 𝑝, of both tracks were computed with the acquisition geometries reported in Table 3 and local topographic slopes, α. Figure 7A presents the vertical displacement rates obtained for each pixel covered by both tracks, and Fig. 7B is a zoom of the SW lava flow with the associated horizontal displacements. On the SW lava flow, the estimated mean vertical displacement rates are 129 ± 9 mm yr -1 with a maximum of 182 ± 9 mm yr -1 . Results show clear horizontal motion located within the flow area, with an average velocity of 26 ± 11 mm yr -1 and a maximum of 63 ± 11 mm yr -1 located where the topographic slope is maximal. Towards the flow front, the average horizontal displacement decreases to about 20 ± 11 mm yr -1 . These results highlight that the lava flow still has a downward flow motion despite the fact that it had p. 23 been reported as emplaced in February 2015 (Sennert, 2015a). Note that this horizontal displacement is small enough to ensure a coherence stability over the 7 month period studied. p. 25

Temporal evolution of ground displacements

We selected 87 points located on the SW lava flow covered by both ascending and descending tracks (Fig. 8A). No point was taken from within the area where the sharp decrease of LOS displacement rate was observed (Fig. 7), due to the complexity of the lava flow behavior in this area and the uncertainty on the local slope. We computed the LOS displacement rate between consecutive acquisition dates for each point (taking the displacement difference divided by the temporal baseline) and normalized this value using the local deposit thickness following [START_REF] Ebmeier | Measuring large topographic change with InSAR: Lava thicknesses, extrusion rate and subsidence rate at Santiaguito volcano, Guatemala[END_REF]. The temporal evolution of the displacement rate was then fitted for each point using a 1 st degree polynomial for the ascending tracks and a 2 nd degree polynomial for the descending ones, according to the observed trend. Finally, we computed average temporal evolution curves for each track over all points sampled (indicated by thick curves in Fig. 8B). The error on the average curves, for each date, is given by the distance between minimum and maximum values. Results are presented in Fig. 8B. For the descending track, the average LOS displacement rate decreases from 4.2 ± 1.2 mm yr -1 m -1 in August 2015 to 2.0 ± 0.7 mm yr -1 m -1 in February 2016. For the ascending track, the average LOS displacement rate is almost constant between August 2015 and February 2016 with a value of 1.6 ± 0.6 mm yr -1 m -1 . The displacement rate measured on the descending track thus decreases with time, as commonly observed on lava flows affected by subsidence [START_REF] Chaussard | Subsidence in the Parícutin lava field: Causes and implications for interpretation of deformation fields at volcanoes[END_REF] being nearly perpendicular to the flow direction, is almost insensitive to horizontal displacements. Thus, displacements recorded on this track reflect principally vertical deformation. On the contrary, the ascending track is aligned with the lava flow and is thus sensitive to horizontal displacement. The fact that the vertical displacement decreases with time, as shown on the descending track, together with the constant displacement rate measured on the ascending one, results from a combination of vertical and horizontal motion, and must imply that the horizontal displacement rate also decreases through time.

In order to confirm this observation, we adopted the same approach as above to reconstruct the 3D displacement field (Fig. 7 and Eqs. 6-7). The sampling points are characterized by their average thickness, topographic slope, and average LOS displacements.

Figure 8C displays the results for the temporal evolution of vertical and horizontal (along the maximum slope direction) displacements. We thus verify that displacement rates decrease with time on both the vertical and horizontal components. The vertical subsidence rate goes from 4.4 ± 0.9 mm yr -1 m -1 in August 2015 to 2.7 ± 0.9 mm yr -1 m -1 in February 2016, and the horizontal one decreases from 2.2 ± 1.1 mm yr -1 m -1 to -0.3 ± 1.1 mm yr -1 m -1 (positive values corresponding to a displacement directed towards the front of the lava flow).

p. 27 This information is derived from the averaged post-emplacement LOS displacement rate presented in Fig. 8B and the average substratum slope and orientation at the sampled points.

The solid and dashed black curves indicate the vertical displacement rates retrieved assuming p. 28 no horizontal displacements (applying Eq. 9) on the descending and ascending tracks, respectively.

Numerical modeling of the lava thermal contraction

A significant part of the displacement recorded on lava flows is expected to be caused by thermal contraction of the lava. After its emplacement, the lava flow cools, with diffusion of its heat into the substratum and the ambient air, inducing both contraction of the lava flow and expansion of the substratum. Thermal contraction of the lava flow induces displacements mainly on the vertical component, but also on the horizontal one, in the summit direction, because of the topographic slope (see Fig. 9A). To estimate the thermo-elastic contribution of the recorded displacements, we carried out numerical modeling of the lava flow cooling and induced deformations using a Finite Element Method (FEM). The cooling model is a simplified version of the one proposed by [START_REF] Patrick | Numerical modeling of lava flow cooling applied to the 1997 Okmok eruption: Approach and analysis[END_REF], and used by other studies to model thermal contraction of lava flows [START_REF] Chaussard | Subsidence in the Parícutin lava field: Causes and implications for interpretation of deformation fields at volcanoes[END_REF][START_REF] Wittmann | Post-emplacement cooling and contraction of lava flows: InSAR observations and a thermal model for lava fields at Hekla volcano, Iceland[END_REF]. It consists of an upper lava flow layer, of thickness 𝐻, emplaced on a substratum inclined at an angle α (Fig. 9A). At the interface between lava and air, the heat is exchanged by both radiation and convection. Within the lava flow and into the substratum, the heat is assumed to be transferred only by conduction. Initial temperature profile and typical simulation result are reported in Fig. 9B. The temperature evolution of the elements induces their deformation. We take into account the contraction of the lava flow, due to cooling, and also the expansion of the heated substratum.

As the model is 1D, the relationship between volumetric and linear compaction must to be p. 29 taken into account by involving the Poisson coefficient [START_REF] Chaussard | Subsidence in the Parícutin lava field: Causes and implications for interpretation of deformation fields at volcanoes[END_REF][START_REF] Wittmann | Post-emplacement cooling and contraction of lava flows: InSAR observations and a thermal model for lava fields at Hekla volcano, Iceland[END_REF]. Key points of the FEM implementation are given in the Supplementary Material SIA.

The morphology of the SW lava flow, is characterized by its short length and steep edges, and is similar to flows reported on Merapi volcano (Indonesia) by [START_REF] Voight | Historical eruptions of Merapi Volcano, Central Java, Indonesia, 1768-1998[END_REF],

where lava tongues are fed by lava dome material extruded on the flank. We thus assume that the materials emplaced in such flows has the same composition and properties as the dome itself. This is confirmed by lava blocks collected on similar active lava flows, at Volcán de Colima [START_REF] Savov | Petrology and geochemistry of lava and ash erupted from Volcán Colima, Mexico, during 1998-2005[END_REF]. The collected samples present low porosity probably due to degassing during the slow ascent of the emplaced material through the conduit [START_REF] Lavallée | Magmatic architecture of dome-building eruptions at Volcán de Colima, Mexico[END_REF][START_REF] Cassidy | Rapid and slow: Varying magma ascent rates as a mechanism for Vulcanian explosions[END_REF]. During its ascent and evolution inside the dome itself, the magma cools and crystallizes as highlighted by the high SiO2 composition of glass in the dome clasts collected at Volcán de Colima [START_REF] Cassidy | Rapid and slow: Varying magma ascent rates as a mechanism for Vulcanian explosions[END_REF]. As degassing and crystallization is already at an advanced stage before lava flow emplacement, the vesiculation and latent heat effects during the cooling of the lava flow are neglected in this study.

We assumed the lava flow and substratum to be of the same composition with their conductivities, heat capacities and densities being only functions of the temperature. We adopted the same approach as [START_REF] Patrick | Numerical modeling of lava flow cooling applied to the 1997 Okmok eruption: Approach and analysis[END_REF] to estimate the temperature dependence on the thermal conductivity (k) for andesitic lavas. A fit of the conductivity measured on Mt Hood (USA) andesite by [START_REF] Murase | Properties of Some Common Igneous Rocks and Their Melts at High Temperatures[END_REF], leads to the following relationship :

{ 𝑇 < 1073𝐾 𝑘(𝑇) = -3.3754 × 10 -4 𝑇 + 1.4721 𝑊 𝑚 -1 𝐾 -1 𝑇 ≥ 1073𝐾
𝑘(𝑇) = 7.6677 × 10 -4 𝑇 + 0.2874 𝑊 𝑚 -1 𝐾 -1 . ( 7)

p. 30

The temperature dependence on the lava heat capacity is implemented in the same way as for other lava flow cooling models [START_REF] Patrick | Numerical modeling of lava flow cooling applied to the 1997 Okmok eruption: Approach and analysis[END_REF][START_REF] Chaussard | Subsidence in the Parícutin lava field: Causes and implications for interpretation of deformation fields at volcanoes[END_REF]. Finally, the local density evolution is computed based on the lava thermal expansion coefficient, β, as

𝜌(𝑇) = 𝜌 𝑟𝑒𝑓 (1 + 𝛽 (𝑇 -𝑇 𝑟𝑒𝑓 )). ( 8 
)
The thermal expansion coefficient is a key parameter that controls the lava flow thermal contraction rate. Its values depend on several properties of the rock, such as temperature, crack content, porosity, composition and history [START_REF] Richter | Thermal expansion behavior of igneous rocks[END_REF][START_REF] Bauer | Thermal expansion and cracking of three confined water-saturated igneous rocks to 800°C[END_REF]. As no in situ measurements of the emplaced material are available, we used two end members values from the literature [START_REF] Murase | Properties of Some Common Igneous Rocks and Their Melts at High Temperatures[END_REF][START_REF] Bauer | Thermal expansion and cracking of three confined water-saturated igneous rocks to 800°C[END_REF][START_REF] Mallela | Measurement and Significance of the Coefficient of Thermal Expansion of Concrete in Rigid Pavement Design[END_REF].

The lowest value is taken at β=1.0 × 10 -5 K -1 , and the maximum at β=3.5 × 10 -5 K -1 . The physical parameters considered in the model are summarized in Table 4. The starting date of the simulation (to) was chosen to be the middle of the deposition period between the time when the lava flow started and the time when it was reported to be emplaced (after the supply rate had ceased). This parameter cannot be more precisely estimated here, but its influence on the predicted displacement rates decreases as time increases from to. As the InSAR time series starts several months after the emplacement time, the uncertainty on this initial time has a limited impact on the results of the modeled displacement velocity (less than ±5% here if the starting date is moved by one month before or after the selected date used here).

Results of the numerical modeling, on the time lapse analyzed by the InSAR time series, illustrate that thermal compaction of the lava flow produces displacement in both vertical and horizontal directions (Fig. 10A). Not surprisingly, the estimated displacement rate, produced by p. 31 thermo-elastic contraction, is strongly affected by the value of the thermal expansion coefficient. With the maximum value, β=3.5 × 10 -5 K -1 , the predicted vertical displacement rate, in the downward direction, is 134.2 mm yr -1 in August 2015, and decreases to 98.4 mm yr -1 in February 2016. The associated horizontal displacement rates at these dates are 44.8 mm yr -1 and 32.9 mm yr -1 in the summit direction, respectively (Fig. 10A). When the thermal expansion coefficient is β=1.0 × 10 -5 K -1 , the vertical subsidence rate decreases from 38.0 mm yr -1 to 28.0 mm yr -1 between August 2015 and February 2016. The corresponding horizontal rates are 12.7 mm yr -1 and 9.3 mm yr -1 , respectively, towards the summit. and dashed lines, respectively, are obtained using different end-members for the value of the thermal expansion coefficient: 1 × 10 -5 K -1 and 3.5 × 10 -5 K -1 , respectively. Reference lava density at Tref : ρref 2630 kg m -3 [START_REF] Luhr | Petrology and geochemistry of the 1991 and 1998-1999 lava flows from Volcán de Colima, México: implications for the end of the current eruptive cycle[END_REF] Reference temperature: Tref 20°C [START_REF] Luhr | Petrology and geochemistry of the 1991 and 1998-1999 lava flows from Volcán de Colima, México: implications for the end of the current eruptive cycle[END_REF] Simulation start date 01/01/2015 -Thermal expansion coefficient : β 1 × 10 -5 K -1 or 3.5 × 10 -5 K -1 [START_REF] Bauer | Thermal expansion and cracking of three confined water-saturated igneous rocks to 800°C[END_REF][START_REF] Mallela | Measurement and Significance of the Coefficient of Thermal Expansion of Concrete in Rigid Pavement Design[END_REF][START_REF] Murase | Properties of Some Common Igneous Rocks and Their Melts at High Temperatures[END_REF] Numerical presents sharp edges, which suggests here the small influence of spreading and breakout effects as sometimes described in the literature [START_REF] Tuffen | Exceptional mobility of an advancing rhyolitic obsidian flow at Cordón Caulle volcano in Chile[END_REF]. Both S-W and S lava flows show an increased in their thickness close to their front (Fig 4A). This increases might be associated with the sharp decrease of the topographic slope (from ~25° to 15°~, Fig. 4B). On the contrary, the W lava flow does not present the same increased in its thickness near its front, probably related to the absence of significant slope change along the lava flow.

Parameter

The extruding rate we estimate around 1-2 m 3 s -1 between November 2014 and February 2015 is 100 to 1000 times higher than the extruding rates derived in 2010-2011 from the seismic signature of rockfalls [START_REF] Mueller | Quantification of magma ascent rate through rockfall monitoring at the growing/collapsing lava dome of Volcán de Colima, Mexico[END_REF], and 15 to 30 times larger than published estimations for the long term extrusion rate [START_REF] Luhr | Petrological monitoring of cyclical eruptive activity at Volcán Colima, Mexico[END_REF][START_REF] Luhr | Caldera formation at Volcán Colima, Mexico, by a large large holocene volcanic debris avalanche[END_REF]. It highlights the temporal variations in the extrusion rate as already previously evidenced [START_REF] Mueller | Quantification of magma ascent rate through rockfall monitoring at the growing/collapsing lava dome of Volcán de Colima, Mexico[END_REF]. This larger value might also evidence an increase in the volcano activity preceding the large July 2015 eruptive event.

p. 36

Use of physical a priori to retrieve the 3D displacement field from InSAR measurements:

Most InSAR studies dealing with lava flows deformation consider the LOS displacement as the projection of a vertical motion along the LOS using the following equation (e.g. [START_REF] Wittmann | Post-emplacement cooling and contraction of lava flows: InSAR observations and a thermal model for lava fields at Hekla volcano, Iceland[END_REF]:

𝑑 𝑉 = - 𝑑 𝐿𝑂𝑆 𝑐𝑜𝑠 (𝜃) (9) 
In order to test the validity of this assumption, we computed the vertical displacement rate using Eq. 9 for both ascending and descending tracks. As the horizontal viewing angle, on the descending track, is almost perpendicular to the direction of the flow, the results obtained are similar to the ones derived with our approach based on the physical a priori that the horizontal displacement is directed along the maximum slope. This is clearly not the case on the ascending track for which the horizontal motion cannot be neglected except at the end of the studied period (Fig. 8C). However, after December 2015, horizontal motion becomes negligible and LOS displacements for both tracks can be used alone to correctly estimate vertical displacements. To summarize, Eq. 9 can only be applied when the LOS is perpendicular to the flow direction (that is to say the horizontal projection of the satellite pathway is parallel to the flow direction), or when horizontal motion is negligible.

The method we propose to reconstruct the 3D displacement field has the advantage of relying on a physical a priori. We assume that the horizontal motion over the lava flow is directed along the maximum slope direction. The use of this a priori is not necessary when several geometries of acquisition from different satellites are available [START_REF] Wright | Toward mapping surface deformation in three dimensions using InSAR[END_REF] p. 37 [START_REF] Peltier | Assessing the reliability and consistency of InSAR and GNSS data for retrieving 3D-displacement rapid changes, the example of the 2015 Piton de la Fournaise eruptions[END_REF]. As in most studies, in our case only two tracks from the same satellite, the ascending and descending ones, are available, but contrary to what is commonly done (e.g. [START_REF] Samsonov | Multidimensional Small Baseline Subset (MSBAS) for volcano monitoring in two dimensions: Opportunities and challenges. Case study Piton de la Fournaise volcano[END_REF] we do not consider the north-south displacement as null. Instead, we consider that the direction of the horizontal motion is mainly controlled by the local topography. This method can also be applied to studies dealing with other types of deformation sources observed on volcanoes, such as reservoir pressurization or dike propagation. The displacements associated with such sources are usually well predicted by simple analytical models provided the sources are deep enough to preclude any strong influence of the topography (e.g. [START_REF] Mogi | Relations between the Eruptions of Various Volcanoes and the Deformations of the Ground Surfaces around them[END_REF][START_REF] Okada | Surface deformation due to shear and tensile faults in a half-space[END_REF]. By defining a given central pressurization point or a given dislocation line, it is possible to predict the direction of the expected horizontal displacement. Thus, our approach could potentially be used to reconstruct the 3D deformation field on volcanoes, by introducing an a priori with respect to the horizontal displacement direction, for both ascending and descending tracks of the same satellite.

Origin of deformation: magma downward flow contribution in addition to thermal compaction and loading.

The vertical and horizontal displacements measured in Fig. 7-8 have different causes related to the deposit of a new lava flow: substratum deformation induced by a loading effect (viscoelastic and poroelastic relaxations), thermal contractions, and possibly displacements resulting from the ongoing flow, or shearing, of the lava on the flank (Fig. 11A). The two latter effects are limited to the lava flow itself, whereas the loading effect extends beyond the lava p. 38 flow contour line. In the following section, we investigate the various potential causes of the observed displacements in order to discriminate the relative importance of each effect.

When a flow is emplaced, it produces ground loading and induces viscoelastic and/or poroelastic relaxation of the substratum and associated displacement in the vertical direction [START_REF] Briole | Post-eruptive deformation associated with the 1986-87 and 1989 lava flows of Etna detected by radar interferometry[END_REF][START_REF] Lu | Interferometric synthetic aperture radar study of Okmok volcano, Alaska, 1992-2003: Magma supply dynamics and postemplacement lava flow deformation[END_REF]. Poroelastic displacement can reach several centimeters but only during the few days following lava flow emplacement [START_REF] Lu | Interferometric synthetic aperture radar study of Okmok volcano, Alaska, 1992-2003: Magma supply dynamics and postemplacement lava flow deformation[END_REF]. As the InSAR time series starts a few months after the emplacement, poroelastic effects on the displacement rate should be minimal. The viscous relaxation of the substratum is a slower process, and is expected to be the main cause of the vertical subsidence observed around the flow (Fig. 7). Viscoelastic deformation can be inferred from the load, which is directly proportional to the lava thickness, although the estimate is strongly dependent on the substratum rheology profile. Two end members are generally considered. The first end-member considers the substratum as an upper finite viscoelastic layer of given thickness lying on a rigid material. The loading stress is then assumed as constant within the upper layer [START_REF] Briole | Post-eruptive deformation associated with the 1986-87 and 1989 lava flows of Etna detected by radar interferometry[END_REF]. The second end-member considers an infinite elastic half space, where the loading stress decreases with depth [START_REF] Watanabe | Analog experiments on magma-filled cracks[END_REF]. The amount and temporal evolution of viscoelastic displacement is strongly affected by these assumptions. For example, after 1 year with the same load and with the same substratum mechanical properties, the first assumption yields a displacement in the order of centimeters, whereas the second one predicts deformation of the order of millimeters. A good knowledge of the substratum structure and mechanical properties is required in order to make a reliable estimate of the viscoelastic deformation.

p. 39

The displacement field induced by thermal compaction has been modeled in section 3.4.

Its amplitude is dependent on the poorly constrained thermal expansion coefficient but the modeling results can be used to discuss the relative influence of this process. Figure 10B displays the residuals obtained by removing our modeled thermo-elastic displacement from the observed displacement rate (red and blue curves on Fig. 10B). The residual horizontal motion can mostly be attributed to flow motion or lava flow shearing, depending on the amount of friction at the lava flow/substratum interface. This is confirmed by the fact that horizontal displacements recorded around the lava flow are very weak, indicating negligible horizontal motion of the substratum. As sliding motion also produces vertical displacement, we estimated and corrected the vertical displacement for this effect considering the volcano slope (see solid and dashed black lines in Fig. 10B). With the largest thermal expansion coefficient (β=3.5 × 10 -5 K -1 ), the residual vertical displacement is mostly explained by flow motion. That would imply negligible viscoelastic deformation and would be in contradiction with the displacement recorded on the substratum around the flow. Thus, the thermal contraction coefficient must be lower than β=3.5 × 10 -5 K -1 . This is also supported by laboratory observations showing that the thermal expansion coefficient decreased with the presence of cracks [START_REF] Richter | Thermal expansion behavior of igneous rocks[END_REF].

Analysis of samples coming from the dome at Volcàn de Colima shows that a decrease in temperature, or an increase in the strain rate, promotes the formation of cracks [START_REF] Lavallée | Magmatic architecture of dome-building eruptions at Volcán de Colima, Mexico[END_REF]. The better agreement of the results with a low thermal expansion tends to indicate the presence of cracks and fractures within the emplaced material. With the lowest thermal expansion coefficient (β=1 × 10 -5 K -1 ), the amplitude of the displacement induced by thermal contraction is smaller. It follows that residual displacements are larger on the vertical p. 40 component (where thermal compaction induces a downward displacement) and smaller on the horizontal one (where thermal compaction induces an uphill displacement). Using a thermal expansion coefficient β=1 × 10 -5 K -1 , the residual vertical displacement corrected for magma flow effects decreases from 100.7 mm yr -1 to 79.4 mm yr -1 (plain black curve in Fig. 10B), which is much more consistent with the average vertical displacements recorded around the lava flow (Fig. 7). This residual value is expected to result from the viscoelastic compaction alone, acting not only on the lava flow itself but also around it. Based on these estimates, the viscoelastic compaction, the thermal contraction and the effect of downward lava flow would account for about 50%, 25% and 25%, respectively, of the observed vertical displacement 8 months after the magma flow emplacement (Fig. 11B). The amount of horizontal displacement produced by lava downward flow (solid red curve on Fig. 10B) seems to decrease relatively rapidly with time and tends towards zero at the end of the studied period. At this time, 75% of the observed displacement can be explained by viscoelastic compaction, and 25% by thermal contraction of the lava (Fig. 11B).

Lava flow motion had been evidenced several months after emplacement for rhyolitic obsidian flow at Cordon Caulle volcano, Chile by field observations [START_REF] Tuffen | Exceptional mobility of an advancing rhyolitic obsidian flow at Cordón Caulle volcano in Chile[END_REF] but to our knowledge such a downward flow displacement has never been isolated from InSAR measurements before. The fact that it can be observed 8 months after the flow emplacement is probably related to the high viscosity of this andesitic lava flow and the steepness of the slope on the edifice flanks, two uncommon characteristics with regard to previous studies (see Table 1). This horizontal displacement can be used to calculate a rough estimate of the lava bulk viscosity 𝜂. By considering that horizontal displacements result from the shearing of the lava p. 41 flow (i.e. no slip at the lava/substratum interface) characterized by a Newtonian rheology, the viscosity can be estimated with:

𝜂 = 𝜌 𝑔 𝐻 2 sin 𝛼 cos 𝛼 2 𝑣 ℎ , ( 10 
)
where 𝜌 = 2600 kg m -3 , the lava bulk density, g, the gravitational acceleration, 𝐻 = 40.6m, the lava flow thickness, 𝛼 = 20.9°, the volcano slope, and 𝑣 ℎ , the horizontal surface displacement.

Equation 19 estimates the lava flow bulk viscosity at around 10 15 Pa s in August 2015, at the beginning of the studied period, and reaching a value of 10 17 Pa s at the end of this period. The assumption of a Newtonian behavior is not really expected to be verified for a highly crystalized lava [START_REF] Lavallée | Non-Newtonian rheological law for highly crystalline dome lavas[END_REF] and the temporal evolution of the viscosity we derived cannot be explained by an Arrhenius law given the modeled variation in temperature. However, our estimations both in terms of order of magnitude and temporal evolution are in relative good agreement with the prediction from a general non-Arrhenius law for lava dome materials. In particular, our estimations are consistent with the law linking the apparent viscosity of the emplaced material and the shear rate derived by [START_REF] Lavallée | Non-Newtonian rheological law for highly crystalline dome lavas[END_REF] for moderate strain rates (larger than the ones we measure) on dome material from Colima Volcano.

p. 42 

Conclusion

InSAR measurements here reveal significant lava flow motions on andesitic lava flow emplaced on steep slopes up to 10 months after lava supply stops. In more details, this study highlights the difficulties in using remote sensing datasets to study volcanic activity on andesitic stratovolcanoes. Low coherence due to steep flanks, vegetation cover and frequent ash deposits prevents the use of decorrelation to map lava flows precisely. To overcome these problems, p. 43 mapping can be performed using DEMs, with the additional advantage of being able to quantify the volume of lava emplaced and to derive the associated eruption rate. At Volcàn de Colima, we estimated a mean extrusion rate of around 1-2 m 3 s -1 over a 4 month period (November 2014[START_REF]Global Volcanism Program[END_REF]. In order to maximize on the coherence, we use an alternative approach to the classical one used on shield volcanoes, which is based on averaging the difference between coherence maps characterized by similar spatio-temporal baselines in order to highlight the timing of new deposits. We also propose an approach to reconstruct the 3D displacement field of lava flows, from 2 viewing angles, using a physical assumption on the horizontal motion direction, here considered to be controlled by the local topography. The 3D displacement field retrieved at Volcán de Colima from InSAR time series inversions shows that horizontal displacements are still significant on the SW lava flow a few months after lava emplacement despite its apparent inactivity. Such behavior might be common on highly viscous lava flows emplaced on steep slopes. Analysis of the observed displacements through numerical modeling of the thermal compaction indicates that thermal contraction, viscoelastic loading, and flow motion all play a significant role in the measured displacement field and brings quantitative constrains on both the effective lava viscosity and its thermal expansion coefficient.
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  effects. For each pixel covered by both tracks, we used Eq. 5-6 with the local maximum slope direction to obtain a map of vertical and horizontal displacements.
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 33 Figure 3: Schematic diagram of the reference system considered when reconstructing an
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 7 Figure 7: 3D displacement field of the SW lava flow [A] Mean vertical displacement rate (from

  whereas there is almost no temporal evolution of the displacement measured on the ascending track. The difference in behavior between the two tracks can be explained when considering horizontal displacements shown on Fig. 7B. The ascending and descending tracks have different sensitivities to horizontal motion along the maximum slope direction. The descending LOS, p. 26
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 8 Figure 8: Evolution of the post-emplacement ground displacement [A] Positions of the sampling
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 9 Figure 9: Lava flow cooling and contraction using numerical modelling [A] Conceptual model
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 10 Figure 10: Lava flow thermal contraction results. [A] Surface displacements predicted by
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 4 List of parameters used for the numerical modeling of the lava flow thermal compaction and associated references. activity of Volcàn de Colima Using the DEM difference (Fig. 4A) together with the temporal constrain provided by coherence evolution, we identified at least 3 massive lava flows emplaced between November 2014 and July 2015. Two of them (W and S-W) results from the overflow of the dome near the end of 2014. The third one (S) occurred after the July 2015 explosion. Each lava flow is thick and
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 11 Figure 11: Causes of the observed displacement [A] Sources of deformations on and outside the

  

  

Table 1 :

 1 List of the InSAR studies related to lava flow post-emplacement deformations. Local slope was estimated from the SRTM DEM. Time span corresponds to the time lapse between the lava flow emplacement and SAR image acquisition.

167 Date Orbite-Slice Sub-swath Date Orbite-Slice Sub-swath

  

	162			. Lastly, cumulative displacements were geocoded in
	163	UTM coordinates on the oversampled SRTM DEM used to correct the topographic phase delay
	164	(15×15 m). The time series analysis was performed on a restricted subset of the data to ensure
	165	good coherence over the lava flows. As the coherence was too low on lava flows for images
	166	acquired before the July eruption (Lesage et al., 2018), we only considered interferograms
		obtained from images acquired after August 2015 (see Fig. 2B-C).
		23 Nov 2014	D12-4 IW1	24 Jul 2015	A49-1 IW3
		08 Dec 2014	A49-1 IW3	02 Aug 2015	D12-4 IW1
		17 Dec 2014	D12-4 IW1	17 Aug 2015	A49-1 IW3
		01 Jan 2015	A49-1 IW3	26 Aug 2015	D12-4 IW1
		10 Jan 2015	D12-4 IW1	19 Sep 2015	D12-4 IW1
		03 Feb 2015	D12-4 IW1	13 Oct 2015	D12-4 IW1
		18 Feb 2015	A49-1 IW3	28 Oct 2015	A49-1 IW3
		02 Mar 2015	A49-1 IW3	06 Nov 2015	D12-4 IW1
		11 Mar 2015	D12-4 IW1	30 Nov 2015	D12-4 IW1
		23 Mar 2015	A49-1 IW3	15 Dec 2015	A49-2 IW3
		04 Apr 2015	D12-4 IW1	24 Dec 2015	D12-4 IW1
		28 Apr 2015	D12-4 IW1	27 Dec 2015	A49-2 IW3
		22 May 2015	D12-4 IW1	08 Jan 2016	A49-2 IW3
		06 Jun 2015	A49-1 IW3	17 Jan 2016	D12-4 IW1
		15 Jun 2015	D12-4 IW1	01 Feb 2016	A49-2 IW3
		30 Jun 2015	A49-1 IW3	10 Feb 2016	D12-4 IW1
		07 Jul 2015	D12-4 IW1	25 Feb 2016	A49-2 IW3
					p. 11

Table 2 :

 2 List of the Sentinel-1A SAR images used in this study. Information on the acquisition geometry for each track is provided in Table3.
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Supplementary information A:

This supplementary information details the implementation of the lava flow thermal contraction model using a Finite Element Method.

A1. FEM cooling model

The cooling model used a classic FEM implementation. We present here the key points of the implementation used. For a more complete presentation about the numerical method, see Zienkiewicz et al., (2000). Assuming no additional heat source, the diffusion of heat, by conduction, is given by the heat equation and associated boundary conditions. Mathematically, it yields, in 1D: The index ℎ corresponds to the considered thickness of the substratum and refers to the coordinate of the bottom part of the physical model.

After transforming Eq. A1 into its weak form, the solution for each element is computed with respect to reference element [-1,1] using polynomials of degree 1. Linear mapping is used to map each element to the reference one: 𝐹 𝑒 (𝜉) = 𝛾𝜉 + 𝜆 = 𝑥, where 𝜉 and 𝑥 represent the spatial coordinate in the reference element and in the physical domain, respectively. The coefficients 𝛾 and 𝜆, depend on the element's position and length, and are defined as 𝛾 = (𝑏 𝑒 -𝑎 𝑒 ) 2

⁄ and 𝜆 = (𝑎 𝑒 + 𝑏 𝑒 ) 2 ⁄ , with 𝑎 𝑒 and 𝑏 𝑒 corresponding to the left and right edge positions of a given element, 𝑒, respectively. The change of variable between 𝜉 and 𝑥 implies the use of the Jacobian, 𝐽 𝑒 , defined as 𝐽 𝑒 = 𝛿𝑥 𝛿𝜉 ⁄ .

For the reference element, the solution is computed using a Lagrange polynomial interpolation. For the first term in the left hand side of Eq. A1 involving the temporal derivative of the temperature, the so-called local mass matrix, 𝑀 𝑖𝑗 , associated to the element 𝑒 is given by:

where 𝑙 is the integration point index, and 𝐿 , the number of integration points within the reference element. 𝑤 𝑙 is the l th integration weight and the variables ℎ are the values of the Lagrange polynomials, linked to the integration points on the reference element (indices 𝑖 and 𝑗 p. 51

going from 1 to 𝐿 𝑒 ). The discretization of the second term on the left hand side of Eq. A1, involving the Laplace operator of the temperature field yields the local stiffness matrix, 𝐾 𝑖𝑗 , which is computed as:

Where ℎ 𝑖 ′(𝜉 𝑙 ) stands for the value of the spatial derivative of the i th Lagrange polynomial at the l th integration point. The local mass and stiffness matrices associated with each element are assembled and become 𝑀 and 𝐾, the global mass and stiffness matrices, respectively. The assembly process is implemented through the use of the so-called connectivity matrix, 𝑄, and its transpose, 𝑄 𝑇 (Deville et al., 2002, p. 193). Thus, Eq. A1 become:

where U represents the continuous vector whose indices are the temperature values 𝑇(𝑥, 𝑡) at the finite element nodes.

The time evolution of temperature is computed with a first order forward finitedifference scheme:

With ∆𝑡 the time step imposed on the model. To ensure the stability of the model, the stability criterion must be satisfied (Recktenwald, 2004):

with the stability coefficient, p<0.5, and, ∆𝑥, the lowest distance between two finite element nodes in the physical domain.

A2. Implementation of boundary conditions

At , (2004). The surface temperature is then computed using a first order finite difference scheme, function of the total surface heat flux, 𝑄 𝑡𝑜𝑡 as:

At the initiation of the simulation, as the surface temperature decreases rapidly, the time step required to correctly sample the variations of the Dirichlet boundary condition at the top of the lava flow using Eq. A7 is smaller than for Eq. A5. Thus, we limit the time step to have, at maximum, a change of surface temperature of 1% for each iteration, before updating the total heat flux. Thus, time steps increase at the beginning of the simulation, with the decrease of the surface temperature, before reaching the time step imposed by Eq A6.

p. 53

A3. Thermal compaction approach

The thermal contraction or expansion of elements are computed, at each time step, after a new temperature field has been computed. The length evolution of an element depends on its temperature change. As the elements are sampled by several nodes, an average of the temperature, 𝑇 𝑒

´, is needed and computed as:

The length evolution of each element, 𝑑ℎ 𝑒 , is computed as a function of the temporal evolution of the element's average temperature with:

with ℎ 𝑒 , the element length, 𝛽, the thermal expansion coefficient and 𝜈, the Poisson coefficient.

Eq. (A.9) is discretized using a first order finite difference scheme in time, and yields:

𝑑ℎ 𝑒 (𝑡) = ℎ 𝑒 (𝑡 -∆𝑡)𝛽 The precision of a numerical model depends on the spatial and temporal step used.

Here, Eq. A6 imposes that each time step depends on a space step and the stability coefficient.

The space step itself depends on the number of elements chosen. Thus, the two variables controlling the accuracy of the numerical method are the number of elements (space accuracy) and the stability coefficient (time accuracy). We tested the accuracy of the cooling model by considering a uniform medium, with a constant conductivity, heat capacity and density, and neglecting the thermal contraction of elements. An initial temperature distribution inside the medium is set with a sinusoidal function, which has an analytical solution: 𝑈(𝑥, 𝑡) = 𝑠𝑖𝑛(𝜋𝑥)𝑒 -(𝑘 𝜌 ⁄ 𝐶 𝑝 )𝑡 . The model error is estimated by computing the average temperature difference between the numerical and analytical solutions after one iteration. Figure A1 shows that the absolute average error decreases with the stability coefficient and with an increase in the number of elements. The slope of the two curves illustrates that the method is accurate to the second order in space (Fig. A1A) and the first order in time (Fig. A1B). We found that for our case the numerical solution is always hotter than the analytical one.

A4.2 Effect of the grid deformation

All previous studies using numerical modeling of lava flow thermo-elastic contractions neglected the potential effects of grid deformation on heat diffusion and in turn to the estimated displacements [START_REF] Wittmann | Post-emplacement cooling and contraction of lava flows: InSAR observations and a thermal model for lava fields at Hekla volcano, Iceland[END_REF]. This was either a choice made by the authors or was imposed by the numerical method employed. The advantage of using FEM, is that it takes into account the thermally induced grid deformations on the heat diffusion because the grid points are allowed to move. In order to quantify the actual effect of grid deformation, we performed two simulations with the same initial condition and input parameters.