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19 Abstract

20 The summit region of steep volcanoes hosting lava domes often displays rapid 

21 geomorphologic and structural changes, which are important for monitoring the source 

22 region of hazards. Explosive crater excavation is often followed by new lava-dome 

23 growth, which is one of the most dynamic morphometric changes that may occur at 

24 volcanoes. However, details of these crater formations, and the ensuing new dome 

25 growth remain poorly studied. A common problem is the lack of observational data due 

26 to hazardous field access and the limited resolution of satellite remote sensing 

27 techniques. This paper describes the destructive-constructive crater activity at Volcán de 

28 Colima, Mexico, which occurred between January and March 2013. The crater geometry 
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29 and early dome formation were observed through a combination of high-resolution 

30 TerraSAR-X spotmode satellite radar images and permanently installed monitoring 

31 cameras. This combined time-lapse imagery was used to identify ring-shaped gas 

32 emissions prior to the explosion and to distinguish between the sequential explosion and 

33 crater excavation stages, which were followed by dome growth. Crater formation and 

34 dome growth is first observed by the TerraSAR-X data. By means of particle image 

35 velocimetry, the digital flow field is computed from consecutive camera images, showing 

36 that vertical dome growth is dominant at the beginning. The upward growth is found to 

37 grade into spreading and a lateral growth domain. After approximately two months of 

38 gradually filling the excavated craters with new magma, the dome overflows the western 

39 margin of the crater and develops into a flow that produces block and ash flow hazards. 

40 We discuss and compare the observations to discrete element models, allowing us to 

41 mimic the vertical and lateral growth history of the dome and to estimate the maximum 

42 strength of the bulk rock mass. Moreover, our results allow a discussion on the controls 

43 of a critical dome height that may be reached prior to its gravitational spreading. This 

44 study, for the first time, provides a detailed view into explosive crater formation and new 

45 dome formation at Volcán de Colima, with important implications for other dome-building 

46 volcanoes. 

47 Keywords: Volcán de Colima, dome growth and collapse, camera imaging, volcano 

48 monitoring, deformation

49  

50 1. Introduction

51 1.1. Dome-building volcanoes

52 Stratovolcanoes often exhibit rapidly changing eruption styles, from effusive to explosive, 

53 with a dramatically changing morphology, from construction to destruction, as vividly 

54 shown at the Shiveluch volcano in Kamchatka (Belousov et al., 1999), Mount St. Helens 
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55 in the U.S. (Christiansen and Peterson, 1981), Soufrière Hills, Montserrat (Hooper and 

56 Mattioli, 2001), Merapi in Indonesia (Ratdomopurbo et al., 2013), and others (Voight, 

57 2000). In silicic volcanoes, characterized by magma with a higher viscosity, domes are 

58 extruded when either the volatile content or ascent rate is low. 

59 Lava domes commonly grow forming a very complex morphology within craters 

60 that are often recorded as nested and contain steep slopes. Lava domes may therefore 

61 completely fill a cratered summit region and subsequently overflow the former crater 

62 rims, leading to dynamic changes in dome growth and gradation to flow-like structures. 

63 These domes may form flows hundreds of metres to kilometres long (Fink and Anderson, 

64 2000) that are controlled by a complex morphology,  and may therefore locally accelerate 

65 or decelerate, associated with dilatation or contraction, respectively (Walter et al., 

66 2013b). While dome growth in summit craters is often described in the literature, the 

67 morphologic evolution of a dome and its hosting cratered volcano summit has barely 

68 been conjointly investigated.

69 Dome-building volcanoes are rather common. More than 200 volcanoes of this 

70 type have been active worldwide in the Holocene, with over 400 dome-forming episodes 

71 since 1000 AD (Ogburn et al., 2015). In the 20th century, a dome-building volcano has 

72 erupted almost every year on average, with more than 100 of such eruptions in the past 

73 35 years alone (Sheldrake et al., 2016). Dome formation is often associated with 

74 explosive eruptions (Newhall and Melson, 1983), and the hazards associated with dome 

75 collapse are the formation of pyroclastic density currents (PDCs), blasts, lahars, and rock 

76 avalanches. Approximately 20% of the VEI4 and larger eruptions occurred at dome-

77 building volcanoes, and since 1600 AD, three out of four eruptions with recorded fatalities 

78 involved dome-related hazards (Ogburn et al., 2015), underlining the particular hazard 

79 potential associated with the emplacement of summit domes. Prominent examples of 

80 large eruptions at dome-building volcanoes occurred at Mt. Pelee in 1902 (Martinique), 

81 Volcán de Colima in 1913 (Mexico), Kelut in 1919 (Indonesia), Usu in 1944 (Japan), 
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82 Bezymianny in 1956 (Russia), Mount St. Helens in 1980 (USA), Chaiten in 2008 (Chile), 

83 Merapi in 2010 (Indonesia), and Volcán de Colima again in 2015. These dome erupting 

84 volcanoes share similarities, such as a steep (and difficult to access) morphology, low 

85 eruption rates (0.01-0.1 km3 per year), high groundmass crystallinity, high viscosities (106 

86 to 1011 Pa s) and high yield strength (Cashman et al., 2006). Nevertheless, many different 

87 growth mechanisms can be observed, which may largely arise from viscosity 

88 transformations (Yokoyama, 2005) and the ductile-brittle transition of magma leading to 

89 failure or healing (Castro et al., 2012). These transformations can also influence the 

90 mechanisms controlling deformation, magma ascent and finally dome extrusion 

91 (Lavallee et al., 2012).

92 The extrusion of domes often occurs in cratered areas, such as the summit 

93 craters of steep-sided stratovolcanoes. This location often makes it difficult to closely 

94 monitor the details of dome growth and its morphologic shaping processes. Therefore, 

95 experimental and numerical models could help to gain insights into how domes grow, 

96 spread and develop internal structures (Fink and Griffiths, 1998; Hale et al., 2009a), and 

97 provide insight into observed surface textures (Husain et al., 2014). According to Husain 

98 and co-authors, variations in material stiffness and strength are important in the 

99 development of different morphological characteristics in lava domes.

100 Various modern monitoring techniques have been applied at lava domes with the 

101 aim of understandign their dynamics, growth and instability. These techniques include 

102 seismicity (Reyes-Davila et al., 2016), gravimetry and magnetism (Portal et al., 2016), 

103 muography (Nishiyama et al., 2017), satellite TIR (Carr et al., 2016), InSAR (Salzer et 

104 al., 2017), radar amplitude (Chaussard, 2017), infrared time-lapse (Walter et al., 2013a), 

105 terrestrial laser scanning (Dalfsen et al., 2017), drone photogrammetry (Darmawan et 

106 al., 2018), and fixed camera observations (Salzer et al., 2017). Many of these previous 

107 studies aimed to interpret sequential stages of growth and collapsing lava domes. A 

108 special research focus has been placed on the physics and rheology in the conduit that 
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109 are associated with the destruction of lava domes (Huppert et al., 1982; Fink and 

110 Griffiths, 1998; Lavallee et al., 2012). Despite all these advances, very basic details of 

111 dome growth, lateral spread, instability and formation in developing summit craters are 

112 poorly monitored. Eyewitness accounts are still one of the most important sources of 

113 information available for recent eruptions (Saucedo et al., 2010). At a number of domes, 

114 repeat analogue photographs and video recordings enabled monitoring of their 

115 morphology (Yamashina et al., 1999; Major et al., 2008; Vallance et al., 2008; Walter et 

116 al., 2013b). The observations support our fundamental understanding of how domes 

117 grow and develop a complex and variable morphology and provide parameters for 

118 modelling (Hale et al., 2009a; Husain et al., 2014). One common difficulty is that dome-

119 forming episodes are rarely closely observed due to hazardous access and challenging 

120 high spatial and temporal data sampling. In this work we combined time-lapse and radar 

121 observations at the 2013 Volcán de Colima dome, providing a prime example of 

122 sequential crater excavation followed by dome growth.

123

124 1.2. Volcán de Colima

125 Volcán de Colima (Figure 1) is the most active volcano in Mexico, located in the trans-

126 Mexican volcanic belt, linked to the convergence of the Cocos and Rivera plates under 

127 the North American plate. The volcano is known for climactic (VEI 4-5) eruptions in an 

128 approximately 100-year interval (Luhr, 1981) and abundant dome extrusion episodes. 

129 Volcán de Colima has experienced numerous debris avalanches (Cortes et al., 2010), 

130 such as 4300 years ago (Luhr and Prestegaard, 1985), and poses a significant risk, as 

131 it is located near the cities of Colima (30 km) and Ciudad Guzmán (25 km). Recent 

132 eruptive episodes occurred in 1975-1976, 1981-1982, 1991-1994, 1998-1999, 2001-

133 2003, and 2004-2005. The following dome-building phase began in 2007 and continued 

134 until mid-2011. The summit remained quiet during 2012, while the 2007-11 dome was 

135 subject to cooling and contraction (Salzer et al., 2017). Then, in early January 2013 a 
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136 seismicity increase signalled the arrival of a new batch of magma from depth (Arámbula-

137 Mendoza et al., 2018). This event was followed by a series of Vulcanian explosions on 

138 6, 11, 13, and 29 January 2013 that reached up to 2500 m in height and caused minor 

139 pyroclastic flows travelling westward (Zobin et al., 2015; Arámbula-Mendoza et al., 

140 2018). Later summit deformation was identified for this period (Salzer et al., 2014). 

141 Associated with these four explosions, the 2007-11 dome was deeply excavated, 

142 producing a nested cratered summit region, and complex new growth of a lava dome 

143 commenced that we could closely monitor using radar satellite and time-lapse camera 

144 records.  

145 Volcán de Colima is probably one of the best monitored volcanoes in Latin 

146 America, with an extensive seismic network installed at the mid-to-lower volcano flanks 

147 (Arámbula-Mendoza et al., 2018), allowing the identification of eruption precursors 

148 (Lamb et al., 2017). Nevertheless, morphologic and dynamic changes in the steep-sided 

149 volcano edifice and its summit area remain difficult to determine using ground-based 

150 methods, which is why non-intrusive remote video monitoring (Bretón-Gonzalez et al., 

151 2013), digital image correlation (Walter et al., 2013a), infrared imaging (Stevenson and 

152 Varley, 2008), oblique terrestrial and airborne photogrammetry (James and Varley, 2012; 

153 Mueller et al., 2013; Thiele et al., 2017), thermal satellite (Abrams et al., 1991) and high-

154 resolution spot mode satellite radar observations (Salzer et al., 2014; Salzer et al., 2017) 

155 are increasingly being used. Due to the steep and rapidly changing morphology, 

156 interpreting such remote sensing data remains challenging, and information on  the 

157 cratered and dome-building summit is occasionally limited (Pinel et al., 2011). As we will 

158 show in this work, by use of terrestrial photogrammetry, we are able to track the 

159 morphologic evolution of the volcano summit region in very high detail. First, fresh lava 

160 was identified on 11 January during an overflight, which started to grow as a lava dome 

161 on 14 January (Varley et al., 2019). Our records now provide more insights into the 
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162 development of the nested summit craters and allow detailed quantitative measurement 

163 of dome growth and spreading.

164

165 2. Methods

166 We apply remote sensing image monitoring methods, synthetic aperture radar (SAR) 

167 and time-lapse camera analysis to measure crater excavation and dome growth. To 

168 better understand the growth rates of the domes, we then design distinct element 

169 models, allowing the explanation of non-linear vertical growth rates during dome 

170 construction. In addition, we compare our observations to the seismic records.

171  

172 2.1. Seismic recording

173 The Telemetric Seismic Network of Colima (RESCO) manages and organizes the 

174 seismic monitoring of Volcán de Colima and is part of the Center for Studies and 

175 Volcanological Research (CUEIV) of the University of Colima. The seismic network and 

176 station configuration is reviewed in detail in (Arámbula-Mendoza et al., 2018). Data from 

177 a permanent broadband (Guralp CMG 6TD) seismic station are considered here for 

178 comparing our findings to an independent dataset. The SOMA station is located 

179 approximately 1.7 km away from the summit crater on the NW flank of the volcano. Data 

180 transmission is achieved by radio to Colima city, where the data processing and 

181 analysing facilities are located. The data are sampled at 100 Hz and stored at a 24-bit 

182 resolution. Averaged power spectral density estimates of overlapped, windowed signal 

183 sections were employed for the SSAM computations. A high-pass filter of 0.5 Hz was 

184 employed to minimize the oceanic microseismic noise.

185  

186 2.2. TerraSAR-X
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187 We consider SAR data acquired every 11 days by the German radar satellite TerraSAR-

188 X (TSX). The specialty of TSX in the case of dome-building volcanoes is its capability to 

189 acquire data in high-resolution spotlight mode, an acquisition type yielding a spatial 

190 resolution better than 2 metres. Such a high resolution is unprecedented at most dome-

191 building volcanoes worldwide and allows close observation of the Volcán de Colima 

192 summit region (Salzer et al., 2014). A further major advantage of the SAR technique is 

193 that it is an active sensor, which means that the ground is illuminated by the sensor, 

194 operating independent of daylight. Because of the radar wavelength, here in the X-band, 

195 the SAR signal even passes through eruption clouds, allowing close structural monitoring 

196 of the cratered landscape, which is especially useful during a volcanic crisis (Pallister et 

197 al., 2013). Acquisitions were analysed in ascending mode, with an 11-day repeat pass. 

198 The SAR data were already interferometrically processed and analysed in an earlier 

199 study (Salzer et al., 2014). Here, we not only limit the SAR data analysis to the pre-

200 eruptive phase but also consider those SAR data that were acquired during the 

201 Vulcanian eruptions and dome growth. For this analysis, the interferometric technique is 

202 no longer valuable due to ash coverage, rapid reflectivity changes and resulting 

203 decorrelation. Therefore, we exploit the amplitude information. SAR data were stacked 

204 and coregistered to a merged photogrammetry-LiDAR dataset at a 5 m resolution (Salzer 

205 et al., 2014). Then, we first investigate the morphologic changes in the SAR amplitude 

206 data and generate composite maps, as performed at dome-building volcanoes 

207 elsewhere (Walter et al., 2015; Chaussard, 2017; Arnold et al., 2018).

208 The satellite actually sees the backscattered electromagnetic microwave 

209 radiation. Each reflected pixel represents the proportion of power relative to the energy 

210 scattered and transmitted back. This process naturally depends strongly on the surface 

211 geometry, which is why the local slope at the ground, relative to the satellite’s incidence, 

212 can be used to identify significant variations in the morphology. Furthermore, surface 
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213 roughness on the X-band length scale (wavelength of 31 mm and frequency of 9.6 GHz) 

214 and the presence of water affect the amplitude (Wadge et al., 2011).

215 The measured amplitude depends on the sum of all scatterers within a ground 

216 resolution pixel. In particular, the dielectric material constant controls the effective 

217 complex relative permittivity (Adams et al., 1996). Direct quantification of the components 

218 of the relative permittivity is challenging in the field, but under laboratory conditions, ash 

219 and dry and wet snow have been shown to have specific permittivity characteristics that 

220 may be studied, at least qualitatively, in the field (Arnold et al., 2018). In this work, we 

221 investigated the amplitude data from the SAR mission TerraSAR-X (TSX). Because of 

222 the high-resolution spot mode (1-2 m ground resolution), we are able to identify changes 

223 occurring in the summit of the dome. To avoid geocoding warping artefacts in the steep 

224 summit region, we analyse the amplitude in radar coordinates.

225  

226 2.3. Time-lapse camera

227 Time-lapse terrestrial photographic methods are a very sophisticated and low-cost 

228 extension to other volcano monitoring methods (Major et al., 2005). Terrestrial 

229 photography with digital systems offers continuous footage at reasonable costs (Walter, 

230 2011; Diefenbach et al., 2012) and, therefore, long-term monitoring perspectives. One 

231 of the pioneering time-lapse observations was made at the Showa-Shinzan dome on 

232 Hokkaido, Japan, in 1944-45, where the growth history was recorded by daily outline 

233 sketches from a fixed observation point (Mimatsu, 1995). This observation has become 

234 one of the best documented examples of subaerial dome growth in the world (Minakami 

235 et al., 1951; Miyamachi et al., 1987). Digital cameras have now replaced manual 

236 drawing; but similar Mimatsu-diagrams are still used and investigated at many volcano 

237 observatories worldwide (Poland et al., 2008; Wadge et al., 2009; Bretón-Gonzalez et 

238 al., 2013; Ratdomopurbo et al., 2013; Zobin et al., 2015). While these Mimatsu diagrams 

239 allow derivation of first-order parameters, such as investigating the general volume and 
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240 outline of a dome, capturing the complete movement of the dome requires manual or 

241 automatic feature tracking techniques, as applied at lava flows (James et al., 2007) or at 

242 domes such as at Redoubt (Bull et al., 2013), Mt. St. Helens (Major et al., 2009; Walter, 

243 2011), and Merapi (Walter et al., 2013b). Sophisticated tracking techniques often rely on 

244 mathematical correlation methods, such as the digital image correlation (DIC) or particle 

245 image velocimetry (PIV) techniques (Johnson et al., 2008; James et al., 2009; Walter et 

246 al., 2013a).

247 Our camera data were acquired by a 16 MPixel Nikon D5100 camera with an 

248 APS-C sensor and a resolution of 4928x3264 pixels. The camera is located at the 

249 Nevado de Colima (N19.564° W103.617°) at a distance of 5790 m from the centre of the 

250 Volcán de Colima summit (Figure 1). The camera is placed at a height of 3966 m above 

251 sea level, which is slightly higher than the summit height of Volcán de Colima at 3850 m. 

252 Due to the large distance between the camera and the target, we used a zoom lens with 

253 a focal length of 270 mm, ISO-100, equivalent to a 35-mm focal length of 405 mm. The 

254 camera was placed on a stable mount inside the observatory building. We use an 

255 external intervalometer for time-lapse control (Harbortronics Digisnap 2700); the 

256 batteries are solar powered, and the internal time is regularly synchronized by GPS. In 

257 the period January-April 2013, we set the camera to take one image every hour and 

258 recorded 2685 images (11 Nov. 2012 to 14 Mar. 2013); maximum night time exposure 

259 was limited to 2 seconds, to reduce battery power and storage consumption. Pixel 

260 brightness (from 0 to 255) allows a first-order image quality estimation. Daylight images 

261 and cloudy images have larger mean pixel brightness (from ~125 to 255) than night 

262 images (from 0 to 125). Furthermore, the cloudy and night images show a smaller 

263 contrast in pixel brightness (difference between minimum and maximum brightness), 

264 allowing us to identify clear daylight camera images (black dots in Figure 2) and 

265 cloud/night camera images (grey dots in Figure 2). The threshold value of the pixel 

266 brightness difference was arbitrarily defined as b=125 but was found to reduce the 
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267 number of relevant images considerably (by 71%). From the remaining data we selected 

268 daily photos from similar daytimes, which could be used for digital image correlation 

269 analysis. The similar daytime image selection is of major benefit, since it minimizes the 

270 effect of shadowing and insulation changes on the image-to-image comparison.

271 To translate the pixel scale to metre scale, we used a high-resolution digital 

272 elevation model that is based on the combination of aerial photogrammetry and LiDAR 

273 data (Salzer et al., 2017). We found that the flat-topped 2007-11 dome summit was 162 

274 m wide in the NE-SW direction (azimuth N50°), and its height was 45 m on the east side 

275 as measured to the crater trough. The field-of-view (FOV) was translated through 

276 geometric transformations to a metric FOV of 520 m x 344 m, and the pixel dimensions 

277 were accordingly approximated to 0.1 m x 0.1 m. The viewing direction was SSE, i.e., 

278 the westward lava flow formation was on the right side of the image. We assumed a 

279 constant pixel size, although pixels representing areas closer to the camera at the 

280 northern flank of the summit are certainly somewhat smaller. Because the camera 

281 distance to the summit is very large (5.79 km) and the dome dimension is very small 

282 (0.16 km), we assume that the constant pixel dimension is a reasonable simplification of 

283 the geometric problem (Figure 1).

284 Fixed installed time-lapse cameras have major advantages of stable viewing 

285 geometry and constant optical parameters. We observed, however, that the camera 

286 images show a systematic short-term and long-term shift associated with slight 

287 movements of the camera, probably due to outdoor temperature changes. For most 

288 scenarios, these slight movements are irrelevant. However, as we used a large 270 mm 

289 lens, the effect is clearly visible. Because our images were taken at the same time of 

290 day, this effect is reduced, and we further corrected the remaining shaking by simple 

291 image cross-correlation and shift translation.

292 We analysed the time-lapse data on a daily basis. First, we qualitatively describe 

293 any changes in morphology and degassing as observed in the images. Second, when 
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294 growth of the dome occurred, we determine the displacement by applying the digital 

295 image correlation (DIC) technique, an image-matching method commonly used in 

296 computer vision studies. DIC permits the measurement of the shape, deformation and 

297 motion from two-dimensional array imaging data (Sutton et al., 2009). The idea is to first 

298 subdivide an image space into subregions and then compare the subregions by applying 

299 a correlation function. Using novel approaches of DIC, the accuracy of the subregion 

300 matching process can eventually result in position accuracies of 1/100 of a pixel 

301 (Schreier et al., 2000). More details on subregion conception, registration and the 

302 correlation procedure are provided in earlier reviews (Sutton et al., 2009). In our case, 

303 the impact due to variations in insulation isreduced by the selection of images from 

304 similar times of day. Our method is insensitive to variations in the intensity while being 

305 sensitive to the offset of intensity variations, where the shifted pixel pattern in the 

306 deformed image is estimated (Pan et al., 2009). The correlation criterion then allows the 

307 estimation of the degree of similarity between the subregions of the first (master) image 

308 and the second (deformed) image of the dome. More details of the so-called zero-

309 normalized sum of the squared differences (ZNSSD) method, already applied for volcano 

310 data (Walter, 2011; Walter et al., 2013a), are given in (Pan et al., 2009). Subregion 

311 windows, with square dimensions, were selected in such a way that they were large 

312 enough to contain a distinctive intensity pattern but small enough to achieve a sub-pixel 

313 level of accuracy. In our case, the dimensions were 256x256 pixels during the first run 

314 and then incrementally decreasing to 64x64 pixels, with a constant subregion overlap of 

315 75%. Decorrelation was defined to occur if less than three similar intensity peaks could 

316 be identified in a subset. Offsets on the order of 0.2 pixels could be detected, 

317 representing a displacement of 0.02 m for our camera. The main aim of the DIC analysis 

318 at Volcán de Colima is to trace the same physical subregions recorded in multiple images 

319 as a function of time. By applying this method we quantify the vertical and lateral growth 

320 of the dome and, for the first time, are able to identify the occurrence of gravitational 
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321 spreading of a developing dome. The results are displayed in an image vector format for 

322 the selected area, and the full time series is shown for the central, western and eastern 

323 dome in binary plots. These results were then reproduced using numerical models in the 

324 discussion section.

325

326 3.     Results

327 Seismic data indicate very clear precursors related to explosions 1 and 4 composed 

328 mainly of high-frequency events (Figure 2). The spectral amplitude increase can be 

329 related to these precursors preceding this pair of explosions. Explosions 2 and 3 were 

330 not preceded by such clear precursors. The seismic data are interpreted to show 

331 increasing rock fall activity starting at the end of February 2013.

332

333 3.1. Satellite radar

334 The satellite radar observations allowed an accurate depiction of the details at the 

335 summit region. Because of the consistent 11-day revisit interval, we obtain temporal 

336 information from this location. Slopes that face the satellite appear brighter and 

337 geometrically compressed, whereas slopes away from the satellite appear darker and 

338 geometrically stretched in the amplitude images. As shown in Figure 3, the slopes on the 

339 left side of the image, i.e., the western side in ascending images, appear brighter. Images 

340 acquired on earlier dates are available but do not show any visible difference in 

341 amplitudes.

342 The image acquired 3 hours before the 6 January explosion displays the flat-

343 topped 2007-11 dome situated off-centre in a larger crater area within the older 2005 

344 crater with a much larger diameter (Figure 3). The flat-topped dome displays small-

345 scaled shadow regions associated with small depressions at the surface. The next image 
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346 acquired on 17 January displays a very pronounced nested crater, with a younger 

347 circular crater formed within the 2007-2011 lava dome. In the centre of the latter crater, 

348 we identify a structure that is bright on its left side and dark on its right side (Figure 3b). 

349 As the satellite is looking from the left (ascending images), the central structure of this 

350 crater is a locally elevated region. Due to the near circular structure of the elevated 

351 region, TSX data allow the interpretation of new dome growth during this early stage, 

352 which is in agreement with overflight observations (on 14 January). The following images 

353 acquired on 28 January show a general decrease in amplitude contrast at the dome, 

354 interpreted as the accumulation of ash material in this region (Figure 3c). Amplitude ratio 

355 maps illustrate the extent of the nested crater structure and the presence of the new 

356 dome that is imminent inside the newly developed crater (Figure 3d).

357 Another major crater deepening is observed another 11 days later on 8 February 

358 2013, followed again by new dome growth on 19 February that widens in dimension and 

359 starts overflowing the crater rim in the TSX images on 2 March 2013 (Figures 3e-h). 

360 Amplitude ratio maps clearly depict the dimension and lateral growth of the dome, 

361 dominantly increasing to the west and east. The following images of the TSX amplitude 

362 merely show continued spreading of the dome (Figures 3i-l), which overflowed the west 

363 side, and on the east side, the dome started to fill the entire crater that developed in the 

364 first week of the new eruption phase.

365  

366 3.2. Time-lapse camera

367 The camera images are of very high resolution and allow the identification of structures 

368 at an unprecedented level of detail. Here, we also present images acquired by the time-

369 lapse camera before the eruption during an alleged period of dormancy of the volcano. 

370 The old 2007-2011 dome of Volcán de Colima is clearly depicted by the flat silhouette in 

371 the 9 December 2012 daily images. In addition, we observed only minor degassing 

372 located on the western rim of the dome, as indicated in Figure 4. On 3 January 2013, 
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373 just three days before the eruption, the summit region was snow covered. On 5 January, 

374 snow coverage is still visible, and the appearance of new fumaroles is seen on the 

375 western dome summit (Figure 4d). These fumaroles appear elongated and clearly 

376 develop and eventually connect to become a ring-like structure on 6 January, clearly 

377 visible in time-lapse camera images just 2-3 hours prior to the eruption (Figures 4e-f). 

378 The first visible image taken after the initial explosion on 6 January (Figure 4g) shows 

379 (now snow free) the presence of a steep-walled crater located on the western part of the 

380 dome. In fact, the location of this crater (crater-1 in Figure 4g) resembles the location of 

381 the previous fumaroles, as the crater rim almost exactly follows the ring-shaped gas 

382 emission outline identified before the explosion.

383 Due to limited visibility, the next clear images were not available until 10 January 

384 2013 (Figure 5a), followed by an explosion carving a pronounced crater located more to 

385 the east on the flat summit region of the dome (Figures 5b-c). This crater-2 was not 

386 preceded by visible fumarole activity but was followed by fumarolic emission mainly on 

387 its eastern rim (left side in Figure 5d). The outline of crater-2 partly follows the outline of 

388 crater-1 but also widens the eastern extent, while the western crater region was covered 

389 by tephra. At the location of the strongest fumarole activity on 13 January (Figure 5d), 

390 another explosion occurred afterwards on the same day, leaving a small crater (crater-

391 3) within the eastern sector. The following images generally show intensifying fumarole 

392 activity, but distinct new crater formations cannot be identified in the camera images 

393 throughout the rest of January 2013. However, we identify the presence of a noticeable 

394 block in the 29 January image that was not observed before. The dimensions are 

395 estimated to be 9x21 m, and assuming a rotational ellipsoidal shape, this block had a 

396 volume of over 7000 m². Close inspection of the high resolution camera images reveals 

397 that the block has a flat surface, rounded edges and that shows few open fractures. 

398 Assuming this was deposited as a bomb it was transported approximately 80-100 m 

399 away from the main crater centre. Assuming a 100 m flight distance and a 50 m flight 



16

400 height, we project the bomb was ejected at 63 degrees at a velocity of over 35 m/s. No 

401 further evidence of an explosion was observed, in agreement with the seismic records 

402 (Figure 2).

403 The next clear time-lapse images showing changes were recorded on 14 

404 February 2013, where the first tip of the dome becomes visible. We note that the TSX 

405 data indicated the first appearance of a first dome building phase on 17 January, but the 

406 main dome building phase occurred on 19 February. The camera data here add details 

407 on the horizontal and vertical growth above the crater rim. The new dome grew vertically 

408 on 21 and 26 February (Figures 6b-c). After 21 February, the dome appeared to mainly 

409 grow laterally to the west and east (Figures 6c, d, e). On 3 March, the dome started 

410 overflowing the western crater rim and commenced the formation of a lava flow (Figure 

411 6f). From that moment, we observe repeated oversteepening and lateral flow directed 

412 westward.

413

414 3.3. Image correlation

415 Tracking distinct features in the image dataset means that quantitative information on 

416 this dome growth episode can be generated, as seen in the time-lapse camera images 

417 (Figure 7). The DIC method allows the tracking of features in the image domain that do 

418 not change their optical properties but move by geometric rotation and translation 

419 (Walter, 2011). Applied to the dome, we observe first upwardly directed growth (Figure 

420 7a), which is slightly directed westward at its summit on 18 February 2013. This growth 

421 is followed by small local subsidence, such as on 23 February, after which the growth 

422 resumes again and is clearly identified on 24 February (Figure 7c) directed radially away 

423 from the centre of extrusion. A few days later, we again see minor subsidence of the 

424 dome and lateral spreading of both the eastern and western flanks. After a short growth 

425 pulse to the east, the dome commences to mainly grow westwards, associated with the 
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426 overflow over the western crater rim (Figure 7f). The vertical growth of the dome is minor, 

427 if detected at all at this stage.

428 By depicting subregions of 100x100 pixels (or 10x10 m) in the centre and on the 

429 western and eastern flanks of the newly developed dome, we can generate time-growth 

430 graphs, as represented in Figure 8. The height of the dome is first seen to grow almost 

431 linearly, and then, as a critical dome height is reached, we observe a pronounced trend 

432 change (on 20 February). From that moment, vertical growth is much slower. As vertical 

433 growth decreases, we identify an increase in lateral growth, which is more strongly 

434 expressed on the western dome flank than on the eastern flank. This asymmetry evolves, 

435 producing overflow of the western crater rim.

436 Comparing the available datasets we calculate the half dome volume changes, 

437 dividing the dome into western and eastern sections. The volumetric changes are 

438 provided in Figure 8, showing that the western dome section first grew slowly in volume. 

439 Then it showed a sudden increase when the first crater overflow occurred on 2-3 March, 

440 followed by a short decrease before a sharp increase to 3.2x105 m³ was observed. The 

441 growth of the eastern dome in turn became stable, with a near linear volume increase, 

442 reaching 1.2x105 m³ after the same period. Therefore, our results indicate that crater rim 

443 overflow was associated with an increase in the eruption rate, directed on the western 

444 side, whereas the eastern half of the dome was not affected.

445

446  

447 4.       Discussion

448 A large number of volcanoes worldwide host lava domes, and since they represent a 

449 major source of hazards, understanding their growth patterns from vertical to lateral 

450 growth and eventual crater overflow is important. Lava domes commonly grow in summit 
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451 regions or craters of volcanoes, and details of their initial formation can be studied by 

452 joint satellite radar and time-lapse camera monitoring as discussed below. 

453

454 4.1. Advantages and limitations of the combined satellite and camera observations

455 Previous studies on lava dome growth have used satellite radar observations (Salzer et 

456 al., 2014; Salzer et al., 2017) or camera time-lapse observations (Walter et al., 2013a), 

457 but a combined analysis of these two data sets has not yet been pursued. Here we 

458 demonstrated that by using satellite radar data and terrestrial camera data, the 

459 interpretation and identification of crater and lava-dome activities might be significantly 

460 improved. This has two main reasons, first the different viewing perspectives, and 

461 second the different resolution. 

462 The viewing perspective of the satellite radar allows analysis of the crater and dome 

463 geometry in near plain view. Amplitude differences resulting from geometric changes 

464 allow to identify crater formation and early development of a lava dome inside this crater. 

465 The regular acquisition mode every 11 days is independent on sunshine and delivers 

466 clear views even through eruption clouds. For instance, due to poor visibility on 17 

467 January the radar observations were the only way of observing the crater and dome. The 

468 viewing perspective of the camera, in turn, allows analysis of the growth in the field of 

469 view, and measurement of dome height and its west-east growth. As the camera was 

470 located on similar elevation, this viewing geometry inhibited a closer view into the crater, 

471 so that only those domes could be assessed that grow vertically above the crater rim. 

472 Therefore first dome was observed in the cameras one month after it was first identified 

473 in satellite radar. Therefore, the time-lapse cameras we used, although configured in 

474 high resolution and located at a similar elevation to the volcano summit, did not capture 

475 the full details of dome growth. The first small dome that grew during 14-17 January was 

476 completely hidden from the camera, since it was growing inside the newly formed crater. 
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477 The second phase of dome growth became visible from 8-19 February once it appeared 

478 above the crater rim. 

479 A major advantage of the camera is that also sites of steaming could be investigated, 

480 and a clear geometric association to later crater forming eruptions be described. No such 

481 steaming could be identified in radar data. 

482 Resolution of both sensors was very high, the radar data had a spot mode acquisition 

483 plan providing meter-scale resolution, whereas the cameras even allow centimeter-scale 

484 resolution. This 16 MPixel camera resolution was strongly needed for identifying details 

485 of the steaming, the crater shapes, and the growth and spreading of the dome. Temporal 

486 resolution that is the time distance between two satellite passes or two images taken 

487 was strongly different. The TerraSAR-X satellite acquires every 11 days, the camera was 

488 set up to 1 image per hour. New camera installations realized by the GFZ and the 

489 University of Colima after 2015 now even allow online adjustment of the frame rate and 

490 resolution. 

491 From the high spatial and temporal resolution of time-lapse camera observations we 

492 could apply an image correlation technique to observe dome growth prior to crater 

493 overflow. Our records indicate initial linear vertical dome growth, until the crater was 

494 refilled by fresh dome material and rim overflow commenced. This overflow changed the 

495 dynamics of the dome growth episode, as our image correlation results revealed. A major 

496 influence of the pre-existing crater morphology on dome dynamics could not be 

497 observed, but we found that the overflow occurrence concurs with a growth rate change 

498 on the western part of the dome. We also tested pixel offset calculation results in the 

499 satellite radar observations, however as the ground is rapidly changing over an 11-day 

500 TerraSAR-X repeat cycle, the subregion window correlation approach was not found to 

501 yield stable results for the available radar data.

502 Future studies could potentially more quantitatively fuse and combine satellite and 

503 camera time-lapse observation, especially for slow changes occurring at lava-domes of 
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504 Volcán de Colima. In this study the consideration of both dataset was relevant for 

505 developing a chronology of events (Figure 10). 

506 To obtain a view of the deep summit craters, we found that dome growth initiation, with 

507 dimensions of 10 m or even less, can be well identified in high resolution (spot mode) 

508 satellite radar images. Moreover, by use of time-lapse cameras ideally operating from 

509 different sides, our displacement monitoring approach can theoretically be automatized. 

510 Also at other dome-building volcanoes, such as Merapi (Indonesia), Mount St. Helens 

511 (USA), Bezymianny (Russia), time-lapse cameras have been installed for routine 

512 monitoring, now allowing quantitative analysis of lava-dome volumes, height change 

513 measurements and spreading assessment prior to dome instability. As an alternative, 

514 future studies may consider low cost unmanned aerial devices, to collect aerial photos 

515 from a safe distance and from different viewing perspectives. 

516

517 4.2. Ring-shaped emission pattern and explosion craters

518 The excavation of craters at the summit of Volcán de Colima was interpreted to be 

519 associated with four Vulcanian explosions (between 6 and 29 January), with effusive 

520 activity occurring during some of this period (Zobin et al., 2015). These early Vulcanian 

521 explosions excavated a number of craters, partially overlapping (nested), that we could 

522 clearly identify in satellite radar and time-lapse camera images. Precursory inflation was 

523 observed by an InSAR study by combining TerraSAR-X acquisitions from 26 December 

524 2012  and 6 January 2013 (Salzer et al., 2014). Seismicity preceded the first explosion 

525 by 2 days (Arámbula-Mendoza et al., 2018) and was also well identified prior to explosion 

526 4 by high-frequency events. Explosions 2 and 3, in turn, were not preceded by similar 

527 precursors. The presence and migration of fumarole sites prior to eruptions as recorded 

528 by our time-lapse cameras is of particular interest. Our data show weak degassing prior 

529 to some explosions (explosions 1, 3 and 4), which might be interpreted as precursory 

530 activity as well. The strongest degassing precursor was found prior to explosions 1 and 
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531 4, which is in agreement with the high frequency seismicity identified prior to the 

532 explosion. 

533 The relevance of the snowfall prior to the first explosion is still unclear. Snowfall 

534 in early January is not uncommon, but might have notably contributed to the expression 

535 of gas emission visible in the cameras.  Snow at fumaroles is melting first, and increase 

536 of the visible steaming effect following such precipitation events, associated with 

537 infiltration of water into the ground and cooling of high temperature fumaroles is 

538 documented elsewhere (Zimmer et al., 2017). 

539 The four Vulcanian explosions (on 6, 11, 13 and 29 January) reached up to 2500 m in 

540 height and caused minor pyroclastic flows travelling westward. Associated with these 

541 explosions, we show the location and expression of at least three well-identified nested 

542 craters. The cameras could not identify further excavation of the cratered structure 

543 associated with explosion 4, but this explosion left a bomb of considerable size on the 

544 NE margin of the 2007-2011 old dome.

545 This study underlines that improving the resolution of time lapse photographs 

546 enables better observation of surface degassing and crater dynamics, which in turn may 

547 allow identification of precursors associated with Vulcanian eruptions. While a previous 

548 study with lower resolution photos could not identify fumarole emission (Zobin et al., 

549 2015), our higher resolution photos reveal their presence and even show details of a 

550 correlation with structure. Specifically, minor fumarole emission was first identified one 

551 day prior to the first explosion on the western margin, and it was then observed to 

552 propagate along a semicircular perimeter on the upper edge of the 2007-2011 dome. 

553 The 6 January explosion crater had a perimeter size that almost perfectly agrees with 

554 the precursory ring-shaped gas emission zone. Ring-shaped precursory expressions of 

555 gas emissions have been observed at dome-building volcanoes elsewhere, commonly 

556 during the first stages of an explosion, which are associated with a pulse of magma 

557 extrusion (Johnson et al., 2008). Assuming that a similar degassing mechanism is 
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558 responsible as proposed for the Santiaguito dome complex, the ring-shaped emission 

559 pattern would be geometrically associated with shearing at the conduit margins (Bluth 

560 and Rose, 2004), and/or degassing may display a short-term and shallow dislocation 

561 event directly associated with magma arrival (Johnson et al., 2008). Of interest here is 

562 that the ring-shaped emission pattern is observed days before the actual eruption and 

563 not just seconds or minutes prior to it. In some cases, only partial degassing rings are 

564 found, such as prior to the fourth explosion at Volcán de Colima on 29 January. Given 

565 that the ring-shaped emission pattern is temporally associated with an increase in 

566 seismicity (Figure 2), it may also explain the two-phase seismic signals (Zobin et al., 

567 2015). Before the co-explosive high-frequency phase occurred, a low-frequency signal 

568 was identified as a precursory phase. These signals may be associated with magma and 

569 fluid rise manifesting in the ring-shaped emission pattern we identified. A general 

570 degassing increase prior to eruptions was also observed for other eruptions at Volcán 

571 de Colima, but this paper is the first to describe the ring-shaped nature in detail.

572  

573

574 4.3. Critical dome height and gravitational spreading 

575 We investigate the dome growth scenario as quantified by camera data. For the 

576 modelling we use the two-dimensional discrete element method (DEM) software PFC2D 

577 (Itasca Consulting Group, 2017) and follow the method outlined by Harnett et al. (2018). 

578 This DEM software creates material out of rigid particles that interact with neighbouring 

579 particles via elastic contact laws, where particles carry a force and moment that are 

580 updated per model time step. We incorporate different bond styles to model both fluid 

581 behaviour for the lava dome core (parallel bonds, (Potyondy and Cundall, 2004)) and 

582 solid behaviour in the outer carapace and talus regions (flat jointed bonds, (Potyondy, 

583 2012)). 
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584 The model is initialized with a “batch” of magma in the conduit, whereby magma 

585 viscosity is determined by the bond stiffness of this material (Husain et al., 2014). We 

586 use a viscosity of 109 Pa.s, following estimates of apparent magma viscosity at Volcán 

587 de Colima in the range 109 to 1011 (Lavallee et al., 2007; Lavallee et al., 2008; Kendrick 

588 et al., 2012). Constant extrusion is then simulated by adding an upward velocity to 

589 material in the conduit, and solidification is tracked throughout the model run. A more 

590 viscous dome is likely to be taller and less prone to lateral spreading, whereas a less 

591 viscous dome would likely not reach the heights seen from observational data. Similar to 

592 previous lava dome emplacement models (Hale and Wadge, 2008; Hale et al., 2009a; 

593 Hale et al., 2009b; Husain et al., 2014), we use the solidus pressure to model the lava 

594 solidification process and therefore track the boundary between the fluid core and solid 

595 carapace. The mechanical properties of the dome rock are hard to determine at a rock 

596 mass scale, despite previous studies on Volcán de Colima andesites at a laboratory 

597 scale (Heap et al., 2014; Heap et al., 2016). We therefore use the morphology of the 

598 growing dome to estimate mechanical rock strength by using a calibration procedure 

599 process in PFC (e.g., (Holt et al., 2005; Holohan et al., 2011; Holohan et al., 2017) and 

600 matching the model morphology to the observed morphology (Figure 9). This estimation 

601 was achieved through a forward modelling approach (Harnett et al., 2018), and the model 

602 results were corrected to account for the 2-dimensional nature of the model (see 

603 Appendix).  

604 Matching the model morphology to the observed dome morphology, a peak rock 

605 strength of ~3.7 MPa is necessary to yield a critical dome height at which vertical growth 

606 abruptly decreases, as observed by the camera data. This strength value is ~20% of the 

607 lowest laboratory values and suggests an intense level of fracturing and/or porosity that 

608 is present in a cooling and dynamically evolving carapace that has a significant effect on 

609 the rock behaviour at a rock mass scale (Zorn et al., 2018). To match the observed dome 

610 growth, a reduction in Young’s modulus is required from 8.1 GPa in the tested dome rock 
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611 from Volcán de Colima to 3.5 GPa. This reduction alludes not only to the importance of 

612 fracturing, but also the importance of scaling both the strength and elastic parameters of 

613 material from the laboratory sample scale to a rock mass scale (Heap et al., 2018).

614 The modelled dome growth shown in Figure 9 shows a morphology similar to the 

615 observed dome growth at Volcán de Colima during February/March 2013. Early dome 

616 growth is dominated by vertical growth and an initial increase in height; the explicit width 

617 of this growth in the early stage of the model is determined by the initial conditions 

618 imposed for the width of the conduit (Figure 9). A height threshold is reached, after which 

619 horizontal growth exerts greater control over the lava dome growth (critical height). This 

620 means that initially, the dome extrudes and solidifies very quickly so creates a near-

621 vertical spine. Once sufficient dome material is extruded, the dome is able to maintain 

622 ductile core material within it (and therefore transitions to a more endogenous-style 

623 growth). This horizontal growth increase is accordingly interpreted to be due to increased 

624 gravitational spreading of the rock mass. As observed in the camera image analysis, 

625 oversteepening occurs on the dome flanks, along with the generation of rubbly spine-

626 type features towards the apex of the dome. Although the steep vertical growth observed 

627 initially at Volcán de Colima is reproduced well, small differences may suggest an initially 

628 stronger material. Possibly, the first magma extrusion could be more degassed and, 

629 hence, more viscous; the initial vertical growth domain is therefore likely associated with 

630 extrusion of a viscous plug and conduit material before fresh magma reached the surface 

631 and spread laterally. Future studies may also be needed to understand the effect of 

632 temperature on rock strength. 

633 We note that the models are 2D only and that matching the exact timing of the 

634 dome growth phases is challenging, as complete temporal coverage of the extrusion 

635 process is not available. The modelled dome starts extruding at time zero, and 

636 comparisons are made to the monitored dome until it starts to overflow the crater rim. 

637 This model gives a fixed frame of reference and allows comparison against normalized 
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638 time relative to the dome width. The compared time series of the modelled and observed 

639 dome growth can therefore be relatively shifted in the time domain by several days.

640  

641 5.     Conclusions

642 At Volcán de Colima, new excavations of several nested summit craters were observed 

643 in detail by high-resolution satellite radar data and by a time-lapse monitoring camera. 

644 We could identify crater excavation associated with three Vulcanian explosions in 

645 January 2013 and deposition of a major bomb outside of the crater. The craters were 

646 carved into the cooled 2007-2011 dome material, with variations observed in the crater 

647 geometry and position during successive Vulcanian explosions. Prior to the crater 

648 formation, pronounced degassing was observed, partially with a ring-shaped emission 

649 pattern, identifying the location of the later explosion crater excavation. Following this 

650 destructive crater-forming activity at Volcán de Colima, an early dome formation episode 

651 was observed. While the high-resolution TerraSAR-X spotmode satellite radar images 

652 allow imaging the early dome deep inside the excavated craters, the permanently 

653 installed monitoring cameras allow tracing the details of dome growth once the dome  

654 reached the height of the crater rim. Using PIV, we perform an image-to-image 

655 comparison and optical flow field, allowing the identification of initial vertical dome 

656 growth. This vertical growth gradually changed to lateral growth caused by gravitational 

657 spreading of the dome material. The dome continued to grow laterally, and to a minor 

658 degree also vertically, until it overflowed the margin of the crater and developed into a 

659 lava flow. We compare these dome growth observations to discrete element models, and 

660 find that the observed dome morphology can be matched if the lava dome peak rock 

661 strength is significantly  lower than common laboratory values.

662  
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940 FIGURE CAPTIONS

941  

942 Figure 1: Satellite image of Volcán de Colima and the location of the camera and 

943 the seismic stations referred to in this work. (a) Volcán de Colima is located 5-6 km south 

944 of the observatory post at Nevado de Colima. The closest seismic station is indicated by 

945 a star. Camera location (DSLR) and TerraSAR-X viewing geometries (line of sight) are 

946 indicated by symbols. (b) Topographic profile from north to south, showing the field-of-

947 view of the camera, and a sketch of the TerraSAR-X (TSX) radar satellite view (not to 

948 scale). (c) View from the web camera that is used for monitoring purposes, and (d) close 

949 view shown by the high-resolution DSLR time-lapse camera used. (e) Close-up view of 

950 areas shown in Figures 3-5.

951  

952 Figure 2: Data used in this study as a function of time. Seismic records show the 

953 occurrence of four significant trend changes slightly preceding four explosions in early 

954 2013 due to precursory long-period events (red vertical lines) illustrated by event counts 

955 per hour (red trend line, y-axis on left). TerraSAR-X satellite radar images were available 

956 every 11 days (black crosses). Available time-lapse camera images are shown as black 

957 points (clear daytime images) and grey points (cloudy and night images). See the 

958 methods section for details.

959  

960 Figure 3: Spotmode TerraSAR-X amplitude image views of the summit region of 

961 Volcán de Colima, from January – April 2013. Radar coordinates, ascending track (W is 

962 left, E is right, S is up, N is down). Acquisition dates are given for each image. The 

963 combination of three images allows derivation of a composite map, and the respective 

964 red, green and blue channels are indicated as R-G-B. See the text for details.

965  
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966 Figure 4: High-resolution time-lapse camera record from a ~6 km distance. The 

967 initial phase of activity and first crater formation (a-b). The old dome shows a fumarole 

968 on its western side (right in image). After a snowfall event, new ring-shaped degassing 

969 features appear (d-f). Two days later, the first explosion occurred on 6 January 2013, 

970 with dimensions exactly matching the degassing ring. Signs of vigorous degassing 

971 disappear afterwards.

972  

973 Figure 5: High-resolution time-lapse camera record from a ~6 km distance. The 

974 6 January 2013 explosion crater (crater-1) widens by an explosion on 11 January (crater-

975 2), partially overlapping but migrating eastward. New fumarole activity appeared on its 

976 east before the third explosion occurred on 13 January, again migrating further eastward. 

977 The fourth explosion on 29 January is not seen by new crater excavation, but by the 

978 presence of a major bomb. Numbers in circles indicate chronologically numbered crater, 

979 width of the horizontal indicates maximum crater width as seen in the camera.

980  

981 Figure 6: High-resolution time-lapse camera record from a ~6 km distance 

982 showing dome extrusion. The first dome becomes visible on 14-Feb. (a) which then 

983 grows vertically (b, c) and then predominantly laterally (d, e) until the western crater rim 

984 (craters 1 and 2) is overflowing (f), oversteepening (g) and develops into a lava flow (h) 

985 with small collapses leading to rockfalls and small block and ash flows.

986

987 Figure 7: Digital image correlation results showing the growth of the dome, 

988 initially dominated by vertical growth (a, b). At a height of approximately 25 m, the 

989 dominantly vertical growth regime changes into a dominantly lateral growth regime. 

990 Occasional short-term subsidence of the dome is observed, possibly associated with 
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991 block rotation or spreading (c). Continued growth grades into a lateral direction of magma 

992 extrusion forming lava flows (d).

993 Figure 8: Growth of the dome in the lateral and vertical directions, and volume 

994 estimations. Measurements at the east side of the dome are shown as grey symbols 

995 (squares), and measurements at the west side of the dome are shown as black symbols 

996 (circles). (a) Both sides of the dome show vertical growth changing into a more dominant 

997 lateral growth domain after an ~25 m height is reached. (b)  The volume of the eastern 

998 dome is growing constantly, whereas the volume of the western dome strongly increases 

999 the lava flow, and crater overflow develops.

1000

1001 Figure 9: Comparison of dome growth camera observations (green curves) and 

1002 distinct element models (red curves). The lateral (left Y-axis) and vertical dome growth 

1003 (right Y-axis) are shown separately. The east and west sides of the lateral dome growth 

1004 are shown in grey, average in green. The initially steep vertical growth and subsequent 

1005 dominantly lateral growth can be well explained by models. The X-axis shows date for 

1006 observations, and normalized time for models. The change in slope from the graph is 

1007 explained by the dome reaching a critical strength threshold. 

1008  

1009 Figure 10: Summary sketch of the chronology of the events described in the text, 

1010 based on constraints from seismic data (S), camera data (C) and TerraSAR-X data (T). 

1011 Pre-eruptive deformation based on interferometric processing of the TerraSAR-X data 

1012 (Salzer et al., 2014; Salzer et al., 2017).  

1013

1014
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1059  

1060 Appendix Material

1061 1. Model setup

1062 The model is initialized with lava material in the conduit and topography that matches 

1063 the observed topography from the high resolution time-lapse camera. For simplicity, the 

1064 topography within the crater is assumed to be horizontal. A vertical velocity is given to 

1065 all material in the conduit to simulate extrusion.

1066 Figure A1. Conceptual diagram of model setup.

1067 The surface boundaries in this instance are given purely frictional properties. This 

1068 ensures, for example, that particles do not endlessly roll downhill. There are otherwise 

1069 no cohesive bond properties between balls and boundaries.

1070 In order to equate the timescales between the observations and the model scenario, 

1071 we use the start of extrusion as Time 0 in each case, and the point at which the dome 

1072 reaches the break in slope as Time 1. We then adopt normalized time between these 

1073 two end points.

1074

1075 2. Material Calibration

1076 Material behavior is controlled in PFC by the micro-properties that exist at the contacts 

1077 between particles. These micro-properties are not equivalent to the macro-properties of 

1078 the material as a whole. Therefore, a calibration procedure is required to determine the 
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1079 micro-properties that result in the same macro-behavior of the model material to the 

1080 real material in the laboratory (Figure A2).

1081 We then iteratively adapt these parameters to fit the modelled dome extrusion to the 

1082 observational data. Once the two datasets match, we can use the parameters to back-

1083 analyze the required intact rock strength (Figure A3). The parameters for each material 

1084 are shown in Table A1.

1085

1086 Figure A2. Stress-strain curves showing the macro-scale behaviour from the 

1087 laboratory material (Heap et al. 2014) and the PFC material. Peak stress of laboratory 

1088 tested material = 17.5 MPa, Young’s modulus = 8.1 GPa.
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1089

1090 Figure A3. Stress-strain response from the PFC material that is required to fit the 

1091 observational data from the time-lapse camera at Colima. Peak stress = 3.7 MPa, 

1092 Young’s modulus = 5.5 GPa.

1093

Fitted to laboratory data Fitted to observations

Shear stiffness 1.25e9 Pa 1e9 Pa

Normal stiffness 1.25e9 Pa 1e9 Pa

Cohesion 2.7e7 Pa 5e6 Pa

Friction coefficient 0.84 0.84

Friction angle 38˚ 38˚

Bond modulus 1.1e10 Pa 1.6e9 Pa

1094 Table A1. PFC parameters for the talus material in (a) the material that is calibrated to 

1095 sample-scale laboratory tests of Colima samples (Heap et al. 2014) and (b) the 

1096 material that is used to fit the observational data and allows us to back-analyse rock 

1097 strength.

1098

1099
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1100 3. 3D correction

1101 Complex models in PFC in 3D are very computationally expensive, and so the models 

1102 in this paper are presented in 2D. However, there are limitations to comparing the 2D 

1103 method with the 3D observational data. To overcome this, we perform a calibration of 

1104 the PFC data. By extruding material using the same model parameters in both 2D and 

1105 3D, we see that in 2D, the model gains more height as it cannot spread laterally in 

1106 several directions (Figure A4). This results in an overestimate of height (by 

1107 approximately 33%) and an underestimate in width (by approximately 33%). We apply 

1108 these correction factors to the data presented in the paper.

1109 Figure A.4. Height and width evolution of a PFC dome in 2D and 3D.

1110


