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Abstract 12 

The 2011 Cordón Caulle eruption represents an ideal case study for the characterization of 13 

long-lasting plumes that are strongly affected by wind. The climactic phase lasted for about 14 

one day and was classified as subplinian with plumes between ~9-12 km above the vent 15 

and Mass Flow Rate (MFR) on the order of ~107 kg s-1. Eruption intensity fluctuated during 16 

the first 11 days with MFR values between 106-107 kg s-1. This activity was followed by 17 

several months of low-intensity plumes with MFR <106 kg s-1. Plume dynamics and rise were 18 

strongly affected by wind during the whole eruption with negligible up-wind spreading and 19 

sedimentation. The plumes developed on June 4-6 and 20-22 can be described as 20 

transitional plumes, i.e. plumes showing transitional behavior between strong and weak 21 

dynamics, while the wind clearly dominated the rise height on all the other days resulting 22 

in the formation of weak plumes. Individual phases of the eruption range between VEI 3-4, 23 
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while the cumulative deposit related to June 4-7, 2011, is associated with a VEI 4-5. 24 

Crosswind cloud and deposit dispersal of the first few days are best described by a linear 25 

combination of gravitational spreading and turbulent diffusion, with velocities between 1-26 

10 m s-1. Downwind cloud velocity for the same days is best described by a linear 27 

combination of gravitational spreading and wind advection, with velocities between 17-45 28 

m s-1. Results show how gravitational spreading can be significant even for subplinian and 29 

small-moderate eruptions strongly advected by wind and with low Richardson number and 30 

low MFR. 31 

 32 
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1. Introduction 36 

Fundamental volcanic processes, such as conduit and plume dynamics, abrupt 37 

transitions in eruptive regimes and eruption unsteadiness, are currently only partially 38 

understood. This generates confusion in the way we characterize and classify eruptions, 39 

especially in the cases of small-moderate eruptions, and hinders our capability to identify 40 

potential eruptive scenarios and assess the associated hazards. The characterization and 41 

classification of volcanic eruptions is crucial to: i) our scientific understanding (i.e. to 42 

simplify a complex system by identifying leading-order processes and to aid comparison 43 

between different eruptions or volcanoes); ii) hazard and risk assessment; and iii) science 44 

and hazard communication [Bonadonna et al., 2014]. Nonetheless, most existing 45 

classification schemes only include parameters that do not represent the full complexity of 46 

volcanic eruptions and can be associated with large uncertainties (e.g. average or maximum 47 

plume height, cumulative erupted volume, mass flow rate, grain-size distribution), and, 48 

therefore, do not contribute significantly to our comprehension of the volcanic system. This 49 

is particularly true for prehistoric eruptions that occurred when no observations of the 50 

plume and of the meteorological conditions could be made. Due to the complex dynamics 51 

that characterize many eruptive events, the derivation and interpretation of these 52 

parameters is not always straightforward even for recent, directly observed eruptions and 53 

many strategies can be applied that are associated with various degrees of uncertainty. 54 

Tephra deposits associated with long-lasting eruptions can be further complicated by the 55 

combination of varying eruptive and atmospheric conditions in time.  56 

 57 

Here we discuss the case of the 2011 rhyolitic eruption of Cordón Caulle volcano 58 

(Chile) that caused widespread disruption to various economic sectors and human 59 
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activities, representing a complex eruptive event that needs to be described in detail in 60 

order to characterize the range of the associated time-dependent Eruption Source 61 

Parameters (ESPs) and mitigate future risks. Only a few rhyolitic eruptions have been 62 

studied in detail (e.g., Chaitén 2008 eruption, Chile; [Alfano et al., 2011; Castro and 63 

Dingwell, 2009; Folch et al., 2008]). They are characterized by an initial climactic phase 64 

associated with both convective plumes and Pyroclastic Density Currents (PDCs) followed 65 

by lava effusion, and month-long low-intensity, ash-laden plumes [Castro et al., 2013]. The 66 

2011 eruption of Cordón Caulle volcano also provides the unique opportunity to explore i) 67 

the interaction between plume dynamics and atmospheric wind and ii) the complex 68 

interplay amongst cloud gravitational spreading, atmospheric diffusion and wind advection 69 

of small-moderate eruptions, which have recently been topics of lively debates within the 70 

international community [e.g., Carazzo et al., 2014; Costa et al., 2013; Degruyter and 71 

Bonadonna, 2012; 2013; Devenish, 2013; Mastin et al., 2014; Woodhouse et al., 2013]. A 72 

detailed characterization of the stratigraphy and deposit features is presented by Pistolesi 73 

et al. [2015], while specific aspects of tephra sedimentation and grain-size are presented 74 

by Bonadonna et al. [2015]. Here we focus on the determination of key physical parameters 75 

of the main eruptive phases in relation to eruption classification (i.e. erupted mass, plume 76 

height, mass flow rate and eruption duration) and on the characterization of plume 77 

dynamics and cloud spreading. 78 

 79 

2. Eruption chronology  80 

Cordón Caulle, part of the Puyehue-Cordón Caulle volcanic complex located in the Central 81 

Andes, produced large rhyodacitic fissure eruptions of Volcanic Explosivity Index (VEI) 3 in 82 

1921–1922 and 1960, whereas two VEI 5 eruptions had occurred about 860 BP and 5000 83 
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BC but were associated with the Puyehue stratovolcano (GVP, Global Volcanism Program, 84 

http://www.volcano.si.edu; [Siebert et al., 2010]). After about 41 years of repose, an 85 

eruption started at Cordón Caulle volcano on June 4, 2011, around 18:30 UTC according to 86 

Geostationary Operational Environmental Satellite (GOES) images. The climactic phase 87 

(~27 hours; [Jay et al., 2014]) was associated with a ~9-12 km-high plume (above vent, with 88 

a vent height of about 1.5 km) that dispersed most of the tephra towards E and SE (Fig. 1) 89 

[Castro et al., 2013; Collini et al., 2013; Pistolesi et al., 2015].  90 

The tephra deposit associated with the first week of the eruption (June 4-11, 2011) 91 

was studied based on about 70 outcrops located between 1 and 240 km from the active 92 

vent and was subdivided into three main units: Unit I, layers A to F; Unit II, layers G to H; 93 

and Unit III, layers K1 to K5 (see Pistolesi et al. [2015] for more details on the field surveys 94 

and Bonadonna et al. [2015] and Supporting Information for isomass maps of individual 95 

phases). In particular, Unit I was mostly deposited towards SE (June 4-5, 2011), Unit II 96 

towards the N (June 5-6, 2011) and Unit III towards the E (June 7-11, 2011). Up-wind 97 

sedimentation was negligible during all phases. PDCs were generated on June 4, 5 (with a 98 

runout of ~10 km; [SERNAGEOMIN/OVDAS, 2011] Servicio Nacional de Geología y 99 

Minería/Observatorio volcanológico de los Andes del Sur), 8 and 14, whereas, on June 10, 100 

destructive lahars were triggered by heavy rains. Onset of lava effusion was reported on 101 

June 15. Lava was still moving at a low rate by April 2012 [Tuffen et al., 2013]. 102 

 103 

3. Physical parameters and eruption classification 104 

3.1 Plume height and wind speed  105 

A population of 20 lithic clasts was collected at selected outcrops; three orthogonal axes of 106 

each clast (with the approximation of the minimum ellipsoid) were measured and the 107 
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associated geometric mean (i.e. the cube root of the product of the three axes) of the 50th 108 

percentile and of the 5 largest clasts were determined in order to compile two isopleth 109 

maps and validate the representativeness of largest-clast values [Bonadonna et al., 2013] 110 

(Fig. 2). Selected samples were also collected for grain-size distribution. The map of median 111 

diameter Mdf [Inmann, 1952] of the cumulative Unit I (layers A-F) is shown in Fig. 3, while 112 

detailed grainsize analyses are reported in Bonadonna et al. [2015].   113 

The two isopleth maps of Fig. 2 were used to determine the maximum plume height 114 

for Unit I (cumulative layers A-F) applying the method of Carey and Sparks [1986]. As 115 

described in Bonadonna et al. [2013], the isopleth map based on the 50th percentile is 116 

expected to be more representative of the grain-size variation around the volcano, but being 117 

associated with lower grain-size values than the map based on the 5 largest clasts, it is 118 

typically associated with lower plume heights (e.g. Biass and Bonadonna [2012]). 119 

Nonetheless, the two isopleth maps shown in Fig. 2 are very similar, with the 0.8 and 1.6 cm 120 

being slightly more elongated for the geometric mean of the 5 largest lithic clasts with respect 121 

to the 50th percentile. For both maps we obtained a maximum plume height of about 18±3 122 

km and 15±3 km above sampling height (a.s.h.), i.e. mean elevation of the isopleth contours 123 

(~930 m above sea level, a.s.l.), for the 0.8 cm and the 1.6 cm contours, respectively (the error 124 

is based on the assumption of an intrinsic 20% error for this method; Carey and Sparks 125 

[1986]). A maximum wind at the tropopause of about 40 m s-1 was also determined for both 126 

contours and both maps. The plume height of A-F was also calculated based on the Weibull 127 

fit of both largest lithics (LL) and Mdf [Bonadonna and Costa, 2013a] (Figs. 2a and 3). Both 128 

isopleth maps for the lithics resulted in a plume height of about 13±3 km a.s.h., while the Mdf 129 

map resulted in a plume height of about 10±2 km a.s.h. (still assuming a 20% intrinsic error 130 

associated with the method; Bonadonna and Costa [2013]) (Table 1). It is important to 131 
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highlight that plume heights derived based on the method of Carey and Sparks [1986] and of 132 

Bonadonna and Costa [2013] (LL strategy) are maximum (peak) values, whereas the plume 133 

height from Bonadonna and Costa [2013] (Mdf strategy) are average values. This is related 134 

to the fact that the LL strategies capture the most intense stage of the associated eruptive 135 

phase, while the Mdf strategy describes the whole deposit and tends to average the 136 

fluctuation of eruptive conditions. In addition, the method of Carey and Sparks [1986] is based 137 

on plume vertical velocity for strong plumes and only accounts for the effect of wind at the 138 

spreading height, while the Cordón Caulle plume was probably characterized by lower plume 139 

ascent velocity and was clearly affected by wind advection along the whole rise height (see 140 

section 3.3). This results in an overestimation of plume height.  141 

 142 

3.2 Erupted mass  143 

The volume of individual phases, derived by Pistolesi et al. [2015] based on three empirical 144 

strategies (i.e. exponential, power-law and Weibull fits), was converted into erupted mass 145 

based on the average measured deposit density (i.e. 560 kg m-3 for A-F and 600 kg m-3 for H 146 

and K2, Bonadonna et al. [2015]). Values of 1.2±0.06x1011, 4.2±0.9x1011, 1.3±0.4x1011 and 147 

2.8±0.7x1010 kg were obtained for A-B, A-F, H and K2 layers, respectively, resulting in a total 148 

mass of 5.7±1.0x1011 kg (i.e., A-F+H+K2) (mean and standard deviation are calculated based 149 

on the different empirical strategies used).  150 

Erupted mass was also calculated for layers A-B and A-F based on the inversion of the 151 

advection-diffusion model TEPHRA2 [Bonadonna et al., 2005b] according to the downhill 152 

simplex strategy developed by Connor and Connor [2006] to find the best set of eruptive 153 

parameters through the comparison between observed and computed mass accumulation 154 

per unit area. The deposits of H and K2 were not inverted due to the relatively large fraction 155 
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of fine ash that cannot be easily reproduced by TEPHRA2 without describing particle 156 

aggregation. A systematic search of minimum values of the Root Mean Square Error (RMSE) 157 

was carried out to assess the presence of multiple minima (Fig. 4) before performing targeted 158 

inversions. The whole range of eruptive parameters explored include erupted mass, plume 159 

height and grain-size features (i.e., Mdphi and sorting). RMSE is a good measure of accuracy 160 

but it is scale-dependent and, therefore, it is only good to compare goodness of fit within each 161 

analysis. Due to model sensitivity and interaction with other input parameters, the erupted 162 

mass is typically better constrained than plume height (e.g. [Bonadonna and Costa, 2013b; 163 

Scollo et al., 2008]. In fact, if only the coarse fraction of A-F layer is inverted (-5 to 3 f), a 164 

better constraint is obtained for plume height, which is in agreement with observations (Fig. 165 

4c); however, the associated mass is related only to the coarse fraction (i.e. ~85% of total 166 

mass; Bonadonna et al. [2015]). Nonetheless, also the erupted mass for both layers A-B and 167 

A-F is not as well constrained by the model as for larger eruptions (e.g. Pululagua 2450BP 168 

[Volentik et al., 2010]; 4-ka Rungwe Pumice [Fontijn et al., 2011]), with many relative RMSE 169 

minima associated with both an underestimation and an overestimation of the erupted mass 170 

as derived from empirical integrations (dashed lines in Fig. 4). Targeted inversions were run 171 

based on the ranges identified by both the minimum values of RMSE shown by Fig. 4 and 172 

empirical observations (see Supporting Information for more details). The best fit of erupted 173 

mass for the whole deposit was found for values of 2.8x1011 kg, 5.4x1011 kg and 2.0x1011 kg 174 

for A-B, A-F and the coarse fraction of A-F, respectively, which are in good agreement with 175 

the mass calculated from mapped deposit based on empirical strategies. Associated plume 176 

heights are 13.0, 13.5 and 13.1 km a.s.l. also in agreement with observations (Supporting 177 

Information and Table 1). Averaging results of empirical and analytical methods, we conclude 178 
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that the erupted mass associated with A-B and A-F are 1.6±0.8x1011 and 4.5±1.0x1011, 179 

respectively. Total mass for A-F+H+K2 becomes 6.0±1.1x1011 kg. 180 

 181 

3.3 Mass Flow Rate  182 

A detailed account of observed plume heights during the whole eruption was compiled by 183 

both Collini et al. [2013] and the GVP as provided by the Buenos Aires Volcanic Ash Advisory 184 

Center and SERNAGEOMIN (03/2012 (BGVN 37:03); 185 

http://www.volcano.si.edu/volcano.cfm?vn=357150#bgvn_3703; Fig. 5, Table 1 and 186 

Supporting Information). The interaction between plume rise and wind advection is well 187 

shown by the Aqua satellite image that captured the first development of the volcanic cloud 188 

on June 4 while it was passing over Villa La Angostura (about 40 km from the Chilean border) 189 

and by the Futangue stationary camera images between June 13 and 20, 2011 (Fig. 5). All 190 

images show negligible up-wind spreading, with a small inclination of the rising plume (based 191 

on the Aqua satellite image). The Aqua satellite image also highlights the heterogeneity of the 192 

volcanic cloud, with a distinct puff-like structure (~15x17 km) close to the vent, which is about 193 

1.5 km higher than the main cloud (~10 km above ground; heights calculated based on cloud 194 

shadow clinometry; e.g. Holasek and Self [1995]) (Supporting Information). Such a feature 195 

suggests a pulsating dynamics typical of long-lasting plumes (e.g. Eyjafjallajökull 2010 plume; 196 

e.g. Ripepe et al. [2013]).  197 

MFR between June 4-30, 2011 was calculated between ~104 and ~107 kg s-1 using the 198 

method of Degruyter and Bonadonna [2012] that accounts for the effects of wind advection 199 

and thermal stratification of the atmosphere on the plume height (Fig. 6a): 200 

 201 
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   (1) 202 

 203 

where H is plume height above the vent (m), is the average buoyancy frequency (s-1) across 204 

the plume height and quantifies the thermal stratification of the atmosphere,  is the 205 

average wind velocity across the plume height (m s-1), a is the radial entrainment coefficient, 206 

b is the wind entrainment coefficient, ra0 is the atmospheric density at the vent (kg m-3) and 207 

g’ (m s-2) is equivalent to the reduced gravity based on the difference in sensible heat between 208 

the gas-pyroclast mixture and the ambient sensible heat at the source (i.e., 209 

, where c0, q0, ca0 and qa0 are the eruption heat capacity, eruption 210 

temperature, reference heat capacity and reference temperature, respectively). The quantity 211 

P is a scaling parameter and is defined below (eq. 2). For the plume height we use the 212 

minimum and maximum value reported from all sources mentioned above (Supporting 213 

Information). We use the wind, humidity, temperature and pressure data provided by 214 

ECMWF (European Centre for Medium-Range Weather Forecasts) ERA-Interim at a 0.25° 215 

resolution [Dee et al., 2011] and calculate the average wind speed across the plume height 216 

using trapezoidal integration (Fig. 5 and Supporting Information). From these we calculate the 217 

average buoyancy frequency across the plume height and the density of the atmosphere at 218 

the vent height. For the specific heat capacity of air we use 998 J kg-1 K-1  [Woods, 1988]. The 219 

specific heat capacity and the temperature of the gas-pyroclast mixture at the vent and both 220 

the radial and wind entrainment coefficients are uncertain and we therefore use a range of 221 

values. Common eruption temperatures for silica-rich eruptions are between 1118 and 1216 222 

K [Castro et al., 2013; Jay et al., 2014]. The specific heat capacity of the gas-pyroclast mixture 223 
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is dependent on the eruption temperature. We use the parameterization of Dufek et al. 224 

[2007] and of Whittington et al. [2009] and find a range between 1197 and 1211 J kg-1 K-1 for 225 

the explored temperature range. For the radial entrainment coefficient we use values 226 

between 0.05 and 0.15 [e.g., Carazzo et al., 2008; Morton et al., 1956; Suzuki and Koyaguchi, 227 

2010] and for the wind entrainment coefficient we use values between 0.1 and 1 [e.g., Briggs, 228 

1972; Bursik, 2001; Contini et al., 2011; Degruyter and Bonadonna, 2012; Devenish, 2013; 229 

Devenish et al., 2010; Hewett et al., 1971; Huq and Stewart, 1996; Mastin, 2014; Suzuki and 230 

Koyaguchi, 2013], respectively. 231 

The uncertainty within the observations (i.e. plume height and atmospheric data) do 232 

not allow for an accurate estimate of the MFR. Uncertainty is further increased by the 233 

uncertainty within model parameters (i.e. entrainment coefficients and eruption source 234 

temperature). We demonstrate the large errors that can arise in MFR from the combination 235 

of these uncertainties in Fig. 6 (see also Fig. S4 in Supporting Information for a comparison 236 

with traditional strategies not accounting for wind entrainment). The uncertainty associated 237 

with the height and atmospheric observations (indicated by the blue bars in Fig. 6) induces an 238 

uncertainty of an order of magnitude to several orders of magnitude. The additional 239 

uncertainty that stems from the model parameters increase the uncertainty further by several 240 

orders of magnitude (indicated by the white bars in Fig. 6). In spite of the large uncertainty, 241 

we can compare the relative values of the MFR estimates. To this end we use the log average 242 

value of the minimum and maximum MFR calculated for the observational uncertainty, i.e. 243 

the blue bars. 244 

Two main eruptive periods can be distinguished based on MFR values: the first period 245 

with largely fluctuating MFR >106 kg s-1 (between June 4-14; Unit I, II and III) and the second 246 

period with MFR <106 kg s-1 (after June 14). The highest average MFR was estimated for the 247 
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climactic phase (i.e. June 4; layers A-B), i.e. 0.9x107 kg s-1 (Table 1). This is in agreement with 248 

the GVP reports on the eruption, based on the daily bulletins of OVDAS, which describe that 249 

eruption started to decrease in intensity by the end of the first day, and with the observed 250 

features of the deposits [Pistolesi et al., 2015]. The influence of wind entrainment on plume 251 

rise was strong throughout the whole eruption, as shown by the distortion of the volcanic 252 

clouds towards the wind direction with no obvious up-wind spreading (Fig. 5). The wind effect 253 

on plume rise can be quantified by the ratio of the radial-entrainment and the wind-254 

entrainment terms in eq. (1) or, in other words, the ratio of the characteristic timescale for 255 

wind entrainment and the characteristic time-scale for plume rise in a wind-still environment:   256 

 257 

         (2) 258 

 259 

Degruyter and Bonadonna [2012] suggested that P can be used to distinguish between strong 260 

(P>>1) and weak plumes (P<<1). This has recently been confirmed by laboratory experiments 261 

[G Carazzo et al., 2014]. We define here weak and strong plumes by P<0.1 and P>10, 262 

respectively; plumes characterized by 0.1<P<10 are transitional between strong and weak 263 

(Fig. 7a). Carazzo et al. [2014] defined this category as distorted plumes. It is important to 264 

stress that the boundary values of 0.01 and 10 for the classification of weak and strong 265 

plumes, respectively, are to be considered as indications for comparative analysis more than 266 

absolute values, as they strongly depend on the choice of entrainment coefficients. In fact, 267 

similar to the MFR, the value of P can suffer from large uncertainties (e.g., Fig. 7b). The 268 

difference here is that the observational uncertainty from height and atmospheric data is 269 

quite small and allows estimating P within an order of magnitude or less. The additional 270 
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uncertainty within the entrainment coefficients, however, creates a very large uncertainty of 271 

several orders of magnitude. As in the case of the MFR, we use the log average value of the 272 

minimum and maximum MFR calculated for the observational uncertainty, i.e. the blue bars, 273 

to relatively compare differences in the influence of wind.  274 

Throughout the whole eruption the characteristic time for wind entrainment is faster 275 

than the timescale for rise in a wind-still environment, i.e. P<1, and thus the contribution of 276 

wind is significant. In particular, P fluctuates between 0.02 and 0.17 (black circles in Fig. 7b) 277 

and does not correlate with MFR. In fact, while MFR quantifies the eruption intensity, 278 

P quantifies the plume interaction with the atmosphere. This is most prominently 279 

demonstrated by the periods of June 4-6 and June 20-22 that are both associated with 280 

transitional plumes (i.e., 0.1<P<10) indicating that wind is significant but not dominating the 281 

plume rise height (Figs 5c and d, 7). However, these periods can be distinguished by a high 282 

intensity (MFR>106 kg s-1) for the first period, but a low intensity (MFR<106 kg s-1) for the latter 283 

period. The periods of June 7-12, 14-19 and 23-30 were characterized by weak plumes 284 

(P<0.1), for which wind is the controlling factor of the plume height (Figs 5 and 7). They were 285 

also of varying intensity (Fig. 7). To give additional insight into the meaning of P, we use it to 286 

estimate how much the effective height of the plume is reduced compared to the height the 287 

plume would have reached if rising in a wind still environment (term H_nowind). Using eq. 1 288 

we find that: 289 

 290 
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For the days with highest P (i.e. 0.1-0.2; i.e. June 4-6 and 20-22) the actual plume height is 293 

between 55% and 64% of the height it would have been under wind-still conditions, while the 294 

days with lowest P (i.e. 0.02-0.05) this would range between 37% and 47%. 295 

 296 

3.4 Eruption duration  297 

Based on the evaluation of the average MFR with time (Fig. 6) and the estimated erupted 298 

mass for each phase as reported in Table 1, an approximate duration of each phase was 299 

determined and compared with data derived from direct observation. In particular, A-B, A-300 

F, H and K2 layers resulted to be associated with a mean duration of 5.1, 17.2, 8.3 and 3.2 301 

hours, respectively (Table 1). Durations of the sustained phases are likely to be longer if we 302 

consider the estimated erupted mass as minimum values due to the intrinsic uncertainty 303 

associated with the volume calculations based on both empirical fitting and analytical 304 

inversion [Bonadonna and Costa, 2012] and the calculated MFR as associated to maximum 305 

values of plume height as reported by both Collini et al. [2013] and GVP (Table 1). In 306 

addition, the determination of plume height can be associated with significant 307 

uncertainties even for recent eruptions [Oddsson et al., 2012; Prejean and Brodsky, 2011; 308 

Tupper and Wunderman, 2009]. Considering the 4th power relation between MFR and 309 

plume height (eq. 1), even small uncertainties in plume height measurements could result 310 

in large MFR uncertainties, and, therefore, duration uncertainties. The uncertainty in MFR 311 

from both plume-height observations and atmospheric conditions (blue bars in Fig. 6) for 312 

the June 4-6 (20-30%) and June 7 (50%) events results in an even larger duration 313 

uncertainty, i.e. 85-95% (Table 1 and Supporting Information). Additional sources of 314 

uncertainty stem from the model assumptions, such as entrainment coefficients and 315 

eruption temperature (white bars in Fig. 6). However, considering the good agreement 316 
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between eruption duration derived from MFR analysis and duration of the various eruption 317 

phases as observed from satellite images (i.e. 24-30 hours for A-F and <12 hours for H and 318 

K2; [Pistolesi et al., 2015]), we suggest that both eruptive and atmospheric conditions did 319 

not vary significantly within each of the studied phases.  320 

 321 

3.5 Eruption classification  322 

Given the complexity of characterizing and classifying long-lasting eruptions, here we 323 

consider both individual and cumulative phases and discuss the resulting implications. The 324 

phase A-F of the Cordón Caulle eruption could be classified based on erupted volume/mass, 325 

MFR, plume height, thickness, LL and Mdf data. In particular, a total volume/mass of 326 

0.80±0.17 km3/4.5±1.0x1011 kg results in a VEI 4 [Newhall and Self, 1982] and a magnitude of 327 

4.6 [Pyle, 2000] (Table 1). Based on the MFR versus plume height classification of Bonadonna 328 

and Costa [2013], only the plume developed on June 4 can be classified as subplinian, whereas 329 

all other plumes plot in the field of small-moderate eruptions (Fig. 8). The classification plot 330 

based on Weibull thickness and LL parameters for the A-F layers results in small-moderate 331 

eruptions transitional to subplinian, whereas Weibull parameters of thickness versus Mdf 332 

result in clear small-moderate eruptions [Bonadonna and Costa, 2013a] (Fig. 9). Finally, given 333 

that the thinning trend of A-F layers can be described by 3 exponential segments on a 334 

log(thickness) versus square root of area [Pistolesi et al., 2015], three values of bt can be 335 

obtained (i.e. 2.9, 8.3 and 24.4 km) and, therefore, three values of ratio bc/bt (i.e. 2.8, 1.0 and 336 

0.3 for the isopleth map of Fig. 2a), with bt and bc being the distance over which the maximum 337 

thickness and the size of the largest clast decrease by half, respectively [Pyle, 1989]. These 338 

parameters plot in the field of plinian to ultraplinian eruptions in the classification scheme of 339 

Pyle [1989]. Given the available dataset, the phases A-B (0.28±0.15 km3), H (0.21±0.07 km3) 340 
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and K2 (0.05±0.01 km3) could only be classified based on erupted volume and mass and can 341 

be associated with VEI 4 (A-B and H) and 3 (K2) and magnitude 4.2 (A-B), 4.1 (H) and 3.4 (K2), 342 

respectively (Table 1).  343 

 344 

4. Cloud spreading  345 

When they reach the level of neutral buoyancy, vigorous plumes start spreading as gravity 346 

currents as they are denser at their top and less dense at their base than the surrounding 347 

stratified atmosphere, and their crosswind spreading is proportional to the volumetric flow 348 

rate at the neutral buoyancy level [e.g. Sparks et al., 1997]. As a result, higher plumes would 349 

spread laterally more rapidly than lower plumes such that [Bonadonna and Phillips, 2003]: 350 

 351 

         (4) 352 

 353 

with , where  is the crosswind width (m),  is the downwind distance (m), 354 

 is the wind velocity at the neutral buoyancy level (m s-1), Q is the volumetric flow rate at 355 

the neutral buoyancy level (m3 s-1), which we determined with the 1D model of Degruyter and 356 

Bonadonna [2012] (Supporting Information), N is the atmospheric buoyancy frequency (s-1) 357 

assumed to be 0.01 s-1 for these calculations as all plumes developed in the troposphere, l is 358 

a constant of the order of unity that depends on flow geometry and ambient stratification 359 

(here 0.8), and e is a geometrical perimeter factor assumed to be 3.9 (with an uncertainty on 360 

the calculated cloud width of 25%; see Bonadonna and Phillips [2003] for more details). In 361 

contrast, plumes that are strongly affected by wind maintain the vorticity structure 362 
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characteristic of the convective column also when they reach their maximum height and start 363 

spreading horizontally [Sparks et al., 1997]. Their crosswind spreading at the neutral 364 

buoyancy level is typically described by turbulent diffusion (i.e. Fickian diffusion) such that 365 

[Bursik, 1998]:  366 

 367 

         (5) 368 

 369 

where  is the horizontal eddy diffusivity, i.e. diffusion coefficient (m2 s-1). We have 370 

already shown how the plumes developed on June 4 and 6 were transitional between weak 371 

and strong plumes. Downwind (distance from vent) and crosswind (width) distances and 372 

velocities were calculated from GOES images for the cloud developed on both days in order 373 

to establish the relative contribution of gravitational spreading (Fig. 10). A significant wind 374 

shift is evident on June 6, with the cloud first spreading towards NE and then moving SE 375 

and towards the Atlantic Ocean. Due to the constraint of satellite images, the spreading of 376 

the SE cloud of June 6 could not be analyzed. Width and downwind length of the isomass 377 

maps of the A-F deposit (i.e. Unit I – June 4-5; Supporting Information) were also 378 

investigated and compared with the cloud geometry.   379 

The best fit is given by the linear combination of gravity spreading and turbulent 380 

diffusion following Bursik [1998] with a diffusion coefficient of 9,000 m2 s-1 for both days 381 

(Fig. 11a). The observed crosswind width lays in between the linear combination of 382 

gravitational spreading and turbulent diffusion for the minimum and maximum 383 

observations of volumetric flow rate (solid and dashed lines, Fig. 11a). The range of 384 

volumetric flow rate depends on the uncertainty on both plume height and atmospheric 385 

u
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conditions (see Fig. 5e). Radial entrainment, wind entrainment and eruption temperature 386 

were fixed to 0.1, 0.5 and 1167 K, respectively. The dispersal of the 1 kg m-2 isoline of Unit 387 

I (deposited on June 4-5) can also be described by the linear combination of gravity 388 

spreading and turbulent diffusion (Fig. 11a). Relative contribution of the gravitational 389 

spreading is 49-71% and 40-50% for minimum and maximum volumetric flow rate of June 390 

4 and 6, respectively, with no significant variation with distance from vent (standard 391 

deviation <2%). Results for eq. 5 (Fickian diffusion; Fig. 11b) and eq. 4 (gravitational 392 

spreading; Fig. 11c) have also been plotted separately. Fickian diffusion seems to be able 393 

to describe the cloud spreading of both June 4 and June 6, but only if unrealistic values of 394 

diffusion coefficients are considered (i.e., 90,000 and 30,000 m2 s-1, respectively), which are 395 

higher than the range expected for atmospheric dispersion over brief time intervals (10-396 

104 m2 s-1; [Heffter, 1965; Pasquill, 1974]). Finally, pure gravitational spreading seems to 397 

underestimate the observed cloud spreading for both days, with the largest discrepancies 398 

being associated with the June 6 event (Fig. 11c). 399 

The downwind and crosswind velocity of the cloud were calculated based on the 400 

distance from vent and from the central axis, respectively, as observed from GOES images 401 

of Fig. 10 and the associated observation times (Fig. 12). The downwind velocity is higher 402 

than the associated wind velocity at the neutral buoyancy level and such a discrepancy is 403 

due to the contribution of the gravitational component to plume spreading. The velocity 404 

due to gravitational spreading, , was calculated with the equation of Bonadonna and 405 

Phillips [2003]: 406 

 407 

         (6) 408 
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 409 

which is equivalent to eq. 10 of Costa et al. [2013]. Our results show that for both plumes 410 

considered (i.e. June 4 and June 6), the crosswind velocity can be well described by a lateral 411 

spreading due to buoyancy, while the downwind velocity can be described by a linear 412 

combination of wind advection and gravitational spreading (Fig. 12). In particular, the 413 

crosswind velocity of June 4 is between 6 and 10 m s-1, while the crosswind velocity of the 414 

NE cloud of June 6 is between 1 and 2 m s-1. As a comparison, the crosswind velocity of the 415 

SE cloud of June 6 is between 0 and 1 m s-1. Downwind velocity of June 4 and 6 (NE cloud) 416 

is between 35-45 m s-1 and 17-21 m s-1, respectively. Relative errors between observed and 417 

calculated downwind velocity are <7% for June 4 and <13% for June 6. The distal increase 418 

in downwind velocity for both June 4 and June 6 seem to be mostly related to a local 419 

increase in wind velocity.   420 

  421 

5. Discussion 422 

The 2011 eruption of Cordón Caulle, together with the 2008-2009 eruption of Chaitén 423 

(Chile), represent rare cases of rhyolitic eruptions that have been witnessed and studied in 424 

detail. They were both long-lasting and caused widespread disruption to various economic 425 

sectors and transport systems, mostly in Argentina due to the prevailing westerly winds 426 

that characterize the middle latitudes. The associated large amount of airborne ash caused 427 

major disturbance to aviation in Argentina, and, to a lesser extent, in Australia and New 428 

Zealand that, however, was not as severe as in Europe during the 2010 Eyjafjallajökull 429 

eruption only due to less dense air traffic [e.g. Collini et al., 2013; Folch et al., 2008]. In 430 

addition, Castro and Dingwell [2009] showed how, regardless of the high silica content, 431 

rhyolitic eruptions can develop quickly most likely because they are associated with shallow 432 
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magma chambers [Wicks et al., 2011] that often exist at near-liquidus, hydrous magmatic 433 

conditions. Consequently, rhyolitic magmas may have lower viscosities than expected 434 

[Castro et al., 2013; Jay et al., 2014] and are, therefore, highly mobile. As a result, a detailed 435 

account of physical parameters, such as erupted mass, MFR, plume height, eruption 436 

duration constrained in this study (Table 1) in combination with total grain-size distribution 437 

[Bonadonna et al., 2015], and their variation with time is particularly important to forecast 438 

future eruptions and mitigate the associated risk. In addition, the eruptive dynamics of 439 

long-lasting small-moderate eruptions, such as that of Cordón Caulle, is complicated by the 440 

interaction with the variable atmospheric and source conditions, which make the 441 

characterization of the physical parameters and the classification of the eruption more 442 

challenging than for short powerful eruptive events. 443 

 444 

Eruption classification 445 

Due to its long-lasting character and the variation of eruptive parameters through time, the 446 

2011 Cordón Caulle eruption represents a typical example of an eruption that can be 447 

classified with different eruptive styles depending on the strategy used and the section of 448 

the deposit considered. The MFR versus height plot suggested by Bonadonna and Costa 449 

[2013] shows the transitional character from subplinian to small-moderate eruptions for 450 

the different eruptive phases, also confirmed by the Weibull parameters fitting the LL and 451 

Mdf trends. The classification of small-moderate eruptions based on the Mdf plot (Fig. 9), 452 

as opposed to transitional between small-moderate and subplinian, can be explained with 453 

Mdf values being slightly underestimated due to breakage of the most abundant variable-454 

density juvenile clasts, and the constant presence of a fine-grained subpopulation which 455 

tends to decrease the Mdf value [Bonadonna et al., 2015]. Conversely, the use of the 456 
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exponential parameters bt and bc/bt of Pyle [1989] is made complex by the presence of 457 

multiple segments in the log(thickness) vs. square root of isopach area diagram of layers A-458 

F and, therefore, multiple values.  459 

Finally, it is important to discuss the application of the VEI and Magnitude scale to 460 

long-lasting eruptions with different eruptive styles [e.g. Siebert et al. 2010]. VEI and 461 

Magnitude values vary depending on the eruptive phases considered in the calculation. If 462 

individual phases/layers are considered, VEI and Magnitude values range between 3 (K2) - 463 

4 (H) and 3.4 (K2) - 4.1 (H), respectively. However, if the cumulative tephra deposits of A-F 464 

or A-F+H+K2 are considered (i.e., June 4 and the period between June 4-15, 2011, 465 

respectively), a VEI 4-5 and Magnitude 4.6-4.8 are obtained, respectively. It is clear in this 466 

case that any correlation between VEI and eruption intensity (i.e., column height) implicit 467 

in the VEI formulation is not correct. Unfortunately, individual layers A to F could not be 468 

distinguished through the whole deposit and, therefore, associated volume could not be 469 

calculated. It is often the case that individual layers of long-lasting eruptions cannot be 470 

easily distinguished in the field and the volume of cumulative deposits represents the only 471 

available information. One should also bear in mind that VEI and Magnitude values of 472 

cumulative deposits of short- and long-lasting eruptions cannot be directly compared, 473 

above all when durations are significantly different (e.g. a few hours versus a few 474 

days/weeks/months). It is also important to consider that the VEI values calculated for 475 

Cordón Caulle do not include the volume of associated PDCs, even though in the original 476 

interpretation by Newhall and Self [1982], VEI should be based on the total volume of ejecta 477 

(i.e. both tephra and PDC material). 478 

 479 

Mass Flow Rate, erupted mass and eruption duration 480 
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The importance of the wind entrainment on the calculation of the MFR is shown in Fig. 6, with 481 

discrepancies with traditional strategies up to one order of magnitude (see also Fig. S4 of 482 

Supporting Information). Our results also show that, due to the interaction with variable 483 

atmospheric conditions, plumes with similar height could be associated with different MFR 484 

values. As an example, plumes developed on June 27-30 have similar heights, or even lower, 485 

than the plumes developed on June 22-26, but are characterized by higher MFR values (i.e. 486 

3.0-4.6x105 kg s-1 and 0.2-3.4x105 kg s-1, respectively; Fig. 5e and 6). Collini et al. [2013] also 487 

accounted for the effects of wind on plume rise but, for the period June 4-19, 2011, obtained 488 

lower values of average MFR (i.e. 1.7x106 kg s-1), and higher values of erupted mass (i.e. 489 

2.4x1012 kg). These values are nearly half of the average MFR derived from the analytical 490 

equation of Degruyter and Bonadonna [2012] for the June 4-19 period, i.e. 3.3x106 kg s-1, due 491 

to a different choice of plume-height values and model assumptions most likely related to the 492 

radial and wind entrainment coefficients. However, the total erupted mass of Collini et al. 493 

[2013] is larger than our values (i.e., 6.0±1.1x1011 kg, as averaged between empirical 494 

integration and inversion strategies) probably because the authors have assumed a daily 495 

constant MFR throughout the whole eruption. These discrepancies show the complexity and 496 

high uncertainty associated with the characterization of even recent and observed volcanic 497 

eruptions, confirming the importance of combining detailed field studies with modeling 498 

strategies. 499 

It is important to mention the complex application of inversion strategies to both layer 500 

A-B and A-F, which does not result in well constrained solutions even for the erupted mass 501 

(Fig. 4). Such a complexity cannot be related to the presence of a large mass of fine ash (the 502 

≥3 f fraction being smaller than ~15% of the total deposit), but is most likely due to the strong 503 

advection of the eruptive column and the combination of multiple thin layers indicative of a 504 
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long-lasting pulsating activity difficult to be captured by semi-analytical models such as 505 

TEPHRA2. Only well targeted inversion runs provide results in agreement in observations. The 506 

calculations of the erupted mass and MFR are in broad agreement with the observed duration 507 

of ~27 hours of Jay et al. [2014] and 24-30 hours of Pistolesi et al. [2015] (i.e. duration 508 

between 6-54 hours; Table 1). Conversely, if the erupted mass associated with the first phase 509 

(Unit I) is divided by the observed duration of ~27 hours, an average MFR of 4.6x106 kg s-1 is 510 

found. This is in agreement with the average of the minimum MFR values calculated with the 511 

analytical equation of Degruyter and Bonadonna [2012] for the first two days (i.e. 2.3x106 kg 512 

s-1). 513 

 514 

Wind effect on plume dynamics 515 

Deposit features associated with the first phase of the eruption (Unit I) suggest 516 

sedimentation from a plume strongly affected by wind advection. All maps describing the 517 

tephra deposits are strongly elongated, i.e. isopleth maps of both LL and Mdf (Figs 2 and 518 

3) and isomass maps of both total deposit and individual size categories (Supporting 519 

Information and Bonadonna et al. [2015]). It is interesting to note how even the 1.6-cm 520 

contour for both isopleth maps is elongated downwind (Fig. 2), indicating that both the 521 

rising plume and the umbrella cloud were significantly affected by the wind, as also visible 522 

from the satellite images (Fig. 5d). Bursik et al. [1992] and Volentik et al. [2010] have shown 523 

how the 1.6-cm clasts are transitional between sedimentation from plume margins and 524 

sedimentation from umbrella cloud for plume heights between 21 and 36 km (i.e. Fogo A 525 

(Azores) and Pululagua 2450BP (Ecuador)). Considering the significantly lower plume of the 526 

2011 Cordón Caulle eruption, we expect the 1.6-cm clasts to fall out before reaching the 527 

neutral buoyancy level. In case of vertical plume, the 1.6-cm contour should have been 528 



24 
 

concentric around the vent, as shown by the isopleths of vigorous plumes (e.g. Fogo A 529 

[Walker and Croasdale, 1971]; Novarupta 1912 [Fierstein and Hildreth, 1992]). In addition, 530 

all isopleth contours suggest a wind speed at tropopause of ~40 m s-1 as derived with the 531 

method of Carey and Sparks [1986]. However, ECMWF wind data show lower wind 532 

velocities at the tropopause (i.e. ~11 km above sea level) than derived from the model of 533 

Carey and Sparks [1986] for June 4-5 (i.e. 10-30 m s-1) and very strong winds for the June 534 

7-11 (30-80 m s-1) (Fig. 5). This is probably related to the fact that vertical velocity of Cordón 535 

Caulle plumes are lower than typical Plinian plume velocity considered in the model of 536 

Carey and Sparks [1986], and caution is called in applying the model for the deposits of this 537 

type of eruptions. 538 

Our results demonstrate that plume height is not always a good indicator of 539 

eruptive conditions at the vent as it is strongly controlled by the interaction with the 540 

surrounding atmosphere. The scaling parameter P incorporates these effects and can be 541 

used to discriminate between strong, transitional and weak plumes (Fig.7). This parameter 542 

is independent of the MFR as it is demonstrated by the occurrence of both transitional and 543 

weak plumes in the high- and low-MFR period (Figs 5, 6 and 7). A careful analysis of the 544 

influence of the wind on plume height has shown that wind is dominant in controlling the 545 

rise height over the buoyancy by a factor of 6-46 throughout the whole month of June, and 546 

by a factor of 6-8 during the first two days of the eruption (Unit I) (P of 0.16-0.02 and 0.16-547 

0-13, respectively; Fig. 7b and Supporting Information). This is particularly clear in the 548 

MODIS image of the first few hours of the eruption that show no-up-wind cloud spreading 549 

(Fig. 5d), and in the GOES images of the following hours, showing a very limited up-wind 550 

spreading with a stagnation point not farther than 5-10 km from the vent vertical (Fig. 10a). 551 

Wind, thus, has an important first-order effect on the plume height and needs to be 552 
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accounted for when it is being used to invert for eruption source parameters. This effect 553 

will be strongest for weak plumes, such as the ones produced during certain periods of the 554 

2010 Eyjafjallajökull and the 2011 Cordón Caulle eruptions (minimum P = 0.02 for both 555 

eruptions; Degruyter and Bonadonna, 2012), but can also be significant for transitional 556 

plumes. Examples of transitional plumes are those associated with certain periods of both 557 

the 2010 Eyjafjallajökull and the 2011 Cordón Caulle eruptions (maximum P = 0.18 and 558 

0.17, respectively; Degruyter and Bonadonna, 2012) and those of the Mount St. Helens 559 

1980 eruption (0.2 < P < 0.34; Carazzo et al., 2014; Degruyter and Bonadonna, 2012).  560 

SERNAGEOMIN reported numerous PDCs at the beginning of the eruption (at least 561 

five in the first two days), as well as at the onset of the (weaker) second eruptive period 562 

(after June 14). Between the 6 and 13 of June much fewer PDCs were reported (e.g. GVP, 563 

http://www.volcano.si.edu). Quantities involved in plume collapse, such as initial density 564 

difference, vent radius, exit velocity, and overpressure will affect this behavior [Valentine 565 

and Wohletz, 1989], but MFR calculations suggest fairly constant source conditions during 566 

this period. The June 6-13 period is characterized by particularly strong winds (Fig. 5e), 567 

which could increase the plume buoyancy due to entrainment of air by wind shear and limit 568 

the formation of PDCs [Degruyter and Bonadonna, 2013]. 569 

 570 

Cloud spreading 571 

Crosswind spreading of the clouds associated with the transitional plumes developed on 4 572 

and 6 June could be best described by the linear combination of gravitational spreading and 573 

turbulent diffusion with values of diffusion coefficients similar for both days (i.e. 9,000 m2 s-574 

1), that are significantly higher than those observed for low-energy bent-over plumes 575 

advected as lenses of aerosol and gas with nearly constant width (e.g., ~10 m2 s-1 for Mt 576 
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Augustine eruption, 3 April 1986; Sparks et al. [1997]; Bursik  [1998] but are in the range of 577 

observed horizontal diffusivity over brief time intervals (10-104 m2 s-1; [Heffter, 1965; Pasquill, 578 

1974]). Contrary to the 1996 Ruapehu eruption for which the deposit was wider than the 579 

cloud, both cloud spreading and deposit during the first couple of days of the Cordón Caulle 580 

eruption seem to be characterized by similar crosswind dispersal (Fig. 11). In addition, the 581 

Ruapehu clouds clearly spread at a similar velocity as the wind at the neutral buoyancy level 582 

[Bonadonna et al., 2005a], while the downwind velocity of the clouds developed during the 583 

Cordón Caulle eruption can be better described by a linear combination of gravitational 584 

spreading and wind advection. Discrepancies between calculated and observed values of 585 

downwind velocity are <15%, which are mostly within the uncertainty related to geometry 586 

assumptions (Fig. 12).  587 

In order to distinguish between passive transport by wind and gravitational spreading, 588 

Costa et al. [2013] defined the cloud Richardson number (Ri ≈ub
2/u2), whereby Ri < 0.25 589 

indicates a cloud spreading dominated by wind advection and for Ri > 1 the transport is 590 

density-driven. In the case of the Cordón Caulle eruption we find an average Ri ~0.01-0.05 on 591 

June 4 and ~0.003-0.01 on June 6, which would suggest only passive transport plays a role. 592 

However, our results suggest that the downwind velocity can be described by ub+u (Fig. 12). 593 

In this case, the fraction contributed by gravitational spreading is easily quantified by 594 

ub/(ub+u), which, in terms of Ri, becomes 1/(1+1/sqrt(Ri)). We find that the fraction of 595 

gravitational spreading contributes between 8-19% and 5-9% of the total spreading for June 596 

4 and 6, respectively. This suggests that gravitational spreading can be relevant for Ri down 597 

to 0.003, but that for low Ri it cannot be the only transport mechanism (i.e. complementary 598 

mechanisms being, for example, wind advection and turbulent diffusion). This explains, for 599 

example, why the crosswind spreading can be described by a linear combination of 600 
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gravitational spreading and turbulent diffusion and not by gravitational spreading only (Fig. 601 

11). The decrease with distance from vent of the relative contribution of the gravitational 602 

spreading to the total cloud spreading cannot be appreciated at the range of observed 603 

distances (150-300 km and 600-950 km for June 4 and 6), as it remains constant between 49-604 

71% and 40-50% associated with minimum and maximum volumetric flow rate of June 4 and 605 

6, respectively (standard deviation <2%). 606 

We suggest that, even for low Richardson number and low MFR, cloud downwind 607 

velocity of the Cordón Caulle eruption was characterized by an important gravitational 608 

component at least during the first few days (June 4-6) and the crosswind spreading (i.e. cloud 609 

width) can be described by a linear combination of both gravitational spreading and turbulent 610 

diffusion, with diffusion coefficients that are more consistent with observations (i.e. ~9,000 611 

m2 s-1) (Figs. 11 and 12). This suggests that gravitational spreading, already shown to be crucial 612 

to cloud development of strong plumes (e.g. Mt St Helens 1980, Bonadonna and Phillips 613 

[2003]; Pinatubo 1991, Costa et al. [2013]; Plinian supereruption at Yellowstone volcano; 614 

Mastin et al. [2014]), seems to describe also medial-to-distal spreading (100-1000 km) of 615 

plumes characterized by relatively low MFR (106-107 kg s-1).  616 

 617 

6. Conclusions 618 

Based on our detailed field campaigns and analytical studies we can conclude that: 619 

1) The 2011 Cordón Caulle eruption started on June 4 and was characterized by a ~1-day-long 620 

climactic phase associated with a ~9-12 km high plume (above vent) and a peak MFR of 621 

~107 kg s-1 (June 4-5; Units I; average MFR of  ~7x106 kg s-1). For the following 10 days MFR 622 

largely fluctuated but was always >106 kg s-1 (June 5-14; Units II, III and IV; average MFR of 623 

3x106 kg s-1), while the second half of June was characterized by MFR <106 kg s-1 (June 15-624 
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30; average of 2x105 kg s-1). Average MFR between June 4 and 30 is 2x106 kg s-1. The activity 625 

after June 30 was characterized by a several-month long period of low-intensity plumes. 626 

Only the first plume on June 4 could be classified as subplinian, while the rest of the 627 

eruption could be defined as small-moderate based on MFR, Mdf and LL plots.  628 

2) The height of plumes is clearly controlled by their interaction with the atmosphere, and, 629 

therefore, cannot be used as the sole indicator of eruptive conditions at the vent. The 630 

scaling parameter P helps discriminate between strong (P>10), transitional (0.1< P <10) 631 

and weak plumes (P<0.1). Nonetheless, the boundary values of 0.01 and 10 are to be 632 

considered as comparative more than absolute, as the calculation of P strongly depends 633 

on the choice of entrainment coefficients. 634 

3) Some of the plumes generated during the 2011 Cordón Caulle eruption, and, in particular, 635 

those of the climactic phase (i.e., June 4-5), exhibit transitional features between strong- 636 

and weak-plume dynamics with the timescale for wind entrainment term being about 6-8 637 

times faster than the timescale for plume rise in a wind-still environment (i.e. P=0.1-0.2). 638 

The periods of June 7-12, 14-19 and 23-30 were associated with weak plumes (i.e. P=0.02-639 

0.1). 640 

4) As shown by satellite images, the sustained plume associated with the first few days of the 641 

Cordón Caulle eruption was associated with a series of discrete pulses, which is typical of 642 

long-lasting eruptions. Individual pulses could produce puffs with variable height above 643 

the ground, which can increase the uncertainty in plume-height detection (e.g. June 4, 644 

2011). 645 

5) The VEI and Magnitude scale should be used with caution for long-lasting eruptions and 646 

associated values depend on the number of phases considered. Individual layers (i.e., H 647 

and K2) range between VEI 3-4, while the cumulative deposit associated with June 4-7, 648 
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2011 period of the Cordón Caulle eruption can be classified with a VEI 4-5 and a minimum 649 

magnitude of 4.8 (including A-F, H and K2 layers; i.e., total mass/volume of 6.0±1.1x1011 650 

kg/1.1±0.2 km3). 651 

6) Crosswind cloud velocity of June 4 (between 160-270 km from vent), June 6 (NE cloud) and 652 

June 6 (SE cloud) (between 580-950 km from vent) is between 6-10 m s-1, 1-2 m s-1 and 0-653 

1 m s-1, respectively. Downwind cloud velocity of June 4 and 6 (NE cloud) is between 35-45 654 

and 17-21 m s-1, respectively.  655 

7) Cloud spreading associated with transitional plumes, such as those of June 4 and 6, can be 656 

described as a combination of gravitational intrusion, turbulent diffusion and wind 657 

advection. In particular, crosswind spreading for both days can be best described by a 658 

linear combination of gravitational spreading and turbulent diffusion with diffusion 659 

coefficients in the range of expected values for diffusivity (i.e. 9,000 m2 s-1); relative 660 

contribution is 49-71% and 40-50% for June 4 and 6, respectively, with no significant 661 

variation with distance from vent. Downwind spreading can be described by a linear 662 

combination of gravitational spreading and wind advection, with a relative contribution 663 

between 8-19% and 5-9% of total spreading for the two days, respectively. 664 

8) Our results indicate how the contribution of gravitational spreading can be significant even 665 

for small-moderate eruptions characterized by transitional plumes strongly advected by 666 

wind and associated with low Richardson number (e.g., 0.003-0.05) and relatively low MFR 667 

(e.g., 106-107 kg s-1); in the case of the first few days of the Cordón Caulle eruption such a 668 

contribution is relevant even in medial-to-distal regions (100-1000 km from vent).  669 

9) Detailed stratigraphic studies need to be combined with multiple modelling approaches in 670 

order to best characterize complex volcanic activity, such as long-lasting eruptions 671 

characterized by variable styles and interaction with the surrounding atmosphere. 672 
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Figure captions 853 

Fig. 1 Volcanic plumes associated with the 2011 eruption of Cordón Caulle: a) June 4, plume height 854 
of ~9-12 km above the vent (also showing pyroclastic density currents), b) and c) June 13, plume 855 
height of ~7-9 km above the vent (a- http://www.emol.com/noticias/ 856 
internacional/2011/06/15/487543/miles-de-pasajeros-atrapados-en-nueva-zelanda-y-australia-por-857 
ceniza-del-volcan-puyehue.html; b- http://imagenesfotos.com/fotos-del-volcan-puyehue/  and c- 858 
http://www.flickr.com/photos/pentadragon/). 859 

Fig. 2 Isopleth map (in cm) of the largest lithics (LL) for Unit I (layers A-F) based on: a) the geometric 860 
mean of the 5 largest clasts; b) the 50th percentile of a 20-clast population.  861 

Fig. 3 Mdf map for Unit I (cumulative layer A-F) (units in f).  862 

Fig. 4 Plot of Log(erupted mass) vs. plume height (km) (above sea level) showing the minimum 863 
values of the goodness-of-fit measure (Root Mean Square Error, RMSE; kg/m2) for the tephra deposit 864 
associated with: a) layer A-B, b) layer A-F and c) layer A-F (coarse fraction: -5 to 3f). Erupted mass 865 
was varied between 108 and 1013 kg with 0.2-log(mass) increments and the plume height was varied 866 
between 6 and 22 km with 2-km-height increments. Resulting values were interpolated to produce 867 
2D RMSE. A scale of RMSE is also shown, with dark blue indicating the minimum values (i.e. best fit). 868 
Vertical dashed lines indicate the interval of erupted mass as obtained from empirical integrations 869 
(Table 1), while horizontal dashed lines indicate the range of observed plume heights (Supporting 870 
Information). Erupted mass of the coarse fraction of layer A-F is calculated as 85% of total mass from 871 
grain-size analysis of Bonadonna et al. [2015]. 872 

Fig. 5 Examples of plumes taken from the Futangue stationary camera on June 13, 14 and 20, 2011 873 
a) to c) and d) Moderate Resolution Imaging Spectroradiometer (MODIS) image of the Aqua satellite 874 
captured shortly after the beginning of the eruption on June 4 875 
(http://www.earthobservatory.nasa.gov/NaturalHazards/event.php?id=50859).  876 

e) Variation with time (June 4-30, 2011) of plume height above sea level (from GVP) and wind speed 877 
(ECMWF). Vertical and horizontal error bars indicate the uncertainty associated with the detection 878 
of plume height and with the timing of plume height detection as reported by Collini et al. [2013] 879 
and GVP, respectively. Horizontal dashed line in plot (e) is vent height. 880 

Fig. 6 Variation with time (June 4-30, 2011) of MFR as determined based on the equation of 881 
Degruyter and Bonadonna [2012] (eq. 1 in main text). Blue rectangles indicate the variation range of 882 
MFR associated with uncertainty on plume height and atmospheric conditions as shown in Fig. 5 883 
(radial entrainment, wind entrainment and eruption temperature were fixed to 0.1, 0.5 and 894 °C, 884 
respectively). White rectangles indicate the variation range of MFR including all sources of 885 
uncertainty (i.e. using extreme values for height, atmospheric profiles, entrainment rates and source 886 
temperature; see text for details). Black circles indicate the log average of the minimum and 887 
maximum value of the blue rectangles.  Horizontal blue line indicates MFR of 106 kg s-1. 888 

Fig. 7 a) Simplified sketch illustrating strong, transitional and weak plumes based on the scaling 889 
parameter P and b) variation of P with time as determined with the equation of Degruyter and 890 
Bonadonna [2012] (eq. 2 in main text). See caption of Fig. 6 for descriptions of symbols. Horizontal 891 
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dashed blue lines indicate fields of strong (P>10), transitional (0.1<P<10) and weak plumes (P<0.1), 892 
respectively. Vertical blue line indicates the transition between the periods characterized by MFR > 893 
and < of 106 kg s-1. 894 

Fig. 8. Classification of the Cordón Caulle eruption based on the plume height versus MFR plot of 895 
Bonadonna and Costa [2013] showing a combination of subplinian (blue star; June 4, 2011) and 896 
small-moderate plumes (yellow stars; June 5-30, 2011) of the Cordón Caulle eruption. Plume height 897 
is indicated as average of observations above the vent (km) and MFR is calculated based on the 898 
model of Degruyter and Bonadonna [2012] (black circles in Fig. 6). All MFR estimates are within a 899 
factor 10 (red solid lines) from the Mastin et al. [2009] estimates (red squares). The horizontal and 900 
vertical error bars on the red squares indicate a typical 20% error on the calculation of plume height 901 
and a typical MFR spreading of a factor 4 as indicated by Mastin et al. [2009], respectively.  902 

Fig. 9. Classification of the Unit I (A-F cumulative layer; black squares) based on the Weibull fit for: a) 903 
thinning versus largest clast trend (lth and lLL) and b) thinning versus Mdf trend (lth and lMdf) 904 
(adjusted from Bonadonna and Costa [2013]). Red, black, green and blue solid lines represent 905 
theoretical lines for Ht of 41, 24, 14 and 10 km based on the empirical equations of lLL and lMdf 906 
versus plume height for plot a) and b) respectively. Dashed lines indicate a 20% error in the 907 
calculation of plume height. Error bars of 30, 50 and 40% are also shown for the estimation of lth, 908 
lLL/lth, and lMdf/lth respectively (as taken from Bonadonna and Costa [2013]). Examples of Plinian to 909 
Ultraplinian (i.e. Taupo, Hatepe, Tarawera, Cotopaxi Layer 3, Cotopaxi Layer 5, Pululagua) and 910 
subplinian to small-moderate eruptions (i.e. Vesuvius 512, Averno A1 to A6, Boqueron C) are also 911 
shown (orange circles; see Bonadonna and Costa [2013] for more details). 912 

Fig. 10 Downwind and crosswind extension of the volcanic clouds developed on a) June 4, 2011 and 913 
b) June 6, 2011  as observed from the GOES satellite images for the time interval 18:45-20:15 UTC 914 
and 12:45-19:45 UTC respectively (total measurement uncertainty includes pixel size of these GOES 915 
images, i.e. ~2 km, and definition of cloud boundaries, i.e. ~5km).  On June 6 two distinct clouds 916 
developed: one moving towards NE and one moving towards SE. 917 

Fig. 11 Variation of downwind distance from vent versus width for: i) volcanic clouds developed on 918 
both June 4 and 6 (NE cloud) as observed from satellite images (violet and red squares, respectively; 919 
from Fig. 10) and ii) 1 kg m-2 isoline of Unit I (blue diamonds; Supporting Information) described as: 920 

 a) gravitational spreading plus turbulent diffusion (for a best-fit diffusion coefficient of 9,000 m2 s-1). 921 
Dashed and solid lines are associated with minimum and maximum values of volumetric flow rate 922 
(Q) at the neutral buoyancy level, respectively, related to variable plume height and atmospheric 923 
conditions, i.e. 0.5-4.3x109 m3 s-1 (for the June 4 event) and 3.5-8.6x108 m3 s-1 (for the June 6 event) 924 
(as calculated with the model of Degruyter and Bonadonna [2012]); 925 

b) turbulent diffusion (eq. 5) for best-fit diffusion coefficients K (m2 s-1) and wind velocity u (m s-1) 926 
averaged between neutral buoyancy level and total plume height and between the volcano location 927 
and the maximum extension of the observed cloud for June 4 and June 6 (indicated next to best-fit 928 
lines); for simplicity, an average wind velocity of 29 m s-1 for minimum and maximum plume height 929 
of June 4th was considered;  930 
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c) gravitational spreading (eq. 4 considering l=0.8 and N=0.01 s-1; see Bonadonna and Phillips [2003] 931 
for more details). Vertical bars indicate a 20% uncertainty on the calculated width in relation to the 932 
cloud geometry (see Bonadonna and Phillips [2003] for more details). 933 

Fig. 12 Variation of spreading velocity in the downwind (blue diamonds) and crosswind (red squares) 934 
directions at various distances from vent for: a) June 4, 2011 (observations between 18:45 and 20:15 935 
UTC) and b) June 6, 2011 (observations between 12:45 and 19:45 UTC). Solid and dashed lines 936 
indicate the wind velocity u (m s-1) at each distance from vent for minimum and maximum plume 937 
height (see Fig. 5 and Supporting Information for plume height data; only one height observation is 938 
available for June 6). Wind data are averaged between the neutral buoyancy level and total plume 939 
height for each cloud position. Circles and triangles indicate respectively the spreading velocity due 940 
to buoyancy (ub, as calculated for minimum and maximum values of Q from eq. 6 considering l=0.8 941 
and N=0.01 s-1) and the downwind velocity calculated as a combination between ub and u. Q values 942 
used in eq. 6 are described in caption of Fig. 11. Vertical bars indicate the uncertainty associated 943 
with the observed velocity derived from an average cumulative error of ±7km on the downwind and 944 
crosswind lengths (see Fig. 10 for more details). A 25% uncertainty on the calculated minimum and 945 
maximum cloud-spreading velocity due to buoyancy (ub) is also shown (as estimated by Bonadonna 946 
and Phillips [2003] in relation to the cloud geometry). 947 
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Fig. 3 Mdφ map for Unit I (cumulative layer A-F) (units in φ).  
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e) Variation with time (June 4-30, 2011) of plume height 

(ECMWF). Vertical and horizontal error bars indicate the uncertainty associated with the detection of 

plume height and with the timing of plume height detection

GVP, respectively. Horizontal dashed line in

of plumes taken from the Futangue stationary camera on June 13, 14 and 20, 2011

Moderate Resolution Imaging Spectroradiometer (MODIS) image of the

beginning of the eruption on June 4 

http://www.earthobservatory.nasa.gov/NaturalHazards/event.php?id=50859).  

30, 2011) of plume height above sea level (from GVP) and w

orizontal error bars indicate the uncertainty associated with the detection of 

with the timing of plume height detection as reported by Collini et al.

. Horizontal dashed line in plot (e) is vent height. 

 

Futangue stationary camera on June 13, 14 and 20, 2011 (a 

) image of the Aqua satellite 

 

(from GVP) and wind speed 

orizontal error bars indicate the uncertainty associated with the detection of 

Collini et al. [2013] and 



 

Fig. 6 Variation with time (June 4-30, 2011) of MFR as determined based on the equation of 

Degruyter and Bonadonna [2012] (eq. 1 in main text). Blue rectangles indicate the variation range of 

MFR associated with uncertainty on plume height and atmospheric conditions as shown in Fig. 5 

(radial entrainment, wind entrainment and eruption temperature were fixed to 0.1, 0.5 and 894 °C, 

respectively). White rectangles indicate the variation range of MFR including all sources of 

uncertainty (i.e. using extreme values for height, atmospheric profiles, entrainment rates and source 

temperature; see text for details). Black circles indicate the log average of the minimum and 

maximum value of the blue rectangles.  Horizontal blue line indicates MFR of 10
6
 kg s

-1
. 

 

 



 

Fig. 7 a) Simplified sketch illustrating strong, transitional and weak plumes based on the scaling 

parameter Π and b) variation of Π with time as determined with the equation of Degruyter and 

Bonadonna [2012] (eq. 2 in main text). See caption of Fig. 6 for descriptions of symbols. Horizontal 

dashed blue lines indicate fields of strong (Π>10), transitional (0.1<Π<10) and weak plumes (Π<0.1), 

respectively. Vertical blue line indicates the transition between the periods characterized by MFR > 

and < of 10
6
 kg s

-1
. 

 



 

 

Fig. 8. Classification of the Cordón Caulle eruption based on the plume height versus MFR plot of 

Bonadonna and Costa [2013] showing a combination of subplinian (blue star; June 4, 2011) and 

small-moderate plumes (yellow stars; June 5-30, 2011) of the Cordón Caulle eruption. Plume height is 

indicated as average of observations above the vent (km) and MFR is calculated based on the model 

of Degruyter and Bonadonna [2012] (black circles in Fig. 6). All MFR estimates are within a factor 10 

(red solid lines) from the Mastin et al. [2009] estimates (red squares). The horizontal and vertical 

error bars on the red squares indicate a typical 20% error on the calculation of plume height and a 

typical MFR spreading of a factor 4 as indicated by Mastin et al. [2009], respectively.  

  



 

Fig. 9. Classification of the Unit I (A-F cumulative layer; black squares) based on the Weibull fit for: a) 

thinning versus largest clast trend (λth and λLL) and b) thinning versus Mdφ trend (λth and λMdφ) 

(adjusted from Bonadonna and Costa [2013]). Red, black, green and blue solid lines represent 

theoretical lines for Ht of 41, 24, 14 and 10 km based on the empirical equations of λLL and λMdφ 

versus plume height for plot a) and b) respectively. Dashed lines indicate a 20% error in the 

calculation of plume height. Error bars of 30, 50 and 40% are also shown for the estimation of λth, 

λLL/λth, and λMdφ/λth respectively (as taken from Bonadonna and Costa [2013]). Examples of Plinian to 

Ultraplinian (i.e. Taupo, Hatepe, Tarawera, Cotopaxi Layer 3, Cotopaxi Layer 5, Pululagua) and 

subplinian to small-moderate eruptions (i.e. Vesuvius 512, Averno A1 to A6, Boqueron C) are also 

shown (orange circles; see Bonadonna and Costa [2013] for more details). 

  



 

 

 

Fig. 10 Downwind and crosswind extension of the volcanic clouds developed on a) June 4, 2011 and 

b) June 6, 2011  as observed from the GOES satellite images for the time interval 18:45-20:15 UTC 

and 12:45-19:45 UTC respectively (total measurement uncertainty includes pixel size of these GOES 

images, i.e. ∼2 km, and definition of cloud boundaries, i.e. ∼5km).  On June 6 two distinct clouds 

developed: one moving towards NE and one moving towards SE. 

  



 

Fig. 11 Variation of downwind distance from vent versus width for: i) volcanic clouds developed on 

both June 4 and 6 (NE cloud) as observed from satellite images (violet and red squares, respectively; 

from Fig. 10) and ii) 1 kg m
-2

 isoline of Unit I (blue diamonds; Supporting Information) described as: 

 a) gravitational spreading plus turbulent diffusion (for a best-fit diffusion coefficient of 9,000 m
2
 s

-1
). 

Dashed and solid lines are associated with minimum and maximum values of volumetric flow rate (Q) 

at the neutral buoyancy level, respectively, related to variable plume height and atmospheric 

conditions, i.e. 0.5-4.3x10
9
 m

3 
s

-1
 (for the June 4 event) and 3.5-8.6x10

8
 m

3 
s

-1
 (for the June 6 event) 

(as calculated with the model of Degruyter and Bonadonna [2012]); 

b) turbulent diffusion (eq. 5) for best-fit diffusion coefficients K (m
2
 s

-1
) and wind velocity u (m s

-1
) 

averaged between neutral buoyancy level and total plume height and between the volcano location 

and the maximum extension of the observed cloud for June 4
 
and June 6 (indicated next to best-fit 

lines); for simplicity, an average wind velocity of 29 m s
-1

 for minimum and maximum plume height of 

June 4
th

 was considered;  

c) gravitational spreading (eq. 4 considering λ=0.8 and N=0.01 s
-1

; see Bonadonna and Phillips [2003] 

for more details). Vertical bars indicate a 20% uncertainty on the calculated width in relation to the 

cloud geometry (see Bonadonna and Phillips [2003] for more details). 



 

 

Fig. 12 Variation of spreading velocity in the downwind (blue diamonds) and crosswind (red squares) 

directions at various distances from vent for: a) June 4, 2011 (observations between 18:45 and 20:15 

UTC) and b) June 6, 2011 (observations between 12:45 and 19:45 UTC). Solid and dashed lines 

indicate the wind velocity u (m s
-1

) at each distance from vent for minimum and maximum plume 

height (see Fig. 5 and Supporting Information for plume height data; only one height observation is 

available for June 6). Wind data are averaged between the neutral buoyancy level and total plume 

height for each cloud position. Circles and triangles indicate respectively the spreading velocity due 

to buoyancy (ub, as calculated for minimum and maximum values of Q from eq. 6 considering λ=0.8 

and N=0.01 s
-1

) and the downwind velocity calculated as a combination between ub and u. Q values 

used in eq. 6 are described in caption of Fig. 11. Vertical bars indicate the uncertainty associated with 

the observed velocity derived from an average cumulative error of ±7km on the downwind and 

crosswind lengths (see Fig. 10 for more details). A 25% uncertainty on the calculated minimum and 

maximum cloud-spreading velocity due to buoyancy (ub) is also shown (as estimated by Bonadonna 

and Phillips [2003] in relation to the cloud geometry). 
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