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Abstract. One of the most common phenomenon at Volcán de Colima is the annual development of lahars that 6 
runs mainly through the southern ravines of the edifice. Since 2011 the study and the monitoring of these flows 7 
and of the associated rainfall has been achieved by means of an instrumented station located in Montegrande 8 
ravine, together with the systematic surveying of cross topographic profiles of the main channel. From these, 9 
we present the comparison of the morphological changes experimented by this ravine during the 2013, 2014, 10 
and 2015 rainy seasons. A total of 11 lahars occurred during this period of time, and their erosion/deposition 11 
effects were quantified by means of the cross-section areas determined from the profiles taken at the beginning 12 
and at the end of the rainy seasons and before and after the major lahar event of 11 June 2013. From the data 13 
compiled in these surveys, we identified two main zones: i) an erosive zone between 2100–1950 m a.s.l., 8° in 14 
slope, with progressive channel bed deepening and/or widening, and with an annual erosional rate of 10.3% 15 
due mainly to the narrowness of the channel and its high slope angle and, ii) an erosive-depositional zone, 16 
between 1900–1700 m a.s.l., (~8% erosion and ~16% deposition), due to a wider channel and that decreases in 17 
slope angle (4°). These observations were confirmed by simulating with the FLO-2D code a flow with a 18 
hydrograph similar to the 11 June 2013 lahar, the largest event observed during the investigated period. Based 19 
on these observations, the major factors controlling the erosion/deposition rates are the channel-bed slope, the 20 
cross section width and the joint effect of sediment availability and accumulated rainfall. On the distal reach of 21 
the ravine, the erosion or deposition processes tends to be promoted preferentially one over the other depending 22 
mostly upon the width of the active channel. Only for extraordinary rainfall events, lahars are mostly erosive 23 
all along the ravine up to the distal fan where deposition take place. Finally, by comparing rainfalls associated 24 
to lahars originated after the last main eruptive episode that occurred in 2004-2005, we observed that higher 25 
accumulated rainfalls were needed to trigger lahars in 2013 and 2014 seasons, which point to a progressive 26 
stabilization of the volcano slope during a post eruptive period. These results can be used as a tool to foresee 27 
the effects of future laharic events in Volcán de Colima and to improve the input parameters for the modelling 28 
of these flows, in order to better constrain the hazard zonation for lahars in this volcano. 29 

 30 

1 Introduction 31 

Lahars are concentrated mixtures of debris, sediment, and water that move rapidly down volcanic slopes under 32 
gravity (Smith and Fritz, 1989). According to their water-sediment rate, they can be defined as 33 
hyperconcentrated flows, between 20–60% by volume (Beverage and Culbertson, 1964), and extremely coarse 34 
sediment-rich debris flows with sediment concentration > 60% by volume (Costa, 1984, 1987; Pierson and 35 
Costa, 1987). However, as described by Pierson (2005), flow behavior will be strongly controlled by grain-size 36 
distribution, sediment-transport mechanisms, and their hydrodynamic characteristics. Flow volume and 37 
discharge can increase by several times downstream due to the entrainment of sediment and water (Vallance, 38 
2000; Scott et al., 2005). Nonetheless, whether if it is a hyperconcentrated or a debris flow, or the evolution of 39 
both during the same event, the formation of lahars depends upon the availability of easily erodible sediments 40 
from the channel bed or lateral terraces, to bulk-up the flow (Scott, 1988; Pierson, 1995; Scott et al., 2005). 41 
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Also, additional volume changes can occur by dilution due to tributary streamflows, overrunning active stream 42 
channels or entrainment of water-saturated sediments (Pierson and Scott, 1985; Costa, 1987; Cronin et al., 43 
1999). All of these flow changes are controlling the capacity of lahars to modify the morphology of the channels 44 
were they flow, as observed in several studies (Muñoz-Salinas et al., 2008, 2009; Doyle et al., 2011; Starheim 45 
et al., 2013; Andrés de Pablo et al., 2014), not only in volcanic environments, but also in mountainous regions 46 
in the form of debris flows, where the role that play the slope, the sediment availability, rainfall distribution and 47 
flow dynamics, among other parameters, has been long studied in these environments (e.g. Coe et al., 2008; 48 
Guthrie et al., 2010; Berger et al., 2011; Abancó and Hürlimann, 2014; Theule et al., 2015), and has served to 49 
extrapolate these findings to the volcanic conditions. 50 

Previous studies found that the highest erosion rates in river basins (105-106 m3km-2yr-1) correspond to active 51 
volcanoes under humid climate (Milliman and Syvitski, 1992; Walling and Webb, 1996; Major et al., 2000). 52 
As observed by Lavigne (2004), on these types of volcanoes, the efficiency of erosion is a consequence of rain-53 
triggered lahars that develops during the rainy season, converting the estimation of sediment yield and erosion 54 
rate a very difficult task to achieve (Lavigne, 2004; Procter et al., 2010; Pierson et al., 2011; Thouret et al., 55 
2014). However, several studies have been realized in order to analyze the erosional and depositional processes 56 
of active channels on volcanic environments along with the factors that controls them (Major et al., 2000; 57 
Lavigne, 2004; Berger et al., 2011; Pierson et al., 2011; Starheim et al., 2013; Thouret et al., 2014). Based on 58 
these studies, main factors affecting erosion and depositional rates are: the amount of rainfalls and volume of 59 
sediments available, the hydrologic characteristics of the stream-bottom deposits, flow depth, bed-slope 60 
gradient and the morphology of the channel (Mizuyama and Kobashi, 1996; Fagents and Baloga, 2006; Berger 61 
et al., 2011; Okano et al., 2012; Thouret et al., 2014). Moreover, a number of studies address the issue of 62 
identifying governing factors of debris flow entrainment and most of them have been carried out in laboratory 63 
(Mangeney et al., 2010; Iverson et al., 2011) or in mountain environments (e.g. Chen et al. 2005; Hungr et al. 64 
2005; Guthrie et al., 2010; Berger et al., 2011; McCoy et al., 2012; Abancó and Hürlimann, 2014; Theule et al. 65 
2015). These latter studies show large scattered results, which suggests that mechanisms governing the 66 
entrainment are complex and depend from site and flow characteristics. However, sediment availability and 67 
channel shape appear to be the most important parameters governing debris flow entrainment. 68 

At Volcán de Colima, one of the most active volcanoes in México, the annual occurrence of lahars during the 69 
rainy season is a common feature that has allowed to study the development and dynamics of these flows. Since 70 
2011, the formation and evolution of lahars were monitored along the Montegrande ravine, a gorge located in 71 
the southern slope of the volcano, and one of the most actives in laharic activity. The real-time monitoring of 72 
these phenomena has been conducted by means of a monitoring station located at 2000 m a.s.l. (for a detailed 73 
description of the equipment see Vázquez et al., 2014, 2016), along with topographic profiles and field data 74 
obtained during the 2013–2014 seasons. From these data, it was possible to analyse and describe the annual 75 
sediment and erosion balance on selected sites, and the factors that mostly control the erosion-deposition 76 
processes. No important volcanic activity producing pyroclastic flow deposits on the volcano slope was reported 77 
for this period, fact that could have altered the annual sedimentation rate. The results presented here can 78 
contribute to better define lahars mitigation strategies and hazard assessment, and to determine the most suitable 79 
sites for lahar monitoring and better understand lahars behavior at Volcán de Colima. 80 

2 Morphological features of Montegrande ravine 81 

Volcán de Colima is an almost perfect cone-shaped stratovolcano, and has a slope that varies between 40°–35° 82 
from the summit at 3840 m a.s.l., and decreases to < 10° towards its base (Capra et al., 2010) at ~ 1600 m a.s.l. 83 
(Fig. 1). The ravines where lahars develop annually are located in the southeastern and southwestern sector of 84 
the edifice. In this paper we will focus on Montegrande ravine which is one of the most actives ravines in 85 
forming lahars (Fig. 1), and has been being monitored since 2011 (Vázquez et al., 2014, 2016).  86 
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The Montegrande ravine begins where two main gullies connect at the main break in slope of the cone (from 87 
30 to ~20°), at approximately 2400 m a.s.l. (e.g. the proximal zone, Fig. 1-I a, b, and II); after this, the ravine 88 
extents for ~6.5 km long, comprising the intermediate zone, from ~2300 to 1900 m a.s.l., where the slope 89 
decreases to ~8° (Fig. 1-I c, d, e, f, and II), and the distal zone located from 1900 to 1600 m a.s.l. at the mouth 90 
of the ravine, where the main channel opens to a wide fan where the slope decreases to ~2° (Fig. 1-I g, h, and 91 
II) and lahars discharge all their loads (Fig. 1h). The ravine formed by the erosion of Holocene debris avalanche 92 
deposits, and pyroclastic flow deposits (PFD) from the 1913 plinian eruption, with vertical walls up to 20 m in 93 
height and up to 70 m in width (e.g. Fig. 1a and b). The active channel is highly variable in width, from 20 m 94 
to very narrow sections of ~3 m (Fig. 1c, d, e, f, and g) and is flanked by few meter-high of historic laharic 95 
terraces (e.g. Fig. 1c). In addition, the ravine presents a complex morphology downwards, showing in some 96 
places straight paths, and in others tight turns of around 60°–20° (Fig. 1-I). Where the ravine ends, the power 97 
lines of Comisión Federal de Electricidad (CFE), the National Power Company, crosses the entire width of the 98 
fan (Fig. 1-I), and because of this, during the lahar season they are prone to be damaged, as occurred in previous 99 
years (Davila et al., 2007). 100 

The Montegrande ravine is an ephemeral stream channel. When the rainy season begins (in June for this region, 101 
Davila et al., 2007; Capra et al., 2010), and lahars start to flow down, the morphology of the main channel and 102 
the terraces that flanks it evolves markedly (Figs. 2a and b). Meanwhile, during the dry season, the main channel 103 
is filled up by wood debris and small failures from the banks (Fig. 2c).  104 

3 Methodology 105 

The study of the morphological changes suffered by Montegrande ravine during the 2013-2015 seasons 106 
associated to the laharic activity was carried out by taking topographic profiles perpendicular to the flow path 107 
in selected sites (e.g. Fig. 2d) and by monitoring rainfall trends in the basin. Five checkpoints were selected and 108 
their respective topographic profiles were taken on 11 and 12 June, 30 July, and 11 October of 2013, on 12 109 
September 2014, and on 18 March 2015. These sites are numbered from MG_01 to MG_05, starting from the 110 
monitoring site at ~2000 m a.s.l. within the intermediate zone (Fig. 1-I c, and II), up to the mouth of the ravine 111 
in the distal zone (Fig. 1-I). In addition, we also take into account two profiles within the portion of the 112 
monitoring site named MG_T-P1 and MG_T-P2. All profiles were taken and are presented here, looking upflow 113 
(i.e. towards the volcano crater, Fig. 2d).  114 

For the topographic surveys, we used a laser distance-meter and for each site, reference pictures and GPS points 115 
were taken (e.g. Fig. 2d). We also leave marks on trees, walls or big clasts (>1.5 m in diameter) (Fig. 2d), in 116 
order to easily identify the sites during the field campaigns, and to use them as control marks for comparing the 117 
topographic profiles between each campaign. A HOBO RG3 water station with a rain gauge sensor of 0.2 mm 118 
resolution, and sampling within one minute intervals (Capra et al., 2010; Vázquez et al., 2016), installed at the 119 
monitoring site (Fig. 1-I c, and II), was used to monitor the rainfall events that triggered the lahars at 120 
Montegrande ravine. 121 

Morphological changes are here compared based on the results of topographic surveys. We analyze and classify 122 
the flows that occurred during the 2013-2015 seasons (Table I) following the methodology described in 123 
Vázquez et al. (2016), which is based on monitoring data gathered at Montegrande monitoring site and identifies 124 
single-pulse events (SPE), and multi-pulse events (MPE). The SPEs are characterized by a flow that lasts 1-1.5 125 
hrs and develops a single-front enriched in blocks (FEB), followed by diluted surges (DSs); whereas the MPEs 126 
present more than one FEB interspersed by a sustained flow showing changes in flow discharges (DSs) and 127 
lasts up to 3 hrs, ending with a prolonged streamflow.   128 

Only for the 11 June 2013 lahar, topographic surveys were performed the day before and after the event. In the 129 
other cases, profiles are mostly taking into account the annual season of lahars (Table I). For example, between 130 
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the field campaign of 30 July 2013, two lahars formed; after this and until the next field campaign on 11 October, 131 
just one lahar took place (see Table I). During the 2014 season, 7 lahars developed until the field campaign on 132 
12 September; and between these surveys and the survey taken on 18 March 2015, the only lahar developed 133 
was on 17 March 2015 (Table I). Thus, the morphological changes described in the following sections are 134 
related to the beginning and at the end of these seasons. 135 

To quantify the erosion/deposition rates, for each section, a discrete areal value was computed and used to 136 
calculate it (e.g. Fig. 3a and b), after a SPE (such as the 11 June 2013, Figs. 3c, d, and 4) and seasonally (Fig. 137 
5), in order to estimate the 2013 and 2014 annual balances (e.g. Fig. 6). For each checkpoint, the topographic 138 
profiles are superimposed to observe qualitatively channel variation in depth and width during the 2013-2015 139 
seasons (Fig. 5). To do so, the topographic profiles were embedded in a rectangle of a known area (Fig. 3a and 140 
b), and the rates E (erosion) and D (deposition), were determined according to the following statements (Fig. 141 
3a and b): 142 
 143 

1) During Date t1, and Date t2, for the same site: x = x’ and y = y’, hence:  144 
AT = x * y = 100 % 145 

2) During Date  t1, A1+A2 = AT = 100 %; also, during Date t2, A3+A4 = AT, hence: 146 
A1+A2 = A3+ A4 = 100 % 147 

3) There will be erosion (E), if between Date t1 and Date t2, A3 > A1 and A4 < A2 148 
4) There will be deposition (D), if between Date t1 and Date t2, A3 < A1 and A4 > A2 149 

 150 
From these remarks, the areal values AT, A1, A2, A3 and A4, along with the rates E and D, were estimated for 151 
the dates reported in the table of Fig. 7. 152 

4 Results 153 

4.1 Morphology of Montegrande ravine before and after the 11 June 2013 lahar 154 

The systematic surveying of the topographic profiles over the checkpoints in Montegrande, started in 2013, 155 
after the 11 June 2013 lahar, described and classified by Vázquez et al. (2016) as a MPE (Table I). It was the 156 
first lahar of the 2013 season, and has been one of the biggest events recorded in the ravine since 2011. It 157 
consisted of a flow that lasted approximately 3 hours, and presented several FEBs, followed by DSs. The total 158 
rainfall associated to this lahar was 117 mm accumulated in ~3.5 hrs with a maximum peak intensity of 131 159 
mm/hr (Table I). For this lahar, we took profiles the day before and the day after (Figs. 3c, d, and 4) the event, 160 
which allowed us to outline quantitatively the E and D rates (Fig. 7f), and served as an example of the effects 161 
of a MPE under extreme hydrometeorological conditions. 162 

In general, the MPE of 11 June 2013 eroded the channel bed of the ravine by 1 m deep in average, as could be 163 
observed in Fig. 3d, and from the profiles of checkpoints MG_01, MG_02, and MG_03 (Figs. 4a, b, and c, 164 
respectively). However, from the profiles of MG_04, and MG_05 sites (Figs. 4d and e), is clear that both erosion 165 
and deposition processes were acting simultaneously. In fact, on checkpoint MG_05, the lahar left a final deposit 166 
that filled up the channel bed by 1 m, at least, but eroded the right later terrace. In general, along the ravine, 167 
erosion was predominant in the channel bed, than in the walls; however in some portions of the ravine, the 168 
erosion tends to wash away preferentially one side of the channel than the other, developing a lateral migration 169 
of the channel axis (e.g. Fig. 4a and c). 170 

The width of the active channel also varied after the 11 June 2013 lahar, becoming ~2 m wider especially on 171 
MG_01 and MG_02 sites (Figs. 4a and b), but to a lesser extent (<1 m) in the other sites (Figs. 4c, d, and e). 172 

4.2 Morphological evolution of Montegrande ravine within the 2013-2015 field campaigns 173 
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Besides the MPE of 11 June 2013, three more lahars were developed during the 2013 rainy season (Table I), 174 
for which additional observations are here provided for that year. In 2014, more than 5 flows were observed, 175 
classified and analyzed, and the annual balance is here presented based on a survey before and after the season. 176 
Finally, for 2015 only data gathered after the first lahar of the season is here described (Figs. 5, 6, and Table I). 177 

Figure 5 shows the profiles of the channel bed of Montegrande ravine, from the monitoring site (at ~2050 m 178 
a.s.l., Fig. 5a), towards the mouth of the ravine (at ~1750 m a.s.l., Fig. 5g). In all profiles, the same color 179 
corresponds with the same year, and the gradient of its color corresponds to different field campaigns. The 180 
segmented lines represent erosion-dominated respect to the previous profile, while the continuous lines 181 
represent deposition-dominated (Fig. 5).  182 

The first checkpoint (MG_T-P1) is located within the channel section that is being monitored by the 183 
videocamera (e.g. Figs. 1c, 3c, and 3d). In this site, the channel morphology doesn’t change significantly 184 
through the seasons. Little variations of the channel axis position are observed, which tends to migrate to the 185 
left side of the bank, towards the wall of an old terrace (Fig. 5a). After the event that occurred on 17 March 186 
2015 the channel becomes narrower (from ~14 m to ~12 m) due to a new small terrace development along the 187 
left bank, and to a small collapse of the right wall occurred during the dry season (Fig. 5a). 188 

Checkpoint MG_T-P2 (Figs. 1-I and 5b), situated ~20 m downstream from MG_T-P1, shows an increase in 189 
depth of the channel from June to July 2013, from ~1.5 m to ~5 m (Fig. 5b). For this checkpoint, we only took 190 
the topographic profiles during the 2013 season since in 2014 the exact location of this site was not recognizable.  191 

The MG_01 checkpoint is located ~80 m downstream from the monitoring site (Fig. 1-I), shows a progressive 192 
increase in depth, by almost 2 m (Fig. 5c) and becomes narrower from 7 m wide at the beginning of the 2013 193 
season, to ~2 m wide at the end of the season. It is also evident that the terraces that flank the active channel 194 
were eroded by more than 2 m depth (Fig. 5c) during the 2013- 2014 seasons.  195 

The next checkpoint (MG_02, Fig. 5d) is located approximately 750 m downstream from the MG_01 site (Fig. 196 
1-I), where the channel path is almost rectilinear and has a regular width of ~10 m. As could be observed from 197 
the overlapping of the profiles (Fig. 5d), the process of erosion dominates at this site, deepening the channel 198 
bed almost 4 m, and extending its width up to 15 m, but conserving the main axis at the same place (Fig. 5d). 199 

The following checkpoint MG_03 (Fig. 5e), situated 300 m downstream from the previous one (Fig. 1-I), marks 200 
the beginning of an almost straight path of ~1,200 m downwards, where the ravine widens from ~15 m to >30 201 
m, and their vegetated walls become steeper (>30 m height). Here the profiles (Fig. 5e) present alternation of 202 
erosion and deposition processes within a narrow active channel of ~12 m width. The erosion dominated up to 203 
30 July 2013; but at the end of the 2013 season the channel became wider and was filled up with more than 2 204 
m of sediment. By September 2014 a new terrace was formed on the right side of the channel, narrowing its 205 
previous width (~12 m) by ~2.8 m, and was deeply eroded by the 17 March 2015 lahar, showing a tendency to 206 
recover its initial morphology (i.e. that from 11 June 2013, Fig. 5e) but moving the channel axis to the left side. 207 

The MG_04 checkpoint is located at approximately 800 m downstream from the MG_03 site,  just before the 208 
path of the ravine makes a turn into another straight segment (Fig. 1-I). At this site, the changing morphology 209 
of the channel is due again to a combination of erosion/deposition processes (Fig. 5f). After the 11 June 2013 210 
lahar, the channel was progressively filled up mostly by the accretion of the lateral terraces that narrowed the 211 
channel, from ~10 m to ~7 m. After 30 July 2013 these newly formed terraces were eroded by the end of the 212 
2013 season resulting in a 15-m wide channel (Fig. 5f). During 2014, depositional processes dominated by 213 
filling the channel which main axis migrated to the right, to recover in 2015 a morphology similar to the main 214 
channel shape at the beginning of the 2013 season. (i.e., 11 June 2013, Fig. 5f). 215 
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The morphology of the last checkpoint (MG_05), located ~650 m downwards (Fig. 1-I), is also the result of a 216 
combination of erosion and deposition processes. Similarly to checkpoints MG_03 and MG_04, the 217 
morphology of the channel tends to be recovered (Fig. 5g) but with a lateral migration of the main axis towards 218 
the left side through the season. After the 11 June 2013 lahar, the active channel continues to be filled up by the 219 
successive flows (Fig. 5g), decreasing its depth of about 2 m, as observed by the 30 July campaign. By 11 220 
October 2013, the channel suffered a major morphological change, widening from ~7 m to ~18 m, and 221 
deepening the channel bed 1 m in the central axis (Fig. 5g). During the 2014 season and from the evidences of 222 
the 18 March 2015 campaign, it could be observed that the lateral terraces were built up again, and the 223 
morphology of the middle portion of the channel tends to be recovered (Fig. 5g). 224 

Based on the morphological changes here described, and based on the characteristics of lahar events recognized 225 
during the 2013-2015 period and on the associated rainfalls that triggered them, the 11 June 2013 lahar can be 226 
classified as an extraordinary event (Fig. 8), predominantly erosive at all checkpoints, while subsequent lahars 227 
during the 2013 season had a variable behavior. During 2014 depositional process dominated, and the 17 march 228 
2015 lahar had a variable behavior (Fig. 5).  229 

4.3 Annual erosion/deposition balance in Montegrande ravine 230 
 231 

4.3.1 The 2013 season 232 

During 2013, four lahars were detected on the Montegrande ravine (three MPE and one SPE), and their 233 
hydrological characteristics are listed in Table I. Total rainfall in Montegrande during 2013 was up to 580 mm, 234 
and the 11 June event corresponds with an exceptional accumulated rainfall of 117 mm (Fig. 8).  235 

At checkpoints MG_01 and MG_02 erosion processes dominate with ~12% of erosion on average of the channel 236 
bed (Figs. 6a, b, and 7f), mainly on the main axis of the channel, At the end of the 2013 season, the depth of 237 
the channel at checkpoint MG_01 was 2 m deeper than at the beginning (Fig. 5c and 6a), and the channel width 238 
become wider, from ~7 m to ~15 m (Fig. 5c and 6a). On checkpoint MG_02 (Fig. 6b), the level of erosion was 239 
lower, deepening the channel bed ~2.5 m and widening it up to 6 m at the end of the season (Figs 5d and 6b). 240 

In the subsequent checkpoints (MG_03 to MG_05, i.e. Figs. 6c, d, and e) located down flow the ravine, the rate 241 
of erosion–deposition phenomena was more-less balanced (Fig. 7f). On checkpoint MG_03 (Fig. 6c), at the end 242 
of the 2013 the cannel was filled by up by 2 m-thick of sediments reaching a 11 m-width by the erosion on 243 
lateral walls.   244 

On MG_04 checkpoint the rate of deposition was larger according to the values on the table of Fig. 7f, even 245 
when as could be seen in Fig. 6d, erosion and deposition are present within the profiles. The main change in the 246 
morphology of the site was the widening of the channel, from ~10 m (on 11 June, Figs. 5f and 6d) to ~13 m at 247 
the ending of the season, but with an accretion of the channel bed of up to 2 m. It is worth to observe that the 248 
widening of this part of the channel was preferentially towards the right bank of the bed axis (Fig. 6d).  249 

Finally, on checkpoint MG_05 (Fig. 6e), the level of erosion during 2013 season was more evident with a value 250 
of ~8% that correspond with the widening of the channel from ~8 m to ~16 m (Fig. 6e), but with a deposit in 251 
the middle axe of ~ 0.5 m in thickness by the end of the season.  252 

4.3.2 The 2014 season 253 

During the 2014 season the total rainfall in Montegrande ravine was of ~540 mm. In comparison with the 2013 254 
season, the changes in the morphology of the checkpoints were dominated rather by the process of deposition, 255 
than by erosion (Fig. 6), even when 7 lahars were developed during 2014 (five MPE and two SPE, Table I).  256 
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In general, at checkpoints MG_01 and MG_02 (Fig. 6f and g), the rate of erosion was higher than in the down 257 
flow checkpoints (MG_03, MG_04, and MG_05, Figs. 6h, i, and j, respectively), but not that high in comparison 258 
to the 2013 season (Figs. 6a to e, and 7f).  259 

On checkpoint MG_01 (Fig. 6f), the erosion was mainly focused on the walls of the terraces that flanks the 260 
channel axis, eroding ~8 % of the material, diminishing its height by 2 m, but conserving the active channel 261 
width in ~2.5 m with a final deposit of ~1 m in thickness (Fig. 6f). On the other hand, at checkpoint MG_02, 262 
both erosion/deposition are present, (Fig. 6g), with a final deposition rate of 0.7% (Fig. 7f) and conserving the 263 
main morphology through the season, i.e. a wide channel (~16 m width), flanked by terraces of 5 m height (Fig. 264 
6g). 265 

Contrary to the observed balance on E-D rates for the MG_01 and MG_02 sites, on the successive checkpoints 266 
the deposition process dominates. For instance, at site MG_03 (Fig. 6h) the channel width reduced from ~11 m 267 
to ~8 m, due to 18.5 % of deposition within the channel bed forming a new terrace on the right side of the 268 
channel. Similarly, at checkpoint MG_04 (Fig. 6i), the width of the channel reduced from ~16 m to ~5 m, 269 
because of the ~20 % of deposition (Fig. 7f) left in the channel bed, with the formation of new terraces along 270 
the flank of the active channel (Fig. 6i). Finally, at checkpoint MG_05 (Fig. 6j), a morphology similar to the 271 
MG_03 site can be observed, where new material deposited preferentially on the right side of the channel wall 272 
(D = 9.6%), leaving vertical steps and narrowing the channel from ~16 m to ~14 m (Fig. 6j). 273 

5 Discussion 274 

Based on the analysis of the cross-section profiles within the checkpoints MG_01 to MG_05 (e.g. Figs. 5 and 275 
6) taken during 2013, 2014, 2015 seasons, the rainfall features that triggered them (Fig. 8) and the number and 276 
type of lahars occurred during the surveyed period, it was possible to analyze the main factors in controlling 277 
the evolution of the Montegrande ravine. Field evidences point that erosive processes dominate in the 278 
intermediate zone (i.e. checkpoint MG_01 and 02), where slope gradient is up to 8°, respect to the more distal 279 
sites where both erosion and deposition acts because the ravine becomes wider and the slope diminishes from 280 
~6° to 4°, i.e. checkpoints MG_03 to MG_05 (Fig. 1). This behavior is in agreement with the 281 
hydrogeomorphological model proposed by Lavigne (2001), that identifies the chief process that shape the 282 
channel morphology in three main channel segments: (1) a proximal segment where riverbed and bank erosion 283 
is continuous (i.e. from MG_01 to MG_02); (2) an unsteady transitional zone, where erosional processes 284 
alternate with depositional processes (i.e. from MG_03 to MG_05); and (3) a distal segment where sediment 285 
deposition is continuous (in this case, the alluvial fan of Montegrande ravine).  286 

The 11 June 2013 lahar represents an exceptional event that was erosive almost all along the ravine. This lahar 287 
was associated with an extraordinary rainfall event (117 mm of accumulated rain, Table I) that developed a 288 
large and highly erosive flow. Similar exceptional events have been previously observed in the same ravine 289 
during the Jova hurricane, which also developed a high-magnitude lahar that deeply eroded the channel (Capra 290 
et al., 2013).  291 

In order to better constrain the influence of the channel morphology on the observed erosion/deposition rates, 292 
simulations with FLO-2D code were performed (O’Brien et al., 1993). The program routes floods over natural 293 
channels solving the full-dynamic wave equation. It has a utility for sediment-transport that can compute 294 
sediment scour and deposition. Here the sediment transport capacity equation of Zeller-Fullerton was used 295 
(Zeller and Fullerton, 1983; Yang, 1996), (e.g. Fig. 7). For the inflow, the hydrograph of a MPE-type similar 296 
to the 11 June 2013 lahar estimated from the seismic record was used (Vazquez et al., 2016), with two maximum 297 
peak discharges of 60 m3/s and 26 m3/s along 4 hours of flooding. The scope of the simulation is to observe if 298 
by simulating clear water, the morphological changes along the channel are similar to those observed by field 299 
survey. Similar rates will point to a main control of the channel morphology on sediment transport. This only 300 
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pretend to be a qualitative comparison, since absolute depositional rates cannot be compared with those 301 
observed on the field. In fact, lahars observed at Volcán de Colima have sediment concentration between 30% 302 
and 50%, from hyperconcentrated to debris flow (Vázquez et al., 2014) and depositional rates within these types 303 
of flow are higher respect to a flow free of sediment-load (Costa, 1987). The same happens for the erosion, 304 
since clear water can be more efficient in eroding the river channel, but lahars commonly induce the collapse 305 
of lateral embankments or the entrainment of large blocks from the flow front (Fagents and Baloga, 2006). 306 
Despite this assumption, values obtained from the simulation are quite in agreement with those observed in the 307 
field (Fig. 7f). In particular, section MG_01 and MG_02 are dominated by erosion (Figs. 7a, and b), mostly 308 
deepening the channel, and from MG_03 to MG_05 depositional processes dominates (Figs. 7c, d, and e). The 309 
simulation outcome of the 11 June 2013 lahar still presents discrepancy with the results of the field survey but, 310 
since as previously stated, it was an extraordinary event. Based on these results, the slope represents the first 311 
major factor in controlling E-D rates, as changing from 8° to 5°, depositional processes seems to dominate over 312 
erosion (Fig. 7c, d, and e). For example, the ravine morphology at sections MG_01 and MG_04 is quite similar, 313 
with a ~80 m-long straight channel, bracketed by two narrow bends, but at MG_04 section, with ~5º in slope, 314 
depositional processes are dominating. Depositional process at Montegrande ravine dominate where the 315 
channel-bed slope is smaller than 5°, which represents a higher value than that observed in Ruapehu of ~2.7–316 
0.7° (Fagents and Baloga, 2006) or the <1.2° found by Pierson (1995) for snow-clad volcanoes; but similar to 317 
the values observed in Popocatépetl volcano (i.e. <6.5°, Capra et al., 2004; Muñoz-Salinas et al., 2008, 2009). 318 
Furthermore, the dominant erosional behavior of lahars that has been observed in Montegrande ravine where 319 
channel slope settles above 8° is consistent with the observation made in Alpine basins affected by debris flows 320 
(e.g., Theule et al., 2015).  321 

The second parameter that affects erosion and depositional process at Montegrande ravine is the cross section 322 
width. As stated before, at distal sections (MG-04 and MG-5) erosion and deposition processes alternate and 323 
this behavior appears to be controlled by the channel width variation. The erosion dominates as the channel 324 
reach a critical width after which deposit starts forming new terraces along the channel wall (Figs. 5f and g). 325 
As the channel narrows again, erosion take place. Changing in channel width clearly controls flow discharge, 326 
so a narrow channel promote erosion but as it became wider it induce deposition. These same behaviors and 327 
factors controlling the morphological changes, have been reported in other volcanoes as well (e.g. Mount 328 
Ruapehu, New Zealand, Procter et al., 2010). Moreover, this is in agreement with the observations made by 329 
Abancó and Hürlimann (2014) in Alpine catchments affected by debris flows, where channel-bed slope, cross-330 
section shape and sediment availability (see the following) have been identified as the most relevant factors 331 
controlling the erosion process. 332 

The joint-effect of two others parameter acting together, i.e. the accumulated rainfall and the sediment 333 
availability, is the last fundamental factor that governs erosion and depositional processes at Montegrande 334 
ravine. At Volcán de Colima, even a very low rainfall as observed in previous years can trigger lahars (Capra 335 
et al., 2010, Fig. 8), but the resulted flows are low in magnitude and, as directly observed, they induce 336 
progressive sediment accretion forming new lateral terraces on the channel (Figs. 2 and 5). However, as 337 
observed in recent years, long-lasting rainfall events are needed to trigger a lahar (Fig. 8). This has important 338 
implications, since after a main eruption, lahar frequency increase due to the immediate reworking of pyroclastic 339 
material (Manville et al., 2009), but their magnitude will depend on the rainfall characteristics and the 340 
volcaniclastic material available, until it progressively decreases in the following years, as observed at Volcán 341 
de Colima (Davila et al., 2007; Capra et al., 2010) and other volcanoes (Lavigne, 2004; Thouret et al., 2014). 342 
These factors, along with the physical features built up by the flows (i.e., sediment load, depth, volume, 343 
discharge, etc.) will control the morphological evolution of the ravine, until the landscape response to the 344 
volcanic perturbation returns to background conditions (Manville et al., 2009; Thouret et al., 2014). This 345 
dynamics is evident in Montegrande ravine, where the sediment availability has been decreasing in the last 346 
years. The eruptive phase occurred in 2004-2005 is the last significant phase of sediment supply that occurred 347 
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along the volcano flanks. Block-and-ash flows (BAFs) emplaced on main ravines up to 6.5 km from the crater 348 
(Macías et al., 2006; Sulpizio et al., 2010), due to the repetitive growing and collapse of the summit dome (Fig. 349 
9a). Then, a new period of slowly dome growing begin in 2007 and stopped in 2012, after reaching the crater 350 
rim and spilling over on 2011 (Capra et al., 2015; Fig. 9b). Finally, a phase of low activity characterized the 351 
2013-2014 years (Fig. 9c). Consequently, a period of approximately five years (during the intra-eruptive period, 352 
from 2007 to July 2015, Capra et al., 2016), was needed to recover the hydrological and sedimentary-yield 353 
balance to background conditions. This dynamics is in agreement with the recovering times observed after 354 
minor eruptions (Manville et al., 2009). 355 

6 Conclusion 356 

The systematic monitoring of the morphological changes observed in Montegrande ravine in the past years, 357 
served as a starting point for the analysis of the geomorphic modifications due to post-eruptive lahars in an 358 
active channel in a volcanic environment. 359 

Channel-bed slope, cross-section width and the joint effect of sediment availability and rainfall magnitude are 360 
the main factors controlling erosion/depositional processes at Montegrande ravine. In particular, the proximal 361 
and middle reaches, where bed load is up to 10-8° are dominated by erosion, while the distal reach (5°-2°) 362 
erosion and deposition processes act simultaneously. In the distal reach of the ravine, the erosion or deposition 363 
processes tends to be promoted preferentially one over the other, also depending upon the channel width 364 
between events. Only for extraordinary rainfall events, lahars are mostly erosive all along the ravine up to the 365 
distal fan where deposition take place. 366 

These results can be used as a tool to foresee the effects of future laharic events in Volcán de Colima, and as a 367 
tool to improve the input parameters for the modelling of these flows along other volcanoes (e.g., the 368 
Popocatépetl volcano, see Caballero and Capra, 2014), in order to determine the hazard zonation for lahars in 369 
this volcano. 370 

The 2013-2014 period was characterized by a very low explosive activity at Volcán de Colima, during which 371 
only small rock falls and pyroclastic flows formed at the beginning of the 2013 and at the end of 2014. As 372 
previously observed (Capra et al., 2010) lahar frequency increases right after an eruptive phase and decreases 373 
during the following years, but this study evidences that the number of the events is not directly related with 374 
the erosion/depositional rate, as the amount and intensity of rainfall still remains the main factor in controlling 375 
flow discharge (magnitude) and duration. The volcano landscape recovered its hydrological and sediment-yield 376 
equilibrium in less than five years and that only largest and long-lasting lahars can catastrophically modify the 377 
ravine morphology.   378 

A series of BAFs that occurred during the dome collapse episode of 10-11 July 2015 at Volcán de Colima 379 
dramatically changed the morphology of Montegrande ravine, filling up the main channel up to its distal fan 380 
(Capra et al., 2016), and became rectilinear altering its geomorphic and hydrological features again. These new 381 
geomorphic conditions will probably lead to the formation of a new morphology and to the change of the 382 
characteristics of the flows of the next rainy season that will likely involve large amount of sediment.  383 
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Table I. Classification and features of the lahars developed during the 2013 and 2014 rainy seasons, along with the 530 
first lahar of the 2015 season, on Montegrande ravine. 531 

Event 
Duration 

(hrs) 

Accumulated 

rainfall (mm) 

Rainfall 

intensity 

(mm/h) 

Classification 

11 June 2013 

(Vázquez et al., 2016) 
3 117 131 MPE* 

11-12 June 2013 Field campaign 

15 June 2013 2 54.4 112 MPE 

24 July 2013 

(Vázquez et al., 2016) 
1.5 25 56 SPE** 

30 July 2013 Field campaign 

16 September 2013 

(Triplet lahars) 
2, 1.8, 2.5 ---- ---- MPEs 

11 October 2013 Field campaign 

2 July 2014 1.5 ---- ---- SPE 

3 July 2014 1.5 ---- ---- MPE 

4 July 2014 2 7.4 19 SPE 

7 July 2014 

(The twin lahars) 
1.5, 1.5 7.8, 18.6 31.5, 26 MPEs 

15 July 2014 2 3.4 6 MPE 

6 August 2014 1.5 14 95 MPE 

12 September 2014 Field campaign 

17 March 2015 1.5, 1.3 ---- ---- MPE 

18 March 2015 Field campaign 

 532 
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 533 

Figure 1: [I] SPOT 5 image (1, 2, 3, and 4 bands in RGB combination, 5 m of resolution) of Volcán de Colima showing 534 
the Montegrande ravine and the location of the checkpoints. Yellow triangles represent the location of the analyzed 535 
cross-sections, green dots the location where the photos were taken: within the proximal zone (a, and b); the 536 
intermediate zone (c, d, e, and f) and at the distal zone (g, and h). [II] Topographic profile along the ravine, showing 537 
its slope values, the location of the checkpoints and the monitoring site.  538 
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 539 

Figure 2: Photographs showing the main morphological features of Montegrande ravine and the changes due the 540 
laharic activity. a) Photo of the morphology at MG_04 checkpoint on 11 June 2013 (at the beginning of the rainy 541 
season, and before the development of the lahar) b) on 12 June 2013, a day after the lahar, showing the erosion 542 
caused by the flow. c) Trees and debris obstructing the main channel of the ravine accumulated during the dry season 543 
due to small landslides. d) Photo of one of the checkpoints, with the sketched profile in hatched yellow line and their 544 
corresponding measured profile. 545 
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 546 

Figure 3: Graphic description of the parameters used in the methodology to determine the E (erosion) and D 547 
(deposition) rates within the profiles; and photos taken at the monitoring site of Montegrande ravine, before and 548 
after the 11 June 2013 lahar. a) Representation of the topographic profile during Date t1, and the parameters needed 549 
to determine AT = A1 + A2. b) Representation of the topographic profile changed during Date t2, and the variation 550 
of the parameters needed to determine the areal values. c) Image of the active channel being monitored on 11 June 551 
2013. d) Image of the channel on 12 June 2013. 552 
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 553 

Figure 4: Cross-section profiles before (bold blue lines), and after (hatched lines in light-blue) the 11 June 2013 lahar 554 
for the following checkpoints (Fig. 1 for location): a) MG_01. b) MG_02. c) MG_03. d) MG_04. e) MG_05. All the 555 
profiles were taken facing up the flow the channel. 556 
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 557 

Figure 5: Comparative cross-section profiles of the checkpoints in Montegrande ravine, according to the field 558 
campaigns (Fig. 1 for location). a) MG_T-P1. b) MG_T-P2c) MG_01. d) MG_02. e) MG_03. f) MG_04. g) MG_05. 559 
The dotted lines represent erosion, and lines represent deposition. The blue colors are related to the 2013 season, 560 
while the red and the green lines refers to the 2014 and 2015 season respectively. 561 
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 562 

Figure 6: Annual balances during 2013 and 2014 seasons of the erosion-deposition processes from the cross-section 563 
profiles of the checkpoints at Montegrande ravine (Fig. 1 for location). For the 2013 season:  a) MG_01 b) MG_02. 564 
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c) MG_03. d) MG_04. e) MG_05. For the 2014 season: f) MG_01. g) MG_02. h) MG_03. i) MG_04. j) MG_05. The 565 
light fill-patterns represent the eroded area within the active channel and the darker fill-patterns represent 566 
deposition. 567 

 568 

Figure 7: Results of the FLO-2D model for the erosion/deposition processes along the Montegrande ravine at each 569 
checkpoint. Negative values refer to erosion as positive values refer to deposition. Google images are also presented 570 
to better appreciate the morphology at each checkpoint:  a) MG_01 b) MG_02 c) MG_03 d) MG_04. e) MG_05. f) 571 
Table showing the D/E rates obtained from the analysis at the checkpoints for the 11 June 2013 lahar, and the 2013-572 
2014 seasons, compared with the qualitative results obtained from the FLO-2D model. All the images are from 573 
Google Earth scenes, from 3rd April 2014. The green dots indicate the exact location where the cross-section profiles 574 
were taken. 575 
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 576 

Figure 8: Comparative plot of accumulated rainfall vs. duration of historic and recent events that triggered lahars 577 
at Volcán de Colima. The historical data, represented with empty dots were taken from Capra et al. (2010), and are 578 
from 2007-2009 years. The black dots represent the data from this paper, and the extraordinary event of 11 June 579 
2013 is signaled with a red box. 580 

 581 

Figure 9: Conceptual model of the variability in the conditions needed to trigger a lahar over time at Volcán de 582 
Colima. a) After the main explosive phase during 2004-2005, the slopes of the volcano were filled with material, and 583 
the rate of rainfall needed to trigger a lahar was minor. b) During the dome growing phase (from 2007-2012), the 584 
amount of material decreased, while the amount of rainfall needed to trigger lahars were increasing over time. c) 585 
Finally, during the phase of lowest eruptive activity (from 2012-2015), the rate of material available to form lahars 586 
was diminishing, while a major quantity of rainfall was needed to trigger the flows. 587 
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