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Abstract. The most recent eruptive phase of \@icde Col-  surement period, significant changes were observed in num-
ima, Mexico, started in 1998 and was characterized by doméer of rockfalls, rockfall volume and hence averaged extru-
growth with a variable effusion rate, interrupted intermit- sion rate. The extrusion rate was not constant: it increased
tently by explosive eruptions. Between November 2009 androm 0.008+ 0.003 to 0.02: 0.007 n¥s~* during 2010 and
June 2011, activity at the dome was mostly limited to a lobedropped down to 0.00& 0.003 n? s~ again in March 2011.

on the western side where it had previously started overin June 2011, magma extrusion had come to a halt. The
flowing the crater rim, leading to the generation of rockfall methodology presented represents a reliable tool to constrain
events. As a consequence of this, no significant increase ithe growth rate of domes that are repeatedly affected by par-
dome volume was perceivable and the rate of magma ascertial collapses. There is a good correlation between thermal
a crucial parameter for volcano monitoring and hazard as-and seismic energies and rockfall volume. Thus it is possible
sessment could no longer be quantified via measurement® calibrate the seismic records associated with the rockfalls
of the dome’s dimensions. Here, we present alternative apfa continuous monitoring tool) to improve volcano monitor-
proaches to quantify the magma ascent rate. We estimate thiag at volcanoes with active dome growth.

volume of individual rockfalls through the detailed analysis
of sets of photographs (before and after individual rockfall
events). The relationship between volume and infrared im-

ages of the freshly exposed dome surface and the seismit Introduction

signals related to the rockfall events were then investigated.

Larger rockfall events exhibited a correlation between its pre-Yolcan de Colima is located in Mexico at 3N,
viously estimated volume and the surface temperature of thd 03’64 W (Fig. 1). The altitude of the dome during the ob-
freshly exposed dome surface, as well as the mean temper&€rvation period January 2010 to June 2011 was 3850 m.
ture of rockfall mass distributed over the slope. We showedT he volcano is located at the western extreme of the Trans-
that for larger events, the volume of the rockfall correlatesMexican Volcanic Belt and is characterized by calc-alkaline
with the maximum temperature of the newly exposed lavamagma, generated as a result of the subduction of the
dome as well as a proxy for seismic energy. It was thereforeRiviera—Cocos Plates beneath the North American Plate.
possible to calibrate the seismic signals using the volumes The behaviour of Volan de Colima has shown cyclic-
estimated from photographs and the count of rockfalls overlty over several different orders of magnitude of time. The
a certain period was used to estimate the magma extrusiol@St major eruptive cycle ended with a Plinian eruption in

flux for the period investigated. Over the course of the mea-1913. Following the filling of a deep excavated crater, fur-
ther discrete effusive events formed summit domes with flank
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Fig. 1. (a) Position of Volén de Colima in Mexico (Red box);
(b) map showing the Colima Volcanic Complex with the extinct
volcanoes Volan de Gntaro and Nevado de Colima and the active Fig. 2. Photograph shows Vdm de Colima and the location of the

Volcan de Colima (red triangles). Two black lines south of wlc observation camp within the Plag to the west of the volcano. The

de Colima show the two main ravines leading towards the City of. ) ) .
S . .. iImage shows the decentralized growing dome of &lde Colima.
Colima; in the case of dome collapse events, such ravines guid

. - . ) q‘he dome has a diameter of 298 m and can be used as a scale. The
pyroclastic flows. Also the observation point yin the west of white dust track down the slope was triggered by a recent rockfall
Volcan de Colima where data for this study has been collected is P 99 y ’

shown (blue star).

Since 2003, Wolan de Colima has been characterized by
lava flows; the first in 1961 and ending in 1962 (Luhr and daiI.y Vl_JIcanian explosions as a ress_ult of crystallization, pres-
Carmichael, 1980). The last eruptive period started in 199g8urization and subsequent explosions (Varley et al., 2010a).
and was primarily effusive (lava flows and domes). Dur- Each of the four episodes of dome growth at \@iale Col-
ing this period, Volan de Colima showed a great variabil- M2 since 1998 has been followed by more acute explosive
ity in magma extrusion rates. The final dome started groW_act|V|ty. In 2005, a series of larger Vulcanian eruptions took

ing in early 2007 (Varley et al., 2010a) and stopped in JunePlace during a period of elevated effusion rate. Varley et
2011. It was characterized by exceptionally slow growth al. (2010b) studied the events that occurred between Febru-

rates throughout. Once the dome reached the crater rim, &Y @nd September 2005 in detail; at least 30 pyroclastic
began to overflow mainly down the western flank and to mi- flows were produced from column collapse. This represented

nor extent down the southern and northern rims. This wadh® most intense period of activity since the 1913 Plinian
due to growth within the crater being offset from the centre €UPtION.

(Fig. 2).

Many other lava domes have shown similar behaviour to
Volcan de Colima: Soufer.e Hills on Montser.rat, West In- pagma rises due to buoyancy differences with the surround-
dies (Loughlin etal., 2010; Ry.an etal., 2010); Mount St. He- 4 "country rock. At high viscosities, the erupted magma
lens, USA (Smith etal., 201_1)’ Santiaguito dome, Guatemalgengs to remain close to the vent rather than forming lava
(Rose and Pattern, 1972); Mount Unzen, Japan and Shivgoys |eading to relatively tall extrusions. The shape of a

eluch, Kamtchatka (Barmm etal, ,2002)' . dome is controlled by the interplay of ascent rate (affect-
The magma effusion rate at Vo de Colima has fre- g the cooling history and thereby the viscosity) and magma
quently varied: 19981_ 1999 and 2004 were characterized by,.oherties (composition, bubble and crystal content, each af-
a fast rate £ 5m’s™) wrl1ereas it was low in 2001-2003 fecting the rheological properties). Degassing, cooling and
and 200720114 1m°s™Y) (Varley et al., 2010a). In COM- o mpaction may lead to the formation of a dense plug with
parison to other volcanoes, the Vatede Colima extrusion g greatly reduced permeability. The consequent reduction of

rate between 2007 and 2011 was unusually low: the averyeqassing potential leads to an increased risk of explosions.
age magma extrusion rate at Soéfe Hills during the 2005  r,cks from Volén de Colima however can regain their

: 1
2008 dome growth period was 5.6s* (Ryan etal., 2010). ermeability quickly following an explosive event through

The Mount St. Helens extrusion rate during the 20(1)4__200 he healing of tuffisite veins as described by Kolzenburg et
dome growth period was typical starting fast (&sn® in al. (2012).

2004) and then gradually decreasing to less thad £thin
2008 (Smith et al., 2011).

1.1 Dome growth and rockfalls
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Dome growth can take place either endogenously or exby vaporization (e.g. Taron et al., 2007). This might result in
ogenously. Endogenous growth occurs when magma intrudethe rockfall occurring earlier in time but since there was ac-
into the dome interior, exogenously growth by extrusion astive effusion at Vol&n de Colima, an increase in the total vol-
new surface lobes (Fink et al., 1990). The type of domeume of material involved in rockfalls is unlikely. We cannot
growth may have an important bearing on volcanic hazardrule out a variation in the magnitude—frequency distribution
issues. Exogenous growth usually builds steeper and moref rockfall events, but this should not affect effusion rate es-
unstable domes; this can lead to the generation of blocktimates. Of course phreatic activity is generally more likely
and-ash flows or rockfalls and makes them more prone taluring the rainy season and could largely affect rockfall fre-
collapse (Nakada, 1996). Endogenous growth, on the othequency and intensity; however, Véie de Colima shows no
hand, may increase gas accumulation within the edifice, thugvidence of having a hydrothermal system and the edifice is
enhancing the chance of violent, explosive eruptions (Roseenerally well drained.
et al., 1977; Fink et al., 1990; Nakada et al., 1995). Activ- Small volume collapse or collapse from slow-growing
ity at lobate domes, like the one at Vale de Colima, can domes will most commonly lead to rockfall events. If larger
fluctuate between exogenous and endogenous; this was olelumes from a faster growing dome are affected, pyroclastic
served for example during the 1980-1986 Mount St. Helengdensity currents may be generated. In this case a continuum
dome growth period (Fink et al., 1990). A similar, more re- between rockfalls and density currents would be observed.
cent study has been carried out at Unzen volcano, Japan; flu&enerally speaking, the transport properties may change as
tuation between endogenous and exogenous growth was olaresponse to the morphology along the path. The deposition
served during the 1991-1995 eruption (Kaneko et al., 2002pf coarse material and/or entrainment of ambient air will sig-
and was explained by variations in the rate of extrusion. nificantly increase the mobility of the density current.

The four dome growth episodes at Vattde Colima dur- Monitoring rockfalls is important because it can contribute
ing the last period (1998 to 2011) mainly took place endoge-to real-time hazard assessment and help in examining the ac-
nously, partly exogenously; a similar situation is describedtivity of a volcano. The effusion rate is a critical parameter
by Major et al. (2009) who describe the 2004-2008 lavafor determining the style of activity and hence the hazards
spine extrusion and mainly endogenous growth at Mountassociated with an erupting volcano.

St. Helens, USA. For the 2007—2011 eruption at ¥olcle Rockfalls can lead to many threatening situations to
Colima, growth was exogenous from 2009 to 2011, duringmankind or the environment. Moran et al. (2008) describe
which time the dome formed a lobe which was overflowing an unusually large rockfall at Mount St. Helens, which oc-
the western crater rim. curred in May 2006. The rockfall triggered an atmospheric

The dome of Volan de Colima was shaped as a truncatedplume that rose to 6000 m, which could possibly have af-
cone that filled most of the summit crater (Fig. 2). Its cara-fected air traffic. At Volan de Colima, a pyroclastic flow in
pace consisted of variably sized blocks of cooled and crystalOctober 2004 travelled as far as 6.1 km in the La Lumbre
lized lava. The flanks of the dome exhibit a slope angle of ap+avine. Simulations have shown that large dome collapses
proximately 38. Blake (1990) describes four kinds of domes would threaten many of the ranches that surround the vol-
(upheaved plugs, lava domes, low lava domes and couleesg;ano (Sulpizio et al., 2010). The last major pyroclastic flow
however, it is difficult to assign one of these categories to theof the 1998-2011 eruption was generated by an explosion
recent Volén de Colima domes. They could be classified asin September 2005 and marked the end of the 2004-2005
between the lava dome and the low lava dome types, sinceeriod of activity (Varley et al., 2010b). For this reason, con-
they have the typical dome slope angte 88°) of a “lava  tinuous monitoring of dome activity at active volcanoes such
dome” and were usually observed to degas through their suras Volén de Colima is crucial; it provides important infor-
face, that is typical for “low lava domes”. On the other hand, mation for hazard mitigation as can be seen at other active
a typical spine never formed like the 2004-2008 dome atvolcanoes such as Merapi, Indonesia (Hort et al., 2006).
Mount St. Helens; and neither was the typical flat slope an- Several studies have recently investigated the characteris-
gle (10-15) of low lava domes demonstrated. A typical low tics of the seismicity generated by rockfalls. Hibert et al.,
lava dome was the dome at Soefe de St. Vincent, West In- 2011, analysed seismic signals (shape, duration and fre-
dies. guency) associated with rockfalls at Piton de la Fournaise,

Domes can lose volume by (1) gravitational instabilities, Réunion. Signals were generally symmetric with a slowly in-
(2) explosive eruptions or (3) collapsing vesicles (Kennedycreasing amplitude to a peak near the middle of the event,
et al., 2012). Obviously, one can trigger the other. The stylethen followed by a similarly slow decrease. Their dura-
with which material is transported away from the dome in thetion varied between 50s and more than 200s with an av-
case of gravitational instabilities is a function of the growth erage peak frequency of 5Hz. Rockfall signals were regis-
conditions (pressure and temperature distribution) and theéered on four short-period stations between 600 and 2100 m
volume of dome collapse. Also severe weather conditiondrom the centre of the crater. A link between deflation of
such as intense rainfall can influence gravitational stability ofthe summit dome, following crater floor collapse and rock-
a dome. Rainwater can infiltrate cracks and build up pressuréall activity was found. This feasibility and validity of using
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204 S. B. Mueller et al.: Quantification of magma ascent rate

seismicity for estimating fundamental rockslide event param-magma input into the dome was immediately compensated
eters has also been described by Norris (1994) and Dammeién the form of rockfalls, a different approach to determine the
et al. (2011); they used rockslide metrics (such as signal dumagma extrusion rate had to be developed. A photographic
ration, peak value of the ground velocity envelope, velocity method is still applicable, though not by correlating different
envelope area, rise time and average ground velocity) to esdome profiles, but by examination of dome images showing
timate e.g. rockslide volume, runout distance, drop heightyvariation of the surface features due to removal of material
potential energy and gradient of the slope. through rockfalls.
More general studies regarding relations between rockfall
properties and seismicity have been investigated previously; . 3 .
a rockfall analysis at Soufste Hills volcano by Calder et al., 1.2 Seismicity at Volén de Colima
2005, describes a link between changing rate of growth of the
1995-1997 lava dome and both the frequency of occurrenc®f the studies already mentioned, Hibert et al. (2011),
of rockfalls and their duration determined using the seismicDammeier et al. (2011), DeRoin and McNutt (2012) and
signals. A similar study to this was also carried out during DeRoin et al. (2012) used seismic data to analyse rockfall or
the 2004 andesitic block-lava extrusion at Vlolade Colima:  block-and-ash flow events at other locations. Less work has
finding a link between seismic signal duration of rockfalls, been done on the analysis of the number of rockfall events,
energy of explosions and temporal variations in the num-e.g. Calder et al., 2005, examined rockfall frequencies during
ber of rockfalls and explosions (Zobin et al., 2008). They an andesite lava dome eruption at Saari Hills volcano,
compared rockfall frequency with both the rate of magmaMontserrat, and described repose intervals between rockfalls
discharge and Sf£emission; rockfall appearance and subse-correlating with log-logistic survivor distributions.
quent disappearance was found to clearly indicate the begin- In this study we use rockfall generated seismicity to sim-
ning and the end of the extrusion. ply calculate an empirical relationship between rockfall vol-
Feasibility and validity of using seismicity for detection, ume and the corresponding proxy for seismic energy. How-
localization and size determination of rockfalls at Montser- ever, we do not offer an in-depth investigation of seismic
rat in Catalonia, Spain, has been described by Vilajosana etockfall signals at Volan de Colima since it was not nec-
al. (2008). Rockfall volume was in a first instance obtainedessary for the purpose of our study.
by using a laser scanner and then correlated to the seismic Beneath Volan de Colima volcano-tectonic (VT) swarms,
signals. One step further to laser scanner methods has bedong-period (LP) events and tremor events have been de-
undertaken by Jongmans and Garambois (2007) who usetdcted. VT swarms were mainly detected prior to the 1998—
2-D and 3-D geophysical imaging methods for investigating 1999 effusive eruption; however, during and after the erup-
structures of rockfall areas. tion the seismicity changed to LP and hybrid events (Zobin
Rockfalls at Volén de Colima during the recent activity etal., 2002). During the recent eruptive episode, four types of
were small, due to a very low effusion rate and occurred upsignals dominated: tremor, which sometimes was harmonic,
to 20 times a day within the monitored time frame for this small magnitude LP events, larger magnitude isolated LP
paper (March and April 2011). The section of the dome ob-events or LP events with a diminishing coda (Varley et al.,
served from the Plan observation point to the west of the 2010a), similar to tornillos which are defined for Galeras (Gil
volcano during March and April 2011 had a diameter of ap- Cruz and Chouet, 1997) and explosion earthquakes.
proximately 298 m, which had not varied since the end of Rockfalls at Volé@n de Colima can be readily identified
2009. Up to 60 rockfalls a day were recorded in 2010, whenby their seismic signal; surface processes at volcanoes in
the effusion rate was higher. general, like lahars, pyroclastic flows or rockfalls produce
Active domes have been investigated by seismic, Doppleseismic signals that typically show a slowly increasing and
radar and photographic methods; e.g. the growth rate of théhen decreasing, long-duration seismic waveform. They can
Soufriere Hills lava dome was assessed for the period oflast up to several minutes and have a high peak frequency
2005-2008 using four different approaches: terrestrial pho{> 5Hz) (Shearer, 2009). For accurate rockfall monitoring
tos, ground based lidar, ground based radar and an empirat Volcan de Colima the seismic network RESCO (Red Sis-
cal method using photographs of dome profiles (Ryan et al.mologico de Colima) is sufficient. The network consists of
2010). Only the photographic method was used regularly, asour short-period and four broadband stations. The signals of
it was the most simple. However, as it was only possible tothe EZV4 station were used, it being the closest station to the
take photos from two locations around the dome, systematiolcano (1.9 km from the crater). The short-period signals are
errors arose. Photo-based dome monitoring was first carrietelemetered to the University of Colima and digitized with a
out by Sparks et al. (1998) for the first episode of lava domel6 bit A/D (analog to digital) converter, whereas the broad-
growth within the current eruption at Soudre Hills volcano.  band sensor uses a 24 bit A/D converter and digital transmis-
The situation at Volan de Colima was different; since sion. Signals are sampled at a frequency of 100 Hz. During
growth of the dome essentially stopped after Novemberthe visual observation period of this study, all rockfalls orig-
2009, when the dome reached the western crater rim andhated at the same location from the dome. Accordingly, the
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Fig. 3. View of the dome of Volan de Colimaa) before the rock- situation between observer and rock on the dome(apthe rock

fall on the 8 March 2011, 15:02 LT (21:02 GMT) afi) after the ~ 2€€S%:Y andz.
rockfall. Rocks that are missing after the rockfall are marked with a
red circle.

2 Methodology

A 12 day field campaign was conducted at \foicde Col-
na during March and April 2011, with 86 rockfall events
monitored, which represented about 7 % of the total number
of rockfalls for that period. Observations were made from a
“base about 2.2 km from the volcano, to the west, within the
Playon, the relatively flat floor of a collapsed caldera (Figs. 1,

path dependence of the seismic signal was considered min
and not taken into consideration.

In a seismic signal study carried out at V@it de Col-
ima by Arambula-Mendoza et al. (2011) the 2004-2005 pe
riod of large eruptive activity was investigated, during which
rockfall signals always showed a clearly identifiable seismic )
waveform and had a high frequency range between 1 ang '

15Hz. 2.1 Direct observation

1.3 Thermography used in volcano monitoring The volume of individual rockfall events was estimated
through a comparison of sets of high-resolution photos of the
Thermography is applicable for many monitoring problems: dome before and after rockfall events (Fig. 3). The goal was
the spatial distribution of temperatures related to degassingo identify blocks or entire dome sections that were quantifi-
and/or eruptive activity or the detection of anomalies in aable in size before a rockfall and were subsequently removed
time series; and they can be used for deriving heat fluxes anduring the event. For obvious reasons, this technique only
effusion rates (Calvari et al., 2007; Hutchinson et al., 2013).works during daylight. Additionally, the image quality was
Higher gas fluxes usually result from more intense magmatiegatively affected by the sun position behind the volcano
activity; an increase of fumaroles’ gas temperature has beefmorning) and at times reduced visibility due to meteorolog-
commonly observed prior to eruptions or shallow magma in-ical or volcano degassing conditions. As a consequence, we
trusions (e.g. Menyailov et al., 1986). used the data of 23 out of 86 recorded events for this study.
At Volcan de Colima, thermal images are obtained from A Nikon D90 SLR (single lens reflex camera) with a res-
flights, handheld ground based observations and temporarglution of 12.2 megapixels and a 300 mm lens was used.
fixed stations. These images are not only used for rockfallThe raw photos were digitally sharpened by using the open-
monitoring, but also for thermal surveys of growing domes, source software Paint.Net, which allowed blocks larger than
fumaroles or for the thermal gradient of ash plumes. Fu-20cm to be easily recognized and defined.
maroles on the crater rim have been routinely monitored from In order to calculate the volume of a block on the dome,
a fixed location at Volan de Colima since 2004 (Stevenson one needs to define three orthogonal axes (Fig. 4c): axis
and Varley, 2008). Anomalies like a sharp drop in fumaroley being parallel to the slope; x perpendicular to the gra-
heat fluxes coincided with the emergence of the lava domealient. Axis z is perpendicular to the surface of the slope
in the summit crater in 2007. Also a general, long-term drop(Fig. 4). For further calculations, rocks are assumed to have
of fumarole temperatures between January 2006 and Augustn ideal cuboid shape with 6 faces. The true length along
2007 coincided with a decrease in the explosivity of the vol-the x-axis could be simply measured because the geometri-
cano (Varley and Reyes, 2013). For this study, thermal im-cal line of sight between viewer and rock did not influence it.
ages were used to investigate the thermal signature of rock¥he line of sight did, however, influence the measurement of
falls at Volcan de Colima. the length along the y-axis. The horizontal distance between
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206 S. B. Mueller et al.: Quantification of magma ascent rate

observer and dome was 22280 m; the vertical distance 2.2 Thermal imagery
was 1020t 10 m. Both assumed errors &f 10 m; this af-
fects the final result of the rock volume in question by lessFor thermal imagery, a VarioCam hr from InfrafeGmbH
than 0.4 % and will be considered in our final error estima- (Germany) with a 646 480 array was used in this study.
tion. The oblique angle of view had to be taken into consid-Based on the distance, this allowed for a detailed analysis
eration. The apparent lengthalong axis y can be used to of the entire visible dome surface (28 008)nas each pixel
calculate the true lengthas shown in Fig. 4a and b. The has the dimension of 4.5m4.5m (20.25 ). Results were
thick, black line on the dome represents the block in ques-obtained for all 86 rockfalls events within the observation
tion. Lines a and b (Fig. 4b) are assumed to be parallel fomperiod.
our calculations, however the deviation from parallelism will The camera was set up at the observation site, where it
increase with rock size resulting in an error term proportionalrecorded an image of the dome every two seconds contin-
to size (see discussion for error calculation); with a being theuously, leading to an excellent database for every rockfall
line between observer and the top of the rock, b the line beduring the 12 field days. The thermal images were used for
tween observer and the bottom of the rock. The rock rests omnalysing the freshly revealed area on the dome surface after
the slope of the dome; the slope angle of the dome is on avera rockfall, and to investigate the mean temperature of rockfall
agey = 384 3°, estimated from photos from flights obtained masses spread over the volcano slope. It should be noted that
at the same altitude as the dome. As rocks are approximatemperatures stated are the average temperatures for the pix-
to cuboids, they share the same gradient as the dome slopels within the defined area of the infrared image. The thermal
Rocks on the dome carapace of \lmhade Colima are angular  images were analysed using the software IRBIS Professional
due to dome growth and cooling processes. Figure 4a showom InfraTe® GmbH.
the geometryt is the real length of the rock, whilstthe appar-  Every rockfall exposed a new surface with a specific mean
ent lengthi is measured directly from the photographs (with and maximum pixel temperature; large volume rockfalls pro-
an average error of 25 %, see discussibogan be calculated duced pixel temperatures up to 20D hotter than the local
as follows: pre-rockfall dome exterior. In contrast, in the case of very
h h small rockfalls (volume of only a few cubic metres) it was not
R — , (1) always possible to constrain a temperature differende

sing sin(e —y) those events were noted withel" = 0°C. Furthermore, for
225 every rockfall the number of pixels at elevated temperatures
— on the slope of the volcano could be quantified by careful
1020 - i .
. _ definition of the areas of interest. In this case the mean tem-
where delta is 27 Finally, the length of the block along the  heratyre was calculated and compared to the estimated vol-
z-axis, normal to the dome surface, needs to be determineq,ne By correlating the estimated rockfall volume derived
In some cases this was hard to detect in the.plctures' takeRom the photographic images with theT’ of the exposed
from the Playn. Analysis of photos taken during previous f5ce and the mean temperature of the rockfall masses, it was
flights has been performed and no more flights were requiredyssip|e to estimate the rockfall volume solely by using ther-
We found that the length along the z-axis was always they | images. Here we demonstrate the approach for defining
shortest axis. The length pointing downwards along axis Yine temperature of the exposed face. The rockfall event of 8
was always the longest axis. The length of the x-axis howevegarch 2011 between 15:07 and 15:11 Colima Local Time

is somewhere between the values of the y- and z-axes. (1 7:21:07 and 21:11 GMT, Greenwich Mean Time) will be
Taking the average values of the axes of the rocks in thg,gaq as an example.

photos, the following empirical relationships were found:

2
asp =dandtarr =

Figure 5 shows a series of three images of the dome (a)
prior, (b) during and (c) after the rockfall event. On the im-
ages are two circles, C1 and C2; C1 marks the spot where the
andy = 3.02z(SD=1.3). exposed face will be generated during the.rockfall, C2_ marks

a spot on the slope, where the rockfall will pass during the
These ratios provide an alternative method to estimate thevent. The maximum temperature for C1 refers to the pixel
length of the z-axis. For calculating the volume of individ- with the maximum temperature within the circle C1 and in
ual blocks, a near-vertical face that was generated duringhis case it was 105°C before and 30%C after the rock-
the rockfall was measured if possible; scaling this face withfall, giving a difference of 199.3C. C2 shows a maximum
the ratios of the axes gives us the most accurate possiblgemperature of more than 40G for the duration the rocks
length of each individual z-axis. With the known dome di- were within that region. In picture (b), C1 and C2 show rela-
ameter (298 m viewed from the observation base in the westjjvely low temperatures due to the ash generation during the
which was used as a scale, the resulting calculation of alkockfall event which inhibits the temperature recording of the
three lengths and the given rock shape assumptions, the roagkermal camera. The temperature differences of the exposed
volume could be obtained. dome area before and after each rockfall were then correlated

x = 2.11z (standard deviation SB 0.9),
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Fig. 6. Relationship of rockfall volume estimated from photos taken
before and after and the temperature difference measured at the ex-
posed dome face}? is 0.88.

Tmax Cl = 86°C

Tmax Cll = 402°C mean temperatures of the traces recorded were then again
compared to the rockfall volume (Fig. 7), as estimated from
photographs.

2.3 Energy of associated seismic signals

The seismic investigation of rockfalls, however, brought an
additional challenge: the fact that some rockfalls occur to-
gether with small eruptive events, leading to the superposi-
tion of the rockfall and eruption signals. Fifteen out of the 23
events with their volume estimated using photographs, how-
ever, did not coincide with an eruption, allowing straightfor-
ward analysis of the seismic signal. Because rockfall signals
are compley, it is not possible to calculate precisely the corre-
sponding energy. Thus we used the integral of the associated
velocity signal squared, or the sum of the squares of the sam-
ples multiplied by the sampling interval, as a proxy of the en-
ergy release. Analysis and calculations were carried out with
the Matlab packag&eismo_volcananalysis (Lesage, 2009).
Figure 8 shows a typical seismic rockfall signal of \éhcde
Colima together with its spectrogram.

2.4 Comparison between the rockfall volume and
thermal monitoring

Fig. 5. Series of thermal images of a rockfall on 9 March, 2011 at

21:07 GMT at Volé@n de Colima befor¢a), during (b) and after ~ The volume estimated from the photographs was compared
(c) a rockfall. The black circle C1 marks the exposed face on thewith the measured T values of the freshly exposed face on
dome; C2 marks a spot on the slope where the rockfall will pass bythe dome and to the mean temperature of the rockfall masses
Each picture shows the maximum temperature of each circle whictistributed over the slope. A first order correlation between

is the basis for the temperature difference measurements. Tempera 7 and volumeV (md) yields the resultR? = 0.88, Fig. 6):
ture scales were fixed to better show the distribution of lower tem-

peratures; white areas have temperatures up t6@00
V =0.84AT. (2)

to the estimated volume of rockfalls from the photographic This result implies a relationship between the rockfall size
method (Fig. 6). and either the area exposed of the hot dome interior, or the
In Fig. 5c, the hot trace of the rockfall moving down the depth into the dome uncovered, where higher temperatures
slope can be seen. The thermal emission from hot rocksvould be expected. Due to the large pixel size it is impossi-
rolling down the slope was measured as a time series. Thele to determine which of the two possibilities explains the

www.solid-earth.net/4/201/2013/ Solid Earth, 4, 201-213, 2013



208 S. B. Mueller et al.: Quantification of magma ascent rate

140 - SOMAZ2 09/03/2011 17:45:00.00

23
=3
=3
S
T

120 - o

'
Amplitude

100 150 200 250 300 350 400 450 500
Time (s)

100

Short Time Fourier Transform
h I ! L
=t

80 -

60

N
e
b) ]
c
@
3
=
P,
w

40 -

Volume of rockfall [m’]

20 -

c)

T

0 20 40 60 80 100

: f : { { { i ] i
0 5 10 15 20 25 30 35 40 45
Frequency (Hz)

Normalized amplitude
=]
q

mean temperature of rockfall [°C]
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Fig. 7.Relationship between the volume of rockfalls estimated from Shown are(a) the seismogram an(tb) its time-frequency repre-
photos taken before and after and the mean temperature of the resentation andc) the averaged periodogram of the event. An order
lated deposits distributed over the volcano’s slope. Two outliers car? high-pass filter was applied with a low corner frequency of 1 Hz.
be observed: poira) marks a rockfall that happened shortly after The rockfall was recorded at SOMA station at 17:48 GMT on 9
a large one so the high averafjgor the observed small volume is March 2011.

not representative. Poi(t) marks a rockfall that broke off from the

NW edge of the dome. Here rockfall activity was very low; accord- ) )

ingly the involved mass had had more time for cooling, leading to relationship has been found:

the observed low value of average
ved low value of averag V=125T. @)

Using this relationship, an estimation of the volume of rock-

. . falls is possible based solely on thermal images.
temperature rise, but it would have been dependent upon the

geometry of the displaced rocks. 2.5 Comparison between rockfall volume and seismic
The mean temperature of the rockfall mass on the slope energy

correlated well with the volume of the event. Figure 7 shows

estimated volumé& vs. mean temperaturg of 15 rockfall The proxy for seismic energff’ was estimated for the sig-

events. The mean temperature was mostly recorded immenals associated with 15 rockfalls. A remarkably good corre-

diately after final emplacement of rock mass on the slopelation was observed betwedi andV (Fig. 9). ThereforeE’

However large rockfalls tended to produce larger dust cloudsgan be used to estimate rockfall voluvieat Volcan de Col-

in these cases it was necessary to wait longer (up to minutesina, at least for activity similar to that studied in this paper.

in order to get a clear view of the slope. Looking at other The correlation between estimated volume of rockf#lls

rockfall data of Volé@n de Colima, atime delay of a few min- and pseudo-energy’gives the following empirical relation-

utes in measuring rock temperatures can affect the result bghip:

up to 1°C. Only 15 of the total 23 estimated rockfalls were ,

easily compared because the 8 remaining rockfalls were as/ = 20998E". (4)

soci_ated _With an explosive event; in this case strong ash genyin V in m3 and E’ calculated from seismic velocity (in

eration hindered reasonable measurements due to progressiqg_l)_ This analysis was only possible for rockfalls without

decay of mean temperatures. simultaneous eruptive or ash-venting events. A rangg’of

Figu_re 7 shows a good correlat'ioﬂ?(: 0.85) with the 4 0.007-0.6 was obtained for rockfalls analysed in this
exception of two events. The outlier (a) represents a rock; V.

fall that occurred shortly after another large rockfall. Thus it

started in an area of the dome with lava exposed that was hot 6 Magma extrusion rate

ter than average surface temperatures. The second outlier (b)

marks a rockfall that broke off at the NW edge of the dome After the dome at Volan de Colima started overflowing the

where rockfall activity was low and accordingly the dome western crater rim in November 2009, no further increase in

interior had cooled over a more substantial period of time. volume was perceivable. For this reason, rockfalls generated
The ratio between volume and mean temperature of rockat the lobe between November 2009 and June 2011 are as-

fall mass on the slope has been calculated and the followingumed to represent the total extrusion of magma.
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Fig. 10. Total number of rockfalls at Voln de Colima in 2010.
The blue bar shows the monthly total, red shows the small, green
the medium and purple the large rockfalls. The small category is
Fig. 9. Rockfall volume vs. seismic signal related energy with aver- defined by the seismic amplitude being smaller than 3 mm on the
aged trend line. A good correlation was obtained between estimateglelicorder output. They are also usually shorter than 60s in dura-
volume and seismic signal energy valEiewhich is a pseudo —en-  tion. The medium category has amplitudes smaller than 7 mm; their
ergy and stands for a number that is approximately proportional toduration usually never exceeds 180's. All rockfalls with an ampli-
the actual seismic energy without unif? betweerE’ and rockfall  tude greater than 7 mm count as large rockfalls. Al the data shown
volume is 0.92. in this figure is gained from the daily helicorder records for the year
2010 of the EZV4/SOMA station in the RESCO Valtde Colima
seismic network.

Volume of Rockfall [m’]

Two approaches for constraining the magma extrusion rate
were employed using the calibrated seismic data. In the first
simplified method, rockfalls for the whole year of 2010 were  Medium rockfalls were defined by duration (less than three
classified into three classes depending upon the level of theninutes) and an amplitude between 33 and 66 % of the satu-
associated seismic signal. In the second method, individualation level. The exposed face temperature difference of these
seismic energies;’, were estimated for March 2011 events, events usually was between 20 and 1G0their volume was
during which most field data was obtained. After analysingless than 100 fh The volume of 12 medium events was esti-
and comparing the results of the two methods, it appears thanated and the average was 43m
the estimated proxy for the energy of the sigfalis much Large rockfalls lasted for up to at least five minutes and the
more accurate. The first method requires much less analysiseismograms ranged between 66 and 80 % of the saturation
and would be suitable to obtain quick estimates of effusionthreshold. Saturation of the signal was only reached with the
rates. coincident occurrence of an explosioAT at the exposed

For the first method, the average volumes of rockfalls forface of these large events was always more thar? COthe
the three classes were assigned while counting the numbdrottest temperature difference measured for the 23 rockfalls
of rockfalls per day. Taking the mean of all 23 estimated vol- was 200°C. The volume of 5 large events was estimated, giv-
umes resulted in 56.6%per rockfall. The three categories ing an average of 146.74nThese events are rare, with a total
were small, medium and large. A volume was assigned toof only 5 large rockfalls observed.
each type based upon the estimated volumes from the pho- Taking July 2010 as an example month, there were in to-
tographs. It needs to be emphasized that all rockfalls wereal 897 rockfall events recorded. 591 of them were of the
of a small volume when compared to other volcanoes withsmall type, 222 medium and 84 of the large rockfall type.
higher rates of extrusion. So the total volume of magma extruded in July 2010 was

The first step in this approach was to evaluate the seismiestimated at 27 000¥ngiving an average magma extrusion
records of each day in 2010 to obtain the total number ofrate of 0.010As™1. In comparison, taking the mean vol-
rockfalls that year (Fig. 10). The duration of the small rock- ume of all 23 calculated events (56.6instead of classi-
falls usually was less than one minute and the amplitude wa$ying them by size, the magma extrusion rate was estimated
about 33% of the saturation threshold. The volume of sixat 0.019 i s~1 or 90 % greater. This rather high error justi-
small events has been estimated. Clearly estimating missinfies our approach of grouping rockfalls according to magni-
rock volumes from the photographs is far less accurate fotude. For the year 2010, an average magma extrusion rate of
small volumes. For those six events the maximum expose®.011 n? s~ has been established; taking the error of 35 %
face temperature difference wasZt) the average volume (see discussion) into account, it ranges between 0.007 and
of this rockfall type was 8.7 fh 0.015n? s~ 1. As shown in Fig. 11, the variation was between
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0.03 As a result of applying Eq. (4), we get Eq. (5) which al-
lows the constraint of the volume of eruption related rockfalls
using their duration D:

0.025 -

0.02 -

V =0.121D. (5)

0.015 ~

0.01 - Plotting volume versus duration produce®évalue of 0.8;

0.005 for this analysis, 9 days of observation in March 2011 were
used. When rockfalls occurred during an eruption, the du-
ration was used to estimate’. There were 701 rockfalls

in March 2011, giving an average of 23 per day. During
the 9 field days an average of 11 rockfalls a day were ob-

Fig. 11.Magma extrusion rate of Votm de Colima in 2010, withan  served, a reduced number since observation was not carried
error of 35%; calculated with the seismic amplitude — photographlcout throughout the night.

method. The maximum was in February 2010 with o,ofgﬁil,
the minimum was in June 2010 with 0.008sT1. The average
extrusion rate in 2010 was 0.0113s11. In November 2010 the
decrease of activity started and finally stopped in June 2011.

Magma extrusion rate [m’s™]

0.00 + i T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month in 2010

Applying Egs. (4) and (5), the total magma extruded in
March 2011 was 21008 7000 n?. The total magma ex-
trusion rate can be divided between 20 0G0for isolated
rockfalls and 1000 fof rockfall volume generated during
an eruption. The magma extrusion rate at ¥nlce Colima
40 - during March 2011 was 0.00780.0027 n? s1. This result

agrees reasonably with the result shown in Fig. 11, where the
. magma extrusion rate shows a decrease at the end of 2010 to
0.009 n?s~1. Also observations in the field and of the seis-
e micity show that effusive activity gradually decreased after

« November 2010 until it finally stopped in June 2011.
20 - bR « o

E‘ [x 107]

o 3 Discussion

o .5 ov oo Rockfalls occur frequently during lava emplacement at active
9«’.'-- e @ volcanoes; at Volan de Colima the number and magnitude
— w \ ‘ increased significantly between November 2009 and June
0 50 100 150 200 250 300 350 2011 when the summit dome overflowed the western crater
Event duration [sec] rim. In this study, an estimation of rockfall volume through
photographic observation was performed. At the outset we
note that whereas seismic stations are running constantly
with telemetry, the acquisition of thermal images currently
requires operator intervention. Of 86 rockfalls recorded vi-
sually, 23 were suitable for volume estimates. This can be
0.008 and 0.019As ! in 2010 with an initial increase in  regarded as representative for several reasons: the full range
February followed by a general decline. of rockfall sizes is covered (between 1 and almost 280 m
For the second and more accurate method of extrusion rateockfall numbers correspond to between 20 and 60 % of the
calculation, rockfalls occurring during an eruption have beenentire day count during the 12 field days, carried out during a
excluded as the superposition of the rockfall and explosionphase of high rockfall activity. Data was then used for com-
signal prevents a volume interpretation. The integrated veparison with other measured parameters.
locity squared valué’ of the seismic signal was calculated, Volume estimation from photographs and subsequent
which as discussed, is related to the energy of the rockfallmagma extrusion rate calculation includes some inherent er-
In an attempt to include a consideration of rockfalls coincid- ror: the dome slope angle due to a large variation of the slope
ing with explosions, the duration of the rockfalls was con- on different parts of the dome, the manually measured rock
sidered. For superimposed rockfalls with explosions the fre-dimensions in zoomed pictures or the assumption of rocks
quency spectrogram of the seismic signals was employedbeing perfect cuboids. For our calculations, we assumed an
Due to differences in frequency content between explosiongrror of 3 for the slope angle, 1 mm on the before rockfall
and rockfalls, this allowed precise determination of the du-pictures (20 cm true length) for the length of individual rock
ration parameter for the majority of superimposed eventsaxes (in the zoomed photograph) and taking into account that
Plotting duration againsk’ of pure rockfalls showed only rocks are usually not all parallelepiped. A further source of
a moderate correlation (Fig. 12). error is the minimum rock size detectable, which is estimated

Fig. 12. Pseudo-energy’ vs. duration of rockfalls in secondg?
is 0.8.
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to be 20 cm. However, a rock of these dimensions is still quite  The relationship between pseudo-energy and the volume
small, and even considering a large number of small rockspf rockfalls has, in a different way, also been described by
the impact on the volume estimation would be negligible.  Hibert et al. (2011). By studying the connection between
Calculations using correlations should have minimal errorseismic and potential energy in granular flow and combin-
when the correlation coefficierR? is high (such as the case ing an analytical approach with experimental work on mov-
of volume estimate vs. energy when it is 0.92). In case of esing granular flows, they defined a methodology for estimat-
timating rockfall volumes from superimposed events (rock-ing rockfall volumes at Piton de la Fournais&uRion. They
fall and eruption) with the seismic record®? (0.8, Fig. 13)  also suggest their method could be used for real-time rockfall
is considerably lower. However, only 5% of the total ex- volume monitoring at active volcanoes.
truded volume in March 2011 coincided with an explosion, The methodology developed in this study could be used for
and thus the overall impact should be minimal. Finally, er- future periods of effusive activity at Vodm de Colima. The
rors arise due to uncertainties on energy estimations: seismipresented seismic correlation is limited to this volcano be-
rockfall signals are picked manually, hence there can be mineauseE’ is dependent on volcano-specific parameters, such
imal errors regarding the picked and true duration of rockfallsas dome slope angle, density of rock material, run-out dis-
which affects the resulting energy value. The high-pass filtertance and slope angle and the distance between the seismic
removes the majority of background noise (mainly oceanic)station and dome. Nevertheless, the technique could be ap-
but inevitably some noise remains within the seismic signal.plicable for other volcanoes exhibiting similar phenomena
After consideration of all possible error sources, a maximumprovided a site specific calibration is obtained in each case.
possible relative error of 35% in the magma extrusion rateA further complication would be inherent if rockfalls were
has been determined by calculation of the root mean square® occur in more than one direction. The applicability for
of combined relative errors. For eruption related rockfalls thethe presented method requires a decentralized slow growing
volume—duration relation is useful, although less precise thardome in the summit crater which produces small rockfalls on
the estimation usindz’. The relationship between rockfall the western flank of the volcano. If the dome has a different
volume and the thermal emission of either the exposed domeelative position within the summit crater, the recorded seis-
face or the material on the flank was less precise, and camicity would have different characteristics because of new
easily contain additional error sources. parameters (slope gradient, distance to EZV4 seismic sta-
For estimating rockfall volumes over long periods the con-tion). Furthermore, different magma properties (volatile con-
tinuous seismic data stream is available. With the relationgents, temperature, chemical composition, crystal contents)
between rockfall volume, duration and pseudo-energy, a finabr a different effusion rate would lead to different dome
minimum magma extrusion rate of 0.0028.0027 n¥s 1 growth characteristics and hence a variation in the gener-
for March 2011 and a maximum of 0.0490.007 n¥ s~ for ation of rockfalls. If direct observation is possible, further
February 2010 have been constrained. This result fits veryockfall volume estimation could be performed to freshly
well with observations of the period 2007-2010 by La@all calibrate the associated seismic signal. Volume estimation of
etal., 2012 (0.02 /s 1). In March 2011 the rate decreased rockfalls is definitely possible after individual calibration for
and finally reached zero in June 2011. other volcanoes; an estimation of magma effusion rate would
Of course photographic methods for dome monitoring only be possible, though, if no significant volume increase of
have already been used (e.g. at SeufiHills, Sparks et al., the active growing dome takes place; all freshly emplaced
1998 or Ryan et al., 2010), however, in these cases changdava must end up being lost in rockfalls. During late 2009—
in the dome profile was monitored. Sparks et al. (1998) and2011 at Vol@n de Colima, almost all rockfalls descended the
Ryan et al. (2010) estimated their error in volume calcu-western flank following an almost identical path. Rockfalls
lations to be 15%, but it has to be noted that they con-descending a volcano on different flanks would introduce fur-
centrated on dome profile lines which are much simplerther complications for interpretation of the seismicity. While
than using two-dimensional images to estimate volumes inve appreciate these obvious flaws, we contend that our prac-
three-dimensions. Since they were observing much largetical and simple method provides a reliable approximation
effusion rates (Ryan et al., 2010 for the 2005-2007 activefor the magma extrusion rate at volcanoes that continuously
dome growth period at Souénie Hills, extrusion rate was shed their lava dome through rockfall activities.
5.6+ 0.9 n? s 1) the absolute error was much larger. In our
study, the extraordinary observation conditions permitted an
unprecedented opportunity to look in detail at small rock-4 Conclusions
falls, which represented the only new material being em-
placed. With similar conditions, that is the possibility of We propose a methodology for the detailed monitoring of
close-up rockfall observation and a suitably closely locatedrockfall volume to estimate the magma extrusion rate of vol-
seismic station, the methodology presented here should beanoes with active domes. The example of Yolde Col-
adapted for other volcanoes. ima illustrates that if dome growth is dominated by rock-
falls, the method succeeds in yielding a reasonably accurate
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