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Abstract 
Volcán de Colima has been continuously erupting since the onset of dome 

growth in 1998.  This period of unrest has had 4 prominent periods; 1998-1999, 
2003, 2004-2005, and the current dome growth that began in February of 2007.  
Each of these episodes was marked by lava extrusion forming a dome and lava 
flows, followed by explosions that destroyed the dome. 

The Correlation Spectrometer (COSPEC) was used to determine SO2 
emission rates on 164 days from May 2003 to February 2007, using both 
stationary ground based scans and some flight traverses.  Scans were separated 
into the categories of explosive degassing and passive, or background 
degassing.  These scans show variation in the SO2 flow rate from below 
detection limit (~3 t/d depending on environmental conditions) during 
background, passive emissions to a peak of 2949 t/d (34 kilograms/second) 
during an explosion on 9 October, 2004.  Both passive and explosive degassing 
increased when there was lava extrusion in 2004 and with the increased 
explosive activity in 2005.  These two different processes of degassing wax with 
each other when activity increases and wane together as well, indicating a 
parallel cyclicity in the volcanic eruption and degassing rates, where the conduit 
partially seals (pressurizes) between explosions.   

 Colima’s gas and eruptive behavior is compared to similar systems such 
as Santiaguito and Soufrière Hills, Montserrat.  About 2/3 of Colima’s SO2 
degassing, amounting to 1.3 x 105 tonnes in 3.74 yrs has come in short lived 
small (VEI=0-1) vertical explosions that occurred at the rate of 100-
3000explosions/ month, and the remaining third has occured in continuous 
passive degassing. Colima emits sulfur at a rate equivalent to about 0.04 to 0.08 
wt % S, similar to other andesitic convergent plate boundary volcanoes.   

There has been an explosive destruction of the dome in every cycle for 
that past 5 years, and it is assumed that the current dome which began growth in 
February, 2007 (just at the end of this study) will be destroyed.  Higher emission 
rates seen in the quiescence of 2006 may have eased the pressure at the time, 
resulting in the slow effusion of the current dome and lack of explosivity.   
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1 Introduction: 

1.1 Background activity: 

Volcán de Colima (3850 m; 19.514N, 103.62 W) is located at the western end of 

the trans-Mexican volcanic belt where the Cocos plate actively subducts under 

the North American plate. 

 

Figure 1  
Map from USGS.gov, public domain. 
Photo of active vent taken on 31 October, 2007.   
Photo by author. 

  

Colima is an andesitic volcano, marked by summit lava domes and explosive 

eruptions, block and ash flows, lahars, and debris flows (Luhr & Carmichael, 

1980).  It is Mexico’s most consistently active volcano, with at least 94 significant 

eruptions since 1519 (Bretón González et al., 2002). There have been at least 10 



 

2 

 

eruptions with volcanic explosivity index (VEI) > 3 since 1800, with the most 

recent beginning in November 1998 (Breton-Gonzalez et al, 2002). The 1998-

2008 activity was punctuated by four periods of dome growth followed by dome 

destruction.  These episodes took place from 20 November 1998 through 

February 1999; May 2001, through July 2003; 28 September through November 

2004 (Zobin et al. 2008); and February 2007 to the present (Table 1).   

 

Table 1  

Stages of activity at Colima, 1998-2008 

Date Activity Characteristics 

Nov. 1998 Effusive Fast dome growth and lava flows to S. Small pyroclastic flows 
(Navarro-Ochoa et al. 2002) 

Feb. – July 
1999 

Explosive 3 major Vulcanian explosions, dome destroyed 

Feb. 2001 Explosive Start of new eruptive episode. Explosion forming crater to N of 
summit  

May 2001 – 
Mar. 2003 

Effusive Slow dome growth with migration of activity from NW to NE to S. 
Short lava flows to SW, S, SE, max. length 1 km (Zobin et al. 2002) 

July – Aug. 
2003 

Explosive 2 major Vulcanian explosions, dome destroyed. Pyroclastic flows 
(Zobin et al.2006). 

Sep. – Dec. 
2004 

Effusive Fast dome growth and lava flows to N, NW. Large pyroclastic flow 
from dome collapse in October. 

Feb. – Sep. 
2005 

Explosive 12 major Vulcanian explosions, dome destroyed. Major pyroclastic 
flows. 

Feb. 2007 – 
Dec. 2008 
and 
continuing 

Effusive Small dome formed to SW of crater. First pulse lasted about 1 
month.  

        (Table modified from Nick Varley, unpublished) 
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The 2004 dome began growing late in September and collapsed soon thereafter 

in October, but continued to grow through December, when effusion stopped.  It 

was followed by an intense period of activity from February 2005 through 

September 2005, with about 27 explosive events producing pyroclastic flows, 

collectively destroying the dome. Seven of these flows extended farther than 4 

km from the vent, with the largest reaching 5.4 km (Stevenson and Varley, 2008).  

The major pyroclastic flow producing events occurred on March 10, 13, 25, April 

19, 22, May 7, 10, 15, 23, 30, June 1, 5, 6, 9, July 5, 27, and September 16 and 

27 (Nick Varley, personal communication).  A new dome began to grow in at 

least until February 2009, the time of this writing, with gas and ash explosions 

daily.   
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1.2 Objectives: 

In this paper we report data on the SO2 emission rate of Colima for the period of 

February, 2003 to February, 2007.  The Correlation Spectrometer, or COSPEC, 

has been used at volcanoes around the world to measure SO2 emissions since 

the 1970s (Hoff and Milan, 1981, Stoiber et al., 1983).  This is done because SO2 

emissions can give insight into the processes occurring in the chamber and 

conduit at an active volcano (Edmonds et at., 2003).  Studies have been done at 

numerous volcanoes on the emissions of SO2, including, but not limited to, 

Santiaguito, Guatemala (Rodriguez et al. 2004, Andres et al. 1992); Soufrière 

Hills, West Indies (Edmonds et al. 2003a and 2003b); Popocatepetl, Mexico 

(Delgado-Granados, H. et al., 2001);  Galeras, Colombia (Stix et al. 1993, Zapata 

et al,. 1997); and Mt. St. Helens, Washington, U.S.A. (Gerlach and McGee 1994, 

Gerlach et al. 2005).  These studies found that SO2 emissions were a good way 

to understand the plumbing of a volcanic system because they are one of the few 

external representations of internal materials.  The changes in SO2 degassing 

rates may represent changes in magma convection, a fresh supply of magma at 

depth, or changes in the shallow subsurface. 

 

We will assess SO2 data from both passive and explosive degassing and 

correlate it with volcanic activity to create a base of understanding of Volcán de 

Colima.  We will also create a sulfur budget to determine if there is an excess of 

sulfur, as found in other systems. We will compare Volcán de Colima with other 
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volcanic systems to find similarities and pinpoint a useful model for our system. 

We aim to use this SO2 data and other relevant information available in the 

literature to interpret the volcanic degassing in terms of the volcanic plumbing 

system, including processes at depth, and in the conduit. 
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2 Methodology: 

2.1 Correlation Spectrometer: 

The data analyzed in this paper are from COSPEC measurements made 

between 19 February 2002 and 13 February 2007 (Table 2,Table 3).  

 

The COSPEC measures intensity of scattered ultraviolet light, and the absorption 

spectrum from SO2.  SO2 absorbs light at a wavelength around 300 nm in the 

UV.  The COSPEC generates an SO2 burden expressed in path length 

concentration, or ppm m.  This burden (ppm m) is converted to mass, and 

multiplied by the plume width (m) and wind speed (m/s) to determine an emission 

rate in metric tonnes (equal to one Mg) per day, or t/d. 

 

Because it is based on absorption of scattered solar radiation, COSPEC 

measurements at Colima were most precise in midday periods (8am to 4pm). 

Sensitivity decreases significantly outside of this period. The minimum burden 

which can be measured in midday was estimated by Edmonds et al. (2003) to be 

5-10 ppm m at Soufrière Hills, Montserrat.  The minimum emission rate 

associated with this burden depends on wind speed and plume geometry, and 

also depends on the environmental conditions, but for our Colima dataset, the 

detection limit is on the order of a few tonnes per day. 
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COSPEC based SO2 emission rate measurements have been scrutinized for 

errors and estimates of those errors are around +/- 30%, affected the most by 

wind speed uncertainties (Stoiber et al., 1983).  These are averages, and actual 

error may be much larger.  The largest sources of error in this study are the 

estimates of wind speed. 

 

The COSPEC measurements allow estimates of emission rates for a small 

fraction of the study time period.  Scans were done on 164 days throughout the 

four year period (Table 2, Table 3), representing only 9% of the total days in the 

period.  Of these days with SO2 emission rate measurements, in most cases 

emission rate determinations were done for only short periods of time; usually 

less than two hours, representing a small fraction (~ 8%) of the total time on any 

one of those days.  Overall the emission rate of SO2 was measured during a 

miniscule fraction of the total time period, yet we assume that the measurements 

we made are representative of the whole.  The scans that produced emission 

rates below detection limit are listed as such.  

 

The majority of these emission rates were determined by stationary, ground-

based, mostly vertical scans, with some horizontal as well.  On 5 days from the 

data set, or 3% or the total days, scans were done from a fixed wing aircraft. 

COSPEC data collection in flight is generally considered to be of higher quality 

than ground based data, since it is less subject to environmental interference 
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(especially attenuation from long path view through dusty or hazy air).   

 

 

2.2 Data Reduction: 

COSPEC measurements were carried out by many different people with varying 

degrees of experience, training and expertise.  All of the data were examined to 

retain useful results whenever possible, and some data were rejected when 

necessary. Environmental conditions and operator errors both contributed to a 

9% rate of rejection of data from our overall collection. Rejected data are not 

included in Table 2 and Table 3. 

 

When wind and temperature measurements on the ground were unavailable we 

used radiosonde measurements collected 4000m above Manzanillo airport, 107 

km WSW of the volcano and available from NOAA’s website 

(http://raob.fsl.noaa.gov).  When field data for Colima summit winds were 

available, we found good agreement with radiosonde winds.  Geometric 

corrections for COSPEC data were determined from mapped (GPS) data using 

the known scanning locations and wind directions from radiosonde.   

 

Missing field notes containing measurements of wind speed and plume size also 

cause inaccuracies in calculating emission rates.  Plume geometry is what 

defines the plume width, or path length, thus affecting the emission rate 
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calculation.  Missing geometric data was overcome for some of the starred data 

in Table 2 by logical geometric assumptions based on experience.  

 

Using the considerations of data quality discussed above, we have selected data 

collected during 61 explosions (Table 3) and 78 days of quiescent gas emissions 

(Table 2) for analysis to estimate gas emissions for the entire 2003-2007 period.  

 

Table 2  
Background SO2 emission rates from Volcán de Colima 

 

* Incomplete field notes 
*** No raw data available 

date

emission rate 

(tonnes/day) 

±30%

no. of 

scans notes date

emission rate 

(tonnes/day) 

±30%

no. of 

scans notes date

emission rate 

(tonnes/day) 

±30%

no. of 

scans notes

06/01/2003 25.0 2 02/19/2005 <3 1 * 03/10/2006 48.7 2

07/08/2003 5.3 1 03/04/2005 <3 1 * 03/24/2006 12.7 3

10/04/2003 7.4 5 * 03/17/2005 4.9 1 * 05/22/2006 74.2 2

10/18/2003 40.1 1 * 03/23/2005 <3 1 * 06/13/2006 47.4 3

02/27/2004 201.2 4 flight 03/29/2005 <3 1 * 06/14/2006 230.9 2

04/13/2004 <3 2 * 04/09/2005 3.2 1 * 06/29/2006 46.3 1

04/15/2004 6.4 1 04/30/2005 11.4 1 * 07/13/2006 80.9 1

04/27/2004 4.0 3 05/07/2005 7.0 1 * 07/27/2006 26.3 4

04/29/2004 3.1 3 05/13/2005 8.5 7 * 08/03/2006 30.70 1

05/06/2004 <3 2 * 05/17/2005 3.9 8 * 08/11/2006 69.90 1

05/11/2004 5.3 3 05/24/2005 <3 7 * 08/13/2006 18.2 4

05/13/2004 3.3 1 05/28/2005 <3 5 * 08/14/2006 13.1 2

07/08/2004 19.9 3 06/05/2005 20.4 2 08/27/2006 116.8 2

07/19/2004 7.4 2 06/12/2005 193.2 2 10/31/2006 <3 3

07/23/2004 <3 4 06/14/2005 11.8 7 12/01/2006 136.9 4

07/24/2004 <3 2 06/15/2005 10.1 5 12/02/2006 36.1 1

07/29/2004 20.4 2 06/16/2005 41.4 4 12/07/2006 11.6 2

08/08/2004 <3 8 * 07/04/2005 5.1 6 * 12/08/2006 27.5 1

09/03/2004 14.0 6 *** 07/27/2005 3.5 1 * 12/27/2006 19.0 6

09/14/2004 21.1 7 07/28/2005 <3 9 * 12/28/2006 26.0 3

09/28/2004 227.7 4 flight 08/05/2005 83.8 5 * 02/05/2007 10.1 4 ***

12/11/2004 227.1 1 * 08/28/2005 12.8 22 02/06/2007 7.9 3

12/17/2004 30.2 6 * 09/10/2005 44.6 8 * 02/12/2007 8.3 2

01/18/2005 4.5 23 * 09/16/2005 274.4 5 * 02/13/2007 27.4 5

01/27/2005 <3 1 10/01/2005 15.5 3 *

02/08/2005 <3 1 * 03/04/2006 5.9 5
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Table 3  
SO2 Emission totals for individual explosions at Colima volcano. Each output 
total represents one measured explosion. 

 
* Incomplete field notes 
** Scanning incomplete and does not cover whole period of eruption, so the 
output is a minimum value. 

  

date start time end time

no. of 

scans

peak flux 

(tonnes/day) output (Kg) notes date start time end time

no. of 

scans

peak flux 

(tonnes/day)

output 

(Kg) notes

06/01/2003 16:29:56 17:07:19 4 241 1585 04/16/2005 9:09:00 9:36:00 7 197 2085 *

07/12/2003 8:00:22 8:57:50 9 616 11052 04/30/2005 12:03:39 12:32:54 9 34 470 *
10/18/2003 8:58:57 10:21:28 12 490 7335 05/17/2005 12:25:20 13:10:55 13 27 482 *

03/13/2004 12:55:44 13:35:24 9 42 424 * 06/05/2005 13:33:14 14:23:37 5 68 908

03/29/2004 12:07:00 15:46:00 19 237 1512 * 06/13/2005 8:13:53 10:25:30 10 593 25092

04/15/2004 11:48:30 13:44:30 11 96 2021 06/14/2005 12:05:37 12:37:47 5 49 790

04/15/2004 17:28:42 19:07:34 15 68 1500 06/15/2005 6:56:54 7:10:19 4 324 2427

04/27/2004 10:39:57 11:09:16 11 202 2043 06/15/2005 9:15:20 10:12:12 28 98 1379

04/29/2004 10:14:41 11:12:43 10 16 82 08/05/2005 9:08:16 9:16:03 3 162 614 *

05/11/2004 13:17:21 15:18:29 14 273 1441 08/20/2005 14:11:14 14:44:35 12 155 1581

05/13/2004 10:54:34 11:31:52 10 91 1160 08/28/2005 08:03:50 08:49:44 11 79 1882

07/08/2004 11:41:04 12:47:16 17 579 6453 08/28/2005 11:22:33 11:35:25 3 24 207

07/19/2004 9:38:15 11:11:00 10 102 3080 09/09/2005 17:22:36 19:17:01 12 150 7879 *

07/29/2004 9:50:56 11:20:20 5 4 196 01/05/2006 14:11:04 14:43:00 5 105 1466

08/08/2004 19:02:39 19:39:55 18 51 419 * 03/10/2006 16:01:53 16:53:15 11 172 6873

10/04/2004 11:29:41 11:39:18 4 1704 10056 flight** 03/17/2006 11:59:00 13:12:00 7 557 3345

10/09/2004 9:41:38 9:52:33 3 2949 20251 flight** 03/24/2006 17:51:45 18:42:28 12 294 11771

10/12/2004 9:02:45 9:16:37 4 618 4865 flight** 06/12/2006 15:12:00 16:58:00 9 113 5279

10/15/2004 11:48:36 12:32:01 7 516 10584 06/12/2006 19:51:00 20:04:00 3 611 40584 **

10/16/2004 10:56:23 12:32:55 8 87 4457 * 06/13/2006 11:40:00 13:19:00 10 376 17141

12/11/2004 9:28:54 12:07:07 23 1164 44802 * 07/12/2006 18:56:05 19:45:07 9 489 10299

12/17/2004 12:07:01 12:50:40 8 376 5418 * 08/13/2006 9:32:17 10:44:16 13 242 3476

01/27/2005 7:57:00 9:13:00 9 264 3450 10/19/2006 12:25:23 13:31:10 8 27 838

01/27/2005 13:20:00 14:02:00 9 78 1199 10/31/2006 17:42:37 18:22:43 4 47 572

02/08/2005 9:17:00 10:48:00 14 70 1021 * 10/31/2006 18:47:49 19:28:27 5 39 473

02/08/2005 14:50:00 15:19:00 11 8 67 * 11/09/2006 8:02:24 8:50:40 7 588 8182

02/19/2005 13:20:00 14:01:00 10 7 46 * 12/02/2006 9:06:16 10:16:39 11 140 2513

03/04/2005 12:57:00 13:18:00 9 11 98 * 12/27/2006 11:14:31 12:07:09 10 375 4080

03/17/2005 12:02:00 12:53:00 11 859 9737 * 12/27/2006 15:15:47 15:29:39 5 119 720

03/23/2005 14:07:00 14:54:00 12 325 1961 * 12/27/2006 16:47:45 16:59:53 4 128 638

03/29/2005 15:12:15 15:46:31 18 140 894 * 12/28/2006 11:14:00 11:30:35 6 178 836

03/29/2005 18:01:24 18:45:09 22 104 2007 * 12/28/2006 14:25:35 14:50:19 3 543 5225

04/09/2005 10:53:00 11:02:00 4 23 81 *
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3 Results:  
 

3.1 Passive SO2 emission rates: 

In this analysis we estimate SO2 emission rates during passive degassing, the 

periods when there is no explosion taking place, and SO2 emissions are 

occurring at a “background” rate. From the 5 years of data, after scrutiny of data 

quality, we accepted measurements for 78 days of background SO2 emissions 

(Table 2). The data show variations from undetectable (below detection limit for 

specific light and wind conditions, on the order of a few tones per day) to 320 t/d 

(3.71 kg/s) on 16 September 2005, with periods of slight increase in late 2003 to 

early 2004, and late 2004, and more sporadic increases in background emission 

rates in mid-2005 and the latter half of 2006. 

 

Total background emission for the period of June 2003 to February 2007 was 

determined by multiplying the average emission rate by time.  The averages 

were weighted by finding a total mass for each gap in time in the data set, and 

summing those to get the total SO2 emission mass (Table 4).  Thus, the total 

estimated background emission rate from Colima during the period from June 

2003 through February 2007 equals 6.90 x 104 tonnes. Using the total amount of 

SO2 emitted over a total 3.74 years, Volcán de Colima’s passive degassing 

average is ~50 t/d. 

 



 

12 

 

Table 4 
Estimates of mass of SO2 emitted at Colima through passive emissions, shown 
as a function of time.  These are calculated from the measured emission rates 
and the length of time periods between emission rate estimates. 

 

 

3.2 Explosive SO2 emissions: 

Explosive events at Colima consist of a short burst where the vent opens rapidly 

and explosively, and lets out eruptive materials.  Emissions increase rapidly, and 

for some time afterward the volcano continues to emit SO2 at a higher rate. 

These explosions last minutes to hours.  Explosive SO2 is measured by 

COSPEC, scanning in the same manner as passive emissions, but during 

explosions and the following high rate degassing associated with them.  Many of 

these scans were performed from the beginning of the explosion and were 

repeated until the intensity of the emission had decreased to a background level 

again, thus giving values for the entire event.   These rates were then multiplied 

by the duration of the explosion.  From 2003 to 2007, sixty six explosions were 

scanned which produced a total SO2 output for each event (Figure 2). 

date tonnes/ day

days between 

measurements

tonnes per 

period

total tonnes 

to date date tonnes/ day

days between 

measurements

tonnes per 

period

total tonnes 

to date date tonnes/ day

days between 

measurements

tonnes per 

period

total tonnes 

to date

1-Jun-03 25 8-Feb-05 2 12 13 43391 16-Sep-05 274 6 957 47987

8-Jul-03 5 37 561 561 19-Feb-05 0 11 10 43402 1-Oct-05 16 15 2175 50162

4-Oct-03 7 88 561 1122 4-Mar-05 0 13 4 43406 4-Mar-06 6 154 1647 51809

18-Oct-03 40 14 333 1455 9-Mar-05 0 5 1 43406 10-Mar-06 49 6 164 51972

27-Feb-04 201 132 15927 17382 17-Mar-05 5 8 20 43426 24-Mar-06 13 14 430 52402

13-Apr-04 1 46 4662 22044 23-Mar-05 0 6 15 43442 22-May-06 74 59 2565 54967

15-Apr-04 6 2 8 22052 29-Mar-05 1 6 5 43446 13-Jun-06 47 22 1338 56305

27-Apr-04 4 12 63 22114 9-Apr-05 3 11 25 43471 14-Jun-06 231 1 139 56444

29-Apr-04 3 2 7 22121 30-Apr-05 11 21 153 43624 29-Jun-06 46 15 2079 58523

6-May-04 2 7 17 22138 7-May-05 7 7 64 43689 13-Jul-06 81 14 890 59413

11-May-04 5 5 17 22155 13-May-05 8 6 46 43735 27-Jul-06 26 14 750 60163

13-May-04 3 2 9 22164 17-May-05 4 4 25 43760 3-Aug-06 31 7 199 60363

8-Jul-04 20 56 648 22812 24-May-05 3 7 24 43783 13-Aug-06 18 10 244 60607

8-Jul-04 5 0 0 22812 28-May-05 1 4 7 43790 14-Aug-06 13 1 16 60623

19-Jul-04 7 11 67 22879 5-Jun-05 20 8 84 43874 27-Aug-06 117 13 845 61467

23-Jul-04 1 4 18 22896 12-Jun-05 193 7 748 44622 31-Oct-06 2 65 3861 65328

24-Jul-04 1 1 1 22897 14-Jun-05 12 2 205 44827 1-Dec-06 137 31 2152 67480

29-Jul-04 20 5 54 22951 15-Jun-05 10 1 11 44838 2-Dec-06 36 1 86 67567

8-Aug-04 2 10 110 23062 16-Jun-05 41 1 26 44863 7-Dec-06 12 5 119 67686

3-Sep-04 14 26 203 23265 4-Jul-05 5 18 418 45282 8-Dec-06 28 1 20 67705

14-Sep-04 21 11 193 23458 27-Jul-05 3 23 98 45380 27-Dec-06 19 19 442 68148

28-Sep-04 228 14 1742 25200 28-Jul-05 3 1 3 45383 28-Dec-06 26 1 23 68170

11-Dec-04 227 74 16828 42027 5-Aug-05 84 8 346 45729 5-Feb-07 10 39 704 68874

17-Dec-04 30 6 772 42799 27-Aug-05 0 22 921 46651 6-Feb-07 8 1 9 68883

18-Jan-05 5 32 556 43355 28-Aug-05 13 1 6 46657 12-Feb-07 8 6 48 68931

27-Jan-05 1 9 23 43378 10-Sep-05 45 13 373 47030 13-Feb-07 27 1 18 68949
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Figure 2   
Graphical representation of determination of the SO2 mass emitted during 
explosive activity.  Each point represents an emission rate determined from one 
COSPEC scan, and each bar represents and SO2 mass emitted between those 
two scans- the mass is the product of the measured emission rate multiplied by 
the time between scans. The total SO2 mass in the whole event is the sum of the 
mass from all the bars. The equal width of vertical bars is misleading in this plot 
because they are of unequal width and are not drawn to scale here. 
 

The lengths of explosions from Colima volcano vary, and those that were 

measured during this study varied from about 20 minutes to about two hours.  

Some explosions were not scanned throughout the whole event, and those 

calculations underestimate the total gas release. 

 

The frequency of explosions at Colima also varies, and the total, long term SO2 

output for the volcano depends greatly on how many events release higher 

amounts of gas.  These frequencies are counted from the seismic record, and 

are reported in Table 5.  (Nick Varley, unpublished data, 2008). 

The number of explosions per month is about 200 for the majority of the study, 
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with an obvious increase in the last three months of 2004 (Table 5).   

Table 5  
Monthly explosion counts from seismic counting. 

month 
# of 
explosions month # of explosions month # of explosions 

Jun-03 450 Sep-04 442 Dec-05 216 

Jul-03 439 Oct-04 3172 Jan-06 123 

Aug-03 409 Nov-04 1424 Feb-06 130 

Sep-03 No data Dec-04 776 Mar-06 207 

Oct-03 170 Jan-05 347 Apr-06 196 

Nov-03 374 Feb-05 348 May-06 214 

Dec-03 143 Mar-05 255 Jun-06 193 

Jan-04 257 Apr-05 299 Jul-06 298 

Feb-04 200 May-05 240 Aug-06 226 

Mar-04 249 Jun-05 214 Sep-06 176 

Apr-04 225 Jul-05 200 Oct-06 197 

May-04 247 Aug-05 176 Nov-06 240 

Jun-04 249 Sep-05 251 Dec-06 228 

Jul-04 228 Oct-05 217     

Aug-04 230 Nov-05 260      

Table created by author, data from Nick Varley, unpublished. 

 

Because of the gaps in data throughout the study, the year has been divided 

here into quarters; January through March, April through June, July through 

September, and October through December.  The average explosive emission 

per explosion multiplied by the total explosive events per quarter gives the total 

SO2 mass of explosively degassed emissions for the quarter (Table 6). 

 

In estimating the total SO2 emission for each time period, we assume that 

unmeasured explosions have a total SO2 emission equal to the measured ones 
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for the same time period.  The 4th quarter of 2005 has no SO2 estimates for 

eruptions, so for this period and average explosive mass from adjacent quarters 

was used.  Average SO2 output per explosion for each quarter was multiplied by 

the total number of explosions (Table 5) to determine the total gas release for the 

period from April 2003 to December 2006 (Table 6) 

.   

 

In all we have measurements of 61 explosions (Table 3) out of a total of 16676, 

or about 0.37% of the total.  We assume we can estimate the total mass of SO2 

emitted from Colima from this miniscule sample.   
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Table 6  
Quarterly totals for explosive and passive degassing, along with total cumulative 
mass for the study period.  

Quarter 
#of 
explosions 

quarterly 
average 
(tonnes per 
explosion) 

total 
explosive 
SO2 per 
quarter 
(tonnes) 

total 
background 
per quarter 
(tonnes) total SO2 

Apr-Jun 03 1702 2 2698 No data 2698 

Jul-Sep 03 *1138 11 12572 561 13132 

Oct-Dec 03 687 7 5039 894 5933 

Jan-Mar 04 706 1 683 15927 16611 

Apr-Jun 04 721 1 991 4782 5773 

Jul-Sep 04 900 3 2283 3036 5319 

Oct-Dec 04 5372 14 77075 17600 94674 

Jan-Mar 05 950 2 1946 647 2592 

Apr-Jun 05 753 4 2821 1421 4242 

Jul-Sep 05 627 2 1271 3123 4395 

Oct-Dec 05 693 *3 2328 2175 4503 

Jan-Mar 06 460 5 2158 2241 4399 

Apr-Jun 06 603 11 6760 6121 12880 

Jul-Sep 06 700 7 4821 2944 7765 

Oct-Dec 06 665 3 1717 6703 8421 

      totals 
  

125163 68175 193337 

*No data, value is an interpolated average from previous and next quarter. 
Table created by author. 
 

3.3 Emissions and activity: 

In the SO2 measurements we looked for correlations between emission rates 

and activity, expecting higher gas fluxes would tend to occur during the more 

active periods.  

 

The dome-destroying period of explosive eruptions considered VEI 1-2, (Zobin et 

al. 2006), during 2003 shows no increase of background degassing values.  

Emission rates did increase after the end of effusion and dome destruction 

(Figure 3).  
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Figure 3  
Passive degassing or background SO2 emission expressed as daily averages in 
t/d.  Shaded regions represent periods of effusive or explosive activity. 

 

Explosive degassing during 2003 shows slightly higher outputs of SO2 per event 

(Figure 4), about 10 tonnes, with an average peak emission rate for explosions of 

about 450 t/d (Table 3).  This decreases again with the decrease in activity for 

the early months of 2004. 

 

In early 2004 Colima exhibits little variation in activity in the number of explosive 

events, background degassing values, and emissions from explosive degassing 

events (Figure 4).  This was a relatively quiet time, possibly allowing the buildup 

of gas and pressure deep within the plumbing.  There was a slight increase in the 

number of explosive events, September and effusion began on 28 September, 

2004 (Zobin et al., 2008).   
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Figure 4 
a.) SO2 emission total for each measured explosion expressed in tonnes.  b.) 
Total number of explosive events that occurred each month during the study 
period counted from the seismic record. 

 

The measurement on 4 October, 2004 scanned a plume that emitted at least 10 

tonnes of SO2, and the following scan on the 9th measured at least 20 tonnes.  

This increase occurred at the beginning of effusion, when 3172 explosive events 

were recorded on the seismic network for the month of October. There is no 
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doubt that the SO2 masses emitted by explosions in late 2004 were anomalously 

high (Figure 4).  The total mass increased by nearly an order of magnitude to 

more than 40 tonnes, and there were several high quality airborne surveys during 

that period.  Background degassing also increased during this period and 

measured 227 t/d on 28 September (flight traverse) and again on 11 December 

(stationary scan) 2004.   Scans were obtained on one explosion during the 

effusive period on 11 December, showing the largest emission for the study 

period, 45 tonnes, and a peak emission rate of 1164 t/d (Table 3).  SO2 emission 

rates decreased when effusion stopped in December, and remained low through 

the beginning of 2005.  Highly explosive events began in March, and an eruption 

on 17 March had an output just under 10 tonnes, much more than explosions 

that ranged from <1 to 3 tonnes before and after the event.  Another explosion on 

13 June, 2005 emitted 25 tonnes of SO2, the second highest measured in this 

study.  This was also correlated with an increase in background degassing that 

reached levels of 193 t/d on 12 June, and a period of highly explosive, 

destructive events.   Background emission peaks of 274 t/d were observed on 16 

September, 2005, the highest background value for this study, and right at the 

end of this period of high explosivity.  

 

The number of events rose greatly in October, 2004, during the time of rapid 

effusion.  This high rate dropped over the next three months, and was back to the 

normal <500 per day after effusion stopped in January, 2005.  The number of 
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explosive events remained at this relatively low value during the dome destroying 

episode itself, although the magnitude of explosions increased greatly. 

 

Gas emission increases were seen during all periods of effusion, and high 

explosivity.  Overall, when activity increased, SO2 emissions increased.  The type 

of activity and high rate of activity did not correlate, as the rate increased greatly 

only once during high effusion in 2004. 
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4 Discussion: 

4.1 Sulfur budget: 

SO2 emissions can give insight into the processes occurring in the chamber and 

conduit of an active volcano (Edmonds et at., 2003).  Previous reports of SO2 

measurements at Colima focus on periods of high activity, and are generally 

higher than the ones reported here.  Casadevall et at. (1984) report an emission 

rate of 320 ±50 t/d at Colima on Feb 19-20, 1982.  During the effusive stage of 

the 1991 eruption, the emission rate was 600 t/d (Taran et al.2002).  Taran et al 

(2002) reports on emissions at Colima during the late 1990’s showing that low 

level (<100 t/d) SO2 emissions occurred before Sept 1998, and that during the 

next month SO2 emissions varied in the range of ~400 to 1600 t/d while during 

the most active period (November, 1998 to February, 1999) SO2 emissions rose 

sharply up to 20,000 t/d, with measured emission rates correlating with seismicity 

and lava extrusion rates which peaked at ~4.4 m3/s.  Varley et al. (2003) report 

SO2 emission rates during 2001 to average 350 t/d, with a peak in November at 

900 t/d.  During the 2004 andesitic block lava extrusion, Zobin et al., (2008) 

reported SO2 emission rates increasing up to 3000 t/d, again correlating with 

extrusion rates which peaked at ~7.5 m3/s.  The corresponding average for all 

COSPEC measurements made during this extrusive period (explosive and 

passive) is 16 Kg/s.  These descriptions allow comparison of lava extrusion rates 

with SO2 emissions (Table 7).   
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Table 7   
Weight % Sulfur of Colima lavas 

Date 

Lava 
emission 
m3/s 

Lava 
emission 
kg /s 

SO2 
emission 
kg /s wt %S Reference 

11/98-
2/99 *4.4 11440    *18     .08 

*Navarro-Ochoa et       
al. 2001 

10/04-
11/04 **7.5 19500   ***16     .04 

**Zobin et al. 2008, 
***average from 
values in this paper 

 

The sulfur proportion suggested by Colima (.04 to 0.08 wt % S; Table 7) 

represent values that are consistent with other convergent plate boundary 

volcanoes (Andres et al., 1991; Wallace et al., 2003).  These studies show 

excessive S contents above the 0.01 to 0.06 wt % expected from andesitic 

magma, and Colima is also on the high end of range.  The excess may reflect 

intrusion of sulfur rich mafic magma under Colima and contribution of sulfur 

gases.  Or it could reflect sulfur derived from differentiation and evolution of 

andesitic magma within the conduit (Moune et al, 2008).  

 

If we apply the proportional sulfur release implied by Table 7, an average of .06 

wt%, to the entire 2003-2007 period and use the total S released (2.0x 105 t SO2 

= 1.0x 105 t S), it implies a corresponding magma mass of about 1.7 x 108t ( 1.7x 

1011 Kg) magma, or about .07 km3.  If averaged over the 3.74 years, there would 

be an equivalent average lava extrusion rate of .02 km3 /year, or about 0.63 m3 s-

1. These values are estimates based only on gas emissions, and should be 

compared with lava volume extrusion estimates which are not available. 
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4.2 Comparison to other volcanoes: 

 

Of the many studies done on SO2 emissions from volcanoes around the world, 

two stand out as the most relevant to this study:  Santiaguito, Guatemala, and 

Sufrière Hills, Montserrat.  Both have similar systems to Colima, along with 

comprehensive and well analyzed SO2 data sets. 

 

Santiaguito has relatively low SO2 emission rates.  It is an open vent, dacitic 

system that has been in its current eruptive state with regular ash eruptions, lava 

flows and rock falls since 2000 (Rodriguez et al. 2004).  The lava extrusion rate 

at Santiaguito was reported to be 0.69m3/s since 1922, and 0.56 m3/s since 

1954(Durst et al., 2009), a rate which is similar to Colima during most of the 

study period. From COSPEC measurements done in 2001 and 2002 the average 

SO2 emission rate was 120 t/d. Wide variability from below detection level, to 170 

t/d was measured between 9 and 11 January, 2002, with no obvious changes in 

volcanic activity (Rodriguez et al. 2004).  This volcano shows similarities to 

Colima, with low background emissions, and frequent explosions, resulting in a 

wide range of SO2 emission rates.   

 

The explosive nature of Colima could be compared to that of Santiaguito.  Both 

volcanoes have a background passive degassing that occurs along with some 
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explosions and higher emission rates.  Branan, (2008) reports on emissions rates 

from 19, 21, 23, 24 and 25 January, 2004.  An average background passive 

emission of about 0.25 Kg/s, (20t/d), and explosions increasing emission rates to 

0.5-1.5 Kg/s (43-130 t/d).  Explosive eruption rates are 2 to 6.5 times higher than 

the background rates.  At Colima we see much higher increases, with some 

explosions reaching over 100 times the corresponding background values, 

though the normal increase is lower. 

 

The commonality of many small explosions per day indicates a similar system 

opening process.  Branan, (2008) discusses the explosion and repose cycle at 

Santiaguito, finding that upon an explosion, SO2 emissions increase greatly, and 

then decrease slowly and constantly.  She concludes that the system’s initial 

rapid opening of cracks in the vent is followed by some partial re-sealing, and 

later, a complete sealing of these cracks where the emission rate becomes 

constant again, degassing through active fumaroles.  The short term cyclicity at 

Colima can’t be followed this precisely with this data set, but the slow return to 

background emission rates can be explained with this process.  Santiaguito’s 

repose time was found to be highly variable, with emissions from the four studied 

explosions lasting from 10 minutes to an hour (Branan, 2007), similar to the times 

recorded at Colima (about 10 minutes to about two hours). 
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The explosions at Santiaguito are accompanied by movement of a vertical 

conduit and actual lava extrusion (Bluth & Rose, 2004).  No such association is 

consistently observed  at Colima. 

 

SO2 emission rates were used to create a model of the magma at depth and in 

the conduit of Soufrière Hills volcano, Montserrat, West Indies (Edmonds et al., 

2003).  A six year period of COSPEC measurements showed a broad increase 

from ~100 t/d to over 2000 t/d, and then decreasing again to less than 100 t/d in 

two different cycles.  The first of these cycles occured from January 1996 to mid 

1999, and a much shorter episode took place from mid 1999 to mid 2001. The 

peaks in emission rates correlated with dome growth episodes, and then 

decreased after collapse. Edmonds et al. (2003) suggests that this represents a 

cycle of changing conduit permeability, and a continuous, though fluctuating, 

supply of mafic magma at depth.  

 

Soufrière Hills volcano also exhibits short term cyclicity in SO2 emissions seen 

when an explosion occurs, as emission rates jump up immediately after an event, 

and decrease gradually to a background level.   Short term cyclicity is explained 

by the changing rheology of the magma as it ascends and becomes more 

viscous with the yield strength increasing, and creating a plug in the upper 

conduit (Edmonds et al. 2003).   
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Colima exhibits similar behavior; it has one to three year cycles distinguished by 

dome growth periods and cyclic SO2 emissions rates, with destructive explosions 

to end the cycle.   This is accompanied by short term behavior of low, passive 

degassing followed by high emission explosions and returning back to 

background levels.   

 

Edmonds et al. (2003) suggests that the cyclicity of increasing and decreasing 

SO2 emissions is driven by sealing of the conduit during effusion by both 

precipitation of secondary hydrothermal minerals and cooling of magma in the 

conduit.  This allows exolved gas to build up, resulting in the explosive 

destruction of the current conduit-blocking dome.  Although emissions were still 

relatively low at Colima, (peak at 2949 t/d during the dome collapse period of 

2004 at Colima, compared to 4654 t/d from a period just before a major dome 

collapse at Soufrière Hills) the buildup was still apparent when compared to the 

emission rates during periods of low activity, often below detection.   This 

variability and apparent buildup of gas could explain the process of periodicity at 

Colima as well, with low emissions initially rising during effusion, then peaking, 

and releasing explosively, and finally settling to a low background emission rate 

again after a major eruption. 

 

Although the effusive periods are intermittent, there is constant SO2 emission 

from Colima.   There is no obvious long term waning of emissions to suggest a 
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limited supply of gas; the passive background emissions remain low but 

consistent during times of quiescence.    This same constant but variable low rate 

of background degassing was found at Soufrière Hills, and it was suggested that 

it indicated a continuous supply of magma at depth (Edmonds et al. 2003).  The 

same explanation could account for the long term background degassing at 

Colima.  

 

4.3 Explosive and passive gas emissions: 
 

The explosive events at Volcán de Colima consist of a rapid burst of seismic 

energy and sudden increase in SO2 emission, followed by a period lasting from 

minutes to hours of higher emission rates which slowly dropped back to 

background degassing levels.  The first explosion of energy is considered to be 

the initial breaking of hard rock in the conduit from over pressurization, with the 

built up gas being released rapidly.  Once this stored mass of SO2 is released 

into the plume, degassing continues at a high rate because the cracks in the vent 

rock remain open to allow degassing SO2 to escape the magma below.  Within 

minutes to hours gas emission drops back to the passive rates from fumaroles 

and small fissures that continuously allow passive degassing.   

 

The explosive period during 2003 shows no increase of background degassing 

values, although emission rates did increase after the end of effusion and dome 
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destruction (Figure 3).  

 

Although low level activity continued with hundreds of explosions per month in 

late 2005, and through 2006, there was extrusion and no large explosions.  This 

was considered a relatively quiescent period at Volcán de Colima.  Background 

emission rates for the period remained above average for a period of little 

activity.  The average background emission rate for 2006 was ~50 t/d, larger than 

the 7 t/d average found during the quiescent period from April, 2004 through the 

beginning of effusion in September. Average explosive emissions for 2006 were 

7 tonnes per explosion, higher than the average 2 tonnes per explosion from 

April through September, 2004.   

 

Figure 5 compares the background and explosive SO2 emissions at Colima 

during the study period.  The total background SO2 emission is 6.9 x 104 tonnes, 

equivalent to about 55% of the explosive SO2 during the same period (1.3 x 105), 

and together, the total background and explosive SO2 release for this 3.74 year 

period is 1.9 x 105 tonnes (Table 6). 

There are two peaks in background degassing, in the first and last quarters of 

2004, and a minor increase in late 2006.  Explosive release has a distinct peak in 

the last months of 2004, due to both high emissions per explosion (16300 

kilograms/explosion) and a large number of events (5372 for the three month 

period).  This period of activity is described in detail by Zobin et al. 2008.  It is 
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apparent here that the minor increase of both explosive and passive degassing in 

mid 2006 does not emit a large amount of gas in comparison to the more active 

periods of 2003 and 2004.  This was a subdued time in the activity of the 

volcano, but emission rates were higher than other times of quiescence.   

 

 

 

Figure 5 
Quarterly emission totals 
Emission totals broken up into (a) explosive release (average eruptive output per 
quarter multiplied by the total number of explosions for the quarter), and (b) 
background (passive) degassing.  These are expressed per quarter.  

 

 

Effusion began again in February, 2007 at a low rate, with no increase in SO2 

emissions in the time leading up to it.   
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5    Conclusions: 

Over the 3.74 years of this study, an estimated 2.0 x 105 tonnes of SO2 were 

degassed from Volcán de Colima.  This degassing occurred in two different 

forms: passive degassing, where a continuous fuming of the volcano emits SO2 

and other gas into the atmosphere, and explosive degassing, when sudden short 

bursts of emissions are released and accompanied by seismicity and increased 

SO2 emission rates. Of the total  SO2 released from the volcano during this study, 

1.3 x 105 tonnes (about 2/3)  were degassed explosively, and 7.0 x 104 tonnes 

(about 1/3) were degassed passively.   

 

Beginning in September, 2004, there is positive correlation between the increase 

in passive degassing and explosive degassing; both increase during the same 

periods, and during times of effusion.  During dome building, explosive degassing 

increases more than passive degassing, and the total mass during this time 

greatly exceeds that from passive degassing, due both to higher emission rates 

during explosions and the greater number of events.  This explains the overall 

dominance of explosive SO2 in the total. 

 

Colima is only slightly releasing excess S.  The average of 0.06 wt%S found from 

lava extrusion and SO2 emission was just on the high end of the 0.01-0.06 wt%S 

range expected from an andesitic magma.  The excess S may indicate a source 

at depth. 
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Colima has shown a cyclical nature of SO2 emission rates coupled with dome 

building extrusion, and a highly explosive period of dome destruction, and then a 

quiescent period.  This behavior has been documented in similar systems such 

as Santuaguito and Soufrière Hills.  The behavior is explained as an open vent 

system with a vent that gets blocked during effusion, storing exsolved gasses in 

the conduit which results in explosive destruction of the dome.   

 

Increased emission rates and dome building effusion have resulted in the 

explosive destruction of the dome in every cycle for the past 5 years, and it can 

be assumed that the current dome will be destroyed as well when SO2 builds up 

sufficiently to over pressurize the conduit.  The higher emission rates seen in the 

quiescence of 2006 may have eased the pressure at the time, resulting in the 

slow effusion of the current dome and lack of explosive nature.   
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