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C . I .  INTRODUCTION 

Sulfur  from anthropogenic sources i s  emitted i n  the form of su l f u r  

d iox ide (SO2), hydrogen s u l f i d e  (H2S), o r  su l fa te ;  estimates of the su l f a te  

f rac t ion  vary from 1.5 t o  5% (Benkovitz e t  a l . ,  1994). Global estimates o f  

anthropogenic emissions o f  s u l f u r  f o r  1985 are approximately 65 Tg S y-l 

(Benkovi t z  e t  a1 . , 1996) and f o r  1990 approximately 71 Tg S y-l (see Appendix 

A t i t l e d  Global Anthropogenic Sulfur Emissions f o r  1985 and 1990 i n  t h i s  

repor t ) .  Su l f u r  from biogenic sources i s  emitted i n  the form o f  SOz and o f  

several reduced sul  f u r  compounds such as hydrogen sul  f i de  (H2S), dimethyl 

sul  f i d e  (DMS) , carbonyl su1 f i d e  (OCS) , carbon d i  sul  f i d e  (CS2), and dimethyl 

d i  sul  f ide  (DMDS) . Recent estimates o f  emissions o f  s u l f u r  compounds from non- 

anthropogenic sources (Bates e t  a ] . ,  1992) place oceanic emissions (mostly 

OMS) a t  approximately 15 Tg S y-', t e r r e s t r i a l  emissions a t  approximately 

0.4 Tg S y-l, emissions from biomass burning a t  approximately 2 Tg S Y-' and 

volcanic emissions a t  approximately 9 Tg S Y-', f o r  a t o t a l  o f  26.4 Tg S y-l. 

These estimates f o r  oceanic and t e r r e s t r i a l  s u l f u r  emissions are a t  the low 

end of the range given by the IPCC (Houghton e t  al. ,  19921, where oceanic 

emissions are estimated t o  be i n  the range 10 t o  SO Tg S y-' and t e r r e s t r i a l  

emissions i n  the  range 0.2 t o  4 Tg S Y-'. 

S u l f u r  emissions from anthropogenic sources are s t rong ly  loca l i zed  i n  

the h i gh l y  popul ated and i n d u s t r i a l  ized regions i n  Eastern North America, and 

across Europe from the United Kingdom over Central Europe t o  the  Donbas region 



in Russia (Benkovitz e t  a!., 1996). Release heights are in the range of 

surface to Over 200 rn (saeger e t  al., 1989). Biogenic sulfur emissions from 

oceanic sources follow the distribution of areas of high productivity which 

are dependent on season and are located preferentially along coastlines. 

Sulfur emissions from 1 and sources follow the distribution of global 

vegetation and are highest in the tropical and subtropical areas. All the 

biogenic emissions are released at the surface (Benkovitz et  al., 1994). 

Volcanic emissions are located in areas of volcanic activity, are extremely 

variable in time, and can be re1 eased anywhere from ground 1 eve1 to the 

stratosphere. 

The main sulfur compound emitted by volcanoes is sulfur SO2 (Gerlach and 

Nordie, 1975). Hydrogen sulfide (H2S) may be abundant in plumes of relatively 

1 ow temperatures and reducing conditions (Ozawa, 1966, Ross, 1968) ; however, 

overall this compound is genera1 ly less than 1% of the sulfur gas (Stoi ber et  

al., 1987). Other sulfur compounds present in small amounts are sulfur 

trioxide (SO3), sulfate, carbony1 sulfide (OCS) , and elemental sulfur (S) . 
For example, Belviso et  a7. (1986) estimate the global OCS volcanic yield to 

be 3.1 to 46.lx1o9 g S yr-l, compared to an annual fl ux of 3 .4xl0l2 g S ~ r - '  

for SO2 estimated by Stoi ber et a1 (1987). Reduced su1 fur compounds can be 

oxidized as the hot eruption mixes with ambient oxygen, so that the 

composition of sulfur gases in volcanic activity can vary widely (Cadle et 

al., 1971). 

Sulfur emission rates of volcanoes have recently begun to be estimated 

based on surface measurements (e.g., Stoiber e t  a1 , 1983; A1 I ard e t  ale, 

1994, Cal tabiano et  al., 1994) and derived from sate11 i te measurements (Bluth 

et  a!. , 1993, Mouginis-Mark et  al. , 1989). Lacking direct measurements, 



var ious method01 ogies t o  est imate sul  fur  emi ssions have been developed and 

appl ied t o  ob ta in  estimates o f  the con t r ibu t ion  o f  volcanoes t o  the global 

atmospheric su l fu r  budget; f o r  example? see Newhall and Self (19821, 

Berresheitn and Jaeschke (19831, Devine e t  a7 .  (l984b), Sto iber  e t  a?.  , (1987) ? 

and P in to  e t  a7 .  (1989). Several o f  these methodologies and estimates have 

been included as a component o f  g lobal  inventor ies o f  s u l f u r  emissions from 

a l l  sources by various authors; f o r  example, see Cul l  i s  and H i rsch le r  (1980), 

Mo l le r  (1984) Bates e t  a1 . (1992) ? and Spiro e t  a ? .  (1992). I n  general, 

g loba l  estimates o f  t o t a l  s u l f u r  emissions are given as g loba l  t o t a l s  f o r  an 

"average" year? except i n  the Spiro e i  a 7 .  inventory, where the  data r e f l e c t  

the year 1980. 

Much more a t t en t i on  has been given t o  s u l f u r  emissions from erupt ing 

volcanos s ince these were considered a more abundant source of su l fu r  

compounds; f o r  example? Sto i  ber et  a ? .  (1987) estimate t h a t  the  annual s u l f u r  

f l u x  from degassing, non-erupt ing  volcanoes i s  approximately 53% o f  the f l u x  

from erup t i ve  events. For t h e i r  estimate, these authors used average, 

normal ized data f o r  the previous 20 years based on the compendium o f  Simkin e t  

a? .  (1981). I n  contrast, B lu th  e t  a l .  (1993) used data from the Total Ozone 

Mapping Spectrometer aboard NIMBUS 7 t o  estimate t h a t  from November 1978 t o  

May 1993 the  annual f 1  ux from explosive volcanism i s  less  than ha1 f o f  the 

non-explosive output. These r e s u l t s  g ive  an i nd i ca t i on  o f  the  interannual 

v a r i a b i l i t y  o f  the  volcano s u l f u r  source, so t h a t  applying averages t o  obtain 

emissions estimates would not  y i e l d  the cor rect  p i c t u re  o f  these emissions f o r  

p a r t i  cu l  a r  years. 

The purpose o f  t h i s  p ro jec t  i s  t o  compile estimates o f  s u l f u r  emissions 

from volcanic a c t i v i t y  f o r  years 1985 and 1990. 



C * 2 .  EMISSIONS OF SULFUR FROM VOLCANOES FOR 1985 AND 1990* 

C. 2.1. Estimation of sulfur emissions from volcanoes. 

Petrologic estimates and direct measurements are the two prevalent 

methodologies used to estimate sulfur emissions from volcanoes. In addition 

the a1 gori thms used to estimate various parameters of 1 arge erupt ion pl umes 

from sate1 1 i te measurements have been developed and are being refined. 

The petrologic method assumes that the volatile contents of me1 t 

i ncl usions trapped in crystal s represent those of the pre-eruption me1 t, and 

that the volatile contents of coexisting degassed matrix glass represent those 

of the melt after eruption (Gerlach e t  a]. , 1994); the difference is taken as 

a measure of volatile degassing which, scaled up to the mass of erupted melt, 

yields estimates of volcanic emissions of SO2 and other volatiles (Cl, F) 

during eruptions (Devine et a].? 1984a, Johnson, 1980, Palais and Sigurdsson, 

1989, Sigurdsson, 1990, Sigurdsson e t  a?. , 1985). Petrologic estimates of 

volatile emissions during eruptions are taken to be minimum estimates, since 

the assumptions inherent in the method may not be fully satisfied and lead to 

low results (Devine e t  a ] . ?  1984a, Palais and Sigurdsson7 1989). 

Direct measurement techniques using the correlation spectrometer 

(COSPEC) have been used since 1973 and the satellite-based Total Ozone Mapping 

Spectrometer (TOMS) has been used since 1978 to measure SO2 emissions by 

remote sensing during volcanic eruptions (Gerlach e t  a? .?  1994). The 

correlation spectrometer method uses the solar ultraviolet 1 ight transmitted 

and scattered by the earth's atmosphere as an illumination source. With the 

instrument directed towards the sky, the COSPEC measures the amount of 

ultraviolet 1 ight absorbed by SO2 molecules present along the optical path in 

units of concentration-path length (ppm-m). Calibration is performed by using 



a pair of internal standards with known concentrations of SO2. A profile of 

SO2 concentration across the plume is measured at a right angle to the axis of 

the plume. The product of the concentration-path length (ppm-m), the width of 

the plume (m), and the plume speed (m/s) gives the emission rate of SO2 which 

is reported in metric tons (lo3 kg) per day (t/d). 

In addition to actual variation in the discharge rate, measured SO2 

emission rates may vary due to fluctuations in the wind speed and direction, 

change in conditions of cloud cover, change of sun angle and amount of solar 

ultraviolet radiation, and variation in plume opacity due to suspended ash 

particleso Uncertainty in COSPEC measurements arises from several operational 

factors including instrument calibration (t 2%) and chart reading error ( 2  

4%), variation in aircraft speed during the measurement traverse (k 5x1, 

operator variance affecting instrument operation and reduction of the data (k 

5%), and measurement of wind speed and direction ( 2  10-4a) (Casadevall et al., 

19817 Stoiber et a].? 1983). 

C.2.2. Development of Sulfur Emission Estimates for 1985 and 1990 

The basic information on volcanoes was taken from the computerized 

data file of Simkin and Siebert (1994). This information includes the 

location and summit height of the volcano, activity, 'continuity' or 

'discontinuity' of bhe eruptions, and the Volcanic Explosive Index (VEI). The 

monthly bulletins of the Scientific Event Alert Network (SEAN) which report 

seismic and volcanic activity and other such events were used as the primary 

source of information for the years of interest. Detailed information on 

volcanic activity such as height of the ash/gas column, SO2 emission rates, 

start and stop date and emission type, were taken from the SEAN bulletins and 



from the 1 i terature, for example, Cal tabiano (l994), Casadevall (l994), Andres 

(lggl), and Allard (1994). If avail able, minimum, average and maximum 

emission estimates were recorded. Ash/gas columns, 1 ava flow, and other 

activity were reported from some volcanoes which were not 1 isted to be active 

for the years 1985 and 1990 by Simkin and Siebert (1994); we have classified 

these cases as non-eruptive, degassing activities. 

The TOMS estimates of the sulfur emissions from major volcanic activity 

in 1985 and 1990 were received from G. Bluth (personal communication, 1994). 

These data have been discussed in Bluth e t  a l .  (1993), Krueger e t  a ? .  (1990), 

Shannon and Bluth (1994), and Schnetzler e t  a ? ,  (1994). The algorithms used 

to retrieve the volcanic emissions information from satell i te measurements are 

currently under review. 

Sulfur emissions were estimated for all volcanic activity in both years 

using the methodology of Stoiber et a ? .  (1987) which bases the estimates on 

the type of eruption (continuous or episodic), the volcano location (at a 

convergent plate margin or other) and the VEI. We assumed that all volcanoes 

listed as active in the two years of interest are located at convergent plate 

margins. This assumption is based on the fact that only 5% of all volcanoes 

listed by Simkin and Siebert (1994) are of the divergent margin type (rift 

volcanism). Moreover, the 'spreading apart' of major plates is characterized 

by the relatively nonexplosive outpouring of fluid lava and commonly takes 

place one or more kilometers below the surface of the ocean (Simkin and 

Siebert, 1994). In addition, such volcanism is dominant in regions like East 

Africa and Iceland, where the spreading apart of the plates takes place above 

sea level (Simkin and Siebert, 1994). None of the volcanoes located in East 

Africa or Iceland are shown to be active for the years 1985 or 1990 in the 
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sources consul ted. 

C.3.3. Initial Results 

Table C.3.3.1 presents information on the volcanoes that were active in 

1985 and the sulfur emissions that have been estimated. Table C.3.3.2 

presents the same information for volcanoes active in 1990. Columns labeled 

'Literature' present emissions estimates obtained from the SEAN bulletins 

and/or the 1 i terature (column 1 abeled 'Mid'), with estimated ranges if 

available (columns labeled 'Low' and 'High'). Column 1 abeled 'Simkin/Stoiberf 

presents the emissions estimates obtained by using the data from Simkin and 

Siebert (1994) and the methodology of Stoiber et a1. (1987). Stoiber's 

methodology consistently overestimates sulfur emissions, often by an order o f  

magnitude or more, when compared to the literature values which are volcano- 

specific and generally based on some measurement data. In addition to the 

inherent uncertainty in the correlation between the VEI and the sulfur 

emissions, there is also some uncertainty in the 'continuity/discontinuity' 

classification for the eruptions of some volcanoes. These uncertainties are 

significant for volcanoes of higher VEI. For example with a VEI of 3, a non- 

continuous eruption as per Stoiber would have 2.87 Tg ~ r "  total sulfur flux 

as against 0.075 Tg yr'l for a continuous eruption. Therefore we consider 

estimates based on the Stoiber methodology to be an upper value for sulfur 

emissions. 

The columns labeled 'Current Estimate' present what we consider to be 

best estimates from the data sources accessed. These estimates are a 

combination of the literature values when available, defaulting to the 

Simkin/Stoiber estimate when no other data are available. Our current 
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estimate of the total sulfur emitted by volcanic activity in 1985 is 29.6 Tg 

SO, from 41 active volcanoes; literature estimates are available for only 12 

(29%) of these volcanoes. Emissions based on 1 iterature values total 1.4 Tg 

SO,; the corresponding Simkin/Stoi ber estimates total 10.8 Tg SO,. Our 

current estimate of the total sulfur emitted by volcanic activity in 1990 is 

23.3 Tg SO, from 44 active volcanoes; 1 iterature estimates are available for 

only 15 (34%) of these volcanoes. Emissions based on 1 iterature values total 

7.2 Tg SO,; the corresponding Simkin/Stoiber estimates total 12.5 Tg SO,. The 

much smaller difference in the totals for 1990 is the result of estimates of 

the activity of Mt. Etna during this year. Literature estimates, based on 

monthly. COSPEC measurements of the plume, are higher (by a factor of 3) than 

the Simkin/Stoi ber estimates, compensating for the greater difference between 

the estimates for the other volcanoes. The major difference in volcanic 

activity between the two years is provided by the eruptions of Mt. Etna and 

Redoubt; Mt. Etna showed only non-eruptive activity in 1985 and Redoubt showed 

no activity for this year. These results, a1 though prel iminary, provide 

graphic illustration of the variability of the volcanic source of sulfur 

emissions. 

Work on this project continues. The on-going literature search 

expected to provide volcano-specific estimates of the sulfur emissions 

additional volcanoes active in these two years. Other data sources be 

consulted include the Smi thsonian Institution Global Volcanism Program 

World Data center A for Solid Physics in Boulder, CO. 
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L i s t  o f  Acronyms i n  Appendix C 

COSPEC: Core1 a t  i on SPECtrometer . 
I PCC : Intergovernmental Panel on Climate Change. 
SEAN : S c i e n t i f i c  Event A le r t  Network. 
TOMS : Tota l  Ozone Mapping Spectrometer. 
VEI : Volcanic Explosivi ty Index. 



Table C.3.3.1 Estimate o f  S u l f u r  Emissions from Volcanic A c t i v i t y  i n  1985 

Volcano Name Reg ion Sub region Lat i tude Longitude , Estimated Sul fur  Emissions (Tg SO,) 
L i t e r a t u r e  S i m k W  Current 

Low Mid High Stolber Estimate 

ETNA Europe I t a l y  37.73 N 15.00 E 1.640 1.640 
STROMBOLI (1) I t a l y  38.79 N 15.21 E 0.201 0.243 0.285 2.090 0.243 

FOURNAISE, PITON DE AustralAs i a  Indian 0.-W 21.23 S 55.71 E 
HEAR0 (4) Ind ian 0.-S 53.11 S 73.51 E 
RUAPEHU New Zealand 39.28 S 175.57 E 

NIUAFO'OU 
MAN AM 
LANGILA 
ULAWUN 
BAGANA 
KAVACHI 
PAGAN, MT. 
T I  NAKULA 

TANGKUBANPARAHU 
SEMERU 
R AUNG 
SANGEANG API 

SOPUTAN 
API SIAU 
CANLAON (4) 
SUWANOSE-JIMA 

SAKURA-JIMA (5) 
AS0 
FUKUTOKU-OKA-NO-BA 
TOKACHI 
GORELY 
BEZYMIANNY (4) 
KLIUCHEVSKOI (4) 

Pac i f i c  Tonga-SW Pac i f i c  
New Guinea 
New B r i t a i n  

(4 )  New B r i t a i n  
Bougainvi l l e  

Solomon Islands 
Mariana I s  land 
Santa Cruz Is land 

South East & Java 
Far East Asia Java 

Java 
Lesser Sunda I s  

Sulawes i-Indones i a  
Sangihe Is-Indones 
Phi 1 ippines-C 

Ryukyu I s  
Kyushu-Japan 

( 5 )  Kyushu-Japan 
Bonin Is-Japan 
Hokka ido-Japan 
Kamchatka 
Kamchatka 
Kamc hat ka 







Table C.3.3.2 Estimate o f  S u l f u r  Emissions from Volcanic A c t i v i t y  i n  1990 
- - 

Volcano Name Reg ion Sub region Lat i tude ,Longitude Estimated Su l fu r  Emissions (Tg SO,) - 
L i t e r a t u r e  Sinkin/ Current 

Low Mid High Stoiber Estimate 

STROMBOLI (1) 

ETNA 

AKUTAN 

FOURNAISE. PITON DE 

WHITE ISLAND 

RUAPEHU 

I t a l y  
Europe 

I t a l y  

Aleut ian I s  

Indian 0.-W 
Austral  iaAsia 

New Zealand 

New Zea land 

MANAM 

LANGILA 

ULAWUN 

RABAUL CALDERA 

BAGANA 

YASUR 

PAGAN. MT. 

AGR IGAN 

Pac i f i c  
New Guinea-NE 
o f  
New Britain-SW 
Pac 
New Britain-SW 
Pac 
New Britain-SW 
Pac 
Bougainvi 1 le-S 
W Pac 
Vanuatu-SW 
P a c i f i c  
Mariana Is-C 
Pac 
Mariana Is-C 
Pac 

South East and Java 



Table C.3.3.2 Estimate o f  Sulfur  Emissions from Volcanic A c t i v i t y  i n  1990 

Volcano Name Reg ion Sub region Lat i tude Longitude Estimated Su l fu r  Emissions (Tg SO,) 
L i t e r a t u r e  Sinkin/ Current 

Low Mid High Stoiber Estimate 

KELUT (4) 

RAUNG 

GAMALAMA 

SAKURA-JIMA (5) 

UNZEN (6) 

AS0 (5) 

ASAMA (5) 

OSHIMA 

KL IUCHEVSKOI 

REDOUBT (3) 

ST. HELENS. MT. 

KI LAUEA 

COLIMA VOLC COMPLEX 
SANTIAGUITO DOME (3) 

FUEGO 

PACAY A 

ARENAL 

Far East Asia Java 

Java 

Ha lmahera- Indo 
nes i a  
Kyushu-Japan 

Kyushu-Japan 

Kyushu-Japan 

Honshu-Japan 

I z u  Is-Japan 

Kamchatka 

Alaska-SU 
Amer i ca 

US-Washington 

Hawaiian I s  

Mexico 

Guatemala 
Guatemala 

Guatemala 

Costa Rica 



Table C.3.3.2 Estimate of Sulfur  Emissions from Volcanic A c t i v i t y  i n  1990 

Volcano Name Reg ion Subregion Latitude Longitude Estimated Sulfur Emissions (Tg SOy) 
L i terature Simkinl Current 

Low Mid High Stoiber Estimate 

Costa Rica 
POAS 10.20 N 0.329 0.329 84.23 W 

Colombia 
R U I Z  (3) 4.90 N 75.32 W 0.699 1.640 0.699 

Colombia 
GALERAS (3) 1.22 N 77.37 W 0.873 0.329 0.873 

Ecuador 
REVENTADOR 0.08 S 77.66 W 0.005 0.005 

Ecuador 
GUAGUA PICHINCHA 0.17 S 78.60 U 0.170 0.17 

Peru 
SABANCAYA 15.78 S 71.85 W 1.640 1.64 

Chi le-N 
LASCAR 23.37 S 67.73 W 0.093 0.093 
PULAR Chi 1e-N 24.18 S 68.05 W 0.093 0.093 

Chi le-C 
LONQUIMAY 38.37 S 71.58 W 1.640 1.64 

Chi le-C 
LLAIMA 38.70 S 71.70 W 0.093 0.093 

U Indies 
KICK- 'EM-JENNY 12.30 N 61.63 U 0.020 0.02 

EREBUS, MT. (3) 
Antarctica Antarctica 

77.53 S 167.17 E 

Totals 7.245 28.631 23.348 

Notes 
[I] VEI information not given i n  Sirnkin and Siebert  (1994). 
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