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ABSTRACT 

In order to better understand the impact of volcanic emissions 

on the biosphere, a joint university/NASA project has been initiated 

to comprehensively study the chemical and geological phenomena of 

volcanic events. In this project, numerous aircraft-based chemical 

instruments are used to characterize volcanic plumes. This thesis 

describes an aircraft-based flame photometric detector (FPD) oper

ated at a constant pressure of 720 mm Hg for use in sulfur gas 

determinations. In the absence of strict pressure regulation, the 

FPD response curve is a function both of pressure (altitude) and 

analyte concentration. A Constant Absolute Pressure Inlet Network 

for use with the FPD has been constructed to overcome the pressure/ 

altitude problems associated with aircraft-based measurements of 

sulfur compounds. Other custom modifications to a commercial FPD 

are described. The FPD system has been shown to be compatible with 

a gas chromatograph for the separation of gaseous sulfur-containing 

species (e.g., HgS and SO2). A brief discussion is also given as to 

the use ar.d treatment of filter media for the collection of volcanic 

aerosols and reactive gases. These systems have been field tested 

at five volcanoes (Mt. St. Helens, USA; Mt. Colima and El Chichonal, 

Mexico; and Mt. Poas and Mt. Arena!, Costa Rica). 

i x  



CHAPTER 1 

INTRODUCTION 

Sulfur in the Atmosphere 

The magnitude of the contributions from both natural and anthro

pogenic sulfur sources is used to model the global sulfur cycle. Since 

sulfur is ubiquitous in the environment and can occur in many forms, 

obtaining sufficient information regarding the sources, sinks, and 

atmospheric chemistry of numerous sulfur compounds requires multi-

disciplinary interaction. The primary sources of atmospheric sulfur 

compounds are fossil fuel combustion products, decomposition of organic 

matter, sea salt, and volcanic emissions (Kellogg et al. 1972). The 

most common forms of sulfur species in the atmosphere are S0£ and S0^~ 

while smaller amounts of reduced sulfur species such as ^S, COS, RSH, 

RSR', and RSSR1 are also present (Husar et al. 1978). In both the 

troposphere and stratosphere, sulfur compounds can have possible ef

fects on the absorption or scattering of solar radiation (potential 

climate impact) and can impact the chemistry of pristine and polluted 

atmospheres (atmospheric effects) (Chameides and Davis 1982). 

Atmospheric Effects and Potential 
Climatic Impact of Volcanoes 

Due to the possible increased burdens of sulfur in the 

atmosphere, an increased amount of attention has been given to the 

1  
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volcanic sources of atmospheric sulfur (Cadle 1980). Stoiber and 

Jepson (1973) estimate that a minimum of 10 percent of the annual input 

of sulfur dioxide to the atmosphere is volcanic in origin. The mean 

average of global volcanic emission of sulfur compounds is based on 

estimates of the gas evolved from the total amount of lava extruded, 

gas measurements from volcanic fumeroles, ground-based and vehicle-

based gas and particle instruments (Cadle 1975; Lazrus et al. 1979), 

aircraft-based instrumentation (Hobbs et al. 1979; Cadle et al. 1979), 

and satellite systems (Russell et al. 1981). Of the two main types 

of volcanic eruptions, magmatic and plinean, the gas-rich, sustained 

explosive plinean eruptions such as occurred at Mount St. Helens in 

1980 and El Chichonal in Mexico in 1982 have the greatest potential 

for atmospheric and climatic impacts (Kerr 1983; Labitzke et al. 1983). 

The primary means by which volcanic effluents may affect the 

global climate is through the conversion of sulfur gases in the 

stratosphere to sulfate aerosols (Newell and Deepak 1982). In the 

stratosphere, heterogeneous oxidation of sulfur dioxide in volcanic 

clouds may account for initial sulfate formation where there is an 

abundance of ash particles. The major long-term conversion method 

of SO2 to S0^~ "is by homogenous photochemical oxidation (Baum 1982). 

If the primary oxidation mechanism is the reaction SO2 + OH + M —*-

HSOg + M, then a mean lifetime of SO2 is estimated to be 25 to 100 

days. The HS03 free radical is oxidized to form particles thought 

to consist of H2SO4 and H2O. 
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In the troposphere, heterogeneous oxidation of SO2 is 

thought to occur by reactions on the surface of particles and through 

aqueous phase reactions with water droplets where oxidizing species 

such as hydrogen peroxide or ozone react with dissolved SO2 or 

gas-phase reactions. Homogeneous oxidation of SO2 by the free radi

cal OH also occurs in the troposphere. The products from these 

reactions, in particular H2SO4, may be partially responsible for 

acid rain (especially in the region near the SO2 sources). 

In addition to large sulfur emissions, volcanoes may greatly 

influence atmospheric abundances and geochemical cycles of some 

volatile compounds and elements (Gandrud and Lazrus 1981; Cadle 1975 

and 1980; Cadle et al. 1973 and 1979; Lazrus et al. 1979; Mroz and 

Zoller 1975"; Lepel et al. 1978). The wide possibility of effects on 

atmospheric chemistry due to volcanic emissions necessitates estab

lishment of coordinated investigations to improve the knowledge of 

chemical and geological phenomena associated with plinean eruptions. 

RAVE 

Project RAVE, Research on Atmospheric Volcanic Emissions, 

was formed in order to improve the knowledge of both chemical and 

geological vulcanology and more specifically, to investigate the 

nature of volcanic plumes. An interdisciplinary team of NASA, USGS 

and university scientists has been assembled to make comprehensive 

studies of volcanic emission to the atmosphere. RAVE instrumenta

tion (Table 1) is mounted on a four-engine turbo prop aircraft 
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Table 1. Methods of Aircraft Measurement and Species Monitored 
for RAVE Volcanic Plume Sampling Program. 

SPECIES MEASUREMENT METHOD 

Total Gaseous Sulfur Flame Photometric Detector 
(Continuous) 

SO2,H2S,CS2,OCS FPD Gas Chromatograph 

so2 COSPEC (Remote Sensing) 

N0,N0v Chemiluminescence 
X (Continuous) 

°3 UV Absorption (Continuous) 
Chemiluminescence (Continuous) 

Particles Filters, Cascade Impactors 
(Chemistry) by INAA, IC, SEM 

(Integrated Sample) 

Particles LIDAR (Remote Sensing) 
(Mass) QCM (Semicontinuous) 

Acidic Gases Filters (Base Treated and Nylon) 
(S0X, HX, HN03) (Integrated Sample) 

Basic Gases Filters (Acid Treated) 
(NH3) (Integrated Sample) 
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(NASA, Wallops Flight Center, Wallops Island, VA, Lockheed P-3 or 

Electra). This equipped sampling platform can provide detailed 

information of a plume's chemistry and physics. The first RAVE 

mission (Friend et al. 1982) conducted on September 22, 1980 at 

Mt. St. Helens provided simultaneous measurements of numerous 

species to provide quantitative information on the volcanic emission. 

Additional field missions were conducted in 1982 to El Chichonal and 

Mt. Colima in Mexico and Mt. Poas and Mt. Arena! in Costa Rica 

(CasadevaT! et al. 1983; Phelan et al. 1982 and 1983). 

Sulfur Measurement 

Recent reviews have described the major types of stationary 

monitoring devices for atmospheric sulfur compounds. These instru

ments include: conductimetric, colorimetric, amperometric, electro

chemical, flame photometric, dispersive and nondispersive absorption 

spectroscopy (IR and UV), correlation spectroscopy, second derivative 

s p e c t r o s c o p y  a n d  U V  f l o u r e s c e n c e  d e t e c t o r  s y s t e m s  f o r  s u l f u r  a n d  i t s  

compounds (Purdue and McElroy 1980; Hollowell et al. 1973). 

In order to accurately sample sulfur gas emissions using an 

aircraft, the instrumentation must have the following characteristics: 

fast response time (less than 15 seconds), continuous, real-time 

data output, response characteristics that are independent of air

craft altitude, ruggedness, compactness, wide dynamic range, and 

freedom from major chemical interferences. This research effort has 
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been directed to adapting a flame photometric detector to conform to 

these sampling requirements. 

Additionally, in conjunction with the research group of Dr. 

Zoller at the University of Maryland, aircraft sampling and integrat

ing collection systems have been developed and tested for trapping 

acidic and basic gases which may be in volcanic plumes. These gases 

include HC1, HF, HNO3, H2SO4 and NH3. The corresponding analysis 

techniques which have been developed for use on these filters and 

traps have provided quantitative information on major and minor 

constituents of volcanic plumes. 

The information relating sulfur gases and other volcanic 

aerosols and gases is incorporated into the RAVE scientist's data 

base to provide a simultaneous, comprehensive measurement of plume 

constituents. The multidisci piinary interpretation of the data by 

chemists, geologists, meteorologists, engineers, and physicists 

hopefully will provide a more complete picture of the volcanic events 

and their resulting impact on atmospheric chemistry. 



CHAPTER 2 

MEASUREMENT OF GASEOUS SULFUR 
USING AIRBORNE INSTRUMENTATION 

Of the instrumental methods for gaseous sulfur measurements, a 

flame photometric detector (Dragerwerk and Drager 1961) has been shown 

to be both sensitive and selective (Crider 1965; Brody and Chaney 1966). 

Farwell and Rasmussen (1976) have reviewed the limitations of the FPD in 

atmospheric analysis. This detector has a characteristic dependence on 

pressure (Diederichsen and Wolfhard 1956), mass flow rates, and ratios 

of H£, O2 and N2 (Greer and Bydalek 1973; Eckhardt et al. 1975). Under 

optimum conditions, the S£ emission in an FPD would be proportional to 

the square of the number of sulfur atoms in the flame. In actual opera

tion, the FPD S2 emission is statistically less than the square of the 

number of sulfur atoms in the flame. The exponential function, which 

generally falls in the 1.5 to 2 range, varies for different sulfur com

pounds. This power law dependence has been reported by several investi

gators (Dagnall et al. 1967; Crider et al. 1969; Stevens et al. 1971). 

Because the FPD is sensitive to any sulfur gas and has fast response 

characteristics, it appears to be an excellent method for total sulfur 

detection in an aircraft-based instrument. However, aircraft-based FPD 

instruments have been shown to give response abnormalities due to pres

sure changes resulting from altitude variations (White et al. 1979). 

7 
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CAPIN/FPD 

The primary objective of this work was to develop an altitude 

(pressure) independent sulfur-sensing system suitable for use on an air

craft platform. To accomplish this objective, a modified FPD (Meloy, 

Model 285 FR, Total Gaseous Sulfur Monitor) operated at a constant pres

sure of 720 mm Hg was constructed. In addition to the standard linear 

0-1 ppm output of the FPD, a simultaneous auxiliary output was con

structed to provide a 0-3 ppm logarithmic range to give a wider dynamic 

range (see Appendix 1). In addition, a dilution system was constructed 

to increase the dynamic range by a factor of ten (see Appendix 1). These 

outputs are presented to a dual-pen chart recorder (Linear, Model 285) 

for data collection. 

Since the FPD response depends upon the fundamental flame condi

tions, a constant set of flame parameters must be maintained for precise 

quantitative analysis. The system built to control FPD response main

tains the FPD burner block at a constant absolute pressure. The primary 

function of the Constant Absolute Pressure Inlet Network (CAPIN) is to 

ensure constant flame conditions in the FPD regardless of the variable 

conditions external to the FPD. In the absence of sulfur gases, the 

response of a particular FPD is dependent upon the following experimen

tally controllable parameters: 

1. burner block pressure 

a. sample air-in (mass/time) 

b. hydrogen-in (mass/time) 
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2. burner block temperature 

a. flame stoichiometry 

b. external heating 

The CAPIN uses this principle to ensure that accurate responses 

are obtained from the FPD. 

The burner block pressure is given by: 

P3 = f(sample air in (mass/time), hydrogen in (mass/time)) 

= f(exhaust out (mass/time)) 

The CAPIN controls the sample air-in by acting as a mechanical 

mass flow controller.^ One of the configurations of a mechanical mass 

flow controller is a critical orifice with its upstream pressure regu

lated (LeMay 1977). A simplified representation of this as it applies 

to the CAPIN FPD system is shown in Figure 1. 

Ths mass flow rate of "sample air-in" is kept constant by the 

mechanical mass flow controller composed of the metal bellows pump out

put, the absolute pressure regulator, and the critical orifice in the 

FPD burner block. 

The mass flow rate of "hydrogen-in" is also controlled by the 

principle of mechanical mass flow control. The variable pressure corre

sponds to the H2 tank pressure. The two-stage tank regulator and a 

built-in regulator in the Meloy 285 FR FPD provide the fixed pressure. 

The critical orifice at the exit of the FPD burner block completes the 

essential components for mechanical mass flow control. 
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Figure 1. CAPIN/FPD System Mass Flow Controller. 

The sections not in dashed boxes are the essential components of a mechanical mass 
flow controller. For a complete description, see the text and Figure 2. 
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When the mass flow rates of both sample air and hydrogen are 

constant, the burner-block pressure remains constant. The constant air 

and hydrogen mass flow rates dictate a constant flame stoichiometry. 

Constant flame stoichiometry at a given FPD burner-block pressure pro

duces a constant flame temperature. 

The FPD burner-block temperature is dependent upon flame stoi

chiometry as well as the electrical heating of the FPD burner block. 

The Meloy 285 FR FPD burner block is maintained at 154°C by a thermo-

stated electrical cartridge heater. The controlled flame stoichiometry 

in combination with the electrical heater in the burner block result in 

constant burner-block temperature. When the burner-block pressure and 

temperature are controlled by the CAPIN system, the FPD response curve 

is only dependent upon the analyte concentration. 

Figure 2 presents a block diagram of the pressure-regulated FPD 

system built for this project. Sample air is first pressurized to 1000 

mm Hg by the combination of the metal bellows pump and the absolute 

pressure regulator. The needle valve of flow meter 3 is used as a fine 

adjustment for the FPD burner-block pressure which is displayed by gauge 

3. The remainder of the CAPIN system provides analyte switching, sample 

dilution and span calibrations. 

To ensure sample integrity, all parts of the CAPIN analyte sys

tem are fabricated of teflon and stainless steel components to minimize 

surface reaction/sorption problems. The teflon solenoid valves shown 

in Figure 2 are controlled with a single 6-pole, 6-position switch to 

select sample, zero, span 1, span 2, sample dilution 1 (1:1) and sample 



Figure 2. CAPIN Block Diagram (continued). 

FPD — Meloy 285 FR Sulfur Analyzer, serial number 9H027; 
current instruments are manufactured by Columbia Scientific. 
Absolute Pressure Regulator -- Moore Products, Model 4320MT, 
Philadelphia, PA. 
V1-V3 -- Teflon electric three-way solenoid valves, Mace Corp. 
Model 802 2333-2-0. 
Pump 2 -- Stainless steel metal bellows pump, Metal Bellows 
Corp., Model 27866, Dayton Electric Mfg. Co., Chicago, IL. 
F1,F2 -- Flow meter with needle valve, Matheson, Models 602 
and 603, respectively. 
Gl, G2 and G3 -- Pressure gauges (air), 0-60, 0-30 and 0-1.5 
psi, respectively. 
Span 2 -- Gas Mixing System, Analytical Instrument Develop
ment Inc., Model 303, Avondale, PA. 
F3 — Teflon flow meter, 0-1100 cc/min., Mace Corp., series 
961, with needle valve. 
Filter -- Teflon filter in teflon holder, 47 mm diameter; 
Mace Corp., series 930 or equivalent. 
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Figure 2. Constant Absolute Pressure Inlet Network (CAPIN) Block Diagram. 



dilution 2 (10:1) (see Appendix 1). In all switching modes, with the 

exception of span 2, the analyte is first pressurized to 1000 mm Hg 

using a stainless steel metal bellows pump and an absolute pressure 

regulator. Pump 1 provides a reference pressure for the absolute pres

sure regulator. Pumps 1 and 2 have on/off switches, fuse protection 

and individual current meters. These meters indicate the operational 

condition of each motor (e.g., normal, load-stalled, open circuit, etc.). 

In the operating mode (except span 2), all flow meters must indicate 

positive flow. The needle valve adjustment in flow meter 2 is essential 

for compensation of differing pump efficiencies at altitude extremes 

(adjustment is only necessary when altitude changes are greater than 

4 km). 

Charcoal-scrubbed zero air is provided by cylinder or pump 1. 

Span 1, which is 0.5 ppm SO^ in air (V/V) (Scott Specialty Gases) is 

used for single-point spans in flight. Sample, zero and span 1 all fol

low the same analytical pathway. 

Span 2, with S02 and HgS permeation tubes, is used for multi

point in-flight calibrations. The total minimum flow of span 2 is less 

than the 30 1/min needed to supply pump 1 for strictly regulated burner-

block conditions. For this reason, span 2 operates with the burner at 

ambient pressure. 

Sample dilution occurs as sample and zero air are mixed through 

valve 1. This valve is controlled by a variable-duty timing circuit 

(see Appendix 1). The combination of sample dilution and the auxiliary 

output raise the maximum FPD operating range from 1 ppm to 30 ppm. 



In order to determine the relative concentrations of HgS and 

SO2 in a sample, the FPD in this configuration is also used as the sul

fur detector for a gas chromatograph (see Appendix 1). When the GC is 

used for in-plume studies, a grab sample is stored in a teflon sampling 

loop while the FPD continuously outputs total sulfur gas data to the 

recorder. When the aircraft is out of the plume (e.g., during a turn), 

the sample is then injected into the GC and the chromatogram obtained. 

Relevant information such as time, chart speed, analyte selec

tion and instrument range are written on the chart during sampling. 

Navigational information (altitude, location, outside temperature, wind 

speed afid direction, etc.) is provided from the Inertial Navigation 

System on the aircraft. 

Laboratory Evaluation 

Pressure changes due to altitude variation experienced in air

craft-based sampling result in instrumental response variations. For 

consistent response characteristics, burner-block conditions (pressure, 

temperature, mass flows and gas ratios) must be controlled. The alti

tude and concentration response characteristics of a Meloy 185-2 FPD 

obtained during aircraft tests are shown in Figure 3 (White et al. 1979). 

From Figure 3, it can be seen that the FPD response of an unregulated 

instrument is a function both of altitude and analyte concentration. 

For such data to be useful, pressure and concentration corrections 

would have to be applied during data reduction. This would necessitate 

aircraft altitude data being used in correcting the FPD data output. 

Performance characteristics of the unregulated Meloy 285 FR FPD operated 
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over a range of burner-block pressures are shown in Figure 4. Burner-

block conditions outside of the pressure limits shown in Figure 4 were 

found to give unstable flame and instrumental conditions. These labora-

tory-determined curves approximate the altitude-dependent response of 

an unmodified flame photometric instrument. These curves are similar 

to those obtained by White et al. (1979) (Figure 3) in aircraft tests. 

The curves shown in Figures 3 and 4 differ due to the dissimilar emis

sion behaviors of the two FPD designs (Farwell and Rasmussen 1976). 

The pressure- and concentration-dependent response of this 

instrument necessitates pressure control for accurate concentration 

determinations. Since 720 mm Hg is an easily regulated and reproducible 

pressure that results in good.instrumental stability, it was chosen as 

the burner-block working pressure. From the data in Figure 4, it can 

be seen that the maximum FPD sensitivity is obtained in the region of 

720 mm Hg. Maintaining the burner block at the working pressure results 

in a constant response behavior that is independent of external condi

tions such as changing altitude. This has been field tested for alti

tudes from sea level to 8.5 km. Typical altitude changes in a volcanic 

plume sampling mission are less than 3.3 km. From Figure 4, it can be 

seen that without a system such as described here, meaningful measure

ments would not be possible in aircraft plume sampling. 

To simulate the constant FPD response with changing altitude, 

a test was performed by varying the pre-pump 2 pressure. This simulates 

actual pressure changes that occur as the aircraft changes altitude. 

Figure 5 shows the FPD responses with and without CAPIN regulation. 
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In this experiment, no manual fine pressure adjustments were made 

(normally made with the needle valve in flow meter 3). Figure 5 shows 

that for a properly adjusted CAPIN/FPD system, nearly constant response 

characteristics are obtained in the 0.7 - 4 km altitude range. Fine 

pressure adjustments would require adjustments of the CAPIN system for 

altitude extremes. The 0.7 - 4 km altitude range is typical for plume 

sampling from an aircraft. 

Although numerous instruments use commercial mass flow control

lers, the CAPIN approach using an absolute pressure regulator has the 

advantages of lower initial cost, system flexibility, ruggedness and 

fast response characteristics. To evaluate analyte throughput of the 

CAPIN system, the FPD response with the burner at atmospheric pressure 

was measured with and without the CAPIN system connected. The responses 

for both cases were equivalent, indicating that the concentration of 

sulfur seen by the FPD was not changed by the addition of the CAPIN 

system. 

Description of CAPIN/FPD Response Time 

In order to better understand the factors affecting "rise time" 

and "fall time" in the FPD burner block, a mathematical model was devel

oped that agrees with experimental data. When the sulfur concentration 

is stepped from zero to a positive value, the "rise time" is the time 

interval between a non-zero FPD response and a given percentage of the 

full-scale FPD response. Similarly, "fall time" is the time interval 

between a full-scale FPD response and a given percentage of that FPD 

response after the sulfur concentration has been stepped from a positive 
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value to zero. "Lag time" is the elapsed time between a step function 

in the sulfur concentration and any change in the FPD response. The 

mathematical model was based on a burner block with a finite volume in 

which sample mixing occurs. Since pressure is in equilibrium during 

normal operation, 

flow rate in = flow rate out. 

In the case of rise time, the initial amount of sulfur in the 

burner block is zero. If a constant-concentration sulfur gas source is 

directed into the burner block at time = 0, then at any time t, the 

amount of sulfur in the burner block is 

ds _ /ug sulfur inx _ /ug sulfur outs 
dt " * time ' " 1 time '' 

where (u9 sulfur in^ _ concentration x flow rate in = A, s time 

or ^| = A - x flow rate, 

where V = volume of burner block, 

V = B 
flow rate out ' 

and flow rate out = flow rate in. 

Multiplying by et//B gives 

af (et/B) + J(S(t)) (et/B) = A(et/B); 

and knowing that 

D [S(t) ' et/B] =-af(et/B) +|j(S(t)) (et/B), 

it follows that 

D[S(t) * et/B] = A(et/B), 
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S(t) ' et/B = A /et/B dt. 

S(t) * et/B = A B et/B + C, 

and S(t) = A B + C e"t/B. 

At t = 0, S = o for a burner block going from zero to some 

finite concentration. Substituting 

0 = AB + C, 

C = -AB. 

Therefore, 

S(t) = (AB) - (AB e~t/B) 

= AB(1 - e"t/B); 

and substituting for A and B, 

S(t) = (H^s x fi„w rate) (f1oM
V

rate) 

„r, ^flow rate out^ i xLl - e J* 

The rise time equation is y 

= ^chamber x sulfur conc- x [ 1 " e flow rate ]. 

Thus, the response time for the FPD, according to this model, 

is independent of the sulfur concentration. To decrease response 

time, one must decrease V, increase flow rate, or do both. The fall 

time equation is obtained by substituting S = conc. at t = 0. The 

fall time equation is 

S(t) = conc. (e-^^). 

Figure 6 shows actual FPD data and the corresponding model-predicted 

data for a given V and flow rate. 
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Over a wide range of burner-block pressures (similar to those 

of Figure 4), the rise time (80% maximum response) and lag time were 

essentially constant at 7 and 10 seconds, respectively. Although an 

instantaneous response time would be ideal, this response time (lag 

time plus rise time) is fast enough to allow for in-plume measurements 

of sulfur during aircraft sampling. 

Field Evaluation and Samplinq Results 

The CAPIN/FPD system was extensively tested in aircraft for 

altitudes from sea level to 8.5 km. Volcano emissions were sampled at 

Mount St. Helens in September 1980; Mount Poas, Mount Arena! and Mount 

Colim in February 1982; and El Chichonal in November 1982 (see sam

ple data, Figure 7). All sections of the CAPIN/FPD system performed 

their designed functions. Under normal operating conditions, there 

were no problems with "Flame-Out," and day-to-day span checks typi

cally showed variations of no more than 5 percent. The in-flight 

calibration data at various altitudes indicated that the system worked 

as expected, and that the response variations of the FPD with alti

tude were effectively removed. 

The response time of the CAPIN pressure regulation system for 

a simulated ascending or descending altitude change of 3.2 km was less 

than 3 seconds for both zero and span modes. Since the pressure 

change response time for the CAPIN system is less than the sulfur 

concentration response time of the CAPIN/FPD system, the major devia

tion from the steady-state FPD response for a varying analytical 



25 

signal in aircraft-based sampling is intrinsically due to FPD analyte 

response time considerations and not the altitude compensation net

work. Detailed data summaries compiled with other RAVE scientists 

are being published (Phelan et al. 1982 and 1983; Casadevall et al. 

1983). 

The need to quantitate and SO2 led to the development of 

a simple gas chromatographic system that interfaces with the FPD 

(see Appendix 1). This system was field-tested during the El Chichonal 

mission in November 1982. This simple GC system shows promise for 

future studies. However, additional system refinement is necessary. 

During the February RAVE mission, the CAPIN system was suc

cessfully coupled to a chemiluminescent ozone analyzer (Monitor Labs, 

Model 8410A). As in the FPD system, the CAPIN was used to control the 

input sample air for the ozone analyzer. This ensured that the ozone 

response was independent of the aircraft altitude. 
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BU 

Figure 7. Coaxial Plume Run from Mt. ArenalRAVE Mission 
of February 1982. 



CHAPTER 3 

DISCUSSION AND SUMMARY 

The main goal of this project was to develop a system for 

aircraft-based monitoring of sulfur gases in volcanic plumes. This 

was accomplished by using an FPD operating at constant absolute 

pressure. The CAPIN uses the principles of mechanical mass flow 

control to ensure that the FPD reponse is independent of aircraft 

altitude. 

Other modifications to the FPD system have resulted in 

improved operating performance. Previously, the dynamic range of 

the FPD system was 10 . The auxiliary output and the dilution 

mode additions have increased the dynamic range to 10^ (1 ppb to 

30 ppm) for continuous gaseous sulfur quantitation. The system has 

been designed to provide inflight calibration and zero modes. The 

rise time of the FPD system is less than 10 seconds which is suf

ficiently fast for aircraft-based sampling of volcanic emissions. 

The FPD can also be used as the detector for a simple gas chromato-

graph used in the determination of SO2 and I^S. The CAPIN/FPD 

system has been field tested and its performance has met design 

specifications for the accurate quantitation of total sulfur gases 

from volcanic plumes. 
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The results of a field-conducted instrument performance test 

for three sulfur measurement systems (CAPIN/FPD, GC and COSPEC) 

indicate high intersystem consistency (Friend et al. 1982).. 

Although the detection limit for the continuous FPD measure

ments is 1 ppb, in practice this is difficult to achieve. Enhanced 

by power-down situations in aircraft-based equipment, the physi-

sorption of sulfur gases in the analytical system complicates the 

establishment of a precise instrumental zero. In future versions of 

this system, these effects may be reduced by heating the analyte 

system (in addition to the present burner block heater) and/or 

allowing a flow of a low-concentration, gaseous sulfur compound 

through the system during operation. Not only does this act to 

effectively passivate surfaces but detector sensitivity is increased 

(Zehner et al. 1976). 

Although the permeation tube system is useful for multipoint 

FPD spans, it has the disadvantage of requiring long periods of time 

for steady-state conditions to be reached following prolonged power-

down situations. Accumulated sulfur gases in the calibration system 

produce higher sulfur gas concentrations than would be calculated 

using analyte permeation rates and flow rates. This situation can 

be remedied by removal of the permeation tube from the calibration 

system during power-down periods. A quick-disconnect permeation 

cartridge is suggested. 

If controllers are developed that are more accurate and 

precise than those presently being used in the CAPIN system, the 



overall system credibility would be increased. A combination of 

computer-controlled mass flow and pressure controllers has excellent 

possibilities. Solid-state pressure monitors such as those made by 

Sensym Corp. (Sunnyvale, CA) have excellent possibilities. 

Gregory et al. (1983) reported the use of commercial mass 

flow controllers to automatically compensate for the pressure/ 

sensitivity effects of an airborne chemiluminescent ozone analyzer. 

This instrumentation was onboard the NASA Electra for the November 

1982 RAVE mission to El Chichonal. Both the CAPIN/FPD system and the 

Gregory system performed satisfactorily during in-plume and tropo-

spheric sampling. The CAPIN system offers the advantages of lower 

initial cost, ruggedness and system flexibility. This flexibility 

was demonstrated in the February 1982 RAVE missions when the CAPIN 

system was used to compensate for pressure effects on a chemi-

luminescent ozone analyzer (Monitor Labs, Model 8410A) similar to 

the instrument used by Gregory. Some loss of ozone occurred in the 

present CAPIN system. Increased use of teflon parts, especially the 

pressurization pump, should reduce ozone loss. The CAPIN/ozone 

monitor system gave excellent correlation with an aircraft version 

Dasibi UV ozone instrument (Model 1003-AH) in tropospheric sampling 

(Torres 1982). 

The use of the mathematical description of the rise time 

behavior of the CAPIN/FPD system has suggested design changes that 

can improve the overall system response time. Increased mass flow 
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rates and smaller mixing volumes will result in improved system rise 

time. 

A statistical study such as that done by Stuckey (1981) 

could be used to further define individual and interacting contribu

tions of experimental variables to the response characteristics of 

the CAPIN/FPD system. The chemiluminescent response of the FPD 

should be further characterized for various sulfur compounds. The 

experiments of Burnett et al. (1978) will serve as an excellent 

guide for additional sulfur response characterization. 

The capability of continuously monitoring more than one 

sulfur species during plume sampling would provide more detailed 

information on plume chemistry and dynamics. In order to accomplish 

this, a pair of FPDs could be used. One FPD would operate in the 

normal total gaseous sulfur mode while the other, equipped with 

specific fast-acting scrubbers before the detector, would provide 

information on specific gaseous sulfur components. Based on the 

present understanding of plume chemistry, a system to provide 

quantitative information for total gaseous sulfur and total gaseous 

sulfur minus the H2S contribution would be a specific potential 

system application for a dual FPD system. 

A secondary emphasis of this work has been the development 

and testing of collection media for volcanic aerosols and gases. 

Acid-treated filters are used to collect NH3. In cooperation with 

Dr. Zoller's research group at the University of Maryland, 



base-treated filters have been optimized for the collection of several 

inorganic acids. 

The final and perhaps the most significant result of this 

project has been the incorporation of the sulfur gas data in the 

extended data base of RAVE scientists and other research groups, pro

viding a clearer understanding of the volcanic processes and their 

effect on the global atmosphere (Casadevall et al. 1983). 



APPENDIX 1 

FPD MODIFICATIONS AND AUXILIARY DEVICES 

Flame photometric detectors have proven to be both selective 

and fast-responding in the measurement of total gaseous sulfur. Be

sides the modifications made to the FPD for an altitude-independent 

response, several other FPD characteristics were desirable for an 

aircraft-based system. These included extended ranges, analyte-

switching capabilities and the ability to differentiate between the 

various sulfur gases. These considerations led to further modifica

tions of the Meloy 285 FR FPD. These modifications, which included a 

gas chromatographic interface and a digital integrator for signal 

processing, are detailed in this appendix. 

Analyte Switching and Sample Dilution 

In order to maintain constant pressure in the burner block for 

varying analyte selections, an analyte-switching and sample-dilution 

system was constructed. To ensure sample integrity, electrically 

activated, teflon, 3-way solenoid valves were chosen (Mace Corp. 802 

2333-2-0). To select one of six analyte conditions, three valves 

were used in the configuration shown in Figure 8. These 24 VDC 

electically activated valves were chosen according to Table 2. 

Sample dilution occurs as sample and zero air are mixed 

through valve VI. This valve is controlled by the variable duty 



Figure 8. Valve Configuration for CAPIN Analyte Switching 
and Dilution 
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Table 2. Truth Table for Switching CAPIN Valves. 

1 = +24 VDC, 0 = ground. 

VALVE NUMBER SAMPLE ZERO SPAN 1 SPAN 2 DILUTE 1 or 2 

1 0 1 0 0 0 / 1 

2 . 0 0 1 0 0 

3 0 0 0 1 0 



cycle timing circuit of Figure 9. This circuitry is mounted on a 

perf-board with a 44-pin edge connector. The wiring code is shown 

in Table 3. The dilution modes are calibrated by substituting a 

sulfur gas source of known concentration at the CAPIN sample inlet 

and adjusting the timing circuit potentiometers until the desired 

response is obtained from the FPD. The timing parameters must be 

slow enough that they are within the physical limitations of the sole

noid valve and fast enough that the FPD response time is comparable 

to the longest valve state. If the timing parameters are too slow, 

the FPD output oscillates between the concentration extremes. Sample 

dilution 1 (1:1) <ind dilution 2 (10:1) operate with periods of 1 and 

3 seconds, respectively. The timing of sample dilution 2 approaches 

the maximum working range for valve and FPD parameters. 

The analyte selection is controlled by a single 6-pole, 6-

position, sealed (aircraft-type) rotary switch. The wiring scheme is 

shown in Table 4. 

Auxiliary Output 

The individual ranges of the Meloy 285 FR are 0-50, 0-100, 

0-500 and 0-1000 ppb. A factory option can extend this range to 2 ppm. 

For the wide range of sulfur gases encountered in plume sampling, an 

auxiliary output was designed to provide quantitation data in the 

0.1-3 ppm range. The design of this system is such that the auxil

iary output is independent of the front-panel factory range selector. 
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Table 3. Analyte Switching and Dilution Circuit Edge 
Connector Key. 

The wire used came in 6 pair cable. Therefore, 
Black/Yellow indicates the black wire that is 
paired with the yellow wire. 

Location 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Description 
Ground 

Dilute 1 power 

24 VDC power 

Collector complete D1 

VI 

V2 

V3 

Valve Solenoid Power 

Collector Complete (Common) 

Solenoid LED Monitor 24V 

Common Wire from Valve 
Solenoids 

Collector Complete D2 

Wire Color 
Green 

Black/Yellow 

Blue 

White" 

Black/Blue 

Brown 

Black/Brown 

Black/White 

Red 

Dilute 2 Power 

Ground 

Black/Green 

Black/Red 

Yellow 



Table 4. Analyte Switching and Dilution Rotary Switch 
Wiring Key. 

W = wiper, A-F = pole designation, 1-5 = po
sition designation. 

Wire Color Description Location 

Blue 24 V DC Wl, W2, W3 

Black/Blue VI A1 

Brown V2 B2 

Black/Brown V3 C3 

Green Ground WD 

Black/Green Common Wire from Valve Dl, D2, D3 
Solenoids 

White Collector Complete F4 

Black/White Valve Solenoid Power A4, A5 

Yellow Dilute 2 Power B5 

Black/Yellow Dilute 1 Power B4 

Red Collector Complete (Common) WF 

Black/Red Collector Complete D2 F5 
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A schematic of the auxiliary output circuit is shown in Figure 10. 

A typical auxiliary output working curve is shown in Figure 11. 

Stage 1 of the LF 347 operational amplifier acts as a buffer 

and amplifier. Stage 2 acts as a summing amplifier. V-ref supplies 

a bucking current to keep the output of stage 2 from going negative 

until the input signal corresponds to a sulfur concentration greater 

than 100 ppb. The diode after stage 2 allows only negative voltages 

(i.e., those indicative of sample concentrations greater than 100 ppb) 

to pass to the final amplification stage. The output of stage 3, an 

inverting amplifier with gain, is sent to one channel of the Linear 

285 chart recorder. An example of the scaled factory output and the 

simultaneous auxiliary output is shown in Figure 12. Thus, the auxil

iary output allows the analyst to keep the data that would otherwise 

be lost due to improper scale selection or the standard FPD factory 

range limitations. 

Gas Chromatograph 

The FPD response is a result of the total gaseous sulfur con

centration. To quantitate the amounts of and SO2, which are two 

of the main sulfur species found in volcano plumes, a gas chromato

graph has been interfaced to the FPD. For an aircraft-based instru

ment, the design required a minimum size and weight, an air carrier 

gas, and separation of the sulfur gases in 2-3 minutes. The GC/CAPIN/ 

FPD system is shown in Figure 13. The GC operating parameters are: 

column — 1/8" x 1' teflon, 

oven temperature -- 95°C, 
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column packing — treated Deactigel (Silica Gel; Thorns-

berry 1971; de Souza et al. 1975). 

sample loop -- 1 ml, 

carrier gas — air, 

carrier gas flow rate and pressure -- 100 ml/minute at 

40 psi. 

The GC oven is mounted in a 6"W x 4"D x 3"H aluminum box 

filled with insulation. The oven, control valves, pressure gauges 

and sampling valve are housed in a 17"W x 10"D x 4"H rack-mountable 

aluminum box. The oven is heated by two parallel 165-watt, 120-volt 

cartridge heaters (Chromalox 203) connected to a Variac. Oven tem

perature is monitored by a calibrated iron-constantine thermocouple. 

With the gas sampling valve in the "LOAD" position, samples 

are trapped in the sampling loop by first closing the "SAMPLE LOOP 

OUT" valve and then the "SAMPLE LOOP IN" valve. The pressure in the 

sample loop is monitored with a 0-40 psi air gauge. The sequence of 

steps for a GC analysis are: 

1. trap sample 

2. place CAPIN analyte selector on "ZERO" position 

3. set RC to 1 on FPD 

4. select appropriate range on FPD 

5. move GC selector to "IN" position 

6. move sampling valve from "LOAD" to "INJECT" 

7. record chromatogram on chart recorder 
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A typical chromatogram is shown in Figure 14. After the GC analysis 

has been completed, the FPD is returned to the continuous-detection 

mode by reversing the previously mentioned steps. 

Digital Integrator 

The methods commonly used to obtain peak area information 

are: cut and weigh, planimetry, electronic (e.g., a capacitor in the 

feedback loop of an operational amplifier), ball and disc, and vari

ous. computer methods. These methods have a large range of accuracies, 

initial costs and time burdens. 

The digital integrator described here uses a voltage-to-

frequency convertor and counters to achieve a low-cost, versatile 

unit that features rapid operation for both real-time and post-experi

ment applications where data is normally output to a chart recorder. 

When a VCF is configured so that its output frequency tracks 

linearly all positive input voltages, this simulates an area-slice 

integrator. For a varying analog signal, the corresponding VCF out

put is shown in Figure 15. This type of response is used for the 

generalized integrator of Figure 16. 

S3-B is the Tow-resolution version used with low counting 

rates to provide a result as shown in Figure 15. The VFC maximum 

frequency and the user-selectable divider port are chosen to give 

just-resolvable zero-crossing marks with a full-scale input and a 

given chart speed. 

S3-A is used with higher counting rates (higher maximum fre

quency cf the VFC or lower valued divider port) when counts are 
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displayed digitally. Sl-A provides for real-time data acquisition 

from laboratory instrumentation. Sl-B is used for integration of 

previously recorded data. With a data chart on the recorder advanc

ing at a convenient rate, a capped pen traces the data by means of a 

manual adjustment of the retrace control potentiometer. This provides 

a nondestructive, repeatable integration of a given peak. Precision 

and accuracy can be adjusted by the VFC maximum frequency adjustment, 

division port selection and chart speed. Baseline variations can be 

compensated for by subtracting a baseline integration trace. With 

zero volts in at the retrace control potentiometer, the baseline 

position is set by using the chart recorder's counter output. .This 

arrangement produces negligible counter output. 

Components for this integrator are readily available. The VFC 

should feature high linearity (0.01%) and large dynamic range (six 

orders of magnitude). The Burr-Brown VFC 32 was used for the author's 

integrator. The divider used was a 4040. A multiple-digit counter/ 

driver/display was made by using four TIL 306's. The power transistor 

used was a TIP 29C. The buffer/amplifier section was chosen to pro

vide the VFC with a full-scale input that is 0.7V-pos of the VFC. The 

VFC 32 was wired in the standard positive-input voltage mode with a 

+/- 15 VDC power supply. 

The digital integrator can be used with a wide variety of 

instruments. The convenience of the cut-and-weigh method makes this 

unit an attractive alternative. On the El Chichonal total gaseous 



sulfur chart of November 3, 1982, a chart speed of 2 cm/min. resulted 

in 3% precision in peak area determinations. 



APPENDIX 2 

FILTER MEDIA FOR THE COLLECTION OF VOLCANIC AEROSOLS 

In conjunction with Dr. Zoller's research group at the Uni

versity of Maryland, an aircraft-based sampling system was developed 

to collect atmospheric particulate matter and condensed volatile spe

cies on various filters and traps. This collection system and the 

analysis schemes for approximately 40 species were initially described 

by Phelan et al. (1982). Table 5 lists the collection media employed 

and the chemical species analyzed for each media. The remainder of 

this appendix will deal only with the filter preparation and analysis 

techniques that were performed at the University of Arizona. 

Quartz Filters 

Preparation 

Quartz-fiber filters (Pallflex Products Corp., Putnam,CT), 

which have greater than 99% collection efficiency for particles larg

er than 0.3 um diameter, were cut into 110-mm discs and placed in 

aluminum foil boats (Reynolds Heavy Duty Foil). After being fired at 

550°C in air for three hours, the filters were removed from the oven 

and allowed to cool. Pairs of filters were then triple-wrapped in the 

foil in which they were fired, and placed in zip-lock bags. The fir-
2 2 

ing reduced total carbon blanks from 5-10 ug/cm to about 0.5 ug/cm . 



Table 5. RAVE Aerosol and Gas Collection Media. 

A - University of Arizona, M - University of Maryland. 

Media 
M?jor Chemical Species 
of interest 

Analysis 
method 

Prepared 
by 

Analyzed 
by 

Quartz 
Fiberfilter 

c_ _ . = + 
F ,C1 ,NO3 ,SO4, NHJ 

Combustion CO,, 
IC, Colorimetric A A 

Nylasorb HNO3 IC A A 

NaHSO. 
Whatman 

NH3 (g) Colorimetric A A 

Teflon F, Na,Al,S,C1,Ca,Sc,V,Cr, 
Mn,Fe,Co,Zn,As,Se,Br,Cd,In, 
Sb,I,Cs,Ba,La,W,An,Hg,Th 

INAA M M 

F jCIJNo^J SO^ IC A 

Li OH 
Whatmans 

so2, H2S INAA 
IC 

M M 
A 

Gold Coated 
Glass Beads 

Hg (elemental & Organic) Microwave Plasma 
Emission 

M M 

Charcoal Halogens, As, Se, etc. INAA M M 

cn 
ro 



Filters were carried through the sampling process as a stacked 

pair. The bottom or non-aerosol sampling filter was used as a blank 

for the sample-collecting filter (i.e., the top filter). Immedi

ately following sample collection, the stacked filter pair was re

turned to the original packing material to await analysis. 

Analysis 

Particulate Carbon. Two 0.5 x 5-cm sections of each filter 

were used for total carbon analysis by combustion in at 900-1000°C, 

followed by CC^ detection (Perkin Elmer 240 Elemental Analyzer). The 

absorption of organic vapors in the pre- and post-sample handling and 
V 

storage, as well as the sampling process itself, place the blank-

•  3  3  defined detection limit at 100-400 ng/m for a 50-m sampling volume. 

2 Anions. A 4-cm section of the quartz filter was placed in a 

10-ml, screw-top teflon bomb. To this, 2 ml of 0.0030M NaHCOy 

0.0024M ^COg was added and the bomb sealed. The bomb was placed 

in an oven at 95°C for one hour and allowed to cool to room temper

ature prior to ion chromatographic analysis (Dionex, Model 10) .  Sam

ples were injected into a 100-ul sampling loop. The eluent was a 

0.0030M NaHC0g/0 .0024M NagCOg solution and fast-run anion concentra

tor columns (two 030986's and one 030985)  and an anion suppressor 

column (030823)  separated the anions of interest. The blank-defined 

detection limits for F", CI", NOg", and S0^~ were 700, 700, 100 and 

3  3  
200 ng/m for a 50-m sampling volume. 

Ammonium. The reaction between ammonium ions, alkaline 

phenol and sodium hypochlorite was used for the determination of NH4
+ 



in particulate matter. 2 ml of DI HgO were added to 4-cm2 filter 

strips in a 10-ml, screw-top teflon bomb. These samples were cooked 

one hour at 95°C and allowed to cool to room temperature. 

From a 1000-pm NH^Cl solution, a 2-ppm master standard was 

prepared. From the master standard, working standards were prepared 

whose final concentration range was 0-1.0 ppm. Samples and standards 

(1 ml maximum) were pipetted into 2-ml volumetric flasks which had 

been rinsed with DI f^O (procedure based on Bolleter et al. 1961). 

After 0.2 ml of filtered Na^PO^ buffer solution (80 g NajPO^ 

' 12^0 diluted to 1 1 of DI ^0) was added to each flask, the pH was 

measured in one or two containers. The pH should be approximately 10 

before 0.1 ml of saturated, filtered EDTA is added. After a 20-minute 

complexation period, 0.1 ml of alkaline phenol was added (7.128 g NaOH 

in 100 ml h^O poured into 17.32 g phenol in 300 ml HgO), and the 

flasks were shaken. After 0.1 ml of 2% household bleach was added and 

the samples diluted to the 2-ml mark with 1^0, they were allowed to 

stand in the dark for 20-30 minutes. Following this, they were read 

on a spectrophotometer (Gilford, Model 240) at 640 nm with a slit 

width of 0.06 mm. For a 50-m sampling volume, the blank-defined 

3 detection limit is 70 ng/m . 

Nylon Filters 

Preparation 

Nylasorb nylon filters (M8PL00001 Membrana Inc., Ghia Divi

sion, Pleasanton, CA) were cut into 110-mm discs, wrapped in aluminum 
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foil and sealed in zip-lock bags until used. After sampling, each 

filter was placed in a 50-mm plastic petri dish and sealed with foil. 

Analysis 

The HNOg and HC1 IC procedure used 1/8-filter sections for 

analysis. The extraction procedure was the same as that for the 

quartz filter anion analysis. The NOg" and Cl" chromatographic infor

mation was used to determine the HNOg and HC1 concentrations in the 

plume samples. Currently, the absolute blanks for a 110-mm filter are 

3 and 41 ug/filter for HNOg and HC1, respectively. 

NaHSO^/Glycerol-Treated Whatman 41's 

Preparation 

Stock Whatman 41 filter discs of 110-mm diameter were dipped 

into a 1M NaHSO^ solution (10/90 glycerol and water) and allowed to 

dry. These filters were double-wrapped in aluminum foil and sealed 

in zip-lock bags prior to use. After sampling was completed, the fil

ters were stored in Dl-f^O-rinsed plastic petri dishes. The dishes 

were subsequently wrapped in aluminum foil and sealed in zip-lock 

bags. 

Analysis 

Although not completely characterized, these filters are de

signed to collect NHg gas. In principle, these filters collect NH3 

as it is absorbed by the sodium bisulfate. The ammonium on the fil

ter is used to estimate the plume ammonia concentration. Preliminary 
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efficiency tests for the absorption of gaseous ammonia on NaHSO^/ 

glycerol-treated Whatman filters indicate that these treated filters 

serve as a relatively good media for obtaining an estimate of gaseous 

ammonia concentrations. The analysis porcedure for NH^+ was the same 

as previously described. For the NaHSO^-treated Whatmans, the blank-

3 3 defined detection limit for a 50-m sampling volume is 70 ng/m . 

Heisler et al. (1980) reported the use of potassium bisulfate-

impregnated glass-fiber filters for the collection of ambient ammo

nia. The average absorption efficiency on these filters for ammonia 

was 50%. Significant losses of ammonium were reported for samples 

stored longer than 55 days. These results were inconsistent with 

those of Smith et al. (1978). 

Teflon Filters 

The teflon filters were prepared at the University of Mary

land. The anion analysis for these filters was the same as that 

previously described, with the exception of the extraction procedure 

(Derrick and Moyers 1981). 

LiOH/Glycerol-Treated Whatman 41's 

The LiOH-treated Whatman filters were prepared at the Univer

sity of Maryland. The majority of the analysis was done by the 

University of Maryland as well. For the analysis of S04", the IC 

procedure was used as described earlier. Although it was initially 

thought that these filters would quantitatively collect both SO^ and 

H2S, recent investigations have shown that collection efficiency 
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varies with relative humidity. Using the experimental setup shown 

in Figure 17, the summary of collection efficiency at various relative 

humidities is shown in Table 6. 
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Table 6. Collection Efficiency of LiOH / Glycerol Treated ilters. 

Sulfur gas absorptions at varying relative humidities. 
Efficiency = [attenuated FPD response/unattenuated FPD response] 
x 100%. Total flow through the filter 20-30 liters/minute. 

HYDROGEN SULFIDE SULFUR DIOXIDE 

Relative Humidity 
(%) 

Absorption 
Efficiency (%) (ppb) 

Absorption 
Efficiency (%) 

tS02^init. 
(ppb) 

0 

0 

50 

20 @ 2 min. 250 

0 @ 8 min. 250 

60 20 

99 

95 

100 

250 

20 

40 

cn 
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Abstract. Atmospheric particulate matter and condensed 

volatile species were collected in the quiescent plume of Mount St. 

Helens volcano in Sept. 1980 using air filter systems mounted aboard 

a NASA turbo-prop P-3 aircraft. Concentrations of 27 elements were 

determined by instrumental neutron activation analysis and ion 

chromotography. The volatile elements CI, Br, F, Zn, W, In, S, Cd, 

Se, Sb, Hg, As and Au were enriched relative to bulk ash emitted 

during the earlier eruptions by factors of 50 to 20,000. Particulate 

S concentrations were ^3 yg/m^ and accounted for 6% of the total 

plume sulfur. Gas-phase Hg concentrations were 2.5 to 16 ng/m^. 

Fluxes of elements were estimated by normalizing elemental concen

trations to the concurrently measured total sulfur flux. Emission 

rates vary from 3500 kg/day for particulate CI to 3 kg/day for Au, 

60 



with substantial quantities of the enriched elements Zn, As, Hg, Sb, 

Se, and Cd also being released. Estimated global fluxes of these 

elements from volcanoes to the atmosphere are in reasonable agreement 

with other literature estimates. 

Introduction 

Since the catastrophic 18 May 1980 eruption of Mount St. 

Helens volcano, much attention has been given to the nature and 

impact of volcanic aerosols, particularly those from volcanoes 

capable of stratospheric injection. Of major interest are the 

physical properties of these aerosols as they pertain to long term 

perturbation of the optical characteristics of the atmosphere and 

potential climatic change (Ogren et al. 1981). Studies of the 

chemical composition of volcanic aerosol particulate material both 

ground-based and those using aircraft sampling systems (Lepel et al. 

1978; Vossler et al. 1981) have revealed enhanced concentrations of 

many volatile elements, suggesting that volcanoes play a significant 

role in the atmospheric budgets of these elements. Anomalously 

enriched volatile elements observed in remote regions may be in part 

derived from volcanoes (Cunningham and Zoller 1981). Trace element 

concentrations of volcanic plume particles relative to bulk plume 

constituents such as sulfur, carbon species and water, during 

different phases of volcanic activity are needed for an understand

ing of plume chemistry and chemical fractionation within volcanic 

systems. Such data are needed to assess the importance of volcanoes 



as a global source of volatile trace elements to the atmosphere and 

to the global biogeochemical cycles of these elements. Towards this 

end, this study of emissions from the Mt. St. Helens volcano was 

undertaken as a portion of the Research on Atmospheric Volcanic 

Emissions (RAVE) project, a joint university-NASA effort. 

Sample Collection 

Sampling was done on board a Lockheed Orion P-3 turbo-prop 

aircraft modified for tropospheric aerosol and gas sampling (Friend 

et aL1982). Two filter collection systems were used, one to hold 

a single 110-mm filter and the second to hold multiple filters. Air 

was brought into the aircraft through aluminum sampling probes with 

nozzles designed for isokinetic sampling. Air intakes were suffi

ciently far from the fuselage (25 cm) and forward of the engines 

(3 m) to avoid boundary turbulence and propeller backwash. Probes 

entered the aircraft through an aluminum plate that replaced the 

front right window of the aircraft. Inside the aircraft, an expan

sion cone preceded the filter holder (110 mm diam). Filters were 

mounted in modular polyethylene filter cassettes which could rapidly 

be reloaded into each filter system. An additional probe between 

the filter probes served as an inlet to a Meloy total sulfur analyz

er. Air was pumped through the filter systems at flow rates ranging 

from 130 to 190 L/min using carbon-vane vacuum pumps. 

Samples were collected on a single flight on September 22, 

1980, at which time the volcano was emitting a stable plume to an 
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altitude of between 2 and 3 km. Characteristics of the plume are 

described by Friend et al_. (1982). 

Four Fluoropore filter samples (1.0 ym pore diam) were taken, 

two during predominantly cross-plume flight patterns and two when 

flying coaxially within the plume. The average sampling time was 

42 min and the average air volume 5.8. The stacked filter package 

consisted of two quartz fiber filters (>99.9% efficient for particles 

of >0.3 ym diam) mounted in a single filter holder, followed by two 

filter cassettes containing NaOH/glycerol-treated Whatman filters to 

trap acidic volatile species such as HF, HC1, and SO2. Two multi

stage series of samples were collected for 30- and 70-min intervals 

3 with air volumes of 6.2 and 12.7 m , respectively. Blanks were 

collected for all types of filters by exposing them for only 30 sec. 

A modified Meloy Total Sulfur Analyzer (Model 285 FR) mea

sured concentrations of total S in the gas phase. Altitude and 

pressure dependence of the analyzer's flame photometric detector was 

minimized by maintaining the entire analytical system at a constant 

pressure. 

Vapor-based Hg was collected using Au-coated glass beads 

(60/80 mesh) through which air was passed at a rate of 8-10 L/min 

on an inlet run in parallel with the filter pack. This system col

lects all Hg species, including elemental Hg and all gas-phase 

organic and inorganic forms (Braman and Johnson 1974). 
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Sample Handling and Analysis 

The Fluoropore, Quartz and Whatman filters were loaded into 

the polyethylene filter holders and unloaded after exposure and 

placed into acid-washed containers. Half of each Fluoropore filter 

was pressed into a pellet, sealed in a clean polyethylene bag and 

analyzed by instrumental neutron activation analysis (INAA) using 

procedures similar to those of Germani et al_. (1980). 

Soluble F" concentrations were determined by extracting one 

quarter of each single-filter sample with high purity water and 

analyzing the extract by ion chromatography. 

The particulate Hg results should be taken as lower limits 

due to possible loss of radioactive elemental Hg formed during the 

activation procedure (Bate 1971). The Hg vapor collection tubes were 

analyzed using a microwave plasma emission detection system similar 

to those employed by Talmi (1975). 

Results and Discussion 

Results for the Fluoropore filters given in Table 7 represent 

blank-corrected concentrations (ng/m ) of the suspended particulate 

matter collected in the plume. Blank corrections, calculated from 

the average of five individual blanks, were insignificant (<10«) for 

most elements. Also reported are average total sulfur gas concentra

tions (ppbv) measured during each run by the total sulfur analyzer 

and the total sulfur (gaseous and particulate) in ng/m . Although 

the plume was very diffuse, even with small sampling volumes, we were 



65 

O 
Table 7. Concentrations of Mount St. Helens Aerosols (ng/m ) 

September 22, 1980 

Element Average Average 

F 230 40 ± 2Qa 

Na 270 1.20 ± 0.5 

A1 660 

S 3100 740 ± 600 

CI 370 50 ± 50 

Ca 170 0.56 ± 0.09 

Sc 0.023 0.35 ± 0.12 

V 1.6 3.7 ± 2.0 

Cr ' 65 1300 ±1900 

Mn 6 1.0 ± 0.4 

Fe 410 1.6 ± 1.2 

Co 0.7 

Zn 260 600 ± 720 

As 65 8000 ± 7500 

Se 1.1 2440 ± 1900 

Br 2.9 510 ± 500 

C d  . 1 . 2  1 7 0 0  ±  1 2 0 0  

In 0.26 240 ± 230 

Sb 2.4 4600 ± 3700 

I 1.5 

Cs 0.19 23 ± 23 

Ba 30 15 ± 9 

La 1.8 12 ± 5 

W 1.0 240 ± 160 

Au 2.9 9900 ± 9600a 
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Table 7.--Continued 

Element Average 
EFash 
Average 

Hg >0.32 6200 ± 5400b 

Th 0.06 2.8 ± 0.5 

Total S 
(gas and 
particulate) 

57,000 

Average Total 
S gases 
(ppbv as SO2) 

39 

3rr 

crust reported; no ash data available (Taylor, 1964). 



able quantitatively to determine 27 elements in the samples due to 

the low level of impurities in the filter materials and the high 

sensitivity of INAA. Background aerosols were collected in the vicin 

ity of Mt. St. Helens on other flights. Trace element levels, not 

shown here, were significantly lower than those measured in the plume 

To identify elements that are enriched in the volcanic plume 

particles as compared with bulk ash from the May 18 eruption, we cal

culated the enrichment factors (EFas^) anc' the average is given in 

Table 1: 

ef
3 h = (X/A1)plume, (1) 
3 l Wash 

where (X/Al) , is the concentration ratio of element X to that of 'plume 

A1 in the plume and (X/Al)ash is that of a representative ash sample 

from the volcano. Concentrations for the ash samples were deter

mined by INAA and neutron-capture prompt y-ray activation analysis 

(PGAA) of an unleached composite sample collected by the U.S. Depart

ment of Agriculture at Pullman, Washington, from the 18 May eruption. 

This material contains both older lithic material from the interior 

of the mountain as well as fresh juvenile material from the new 1980 

magma. The composition of this ash is the same as that from later 

eruptions as reported by Sarna-Wojcicki et^ ak (1981). Elements at 

or below the detection limit, Ti, Ga, Sr, K and Sm, if present, are 

enriched <10, and, for Cu and Ce, the enrichments must be <100. 

Enrichment factors for the Fluoropore filters are shown in 

Figure l8along with those of aerosol particulate samples collected 
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in the stratosphere shortly after the 18 May eruption (Vossler et al. 

1981). Pronounced enrichments relative to ash, up to 10^, for vola

tile, non-crustal elements were observed in the quiescent plume. By 

contrast, values close to unity were observed for most elements 

in the plume of the major May 18, 1980 eruption. Those samples were 

dominated by airborne ash from the mountain's explosive eruption 

which, in the earlier phases, was primarily of phreatic nature. The 

huge enrichments of the halogens, W, In, Zn, S, Cd, Se, Sb, Hg, As 

and Au in the quiescent plume suggest that those elements are asso

ciated with higher temperature, more mobile phase being gradually 

expelled between eruptions without much ash. 

Particulate S concentrations based on INAA and IC (as S0^~) 

were compared with those of total gaseous sulfur measurements and of 

acidic sulfur gases as observed by IC analysis of the base-treated 

filters. Results from the two techniques were in reasonable agree

ment, as summarized in Table 8, showing that 6 ± 3% of the total S 

in the plume was borne by particles, the rest being in the form of 

SO2 and l-^S based on the total sulfur data from the Meloy Flame 

Photometric detector. 

The total SO2 flux from Mt. St. Helens during the Sept. 22, 

1980 mission was 900 tonnes/day obtained with a remote sensing cor

relation spectrometer (COSPEC) by investigators on the same flight 

(FriendetaJ. 1982). 

Vapor-phase Hg concentrations varied between 2.5 and 

16 ng/m^, the latter corresponding to sampling runs made coaxially 



Table 8. Particulate vs. Gas Phase Sulfur in Mount St. Helens Plume 

Average of 
Single-Filter 

Samples9 

Average of 
Multi-Filter 

Samplesb 

Particulate 3.1 3.7 
S (yg/m3) 

Gas Phase 53.5 71 
S (yg/m3) 

Particulate 0.055 0.050 
Fraction 
of Total S 

Particulate 
S gas. 

Particulate 

S measured as elemental S by INAA. Gas 

S and condensed gas phase S measured as 

phase as total 

SO." by IC. 
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within the plume. The apparent fraction of total Hg associated with 

part icles varied between 13% and 2%. 

By normalizing concentrations of enriched elements to that of 

total S, one can calculate fluxes for other species based upon SC^ 

fluxes. Volatile elements with emission rates of about a kg/day or 

greater are listed in Table 9. They include CI, Zn, As, Hg, Sb, Se, 

Cd, and Au. 

These and the other enriched elements are more closely asso

ciated with the sulfur gaseous emissions and soluble sulfate Q^SO^) 

particles than with bulk ash. About 60% of the sulfur present in 

bulk ash is in a leachable form. These observations are consistent 

with a mechanism in which moderately volatile species are vaporized 

in a high temperature region and later condensed preferentially, 

along with sulfate, onto the surfaces of small particles. These 

small particles with their associated condensed volatiles, would have 

long atmospheric residence times and travel long distances prior to 

deposition. 

Volcanic contributions of SO2 to the atmosphere have been 

estimated to be between 4-50 x 166 tonnes of S02 emitted per year, 

with 10 x 10^ tonnes/yr a representative average (Stoiber and 

Jepsen 1973). Andesitic volcanoes located at subduction zones, such 

as Mount St. Helens are by far the predominant type capable of large 

scale direct injection into the upper atmosphere [Simkin et a1_. 1981). 

Assuming that the ratio of volatile elements to S in the quiescent 

emission of Mount St. Helens is representative, estimates of global 
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Table 9. Estimated Volcanic Particle Flux of Selected Volatile 
Elements. 

Element Mt. St. Helens 
Sept., 1980 

(tonnes/day)a 

Volcanic Release 
(tonnes/yr) 

This workb Literature 

CI 3.5 35,000 1 ,400-100,000° 

Zn 1.0 10,000 -

As 0.8 8,000 7,000c 

Hg (vapor) 0.090 900 5-430d 

Hg (part.) >0.003 >30 -

Sb 0.030 300 -

Se 0.10 100 200-360e 

Cd 0.0050 50 -

Au 0.0030 30 -

aUsing average elemental concentrations from coaxial plume samples 
and SOg flux of 1000 tonnes/day. 

h 7 
Assuming global SOg release from volcanoes of 10 tonnes/yr. 

c(NRC 1976). 

d(Walsh et al. 1979). 

e(Fitzgerald 1981). 

f(Chesselet 1981). 



inputs of these elements from volcanoes to the atmosphere can be made 

based on simultaneous total sulfur measurements. Appearing in 

Table 9, along with daily emission rates, are estimates of the global 

volcanogenic flux of particulate CI, Zn, As, Hg, Sb, Se, Cd and Au, 

as well as literature values of these species where available. These 

results compare quite favorably with the previous literature estimates 

of individual elemental inputs. Clearly, much more detailed chemical 

information throughout different eruptive cycles of a given volcano 

is required before reliable assessments of long range effects or 

future activity can be made. 

The data presented here are the result of coordinated sampling 

by several techniques from a single aircraft sampling platform. We 

believe that the simultaneous measurement of many bulk and minor con

stituents from the air represents the most promising field technique 

for evaluation of volcanic plumes and their atmospheric impact. 
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