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I. Introduction

A project was started in late 1987, to develop in-situ
analytical techniques to chemically monitor active volcanic
processes,. The solubility of a specific volcanic gas in a
magma-body is a function of pressure, temperature, and bulk
composition of the magma. Additional{y, different gases have
different solubilities and reactivitie§ in the same magma. It is
reasonable to expect that as magma ascends and pressure-
temperature-compositional aspects change, that this will be
reflected as a continuous compositional change in surface vents
and fumaroles. One should be able to detect the ascent of magma
by measuring gas concentration in fumaroles. Continuous volcanic
gas-monitoring studies to date have shown that inferred gas
"events"” can occur on a time-scale too short to be reliably
caught by field sampling followed by laboratory analysis (Sato
and McGee, 1981, McGee and others, 1987). It is wuseful,
therefore, to be able to perform qualitative and quantitative

continuous in-situ measurements on volcanic volatiles (Sutton,

1989). Continuous in-situ chemical moﬁitoring on volcanoes puts
formidable constraints on what types of analytical techniques can
be used. Chemical sensors are preferred for because they are
typically small, portable, fairly selective for the gases of
interest and requirg little electrical power for operation.
Furthermore, chemicai sensors can often be configured to operate
for months at a time without maintenance. Many sensors have been

developed for use in monitoring industrial processes (Callis and
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others, 1987). More recently, federal and state regulations have
put tighter constraints on employee-exposure to certain gases
that propitiously, are also found in volcanic systems. With
this in mind, the product literature was studied to see what
chemical sensors were currently available. The chemical
literature was also searched to track emerging technologies. The
combination of these two sources produced a rich collection of
possibilities. The purpose of this paﬁér is to discuss the basic
principles of most chemical gas sensors, along with strengths
and weaknesses for each, and to provide a compilation of

companies that produce sensors of each kind.

II. A Chemical Gas-Sensor Primer

A. Chemical Sensor Definition

For the purpose of this study, a useful definition of a chemical
sensor is that of Janata and Bezegh (1988): "A chemical sensor
is a transducer which provides direct information about the
chemical composition of its environment. It consists of a
physical transducer and a chemically selective layer."” This
definition may not fit all cases, especially as microsensors,
microelectronics, and micro-optic technologies become more
inseparable. However, it serves to eliminate certain
inappropriate techniques that 1involve complicated matrix
isolation, {(gas chromatography, active samplers, flue-gas
analysis systenms, etq.). While these techniques use sensors,
they are betterﬁdeéeribed as sensor systems, or simply as
analytical instruments. For our in-situ analysis purposés,

further criteria include: durability under harsh corrosive and
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temperature conditions found in volcanic areas, battery operation
with low power consumption (less than 10 watts); lightweight
(less than 10 Kg without batteries), capability of operating for
several months at a time without maintenance, and capablity of
providing an analog signal output in the +/- 10 volt range, or 4
to 20 milliamperes range. Chemical sensors evaluated in this
study fall into two distinct categories: Electrochemical, and
Optical. Each of these general categb}ies may be divided into
subordinate ones as shown in figure 1. This figure will serve as

the roadmap for the rest of this paper.

B. Electrochemical Gas Sensors

Electrochemical sensors produce an electrical output change
in response to a chemical concentration change. Electrochemical
gas sensors may be divided into several (sub-) categories
including Amperometric, Potentiometric, and Chemically Sensitive
Electronic Devices (CSEDs). The response of these sensors is
diffusion controlled under most circumstances; i.e. the analyte
(the gas we are 1looking for) must diffuse to the active site of
the sensor. This may involve penetrating a species-selective

membrane, and/or dissolving in a solution.

Amperometric (sometimes called voltammetric or
polarographic) sensors are based on an externally-controlled-
potential, redox (reduction-oxidation) reaction, where a specific
electrical potenp}aIAis applied across two electrodes in the
analyte-containiné‘solution (figure 2). The analyte gas dissolves

in the solution after penetrating a hydrophobic gas-pefmeable

-
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membrane. The applied redox potential value is selected to permit
oxidation (or reduction) of the species of interest, while
avoiding if possible, oxidation (or reduction) of unwanted
species (Skoog and West, 1976). In figure 3 we can see that by
applying a potential between 0.25 volts to 0.50 volts to a
mixture "A", "B", we have an effective sensor for gas "A". When
the gas mixture diffuses through the membrane and dissolves 1in
the electrolyte, it is oxidized at the anode. The electrical
current measured is proportional to the "A" concentration.
Selectivity is retained for "A" by Keeping the applied potential
between 0.25 volts and 0.50 volts. If we raised the applied
potential to 1.00 volts, we would continue to oxidize "A" as long
as it is present. Hence, this sensor would not be effective for
“B" unless there is no "A" present. Certain gases can be
selectively scrubbed to avoid these matrix problems. The
amperometric sensor gets its selectivity and sensitivity from the
working electrode’s ability to catalyze the desired reaction, and
the applied electrode-potential value. Examples: Amperometric
sensors are available for many gases that can be conveniently

oxidized or reduced such as H2S, S02, and CO. Advantages of this

type of sensor include: small size, high sensitivity (ppb-ppm).
and high selectivity in matrices where we know what species are

present. Disadvantages of this type of sensor include: poor

selectivity where a substantial amount of interfering gas is

present, whose redox potential lies below that of the target

't

species.

Potentiometric gas sensors measure the redox potential that
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exists between indicator and reference electrodes immersed in the

analyte-containing atmosphere. Unlike the amperometric methbd,
there is no external voltage source, and current flow ig

controlled (usually minimized to prevent concentration
polarizatioh) (Skoog and West, 1976). The measured potential, E,

is related to analyte concentration by the Nerpstkequation:
EzEo -0.0591 RT/nF 1ln (x) (1)

where Eo is a standard potential for the whole cell reaction,
RT/nF is a constant for a given temperature, and (x) is the
analyte concentration. Examples of potentiometric sensors
include: gas sensing probes (sometimes called "gas sensing
electrodes"), (figure 4) which are ion-selective combination
electrodes that rely on gas-diffusion through a special membrane
to a solution where the gas species dissolve, ionize, and become
oxidized or reduced (Riley, 1979). Gases including S02, CO2, HF,
and HC1 are detected this way. Another special potentiometric
sensor is based on fuel cell technology. The fuel cell was
ostensibly developed for the National Aeronautics and Space
Administration (NASA) in the late 1950°s to supply electricity
for spacecraft (Tilak and others, 1981). This device works 1like
a battery, having two chemical reactants, designated as fuel and
.oxidant, that coﬁbiﬁe to produce a chemical and associated
electrical product (figure 5;. The fuel cell is different from a
battery, because the fuel and oxidant supplies are continually
replenished, whereas with the battery the supplies are fixed
(Fickett, 1984). The fuel cell sensor is similar to this, but

supplies an excess of oxidant at the cathode, and the fuel-supply
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is controlled by the system we-are studying, -i.e., the analyte is
the fuel. Hence, the fuel cell sensor output is proportional to
the analyte concentration. Fuel cell sensors are avéilable Hzé,

S02, CO, and H2. Advantages of potentiometric sensors include:

small éize, good sensitivity (low ppm), and negligible current

consumption. Disadvantages include: possible poor selectivity in

systems where chemistry of gases is unknown or complex. Another
common problem of potentiometric sensors is frequent maintenance,
to replenish electrolyte solutions. Also, some fuel cell sensors
require the presence of oxygen in sample to operate properly

(City Technology LTD, 1985).

Chemically Sensitive Electronic Devices (CSEDs) emergedwith
the marriage of solid-state electronics and chemistry (Bergveld,
1970). CSEDs use an external power source to produce current
flow through an electrical circuit containing a chemically
sensitized element. The output is obtained by measuring the
electrical conductivity change caused by the analyte-containing
gas contacting, dissolving in, or passing through a chemically
sensitized layer. Figure 6a shows a metal oxide semiconductor
field effect transistor (MOSFET). This device was invented in
1960 (Kahng and Atalla, 1960) and is used to regulate current-
flow in electronic circuitg@ Current flow 1s regulated between
the N-type silicon emitter and base through a P-type silicon
substrate, by changing the potential present at the electrically
isolated gate (Zemel, 1975). An example of a CSED is shown in

figure 6b. The electrical potential gate has been replaced by a
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chemically sensitized one, resulting in a chemically sensitive
field effect transistor (CHEMFET). Analyte gas diffuses through
a selective coating and dissolves in the gate oxide, thereby
changing the electrical field, and current flow through the
circuit. One type of commercially available CHEMFET uses a
palladium gate, and is selective for hydrogen (Lundstrom and
others, 1975). CHEMFETs are also available for H2S and CO.
Another important CSED is the conductometric thin film gas sensor
shown in figure 6c. The chemically ;élective gate coating has
been replaced by a heated thin film metal oxide such as tin
oxide, and current flow is measured between two gold conductors
embedded in the silicon substrate (Chang, 1979). This type of
sensor is sensitive to combustible gases such as H2, H2S, CO, and
hydrocarbons, because these gases are effectively "“combusted"
(oxidized) in oxygen on the heated film, changing the circuit
resistance and current flow. The thermal conductivity sensor
(TCD) works on a similar principle, but uses a current carrying
wire that changes electrical conductivity in response to changes

in ambient-gas thermal conductivity. Advantages of CSED sensors

include:  very small size, low current consumption, signal
conditioning with sensor, good sensitivity (low ppm).

Disadvantages may include: poisoning of sensor by interfering

gases and poor selectivity owing to insufficiently selective gate

coating, and the requirement of oxygen for thin film sensors.

C. Optical Gas-Sensors
Optical gas éehsors use electromagnetic energy interacting

with the analyte to determine gas concentration. There are two
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categories of these sensors; absorption, and photoionization.
Light-energy of a specific wavelength is used to selectively
excite the molecules of interest. The excitation level is

measured as energy absorption, or secondary emission.

Optical absorption sensors are of two types, infrared (IR)
and ultraviolet-visible (UV-V1S), depending upon the wavelength
of light that is used. Commercial infrared sensors send the full
light spectrum available from the sou5§e (usually a light bulb)
through the sample without dispersing it into different
wavelength bands (figure 7). These are called non-dispersive
infrared (NDIR) sensors. The analyte absorbs light-energy of a
characteristic wavelength, corresponding to either molecular bond
stretching or bending (Brittain and others, 1970). After the
light passes through the sample, the energy not absorbed travels
through a wavelength selective filter and then to the detector;
usually a small, solid state, infrared (thermal) sensing device.
This unabsorbed energy is then compared electronically with a
reference value. The difference in energy, termed the
absorbance, A, is proportional to the analyte species

concentration according to Beer s Law:
A = log Po/P = E * B * C (2)

where Po/P relates the originating, and attenuated light beam
power, E 1s the analyte species molar absorptivity, B is the
light—pathlength[ﬁénd C is the analyte species concentration.

Ultraviolet-visible gas sensors obey Beers law in a similar



fashion. UV-VIS absorbance is caused by molecules undergoing

changes in electronic state, rather than bond stretching and
bending. Photomultiplier tubes or photodiode array detectors are
used to measure electron-transition energies. Examples of
absorption gas sensors include: fixed wavelength sensors for CO2
and combustibles that absorb in the infrared, and ultraviolet

sensors that measure SO02. Advantages of absorption sensors

include: high accuracy, ability to analyze more obscure gases,

R

and ability to analyze gases remotely'(COSPEC). Disadvantages

include: high power consumption, large size, and deterioration
of optics by corrosive gases.

Photoionization sensors use high energy ultraviolet 1light
(9.5 electron-volts to 11.7 electron volts) to selectively ionize
the analyte species .0j off
according to:.0j on

A+ hv = A+ + e- (3)

where A is the analyte species, and hv is the "“reagent"” light
(Driscoll, and Spaziani, 1975). The products, A+ and e- are a
positive ion, and an electroﬁ. Once the sample is photoionized,
it is paséed between two polarized electrodes that attract or
repel (depending on polarity) the positive ions and electrons.
The analyte concentration is quantified by measuring the current
change caused by the positive ions. Selectivity 1is limited by
thé presence or absence of other photoionizable species, and by
using a lamp of suffipiently low power, to photoionize only the
species of intefgét. Examples of photoionization sensors

includes: portable sensors that can be configured to analyze H2S



.osmEmcom. JOSUSS UOI1BZIUOIO10UH m ®l_3©_..u_

FOHNOS 1HDIN

- >

HOLO0FT1I00 NOI

1371LNO SVO

3AoYHLO313 svid M‘

HJOSNHAS NOILVZINOIOLOHd

LFINE SVO




plus a number of organic species. Advantages of photoionization

sensors are: very good sensitivity (ppb-ppm) for H2S, ease of
use, and applicability to wide variety of organic compounds.

Disadvantages include: larger size, weight, possible interference

in organic-bearing sample matrices, and expense.

III. Commercially Available Technologies

Listed in Table 1, is a compilation of companies that offer
usable, or modifiable chemical gas senisors. No companies were
found that make gas sensors specifically for use on volcanoes, sSoO
almost all sensors require some modification. Volcanic gases may
contain varying amounts of CO2, S02, H2S, H2, HC1l, HF, CO, CH4,
N2, watef vapor, and other minor constituents including He; Ar,
Ne. This sensor search included all of these gases, and found
practical possibilities for all but He, Ar, Ne, N2 and water.
Oxygen was included also, because oxygen monitors are useful in
volcanic areas where carbon dioxide can displace oxygen causing
suffocation. The sensors included meet the sensor definition
from section II A, with the exception of the COSPEC and Moniteq
1nstruments. These two were included because they are in-situ
sampling and analysis instruments that are important in volcanic
gas studies. The analytical concentration range (in parts per
million volume, ppmv, unless otherwise indicated) is listed under
each gas for which a sensor is available. Following the
concentration data 1is a two letter designation for the sensor-
type. This desigggté%n is keyed to single letter designations in
the boxes figure i,‘ The first letter designates the category,

either Electrochemical (E) or Optical (0) and the second letter

-
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denotes the sub-category. Fo} example, a thin-film sensor would

carry the designation "E-T".

11



9% B0 “TTVIANSD “L33US NIWH HLBOR 1021 0106-209(512) d-3'sU ) d-3SU ISNOSA] 1SN

8ISKS VO 0X0JM0D “3AV LI0A130 9€6 9£01-883(519) . 1-0°0005-0 NI SIINGALTVA
1006 V) “SQLIWE) °"OATR VISILWY SUGEl LIv6-926(E2) 1383 ) | 50—
1904 Y1 IISHOH *"¥0 JMDRLIVE 1996 9719-28MELL) ) 3-3°001-0 SYUY 0L
LA XY "ORINIS “¥0 L3MO0RITR ¥EWY 0sty-Or2(ell) . F15-0 » WILLATVIV SVI3L
6+L16 V) "ANISAGHI 30 ALID "IS IARISH) 0ER91 1226-196(818) ¢-3'¥-3'3001-0 : AGML
EVOYE VO “KITA NIVIENOW “¥O BOSTS¥YS O 100E-096(S1¥) , ) ) 4-3°0008-6  3-3°0005-062 0JX0N0S
SEOSE V2 SYLIJITIN 1D SOWVL 1661 1199-232(801) 1-3's3 -1 152-0 1-0°0005-0 4-3°00i-0 . 4-3001-0 3-3'002-0 BOLINOW YH¥3IS
EVSEE 4 01 “3 LIS 38 ATINLS SHEZI 20%-065(€18) ) 31010 -0 300 1010 3'01-0 1020 3'00-0 AN
5 CTLEY ORYAND “TTIRSORL AV NIISVIRO0 ¥EL ‘Z LIND 5Zz8-188(91y) -0 3k . ¢-0°0002-D NADL0M
£519-1050¢ Y9 ITTIASINIV OZE ¥09 04 9090-5E5{008) 1353 3'%5¢-0 u.STc 3'001-0 *3°0001-0 SIINDYLOM
SE251 ¥4 ESWBSLLId *"OATB N3LN3) N34 009 0005-£22(21) ¥-3'002-0 et o
SEY VINRV) OTWLKD GAIJ80D 03 UMBALY 069 YEES-639(s1¥) ‘ 1-0°0082-1 DAL
£5S060°HN “ABN3ONOONDT ‘YVd TUH WO 2590-899(€09) ) 5-3°041-0 “INI SI00¥LITTBONIIN
59003 1 JAIHSKONIT “GAT8 AVONVE SOF 0002-£2¢(008) d-1°2001-0 4-3°0002-0 4-3°05-0 - 4-3°00¢-0 YOH
Y600 [N SNUWINIS [BST X08 Od ¥0 MSIAVIS OF 001%-£98(102) , Si Sk S S S3k S NOS3HIVK
(¥85-02061 Yd WIVSKIY “¥0 SSIEBO¥J 26EF 0011-#¥2(512) 4-3'312-0 -3’10 d-3°0002-0 KOILSNBNO) 0NV
E08T0 YW MDISNTTARE “AY TIVH JIVHN3L 601 gezt-ze 119 0-3'S3U SiA SU S3k Sk S3k S3A S34 1IViL ol
’ ¥1£26 V3 “INTA¥D “US HILLS LUt 8666-£98(11¢) 3353 F3°0005-0.  3-3°0009-0 3-3°002-0 3-3002-0 3-3'008-0 3000 3-3°0005-0 “HI3L TSNS CINUNT
TIETE V2 HIBOASIVHD 9697 X0 Od LS 43OHONON 00LT2 1662-2881(818) _ ) ¥-3001-0 V3050 V050 V-3°0006-0 WSHILKI
£601-1£06T ¥4 IVONVD 'TIId ITIIANIENILS G5E €5EY-88L(211) w..ww» 3'30¢-0 1'55-0 u.R.BN-e 3'002-0 3°0002-0  JLJIINIIS TWINLSNOK!
£866-1120 ‘YR “SONVIHOIN ROLKSK ‘IS INOWITEVHD 091 0699-195(/19} ¢-0'S3h &» 4-0°02-0 c=_.=
-TH
50980 Pk YOONE ONAOE "2€ X08 04 0090-095( 102) 0-3'S3 0-3'SU g-3's3i 0-3'S3 6-31'S34 £-3'S34 0-3'S 0-3s34 VW03
SS3yaoy Wd  STTVLISNAROD 0 ¥Hd b4 a0 SCH 3 TH 208 0 ANVENDD
92926 ¥ 'VSH YIS0J ‘1S 3ISIHAEALNI L€0E 568y-0¥S(+1L) 1-3's3 , ‘SHOLTHON WEN
09S¢ ¥ “YAVNIN “IAV TWALNID SiiB 0023-¥6L(511) 1-3'S3 305-0 3'05-0 3'61-0 3°61-0 36 9-3005-0 H31SYS
95890 13 "YIVI¥ON HIROS 6v¥S X08 Od 05£8-€45(£18) 1-0°S3t 1-0°008-0 1-0°202-0 1-0°002-0 1-0°005-0 030803
YOI8Y TN YOSV NV AMH WIMLSOONI S 80E2 0L21-19/(€1E) ISR 45000 33019 13050 1300
26190 12 CXOSSNITIVM Sz X08 0 d “Ya¥d “ONT S3WNV8 121.-5921 €02} . 1-0°0005-0 YOALYNA
POTBY IN NOBHY MNV ‘MO VIV ¥8LE ££50-69(€TE) 1353 1-3°002-0 4-3'001-0 3-3'005-0 NOT LvvRAG
8EYSS NW SI04YIMNIN IS HIOTI IS3K 1069 5996-196 (219) L3S SITNoNI30
{8844 X4 SONVI000M 1-C 14 HIOWIBHIL 60¥2 001r-/8E(€14) 3-3°001-0 X030
Y370 T TIVAHLNON 3AV SPSYB34 022 . 8001-925(008) 1353 3-3°001-0 WYIHd130
9000 'TK UTIISHIVS “IATHO W) 2 < yTe-S450102) ) 3-3'001-0 SINNRULSNT T0NINDD
HZATII ONYISNI NOONCT " TIIMS09 €/1-191 66E-£62-10 3-3'%52-0 3520 3-3°002-0 4-3'02-0 4-3°002-0  3-3°0001-0 AS0T0RRIYL MLID
EDE0-0E9L0 ¥ NOSEIHI "€OEXO08 Od ‘IS LANISIHD 91 0995-£96(102) 1-0°SU 1-0'305-0 5-3'001-0 5-3'01-0 9-3°02-0 -8-3'02-0 9-3°1-D°205-0 L8]
Z3SHGH'DIYYLNO ‘DINONDL ‘YO MIIASKINNVD ¥0E 0£8E-5£9(914) n-0°0001¢-5°2 ! HIEVIS3Y ¥IININNVE
8EZST ¥4 “SHNSSLLIG "B0 VHJWV 10€ 005E-Z8L(214) 1353 ¥-3'252-0 2-3°001-0 HIVUVHOVE
E4524 X1 “ALID IBYIT “3AY X4 00 ¥8r-Zee(E1L) 1-0°S3k 1-0'82 0L 0 1-0'Q 010 “WUNT OAISY
08258 “Zv 3dW3L OE6T X08 04 ‘¥0 ALISYIAIND ISV3 0OTI T19£-825(008) 1-3'84d005-0 . IRMNELSNT VROZI¥Y
EOTES V) VHVBHVE VLNVS °"IS YBILNO ISV HES £699-€96(508) 1-0°SU ¢-3'4-3'452-0 1-0'501-0  g-3 '305-0 1-0"%02-0 0-0°0051-0 1-0"202-0 vy
4810 Pk "TIVAHLNON “IAY SNSYS3d 022 00E£-28£(102) Sk Sk S34 SIL HIHD ONV SYB NVIT¥3NY
SO0V WOHd  STRTLSNBNOD i #) ] b .S S H it 0 ARVAHD

*sadf3 10sUdS 103 | =InfI; 031 zaIpy -siosuas
svg Te>1may> 37qelTvae LTTPToI3mmo] Jo ucTaeyrdmon BEERGHE



IV. Conclusion

A. Current, Commercially Available Technologies

Many chemical gas sensors currently exist that can be
adapted for volcanic monitoring use. The sensor techniques
avallable can be assigned broadly to two categories: optical and
electrochenical. Progress in chemical sensor development by
industry, academia, and the governmeqp has been rapid over the
last 20 years. This progress is being.driven by: electronic
technology advances (for sensor development), advances 1in
microcomputers (for multi-sensor data acquisition/analysis),
concern for occupational and environmental chemical safety, and
higher cost for 1laboratory analyses (making in-situ sensors
preferential to off-line analysis). Our search yielded 42
companies with over 120individual sensors that might be adapted
for volcanic monitoring purposes. Many sensors were developed
for mine-safety, environmental monitoring, or for the energy
industry. Sensor prices range from a few hundred dollars to a
few thousand dollars, depending on the sensor and configuration.
Durability and chemical selectivity are perhaps the two most
important considerations in sensor evaluation, and there are no
industrially-accepted or governmentally-imposed guidelines for
reporting these criteria. This means that sensors must be
thoroughly tested and carefully adapted before they are deployed
in the field. In spjte of these barriers, the commercial market
is replete with dheﬁ;cal sensors that can make continuous in-situ

volcanic gas measurements more reliable.
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B. Emerging Technologies

In a published search of the Chemical Abstracts data base,
Janata, and Bezegh (1988) 1located over 1100 articles under the
general heading of "chemical sensors”, for a three year period
starting in 1985. Over 700 of these articles fell under the
electrochemical heading. Moir (1988) pointed out that CHEMFETs
in particular, show enormous potentialﬁfor process analytical
chemistry owing to their small size (less than 1 millimeterz, and
the ability to construct multichannel sensors on a single silicon
chip. Thus, in concept at least, it would be possible to make a
ten channel sensor, sensitive to five gases with first order
redundancy. In another article, Caras and others (1985) describe
how sensor selectivity can be improved by using an enzymatically
catalyzed gate surface for the CHEMFET, calling it an ENFET.
Continuing advancements in fiber optic technology will support
development of optical sensors, permitting single or multiple
optical fibers to transmit light-energy and information to and
from the sample (Dessy, 1989). A germane and rapidly developing
area of industrial chemistry is Chemometrics (Callis et. al,
1987), which deals with real-time processing and interpretation
of chemical data taken from on-line chemical analyses. In the
process chemistry world, Chemometrics means on-line monitoring
of several parameteré of a manufacturing process, then using
sensor output to adjust and optimize that process. In the
volcanic gas chemgétry world this might mean using an array of

sensitive, but relatively unselective chemical sensors, each with
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its own response profile to the gases of interest. A chemometric
algorithm would sort out these response profiles into
recognizable patterns, facilitating rapid and objective multi-
sensor data interpretation (Ballintine and Wohltjen, 1989).

The future direction that chemical gas sensor technologies
will take not completely certain. However, it is reasonable to
expect that developments will come rapidly, as electronics,
optics, and computer advancements try to keep pace with a society
that is inte;ested in more informatioﬁ faster, and for 1less
money. Volcanic gas geochemical monitoring should be in a good

position to take advantage of these developments,
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