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ANTRODOCT JON
The spectacular sight of a volcano in eruption has fascinated mankind

since prehistoric times, Early man thought volcanoes to be the work of
all-powerful gods residing in the earth. The ancient Hawaiians, for in-
stance, had the greatest respect for the legendary Volcano Goddess Pele,
whom they feared would punish them with lava flows if she were displeased.
This belief has survived to the present day; people on the island of
Hawaii still offer gifts to Pele to win her favor.l

A volcano is an extension of one of the huge bodies of subterraneen
rock material called magma, which solidifies to form the igneous rocks of
the earth's crust. lava is magms which has flowed onto the earth's sur-
face, and volcanic gases are the volatile materials associated with the
magma., Both provide a means of studying magmas, whose chemicel composi-
tion must otherwise be inferred from the rocks they rorm.2

A magma is a hot, fluid substance, consisting generally of a silicate
phase, but sometimes also containing a separate gas phase. It may solid-
ify or crystallise over a range of temperatures, from 1200°C. down to
about 500°C., to form a variety of minerals and rocks. The solidification
process may be extended over a wide range of time and space by fractional
crystaliization, If there is a separation of some of the components pro-
dueing a change in the composition of the magma, this process is called
differentiation., The volatile components of the magma, often called
mineralisers, are believed to be very important in determining the course
of differentiation., Furthermore, the residual solutions and gases left
after the bulk of the magma has solidified or crystallised play a very
important role in the formation of the ore deposits which contain large
3

conocentrations of the rarer components of the earth's crust.

It 18, of ocourse, not possible to reach down into a crystallising



magme and sample its volatile components. It is necessary to rely upon
more indirect methods, such as analysing the gases given off by igneous
rocks when they are neated under vacuum, or examining the gases and con-
densates from fumaroles. As a result, there has been much controversy in
the literature regarding the amount and composition of volatlle magmatic
materials, There has been much speculation (e.g., Craton, 1345) regarding
their influence on volcanic phenomena, but little is actually knovn.l‘ As
a first step in gasining this knowledge, it is essential %o develop sys-
tematic methods for studying volcanic gases and condensates, and to attempt
to find the relationship between them and the original magmas from which
they are presumably derived.

The purpose of this investigation has been to apply the techniques
of modern chemistry to the study of the volatile components of Hawaiian
magmes, As an approach to this provlem, 1t seemed desirable in the begin-
ning tc develop and extend the technique of vacuum fusion of rocks as a
means " studying the oxidation state of their constituent elements. It
was originally intended to s tudy the geologically important regions of
the Mg-Fe-(C-3i system, and to examine the relationships betweer dissolved
volatile material and the oxidation state of iron. Preliminary investi-
gation, however, showed that too many uncertainties were introduced by
the equipment presently available because of unavoidable reactions of the
fused rock with crucible materials,

Accordingly, the problem of magmas was approached from another
direction - a study of the gases of the volcano Kilawea. A number of
circumstances combined tc make this possible, Most important was the
1959-60 eruption of Kilauea, which provided an opportunity for the col-

lection of gas samples by modern methods. The gas chromatography system
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3
developed for analysing gases from rocks was adapted easily to the analysis
of volcanic gases. Furthermore, the establishment of the University of
Hawaii Computing Center made available a high-speed digital computer for
use in studying the complex equilibria occurring in volcanic gases,

This thesis is therefore logically divided intc two sectionss
First, an investigation of the applicability of the vacuum fusion techni-
que to the determination of the oxidation state of the constituent elements
of rocks, and second, a chemical study of the gases of the volcano Kilauea.
It was hoped that these studies would complement each other in adding to
our knowledge of the gases from volcanoes and "eated rocks, thus helping
to provide further understanding of the relationship of these gases to

the primary volatile materials associated with magmss and volcanic rock

types.



PART 1. AN INVESTIGATION COF THE APPLICABILITY COF THE VACUUM
FUSION TECHNIQUE TO THE DETERMINATION OF THE OXIDA-
TION STATE OF THE CONSTITUENT ELEMENTS OF ROCKS
I. Review of the Pertinent Literature

A. The gases in rocks

The gases present in rocks and minerals have been studied since the
time of R. W. Bunser in the middle of the 19th century. Much of this
early work is fragmentary and qualitative, and of little value in under-
standing the nature of such gas-rock systems. The results of these early
studies have been reviewed by F. W. Clarke (1916).°

The first significant work on degassing rocks was done by Gautier
betweer 1900 and 1913.6 The gases he found he attributed to reactions
occurring within the rocks at high temperatures, For instance, the pre-
sence of hydrogen he explained by the reaction of ferrous oxide with water,
and carbon monoxide by the reduction of carton dioxide by hydrogen. Sul-
fides he showed to be hydrclysed by steam at moderately high temperatures
to hydrogen sulfide, which in turn was further oxidised to sulfur dioxide
and hydrogen upon raising the temperature.

Chamberlin (1902) carried on extensive research along the same lines,
reaching much the same conclusions.7 His work, however, suffers from the
fact that he neg.ected water in his analyses, since he did not consider
it %o be a gas,

The most extensive work to date on the gases in rocks is due to
E. S. Shepherd (.925, inB),a’g who devoted over 20 years to the study
of volcar.c gases and the gases in rocks. He found that the gases ob-
tained from igneous rocks were principally water, carboc dioxide and ni-
trogen, with smaller amounts of hydrogen, carbon monoxide and sulfur

iloxide. Quantitatively speaking, however, Shepherd was unable to



correlate the extreme variability in the composition of the gases with

the nature of the rock studied, which led him to conclude that little in-
formation regarding the history of a particular rock sample co.l!d be gained
from a study of its volatile constituents,

Using high-vacuum techniques, Terada (1954) studied the gases ob-
tained upon vacuum fusion of Hawaiian igneous rocks.ln He attempted to
correlate the oxidation state of the extracted gases, expressed by the
ratic COz/CO, tc the oxidation state of the iron contained in the sili-
cate, expressed by the ratio Fe(III)/Fe(II). Some degree of correlation

was noted.

B. Systematic studies of gas-silicate systems

The difficulties encountered by Shepherd and by Terada are, at least
ir part, due to the extremely complicated systems they were studying. It
1s necessary to turn to relatively simple artificial systems in order to
unrave! the complex equilibria involved. Since some iron oxide slags are
similar in composition to naturally occurring magmas and igneous rocks,
much of the pertinent research on gas-oxide and gas-silicate systems has
been carried out by metallurgists. Their results, however, may be applied
equail: #ll tc geochemica. problems.

One of the chief difficulties encountered in any high-temperature
study involving ‘ror is that a number of oxidation states of this element
are possib.e. In ~rder to systematize the study of iron-containing oxides
and silicates, it 1s necessary to have a convenient means of controlling
the oxidation state of iron. The easiest way presently known of doing
this is to pass a gas stream of known oxygen partial pressure over the

sample. If, for instance, gas consisting of a mixture of carbon dioxide



and carbon monoxide is used, the heterogeneous equilibrium
COo(g) + Fe ™ (silicate)#CO{g)+Fe ' (silicate)+ 0™~ (silicate)
will permit an exact knowledge of the oxidation state of iron.11

This technique, first used by Darken end Gurry (1945) in studying
phase relations in the system iron-oxygen, has gained widespread accept-
ance in recent yuars.l2 An excellent review of the method and of the
results obtained from it has been written by Muan (1958),%2 A critical
examination of the results of these investigations gives a fairly complete
understanding of heterogeneous equilibria involving iron,

The first study of heterogeneous equilibria between gases and iron
oxides in igneous rocks was made by Kennedy (1048).1A He concluded that
a knowledge of the Fe(III)/Fe(II) ratio in a cold, unaltered igneocus rock
would permit a determination of the oxygen partial pressure under which
the rock was formed, providing a reasonable estimate could be made of the
crystallization temperature cof the rock.

Eugster (1957, 1959) has applied hetercgeneous equilibria involving
changes in oxidation state to metemorphic sys‘ems, using such considera-
tions to explain the stability relations of annite, KFQ(II)311813 00
(08)2.15’16

Fujii (1958) extended the work of Terada concerning the relation-
ships between the oxidation state of iron and the composition of the gases
obtained upon vacuum fusion of si"ﬁica'es.l'7 To do this, he prepared ar-
tificial samples of fayalite (FezsiCA) and brought them to equilibrium
with an atmospnere of carbon dioxide, carbon monoxide and argon at 1100°C,
which is below the melting point of fayalite. He was able to extract the

gases which dissolved in the silicate during the equilibration, and to



correlate the function log (pcoz/poo\ in the extracted pgases tc¢ the

ratio Fe/III)/Fe(II) in the silicate, HYe also noted a similar streight-
line reiationship betweer log (pcoz/Pco) in the equilibrating atmosphere
and Fe(III) Fe(II) in the faya.ite, in agreement with the work of Darken
and GSurry. In both cases he discovered that discontinuities in the plots
corresponded to transitio-ns between different iron-containing phases.
Thus, there were three regions in his plots: the first, at low pcoz/pco'
corresponding to the presence of metellic iron in the sample; the seccrd,
at intermediate values of pCCA/pCO’ corresponding to the preserce of large
amounts of fayalite and some magnetite (FOQJB); and the third, at high
pcoz/pSO' corresponding to the presence of fayalite and large amounts

of magnetite. The positions of the lines in the extractior pliocts dif-
fered from those in the equilibration plots. In other words, the compo-
sition of the gas extracted from a fayalite sample differed from that

of the equilibrating gas, Fujiiil attempted to account for these di{fferences
in terms of the effect of water adsorbed on the fayalite upon the equi~

librium between carbon dloxide and carbon monoxide.

C. Object of the research

The object of the research described in this section of the thesis
is to evaluate the technique of vacuum fusion as a means of siudying the
oxidatiorn state of the cons'ituent elements in rocks and mirera.s. To
do this, a modification of the powerful technique of gas chromatography
was develioped for analysis of gases extracted from artificis. silicate
svetems similar to those used by Fujii, It wes hoped that a suitable
technique of gas extraction could be developed, thereby making possible

a convenient method for determining the oxidation state of the constituent



elements of rocks. 'Eing this technique, it was planned tc study the
relationships betweer ges content and the oxldation stste of iron in the

Mg-0-Fe-3i system.

II. Experimental Work

A. Equilibration wmethod

A gas purification trein based on that described by Rist and Chipman
(19%8) was constructed for the preparetion of mixtures of carbor dioxide,
carbon monoxide and argon, thus defining known oxypger partia. preasums.m
The cerbon dioxide was dried over anhydrone and purified frow oxygen
_over copper turnings at 450°C. The carbon monoxide wes prepered by
passing dry carvon dioxide over graphite at ‘lO(.‘oC., and purified from
residua’. carbon dioxide over concentrated potassium hydroxide and ascarite.
The argon, used as a carrier to minimise thermsl diffusion, was purified
fron water, carbon dioxide and oxygen in columns contsining anhydrone,
escarite and magnesium turnings at 590°C. The relative amounts of the
somponent gases ln the mixture were controlled by adfusting their warious
flow retes. The final equilibrsting mixture was obtained by peasaing the
purified gmses through a glass vead mixer, followed by a final dehydre-
tion in a dry ice-acetone trep.

The equilibratior of an artificial iron silicate sample wes carried
out by bubbling the gas mixture through the molten sample. For this pur-
pose, & ‘ong platinum tube wes introduced into the heating chamber through
one of the o-rirg loints (sse Fig. I-A), and pushed down into the melt.
Samples of the equilibreting mixture were taken and analysed by gas
chromatography.

A single melt of fayalite (FeZSiOA) prepared by C. Fujii was



sgquilibrated in this manner. Wher cool, the melt was removed from the

platinum crucible and ground in & diamond mortar to pass 2040 U, 3,
Standard mesh. This sampie was used In a series of wvacuum fusion tests

to eveluate the preclsfon of the method.

B. Extraction of geses

’

A high-wvacuum system, capable of attaining pressures of 107C mm.,

was constructed for the extraction of gases from rocks by the vacuum
fusion techrnique. The system 18 shown disgremmmtically In Flg. I. &
singie-stage mercury diffusion pump, backed by a welch Duo Sea! oil
pump, rrovided the hign wacuum., The apperstus consisted of three mein
parts: a heating chember for extractior cof gasss, a system of trape
and bu.bs for the collection and measurement of water vapor, and a
Toepier pump for co.lestion of the remmining gaser f{or analysis.

The heating chamber, shown 1n detail in Fig, I-A, waa a vertical
tube two inches in dismeter and spproximately two feet in length. 1ts
upper portion was made of Pyrex, and its lower, removab.e portion of
fused guartz, connected to the former by a #ter-ccoled ground joint.
The platinum .or platinum-rhodium) crucible was suspsnded at the bottom
of the quartz funnel inside the quarts end of the chamber, Near the
top of the chamber 2 side arm was connected from which the sampla could
be dumped {nto the crucible., Sealed to the top of the chamber wms a
water-cooled copoer plate, on which were mounted twe o-ring joints and
& pyres prism used for viewing and optical]l temperatiure measurement. A
single stage mevcury diffusion puamp connected near the “op of the chamber
provided rapid removal and ¥guenching® of gases after extraction. In

later trials, s dry lce-acetone trap was placed ir betwsen the pump and
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the heating chamber tc keep mercury vapor away Trom the degassing melit.

The crucible was heated by a lepe! 4 Kw. high frequency induction
furnace whose heating coll fitted neatly around the quarts end of the
heeting chember. Temperature measurements were made 18ing a leeds and
Northrup opticel pyrameter sighted through the pyrex orism on the bottom
of the crucible.

Wwater vapor extracted from the rock samples was collected by freezing
in a trap cooled with dry ice—acetone slush., After the water vapor was
released {rom the cold trep, its pressure was measured ir & krown volume
by & Pirani gauge equipped with e sensitive ga.varometer for accurste
measurements in the range between 20 and 200 microns. If necessary, the
water vapor could be expanded intc one or more of thres~ arge bH.!bs of
known voiuwmes to bring the pressure into the desired ranye.

Celibration of the Pirani gauge presented a provlexm because of the
difficulty in introducing accurately known amounts o° water into the
vacuum system. The calibrstion was finally carried .ut by cxidizing
quanrtitatively known amounts of hydrogen in a cooper oxide tabe at BKWOC.,
and measuring the resultant water pressure.

A manus!ly-operated Toeplier pump was 1sed tc condense the rest of
the extracted zases into a conveniently smail volume., The %“ota! amount
of dry gas wa3s mwasured by bringing the mercury level! in the pump “c omne
of severa' ca.!lbrated marks, and measuring the dif“erence in helght be-
twear, that isvel! and the Jevel of a co.umn of mercury in a wvscuum.

Krown amounts of the gas could then be expended intc ancther small
volume connected to the gas chromatography system by & four-wey stopcock.
Turning *his stupcoecx 90 degrees resulted in the gas neing f.iushed inuo

one of the chromatogrephic columns for analysis,



12

The procedure for extracting the ras froum rocz was essentially the
#51lowing: The sample was welghed irtc a small pyrex cylinder, closed
et one end and wired tc a plece T iron, This was placed in the side
arm above the neating chamber, and the champer sealed and cvacuatea,
With the 4iffusion pump operating, the crucible was depgmsssed at a tem-
perature higher thar that .o e ised ir the letertipstion. At the same
time the walls of the neating chamber were degassea with une oxygen torch,
and the sample f amed rcently tc¢ remove adsorbed water. A hlarnk was run,
w'ick usua iy turned out tc be nezligin.ie.

The crucib.e was ther neated tc the temperature to he used in the
trial, and the samp.e dumped ir by Toving *ne niece Of lrun with a mag-
net. The gases evolved were collected ‘or a deslired irtarva., usua'.ly
four mirutes. The water vapor was froze' sut ir a dry ice-acetune %Lrap,

and the rest of

“he zas pumped to the sSma.. volume anhove 'he ~oepler
pump. The waiLer vafor was measured with the Pirani ga e, and “ne
other geses by gas chromatography. 1Ir serere., -he (rocedure ised in

né.yzing voicanic pgasas (descrived i{n Part I1) was fcllowed, except
that it waa not necessary to aralyze “or su:ifur-containing gases i1 the
case of artificially prepered sampl.ss.

After each run, the guar'z ena of the neating chamier wes removed
and cleaned with aqua regia tc remove nlatinum evarorstei from the cru-
citie. The sampie was removed fror the crucible by ~7ea'ing the crucible
1. a Meser bturner f .ame and quenching quickly in & w#s-.zr bath. The » at-

inur crucib.e was tnen clieaned with hydrofluocric acid.

i:l1. Discussion of Results

The resu.ts of a series of duplicate trials on the artificia. iron
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silicate sample are presented in Table I. The ratios CCz/CO and HZO/H2
in the gases extracted from the same sample varied widely; no correla-
tion could be made with such variables as weight of samp. e, volume of
ges extracted per gram of sample, type of crucible used, or time. How-
ever, a sample run with a faulty diffusion pump did show significantly
higher values for COZ/CO, as well as & complete absence of brygen, which
occurred in large quantities in the gases obtained from sampies run with
a properly operating pump.

The presence of oxygen in the extracted gases was unexpected, since
the sample was allowed to come to equilibrium in an atmosphere of neg:i-
gible oxygen partial pressure. Therefore, a series of experiments were
undertaken to determine its origin. Study of the rate of evolution of
gas with time showed that the initial burst of gas was largely carbon
monoxide and hydrogen, and that most of the oxygen, together with water
and carbon dioxide, occurred in the remainder of the gas, evolved more
slowly. Experiments in which the gzases were allowed time tc react with
the hot platinum crucible showed that there are shifts in the water gas
equilibrium depending or the temperature of the crucible, but nc oxygen
«s obtained. Keeping the mercury vapor from the diffusion pump away
from the hot crucible in & further experiment had no effect; oxygen was
still observed in the extracted gzases.

However, & fresh burst of oxygen was observed when some small pieces
of platinum fo{l were dumped into a degassing melt, indicating that re-
action of the slag with the crucible was perhaps producing the oxygen.
Tris was confirmed by an experiment in which the fayalite was kept from
coming in contact with the platinum by placing a silica crucible inside

the platinum one. No oxygen was then observed in the extracted gases,



N

sample
(grams)

0.610
0.593
0.616

1.244

TABIE I
RESULTS OF VACUUM FUSION DETERMINATIONS

VOLUMES AT N. T. P.

ml ml ml ml ml ml ml
gas gas per 002 Cco HZO H2 02
gram

0.201 0.330 0.056 0.018 0.108 0.013 0
0.133 0.226 0.018 0.0018 0.109 0.0004 0.003
0.083 0.134 0.010 0.0021 0.012 0.0003 0.002
0.230 0.185 0.037 0.0%7 0.122 0.0010 0.035
0.167 0.232 0.017 0.0025 0,030 0.0021 0.075
0.206 0. 160 0.030 0.0L, 0.172 0.0059 0.061
0.254 0.163 0.050 0.0087 0.1 0.0014 0.092
0.137 0.115 0.024 0.0084 0.079 0.0045 0,013
0.087 0.142 0.010 0.0063 1.055 0.7012 0.018
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even after several hours of heating.

In view of these results, it is possible tc account for the presence
of oxygen In terms of the equilibrium between ferrous oxide and its com-
ponent elements

Fe® 4+ 0 PR Fe + # 0, (1)

At the temperatures of the vacuum fusion triasls, the partial pressure

13 19

of oxygen due to this reaction is very smell, 3 x 10 ~ atm, at 120070,
However, it is known thet metallic iron is quite soluble in platinum at
high temperasturee. In phase equilibrium studies on iron-containirg
oxides and silicates, loss of iron to the crucible must be taken into
account by recalculating the composition of the sample. 'isua:ly, an
attempt is made to minimize this loss by using an old crucible which
has been well saturated with 1ron.20

If iron is removed from the melt by solution, the equilibrium (1)
will be shifted to the right, resulting in the evolution of oxygen. To
account for the volume cof oxygen obtained in the ex'ractions, only about
].O‘-6 moles of iron (approximately 0.01% of the iron in an aversge sample)
would have had to dissolve in the crucible. Furthermore, as long as
iror. continues to dissolve in the platinum, more and more oxygen will
be evolved. '

It seem8 evident from these experiments that the presence of oxygen
ir the extracted gasses was the chief source of error affecting their com-
rosition. The extent to which the oxygen reected with reducing gases such
as hydrogen and carbon monoxide depended on the time the gases remained
near the hot crucible. The rate of removal (quenching) of the gases in

turn depended on the varlable speed and efficiency of the diffusion pump.

However, the initial burst of gas, being largest in comparison to the
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amount of oxygen, was least affected. The initial gas sample was there-
fore most representative of the original composition of the gas.

In order to use the vacuum fusion technique to determine the oxida-
tion state of the constituent elements of rocks, the reaction producing
oxygen must be eliminated. One _.ossitle method would be to use an "iron-
saturated® crucible. However, the term "iron-saturated®™ is a rather
loose one. The solubility of iron in platinum depends on a number of
factors, particularly the temperature. To prevent the evolution of
oxygen from interfering with the other gases, the amount of iron dis-
solving in the crucible would have to be kept less than 10~ moles for
the sise of samples used. It would be necessary Lo use a crucible made
of virtuslly a seturated sclution of iron in platinum. These conditions
seem almost impossible to attain in practice. The crucible would have
to remain saturated at the temperature of the letermination, after being
degassed at & higher temperature at which the solubility of iron in plat-
inum would be lower.<

In view of the preceding discussion, the question may be raised as
to how Terada and Fujii were able to obtain correlation at all between
the compositior of the extracted gas and the oxidation state of 1iron.

At least part cf the answer is that vacuum fusion is as much an art as

a science. They were able to minimize the effect of the oxygern by de-
veloping & routine in which every step of the procedure was done as nearly
as possible the same way each time. Furthermore, they used the same cru-
cible over and over again, so that they may hawe beer able to minimize

the effect of solution of iron in platinum noted above.

However, in order for the analyses of the extracted gases to hawve

any real significance, the extraneous oxygen must be eliminated, for
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otherwise the uncertainty remains whether or not the oxyger has caused
& change in the composition of the gas. Plstinum is the most inert of
all the refractory materials which would be satisfaciory for a crucit.e.
Since Schumann, Poweil, and Michal (1953) found that the compositior of
the gas in equilibrium with an iron silicate melt depends or. the silica
content, any silica-containing material would not be satis?ac‘ory.2)
Boror nitride (BN) is a possibility, but little in‘ormetior is available
regarding its reacticns with liquid metals, slags and salts. 2’

At the present time there seems to be no known crucible material
which satisfies the stringent condition of neither affecting “ne compo-
sition of the melt ror the oxidetion state of the gases. Therefore, in
crder tc make the methoa workable, the sample would have to pe heated
in the absence of a crucible. In recent years, a mmber of excellent
ways of doing this, such as arc-imege and solar furnaces, nave been de-
veloped.

Some preliminary experiments were carried out on the reliease of
gas by dissclution of the rock in acids, and by crushing in vacuum.
Provided a suitable cortainer material can be developed, both methods
show some promise. However, in view of the time necessary to perfect
any of these *echniques and the excellent opportunity to collect vclcanic
zases presented by the recent eruption, this problem was not pursued

further. It wes declded tc approacn the oxidation equilibria 5f magma-

tic gases by a study of the gases evolved during eruption.

IV. Conclusions
The following conclusions may be reached regarding the applicability

of the vacuum fusion technique to the study of the oxidation state of the
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constituent elements of rocks:

be

Solution of metallic iror in the platinum crucibles used in
vacuum fusion determinatione accounts for the presence of
oiygen ir the gases extracted {rom avsilicate melt.

Because of the possibility of reaction of the oxygen with the
extracted gases, thereby changing their oxidatior state, plat-
inum is not a suitable crucible material for such work.

Until a crucible meterial can be found which is truly inert
with respect to an iron silicate slag, vacuum fusion cannot be
used to determine with certsirty the oxidation state of the con-
stituent elements of a rock.

The correlation between oxidation state and gas content found
by earlier investigators is probebly due to the use of iron-
saturated platinum crucibles which minimized the evolution of
oxygen.

If side reactions could be eliminated during the extraction of
rock gases, the study of such gases would be an exce!lent tech-
nique for the elucidation of the fundamental nature of volatile

magmatic materials occurring in solution in rocks.



PART II. A CHEMICAL STUDY OF THE GASES (F KILAUEA VOLCANO

I. Review of Pertinent Research

A. GCes analyses

Volcanic gesegs. Volcanic gases have been sampled at various places
throughout the world eince the middle of the 19th century. Allen (1922)
hae tabulated these early results, most of which suffer from primitive
techniques in sampling and in analysia.a‘ They are of limited usefulness,
and need not be considered hers.

Hawaiian vclcarnoces, because of their non-explosive nature, have pro-
vided an excellent opportunity for the collectiorn of voicanic gas samp.es.
During the period between 1910 and 1920, Jaggar, Day and Shepherd col-
lected gases from a lava lake which bad formed in the Halemaumeu Crater
of Kilsuea volcano (Jaggar, 1940).%% The best of the semples were ob-
tained by Jaggar and Shepherd during 1918 and 1919 from hissing flame
cracks and from cupolas formed over leva fountains.

The anelyses of the six samples Jagger considered tc be the best
are tabulated in Table II. The data are presented with oxygen and the
corresponding atmospheric quantities of nitrogen, carbon dioxide, and
water substracted. The sssumption that oxygen is an atmospheric conteam-
inant was justified by later studies of the ferrous ion content of
volcanic rocks. The existence of the observed quantities of Fe(II) is
possible on.y at very low oxygen partial pressures (Kennedy, 1948).26
It should also be noted that no analysis wes made for hydroger sulfide,
since Shepherd assumed it to be decomposed at the temperatures of s ample
coilection.27

Jaggar (1940) published a systematic survey of the samples of



Sample
No.

Jisg

J13

S5

S3

*UDT = Undetermined

1725
17.55
16.96
17.95

9.54

33.48

0.62
0.74

0.58

TABIE II.

GASES (F KILAUEA LAVA IAKE

SIX BEST SAMPIES ORTAINED BY JAGGAR AND SHEPHERD, 1919-1920

5.88
4450
335
37.84
10447

12.88

0.18
0.12
0.6€
UDT*
0.00

0045

9.75
10.81
7.91
3.51
9.9C

3;083

1.07
0.22
0.09
0.49
2.72

1.79

S0 CI HO Total
3 2 2
0.00 U5 b4.18 99.94
3.22 0.13 61.88 100.00
.46 0.10 67.52 100.59
- UDT#* 38.48 99.98
- 0.00 64.71 99.99
— 017 17.97 99.55

Volume percentages at l200°C,, 760 m Pressure

(Table from Ellis, p. 426)
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1910--1920.28 Recognizing that not all samples are equally valid repre-
sentatives of volcanic gas, he graded them in terms of the conditions of
sampling and the extent of atwmospheric contamination. Arranging his
samples in order of excellence, he found that the better the aample, the
less carbon dioxide and weter it contained, and the more carbon monoxide,
hydrogen and sulfur dioxide. On this basis, Jaggar postulated that vol-
canic gases are formed from a solution of the latter three gases in the
megma, and that their combustion at the surface is one of the sources of
voloanic heat.

Following the steam explosion of 1924, there occurred a relatively
quiet period in the history of Kilauvea. Because of the inaccessibility
of Mauna loe eruptions, very little opportunity aroee for the collection
of gases from Hawaiian volicanoces for the next 40 years. Some collections
were made by Ballard from Msuna loa in 1940, and by Naughton from a
Pune eruption of Kilsuea in 1955, but the present work is the first ex-
tended study of Haweiian volcanic gases since the time of Jaggar and
Shepherd. >’

In recent years there has been renewed interest in volcanic gases
throughout the worid. The development of euch powerful analytical tech-
nigques as mass spectrometry and gas chromatography has provided & chance
for more meaningful work on such pases. The realization of the possible
importance of these studies to the understanding of the mechanism of
mineral transport in the gas phase has provided further inoentive.Bo
hesearch on the gases and condensates from Japanese volcenoes has been

carried on by Iwasaki and Katsura (1956, 1958),3]"’32’33

34

Sekai and Naga-
sawe (1953),°" and Cana (1960).35 In the USSR, Surnina (19‘59)36 has

co.lected and analysed gases from volcanoes in Kamchatka.
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Fumprolic gageg. Much more easily collected than volcanic gases are

relatively low-temperature fumarolic gases. A great deal of research has
been devoted to such geses, and to the alterations and deposits mede at
the throats of fumaroles. Studies have been made at such diverse loca-
tions as Weirskei, New Zealand; Valley of Ten Thousand Smokes, Alaska;
Steamboat Springs, Mewveds; and Yellowstone National Park. Water 1ls al-~
ways found to be the overwhelmingly dominant gas, present to the extent
of 99% and more. Other gases which have been recognized include carbon

dioxide, oxygen, carbon moroxide, methane, hydrogen sulfide, sulfur diox-

ide, hydrogen, nitrogen, ammonia, argon, hydrogen chloride, and hydrogen

fluoride.37

D. E. white (1957) has summarised our present knowledge of the dif-
ferent types of thermal weters of volcanic origin.38 He has presented
evidence based on isotopic studies which indicates that only about 5%
of the water reaching the surface at voicanic springs and fumaroles
came from a cryetallising magma, the rest coming from other sources.
White listed four factors which are believed to control the coamposition
of volcanic waters. These are (1) the type of magms, and its state of
crystallization, (2) the temperature and pressure of the emenation
during and after its departure from the magma, (3) the extent of and
ecndition of wmixing with meteoric water and water from other sources,
and (4) reactions with wall rooks.

The gases emanating from the Sulphur Banks, a solfataric fumarole
along the northern boundary fault of Kilauea caldera, were first studied
by B. T. Ailen (1922), who found the gas to be at least 96§ water.’’ An
extensive program of research om Sulpbur Benk gases was carried out by

40,41

S. S. Ballard and J. H. Payne (1940). They found varying amounts
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of carbon dioxide, sulfur dicxide and eir in samples collected from the
drill holes. Prior to the 1940 eruption of Meuna loa, they also noted
a small amount of hydrogen sulfide in the gas. Concluding that the
presence of hydrogen sulfide was due to the imminence of eruption, they
suggested that frequent sampling of the gases would permit prediction of

eruptions.

B. Theorstical work on megmatic gases

The conditions governing the formation of a separate gas phase in
the magma heve been studied by Verhoogen (1949), who presented a rigorous
thermodynamic development of the heterogeneous equilibria which would
prevnil.u He showed that variablee often neglected by geclogists, sush
as partial wolar volumes, could account for the formation of a separate
gas phase ewen though the partial opressures of volatile materials do not
exceed the tota! preasure on the system. He also defined rigorously the
conditions for transport of relatively non-volatile substances in a sep-
arete gas phase, and derived equations which would apply under the condi-
tion of nomn—uniform pressures arising from gravitational fields or osmotic
effects. Verhoogen emphasized the need for high-temperature, high-pressure
data on the solubility of volatiles in mclten silicates, since the only
date he had available from which to draw any specific conclusions was
that of Joranson (1938) or wter-feldspar ayst,em.,‘!‘3

The first attempt toc calculate the equilibrium composition of mag-
metic gases was made by Ellis (195'7).“’ Using model systeme besed upon
the anaiyses of some typical volcanic gas samples, he calculated the

equilibrium oomposition of a megmetic gas phase at temperatures between

500°C. and l200°C., and at pressures between 1 atm. and 1000 atm. He
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found that the calculated compositions of his model systems corresponded
roughly to the analysas of volcanic gas samples collected under the con-
ditions at which the calculation was csrried out. For instance, he found
that at high temperatures sulfur dioxide is the predominant suifur con-
taining gas, in agreewent with the high-temperature samples collected by
Jaggar and Shepherd at Kilauea, and that at low temperatures hydrogen
sulfide is the predominant sulfur-containing gas, in agreement with low-
temperature samplee colliected at fumaroles throught the world. Sinoce he
was also able to account, qualitatively at least, for the small amounts
of hydrogen, carbon monoxide, methane, carbon oxysulfide and ammcnia
which are sometimes found in volcanic gases, he concluded that volcanic
gases are in a state of approximate chemical equilibrium. At high
pressures he found that water, carbon dioxide and hydrogen sulfide pre-
dominate, and concluded (in contradiction to Jaggar's hypothesis) that
voloanic gases arise from high-temperature, high-pressure equilibria
between these gases and the hydroxides, carbonates and sulfides in the
e gma .

Two very important considerations which Ellis neglected are (1) the
oxidation state of the elements composing the gas, and (2) the limits
set by stability relations among minerals in the magma. Krauskopf (1959)
took these factors into account in a calculation of the equilibrium com-
position of a magmatic gas phase assumed to exiat at 600°C. and 1000 atm.‘s
Basing his computation upon known equilibria betweern minerals present in
igneous rocks, he wes able Lo set genera. limits on the partial pressures
of some of the gases, For the rest, Krauskopf found it necessary tc rely
or. voicanic gas analyses. Using his calculated composition, he also at-

tempted to show the possibility of mineral transport in the gas phase.
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In spite of some degree of success, enough discrepenciles occurred to in-
dicate that trensport by solution mast also be very important.

Although some understanding of the nature of wvolcenic gases can be
obtained from these studies and fror the collections of Jaggar and
Shepherd, there is & need for a specific experimental test of the attain-
ment of equilibrium in the gases. These experiments would then indicate

the best way to study the role of gases in magmatic processes.

C. Object of the research

The object of the research described in this section of the thesis
was the study of the chemical composition >f the gases emitted by Kilauea
volcano and by its associated solfatara, the Sulphur Banks. The tech-
nique of gas chrometography was adapted for use in ccllecting ana ana-
lyzing the gases;, in order to eliminate many of the scurces of error
encountered bty earlier investigetors. A theoretica. investiga‘'ion, besed
oo the principles of chemical thermodynamics, was carried out to verify
the attainment of chemical equilibrium in the guses ccllected at the
surface, and to study the equilibrium variation of the gases with tempera-

ture, pressure and oxidetiorn state.

II. Experimental Work

A. 3es sampling

In the pest, most workers have collected volcanic gms samples in
some form of pump, either by forcing the volcanic gas to displace the air
ir a bulb, or by allowing the volcanic gas to expand into an evacuated
buib, In Hawaii the most successful past collections were made in evac-
aeted giass bulbs attached to a long tube. The tube, made of giass or

quartz, could be thrust down into a gas vent and the t ip broken off,
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allowing the gas to rush in. After collection, the tube was closed
temporarily with a cork or s topper until the glass could be sealed with
a t’.orcl'l.[‘6 An improved version of the svacuated bulb, developed by
Ballard (1938), made use of stopcocks for opening and c.osing the bulb,’

The method of sampling described nere is novel, designed to prevent
reactions between the gases after collection. This was accompiished by
placing a column of activated silica gel in the sample tubes to adsord
and separate the more reactive gases.

The sample tubes, illustrated in Fig. 2-A, were prepared as follows:
A plece of Pyrex t.ubing; 8 mm. in diameter and < ft. in length, was sealed
to a bulb made from a .0 x 25 mm. Pyrex test tube, leaving a small con-
striction between tube and bulc., The section E of the tubing was packed
with 20-60 U. S, Standard mesh silica wvel, held in place by piugs of glass
woo! at the ends of D. A delicate break-of{ tip was mede at the end A,
and & plece of gimss tubing B wired onto the end 4 to protect the tip
during handling. A tube G was ses.ed to the bulb end for evacuation of
the sample tube, and ar inner seal break—off tip H for cconvenient opening
of the sample at the time of analysis,

The sample tube was *ther atiached to a high-vacuum system and evac-
usted at a tempera‘ure of BLN,‘:QC. ‘or two or more hours. The connection
to the pumping system was sealed off under vacuum, to produce & small and
compact unit which proved easy to nardle in the fileld.

In order to cc..ect a samp.e, “he protective piece of tubing B was
removed, and the %ube thrust intc a gas-emitting vent. The break-off tip
was smashed, and the < ample tube held ir place briefly. Upor removal from
the vent, the oper end of the tube was covered quickly with a closed piece

of Teflor tub::ng, prior to permanent sealing of the glass. Sometimes it



FIGURE 2. SILICA GEL SAMPIE TUBES
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was found possible to seal off the tube opening by pushing the tip

against the red hot lave in the vent to collapse the softened glass.

B. Gas Analysis

Posgible methods of epalypls. The analytical techniques used by

most of the earlier investigators of volcanic gases were based on techni-
48

cel Oreat methods. Such methods are adequate for many of the components
of volcanic gas, but do not work very well for others, including hydrogen
sulfide. Trace components are difficult to analyse and are often beyond
the sensitivity of the apparatus.

Terada (1954) used high-vacuum techniques based on the selective
"freese-out”™ of the components of a gas mixture.4” This is e laborious
method, subject to large errors and also not very well adapted to the
analysis of treces. Its chief disadvantage, however, is that the analy-
sis depends upon a prior knowledge of the components of the gas. An
incorrect assumption as to the compoments present will lead to a com-
pletely erroneocus analysis.

The method of analysis used in this investigation, gas chromatogra-
phy, is a powerful and versatile technique. It permits qualitative as
well as quantitative amalysis, thus avoiding the pitfells of high vecuum
work by showing up unexpected componenta. Because of its extreme sensi-
tivity, both major and trece components of a gas mixture can be satis-
factorily amalysed. It is easy to operate and requires a minimm of time
for analysis. Perbaps the most satisfactory method yet applied to the

analysis of volcanic gases, it should be capable of resolving much of the

controversy pertaining to magmatic gases.

Principles of gas ehrometogrepyy. Ges chromatography is a physical
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method of separation, based on the distribution of materials between a
woving gas phese and a stationary liquid or solid phase. If the station-
ary phase is & solid, the technique is referred to as Gas-Solid Adeorption
Chromatography (GSAC), since separation depends upon the selective ad-
sorption of a mixture on the solid phase. If the stationary phase 1is a
liquid reld on an inert supporting material, the technique is ca.led ias-
Ligquid Partition Chromatography (GLPC), with separation depending upon
the se.ective partitior of the compoments of a mixture betweer the .iquid
and gaseous phases. Both techniques were employed in this investigation,
GSAC for the separation of permanent gmses and GIPC for the separation
of condensabie gases.

In practice, the stationary phase is sieved and packed intc lengths
of tubing to wmke & chromatographic column. The moving gas phase, called

the carrier gas, is allowed to pass through the column at a sultab.e {low

rate. A wmixture of gases or liquids is then introduced into the column
for separation. In this investigation, this was done by irntroducing the
jesired pressure of gas into a loop connected to the carrier gas line by
a four-way stopeock. Turning the gopcock 90 degrees resulted in the
sample peing flushed intc the column, from which it was eluted by the
carrier gas,

After the components of a mixture have been separated on the column,
each component must be detected and measured. This was done in this in-
veatigation by taking adwantage of the characteristic thermal oonductivi-
ties of geses. The thermsl conductivity of the pure carrier gas was
compared tc thet of & mixture of carrier gas and each component as it
emerged from the coiumn. The result was a series of peaxs, one for each

component, whieh registered on a recording potentiometer. The area under
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sach peak was proportional to the partial pressure of the component gee
TN

it represented, providing a quantitative ana ysis of “he =mixture.

Description of the apparatus. i schematic diagrar of the zas chro-

matographic apraratus used in the analysis of voleanic zas samples is
presented ir Fig. 3-A. The volcenic gas sample tuheg, afier being sealed
to & ground joint, were attached tc the system as shown. Two freeze-out
traps of krowr volume were avei lable for the separatior of the samp.e
into three majior fractions: %the "permenent™ gases, ncn-cordecsabie in
l1iquid nitrogen; the "“condensable® yases, mrdersable in iiquid nitroven;
and water vaoor, condensable in dry ice-acetone. A constani-vo..me ma-
nometer provided a means of measuring the pressure of sample introduced
into the chromatographic cclumns through the gas sample loop and ‘our-way
stopcock. h Welch Duo-Sea. oll pump wes used to evacuate %he system.

The four chromatographic columns used in the analysis, recresented
by "Chromatographic Column and Heater™ in Fig. 2-A, are snowr in detai.
in Fip., 2-B. Each co.umn was connected tc the carrier gas _ine oy means
0% & ‘our-way stopcock, so that ary cclumn could be used either separavely
or in se~ies with j>ne or more of the others, aepending upon the positicns
of the stopcocks. Typleal chromatograms produced by each of the columns
are depicted ir Fig. 4, and the operating characteristics of the coiumns
are summer-ised in TABLE 1I11.

The "molecular sieve™ columr was essentimlly the ome described by

G8
.~ It contained "Mo.ecular Sieve 5A"%,

Janak, Krelct and Dubsky (1959)
an artificial seoclite produced by the Linde Air Products Uompany, ground
to pass .O-t6) U. S. Standard mesh, and packed irn four foot secticns of
2 mm. Pyrex tubing. Four sections were used (making a 16 ft. co..um

which was placed in a five-toot, nichrome-wound vertical tube furnace,
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FIGURE 4. TYPICAL GAS CHROMATOGRAMS
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TABIE 1II. CHAKRACTERISTICS OF THE CHROMATOGRAPHIC COLUMNS

A. MOLECULAR SIEVE.

T = 125°C. Argon Flow 20 ml. min.

33

GAS RETENT ION RETENTION

VOLME NTF

TIME VOLUME HEPRESENTED BY 1 cm® AREA'’%
He 3.2 min. 76 ml. Jel02
H2 fy aiky 28 Go36 x 107 ml.
0, 2.1 162 2,98
N, 10.0 200 | 34
o, 13.8 276 O
co 18.7 37, 5,00

B. SILICA GEL COPPER OXIDE. T =125°C, Helium Flow 20 ml./min. (CuQ T =370

02’ N2 A.l 82 ml- —‘3
CC 702 L4 3.382
co 10,1 202 3.38

P

—

(e}

C. TRICRESYL PHCSPHATE. T=0C, Helium Flow 12 ml./min.

HZS 5.2 min. 70 1.30
30‘ 26.5 318 2edid

D. DIFFERENTIAL JULD TRAF. Helium Flow 1C ml./min.

S 3.1 31 1.30
co, 3.2 32 3.32
SC, 53 52 2.42
cs, 5.8 58 1.10
b0 9.6 % s?

. Chart Speea - 0.33 !nch ver minute.
Recorder Sensitivity - . millivolt full scale.

Not used ‘or quantitative analysis.

2

~

Q

C.

\
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and activated by heating a t 350°C, for 12 hours. Opsreting at a tempera-
ture of 125°C., end with an argon fiow-rate of 20 ml./min., this column
was capable of separating helium, hydrogen, oxygen, nitrogern, methane
and carbon monoxide in 20 minutes.

The silica gel column is similar to the one described by Smith,
Swinehart and Lesnini (1958).52 It consisted of 16 ft., of 40-60 U. S,
Standard mesh silica gel packed intc four-foot sections of 8 mm. Fyrex
tubing. Halfway through the column (after 2 ft, of silica gel) there was
connected a one-foot helical Pyrex column containing copper oxide vellets.
The silica gel sections were placed in the 125°C. vertical tube furnace
next to the moliecular sieve column, and the copper oxide helix in a smaller
furnace, operating at 300°C.

The operation of this column may be described as follows: I[sing
helium carrier at a flow rate of 20 ml./min., a sample containing perma-
rnent gases, carborn monoxide and carbon dioxide, was passed into the column.
In the first silioa gel section, carbon dioxide was separated from the
other gases. Upon reaching the copper oxide, the carbon monoxide was
oxidised to carbon dioxide. As such, the carbon monoxide was separated
from both the permansnt gases and the carbon dioxide in the second silica
gel section. The t ime required for this opsration was about ten minutes,
and the technigue greatly simplified the determination of 002/00 ratioe
in the gases extracted from artificial silicates.

The tricresy! phosphete (TCP) column wes essentially the one developed
by Ryce and Bryce (1957) for their work on organic sulfur conpounds.53
The colum. paeking was prepered by sieving Johns Menville C-22 firebrick
to ne retained by .0-60 U. S, Standard mesh, taking perticular care to

remcve smal.er particles. The firebrick was washed with hydrochioric acid,
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rinsed with distilled water and dried at lLSOC. A slurry was made from
ar ether solution of 16 g. of tricresyl phosphate and 55 g. of the fire-
brick. The ether was removed by evaporation with constant stirring over
e hot plate, and the packing dried at 120°C. The TCP-saturated firebrick
was packed into five 18-inch loops of 8 mm. Pyrex tubing, which were con-
nected together in such a way sc that the colwmn could be inserted in a
large Dewar flask.

Operating at a temperature of 0°C. (in an ice bath) and with helium
carrier gas flowing at 12 ml./min., the TCP colummn was capable of separa-
ting carbor dioxide from hydrogen sulfide in about seven minutes. A very
diffuse sulfur dioxide peak followed in about 30 minutes.

In order to provide a quicker and more sensitive way of analyzing
sulfur dioxide, a differential cold trap was developed for the separation
of the condensable gases according to their boiling points. Although not
strictly a chromstographic column, this technique functioned in much the
same way, and gave good results, Its construction may be described as
follows: An inner-seal type of gas condensation trap wes surrounded by
a snug-fitting layer of Wood's metel, into which had been set a copper-
constantin thermocouple. Around this was placed an insulating layer of
Johns-Manville Sil-0-Cel, held in a Pyrex test tube. The trap itself
was filled with 40-60 U. S. Standard mesh silica glass, to provide a
mechanical surface for condensation of geses from the non-condensable
helium carrier gas. Such a surface was necessary to prevent mechanical
transport of condensed particles of gas through the trap.

Separation of a mixture of condensable gsses was obtained by re-
leasing a sampla to the trap, which had beer cooled by liquid nitrogen.

The Dewar flask containing the liquid nitrogen was then removed, and the
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trap allowed to heat up slowly in air. Separation of gases with widely
varying boiling points, such as carbon dioxide, sulfur dioxide, carbom
disulfide and water was obtained in about ten minutes, Hydrogen sulfide,
however, could not be separated from carbon dioxide because their boiling
points were too close together. Therefore, for analysie of all of the
condensable gases, it was necessary to use this trap in conjunction with
the TCP column.

The separated components of a gas mixture were detected by a Gow-Mac
thermal conductivity cell, Model 9234 (TE-111), which consisted of a
stainless steel block into which two holes had been bored. In each of
the resulting cells was placed a tungsten wire, heated by an electrical
current. The two wires were connected as two arms of a Wheatstone bridge,
the other two arms of which were variable resistances.

The operation of the cells may be described as followss Pure carrier
gas was passed through one of the cells and the gas coming out of the
columns through the other. With pure carrier gess in both cells, the
circuit was balanced by varying the resistances, so that there was no
net potentia! across the bridge. When a component gas emerged from the
column, the thermml conductivity of the mixture of component and carrier
gas in the detector cell was different from that of the pure carrier gas
in the reference cell. As long as the partial pressure of component gas
was ow, this change in thermml conductivity was proportiocnal to the
change in the partia] pressure of the gas. The resulting change in the
resistance of the tungsten wire (because of its different temperature)
caused a net potential to be set up across the bridge.

This potential was measured with a Wheelco recording potentiometer

to give s differential chromatogram consisting of a series of peaks, one
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for each component of the mixture. The area under each peak was propor-
tional to the amount of the corresponding component in the mixture,
thereby providing a meens of quantitatively analyzing the mixture. Areas
were measured by multiplying t.bé height of the peak by its width at half
the height; i.e., the peak was approximated by a triangle having those
dimensions.

Known mixtures of the possible components of volcanic gas were
separeted on the chromatographic columns, and a characteristic retention
volums (flow rate multiplied by retention time) determined for each com-
ponent. In practice, however, the same conditions of column temperature,
carrier gas flow rate and recorder chart speed were always used, so that
it was possible to uss characteristic distances on the chromatograms for
identification.

In gensral, carrier gases were chosen to provide maximum sensitivity
toward the geses to be analysed. For the permenent gases, with relatively
high thermal conductivities, argon was used because of its low value for
this property. This choice provided particularly great sensitivity for
hydrogen and helium. Similarly, helium, a gas with high thermal con-
ductivity, was used as a carrisr for the poorly conducting condensable
gases. The carrier gases were carefully dried, but otherwise used just
as they came from the cylinders. Flow rates were measured by using a
Predictability ball-type flowmeter, wnich was calibrated by displacement
of water.

Carefully measured amounts of each pure gas were used to calibrate
the apparatus for quantitative snalysis. Plots were made of peak area
vs. pressure in the sample bulb. For every gas, a linear calibration

curve passing through the origin was obtained. The slopes of these curves
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were used as conversion factors in finding the partial pressures of the
gases in the sample.

Analyticel Proceduyre. The sample tubes were prepared for analysis
by sealing a ground joint to the inner seal break-off tip (Part I of
Fig. 2-A). Inside the tube was placed a glass-enclosed iron rod, to be
used in opering the sample by smashing the break-off tip. In the case of
silica gel tubes, the section E containing the silica gel wes wreapped with
a heating tape and insulated with several layers of asbestos cloth. The
sample tube was attached verticdly to the system as shown in Fig. 3-A,
and opened by lifting the iron rod with a magnet and dropping the rod om
the break-off tip. wWater vapor in the samples wes collected in the first
trap by means of a dry ice-acetone bath.

Analysis of vacuum bulb samples was conveniently carried out by
separating the ges into two fractions on the besias of condensability in
a liguid nitrogen bath. The ratic between the two fractions was deter-
mined (previous to condensation) by using the silice gel column to find
the carbon dioxide content of the sample. The non-condensable portion
of the gas was analysed using the molecular sieve column and the condens-
ab.ie portion using the TCP column and the differential cold trap. 4n
outline summarising the course of the analysis is given in TABIE IV.

Similarly, the silica gel tube samples were separated into two frac-
tions accerding to whether the gases were adsorbed on the silica pel.
Jvor. open.ng the sampie, the gases not adsorbed on the silica gel were
expanded into the constant volume manowmeter, and the pressure measured.
Analysis of this portion was carried out using the molscular sjeve and
s..lca gel columns. A liquid nitrogen bath wes then placed around the

second trap, and a vacuum app.ied to the whole system including the sample
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TABIE IV. CUTLINE CF ANALYTICAL PROCEDURE FCR

EVACUATED RULK SAMFLES

The bulb was opered and its total pressure messured.

The ratic of condensable wases t. uncondensable gzases was deterwined
using the s ilica gel column,

The condensable gases were condensed using Ilquid nitrogen.

The uncondensable gases H,, Oy, Ny, CHL and CO were analysed using
the molecular sleve column.

The condensable gases were expanded and analyszed as followss
a. H S using the tricresvl phosrhate column.

2

b. 502 using the dif‘erential cold * rep.

Ce COZ by difference.

The HEO was collected in & removable trap and weighed.
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tube. The latter wes then heated gradually, over a period of two hours,
to 300°C., At the end of this time essertially all of the water vapor in
the sample was in the dry ice-acetone trap, and the remainder of the ad-
sorbed gases were in the liquid nitrogen trap. (It wes assumed that
adsorption of the permanent gases by silice gel was negligible at this
tempersture.) The gases were released from the trap; the pressure deter-
mined in the constant-volume manometer; and the analysis accomplished
using the TCP column and differential oc!d trap. The free vciume >f the
sample tube (necessary tc find the retic between adsorbed and unadsorbed
gases) was determined by expansion of helium into tne sample tube. (The
water vapor content was determined by transferring it to arother trap
which could be removed from the system and weighed.) An >utline summaris-

ing the course of analysis i{s givern in TABIE V,

ITI. Theoretical Work

A. Mgth ) icylations

In order to adapt the high-spwed digital computer at the University
of Hawaii Computing Center for use in calculating the equilibrium composi-
tion of volcanic gases, it was necessary to assemble a suitable "progrem®™
of instructions to the machine. There are a number of approximate methods
available for the solution of complex equilibrium problems. Most of these,
nowever, require certain assumptions to be made about the system to be
studied; i.e., that one or more of the components of the system are present
in large excess. One equation is then set up for each component of the
system. The equations for the components are usually equilibrium -o:«vant
expressions, together with materia! balance expressions for the ve-:.ous

etomic species., Ellis, for instance, used such a method in ris vork. Ok
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TABIE V. OUTLINE OF ANALYTICAL PROCEDURE FOR

SILICA GEL TUBE SAMPIES

The tube wes opened and the pressure of unadsorbed gases measured.
The unadsorbed gases were analysed as followss:

a, CO and 002 using the silica gel column.

Bis H2, 0z, Nz, CH‘ and CO using the molecular sieve column,

The adsorbed gases were pumped out of the silica gel tube and con-
densed with liquid nitrogen.

The adsorbed gases were expanded and their pressure measured.

The adsorbed gases were analysed as follows:

a. H2S using the tricresyl phosphate column.

b. SO, and 082 using the differential cold trap.

2
C. 002 by difference.

The HZO was collected in a removable trap ana weighed.

The free volume of the silica gel tube was determined (for calcula-

tion of the retio of unadsorbed to adsorbed gases in the sample).
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A simple and powerful method of complex equilibrium calculatiocn hae
recently been developed by White, Johnson and Dantzig (1058).5'\' Com—
pletely general, it requires no distinction between the components preeent
and is very well adapted to machine computation. Furthermore, the number
of simultaneous equations required is only one more than the number »f
atomic species, thereby simplifying and speeding up the solution.

The method is based on the principle that the free enefgy of a system
has a minimm value at equilibrium. The only thermodynamic variables re-
quired are the chemical potentials of the various possible components.

The chemicel potential of the i-th 288, Ai» will equal its standard molar
free energy, F?_, if we assume an ideal gas mixture. The total free energy
of the system is minimised subject to the material ba.ance constraint.
This may be expressea quantitatively as follows. The free energy of a
mixture of molecular species containing x, moles of the i-th kind may be
written

n

FX)= 2, f, (1)
i=1

where I = (x,, Xy eeee xn), a set of mole numbers.

£ = X [.(F"/R:r)i + InP + In (xi/;;x (2)

P = Total pressure in atmospheres.
n

x = 2, x (3)
i=1

In order to find the equilibrium composition, the set of positive
va.ues x4 minimizing (1) are determined. These must satisfy the condition

of material balance, which may be written

n
*E':i ai‘x1=bj (1 = 1,2, ¢«s00 n) (4)
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where m = The total number of atomic species.
ayy= The formula number indicating the number of atoms of
element § in the molecule {i.
bj= The total number of atomic weights of element j present
in the mixture.

The following is a derivetion of the method of steepest descent de-
veloped by White, Johnson and Dantzig for use with high-speed digital
computers. We start with any set of positive velues ¥ (y, ¥, .. Tn)
which satisfy the material balance condition (4). The free energy of a

mixture defined by the set of wmole numbers Y is

° )

F(I) = 1% ’1 },ci + ln(yi_&)} » (5)
wvhere

o, = <F°/RT)i + In P (6)
and

_ n

y= Ly, (7)

i=1

Since the set of mole numbers must be positive, a Taylor's series
expansion in Y is possible., The first three terms of the series are a
quadretic approximation of F(X). To form the expansion, we recall that
the form of & Taylor's expansion in the wvalue a is

‘= . . 3 RY:
£(x) = f(a) g.,; (x a)+%§_x§ (x - a) (8)

Xz=a x=4a

We define:

Ai‘xi‘yiymd A:;";o (9)
Writing down the Taylor's expansion about each of the points 7y and

collecting terms, we obtain Q(X), the quadratic approximation of F(X):

n 3
LRRCIR o' 3 IR £ £ Jd Aing (10
Y i=1

i=1 in X= k=1 ‘i‘xk

X=Y
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This expression can be evaluated if we know the expressions for the
partial derivatives evaluated at X=Y. To find the first derivative, we

rewrite F(X) as follows:

n ' n
i-1 i=1
Since Jx < 1 aadéﬁ =0, for 1 # k, the first derivative is
dxy x4
F =¢; +1n (xi/;t) . (12)
Ix
To find the second derivatives, we differentiate again with respect to
x, and x:
& = l‘ = .l
§x % x4 X, (13)
and
% _1
inzxk X . (14)

The Tayior's series expansion, evaluated at X=Y, then becomes

n n

UXY) = F(V)+ Z [ci + 1n (yi/f')} a1+ Ly - (15)

<

1=1 .

The procedure by which the last term in this expression is obtained

is not obvious, and requires explsnation. In order to substitute (13)

and (14) into the last term of (10), we separate the doubie summation

intc two terms, one involving the subscript 1 and h, where h # i:

n n n n n
L Ed® L.+ LdxE L LI (16)
1=1 k=1 §x,dx, 1=1 §x,2 1=l hel Ix 9%, .

The quadratic term then becomes

n n n
18511 -3ipae2, & %5 =3 i%h) . (17)
1‘1(71 : Dic+ fst. Dert : 01 0bh ( )
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We rewrite the double summstion in this expression in terms of the sub-
script 1 alone, by noting that it is equal to the square of ;: ay
I 151§

minus the terms b2 612 . We obtain
i=1 y

5 n 2 n 2
- %)01 LI Zoay)T - 12 D, (18)
This expression simplifies to

n
-2
¥l Zaiz -1 A (19)
¥y 4
i=1
Completion of the square and factoring by ¥y then yields the last term of
(15).
We wish to show that both Q(X) and F(X) are convex. To do so, we

rewrite (15) as follows:

i

n n
qQ(X)=F(Y)+ Z% + In(y /3;)} (x;, ~y3)+ % & y. | X -x
ik i i i el ;% s 20

The first derivative is then
i3 = (xy/ %/3)+ | '
Sxy X4/34 = ¢y + In (y1/y) (21)
and the second derivative
5‘2
- / N
;—x'?z = (l‘yi l/’) . (22)

Or referring to (13) and (22), we see that both second derivatives must
rnot be negative, sinoce ¥ > y; for y; > O. It follows that F(X) and Q(X)
are convex and exhibit a minimm wvalue.

To find the next approximation tc the desired solution, we minimise
Q(X) subject to the material balance condition (4), restricting x; to

positive values., let
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m n
G(X) =Q(X)+ LT, |- &L 8, x;+ D (23)
g1 9 g Y J
where 1T, are Lagrangian multipliers. To minimize G(X), its partial deri-

vative with respect to x; 1is set equal to sero. In view of (21), we obtain

%

i: {cifln (yi/'i)}-v[xi/yi - %/¥| ‘tﬂjaij = 0 . (24)
3=

Solving this expression for Xy there results
_ m
x, . fi(Y) - (yi/;r)x j{;l (ﬂjaij) Ty (25)
where
fi(Y) =¥y [ci + 1n (yiﬁ)} . (26)
Summing (25) over i and noting that y,; must satisfy the material balance

condition (4), we find

n m
Lt L HH (27)
g2 = g 43,

Substitution of (25) into the material balance expression (4) for

element k yields

m n m
aik{-ri(Y)*(i/i) Lagyl+ L Zaijaikyiﬂj *by

n

p B b j=1 i=1 jsl
(k = 1, 2, ... m) . (28)

17 we denote the constants by

n
T Ty ™ 1?1 aikfi(‘[) (x=1, 2, ... m) , (29)

and define the quentity u by
u = i/i - 1 » (30

we obtain m equations of the form
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n n
El ryg Ty +uby = E.l 8y, (Y) (k=1, 2, ... m) . (31)

Together with (27), these equations make up a symmetric set of m+1
linear simultaneous equations in the m +1 unknowns Tfl, S i T ...ﬁm and u.
This set of equations may be summarised as follows:

n

T + T3 T+ cee v Ty T+ Diu= 1?51 ailfi(Y)
r, Ty + 1‘22'«2 + oeee Ty 0+ b2u = 1%]:1 aizfi(Y)
(32)
ri v Tap T+ oo + rm-n’m +bu= 1%1 eimfi(‘{)
blu + b2u T e *bmu + J.u= 1%‘] fi(Y)

B. Procedure in the Calculation of the BEquilibrium Composition

The stepe followed in the solution of a problem may be outlined
briefly as follows:

1. A solution Y = (yl, Yor vee yn) was postulated, wnich satisfied
the mass ba_.ance constraint, and consisted of all positive values.
This guess was based on the relative abundances of the elements
present, together with the relative magnitudes of the free energy
functions. The guess was made as good as possible in order to
cut down on the time required for solution.

2. The quantities f,(Y) and Ty vere calculated by equations 26)
and (29).

3. The set of linear simultaneous equations (32) were so.ved oy the
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method of Crout, a numerical method involving the successive
elimination of the umnknowns in the equations (see App. 1\.56
Note that the number of equations required is only one more
than the number of elements present, and that it is not necessary
to have an equation for each individual component, as in other
methods .
L. Using the values obtained for the unknown multipliers, the total

possible changes in the mole numbers were calculated from the

equation
m
= £ (1) +y.(u~ 22 &, 17,) . (33)
ay i i g1 1

This is obtained easily from equation (25), withny= x; - y4.
5. The actual change in the mole numbers was limited to fractional

amounts ?\Ai using the largest value of A satistying the follow-

ing conditions:

a) All mole numbers are positive.

b) The minimum point is not passed. This was ensured by calcu-

lating the directionsl derivative dF(A) from the equation

dA
n
g_l'_‘, iz‘l oy cy * 1n Yy rAQy
8 Y + A2 J| - (34)

The maximumm value of A for which this expression had a negative
value was found.
6. The next-improved set of mole numbers yi' were then calculated,

using y{ B Aai (35)

Depending on the accuracy of the original guecss, betweer ° :o 15
iterations were required to reach the minimm point.

Trace components not included in the original calculation were
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determined using the unknown multipliers ‘ﬂ*, which represent the free
epergy contribution ¢ the elements ] to the mixture. 4 converiernt equa-

for

~tion for this purrose was derived by differentiating the expressior
G(X) with respect tc xy, replacing Q(X) with the exact function ¥F(X),

and setting the result equal tc zero. Tnere is then obtained

m
= ¥ ) ] - 2
x, = X exp (-¢, + j-Zl aijfrj . (36)

This expression alsc served as a check to ensure that nc mafor components

had been left out of the original calculation.

C. Compyter Programming

In order to adap® this method to use on the IBM Type 650 Data Pro-
cessing System, it wes necessary to write a program in the FORTRAN language
deve loped by the International Business Machines Corporation for use with
their FOR TRANSIT Autometic Coding System. Especially we'!l adapted tc
scientific uses, FORTRAN consists of statements similar in form to alpe-
braic equations. The method requires no extensive krowledge of the inner
mwechanism of a computer.

The FOR TRANSIT System consists of three major rarts: (1) a trans-
lator which couverts statements which make sense to people (FCRTRAN) into
a self-oconsistert machine language (IT), (2) a compiler, which converts
the IT statements intc step-by-step instructions to the 65C in a symbolic
‘SCAP II) larguage and, (3) ar assembler, which produces ar opt.imise: nri-
gram designed to execute the symbol!c program in a minimum of ttme. The
FORTRAN progren is all that the programmer is required to prepare. .nis
consists of a "source program® written in the FORTRAN language and punched

onto data processing cards. The machine then converts this progrem .:ueo
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a final "object program™ by the three steps described above. This final
program, together with the necessary input data cards, makes up the final
working set of instructions. The answers are punched out on output data
cards. These answers may be printed out by using the output cards in an
addressograph mechine.

Two programs were written, cne to calculate the equilibrium compeosi-
tion of the major components according to the general method on page 47,
and the other tc determine the concentra*ions of trace ccmponents, using
equation (35) and the ocutput from the first program. A listing of the

individual steps in thaese programs is given in Appendix II.
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ITI. DISCUSSION OF RESULTS
A. Evaluation of Experimental Technigques
l. The collection of volcanic gas samples

In November 195G, after a four-year lapee, the volcano Kilauea on
the Island of Hawaii resumed activity. Two separate stages in the erup-
tion were recognisable, The first occurred at the Kilauea Iki crater,
separated from the Kilauea caldera to the west by Byron's ledge. Start-
ing on November 14, a line of lava fountains on one side of Kilauea Iki
began pouring lava dowr into the crater., The activity soon shifted to a
single fountain, which attained heights of up to 1700 feet. Eruption
continued until November 21, when the fountain suddenly ceazed, After
five days, activity resumed, only to stop again withkin 24 hours. Alto-
gether, there were sixteen phases in the eruption, with lava pouring
back down the vent from the lava lake after each phase.

The lava fountain of Kilauea Iki built up a huge cinder cone on the
rim of the crater, in the direction of the preveiling winas, This cinder
cone was later named Puu Puai., Samples of gas were obtained from red-=hot
cracks and rifts at the summit of Puu Pual on the following occasionss
1) November 30, 1959, about 12 hours after the end of the third phase of
the eruption; 2) January 20, 1960, one month after the end of the eruption;
and 3) April 11, 1960, about four months after the eruption. It is in-
teresting to note that temperatures of 900°C. were measured only two feet
belov the surface of the cone as late as August 1960, eight months after
eruption ceased.

The second stage of the 1959-60 eruption of Kilauea occurred in the
Puna District, on the flank of the volcano., On January 13, 1960, a line

of lava fountains began along a rift near the village of Kapobho. As in
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the other stage, the scene of eruption was soon transferr=d to a single
fountain, which reached heights of more than a thousand feet. ZEruption
continued without pause until February 19, By this time the lava flow
nad completely wiped out Kapoho village and spread severai miles %o “he
sed.,

Volcanic gas samples were taken from this area on two uccasions,
The first set was obtained during the eruption, on January 21, 1960,
from a series of vents along the rift line northwest of the large cinder
cone., The second set was taken on April 12, 1900, two months a:!ter the
eruption, from degassing cinders at the edge cf the iargest crater in
the cinder cone.

Closely connected to Kilauea volcano is the solfataric fumarole,
the Sulphur bkanks, situated aiong s fault at the northern edge of the
Kilauea ca.dera., Gases escape from this fault, depositing sulfur and
volatile salts, and altering the original olivine basalt to rocks com-
posed largely of siliea in the form of opal, with lesser amounts of

kaolinite.57

Magnetite and ilmenite in the rocks remain largely un-
changed.

Use has Dbeen made of the gases for sulfur steam baths, and & pipe
sunk at this location about 1922 provides a convenient means {‘or obtain-
ing air-free samples of the gases evolived. Samples were %taken here or
severa! occasions hefore, during, and after the 1959-6C eruption ..¢
Kila:ea,

The results of analyzing ge" samples from these three .oca*:.ns
are summarized in TABIE V1. The data is presented in the form of mnc.e

percentage of the dry gas. Water vapor is slsc present in large amc.ui s

*c the extent that the gsses roted in the table (aside from air



TABIE VI.

PART A - KIIAYEA IKI CINDER CONE

ANALYTICAL RESULTS - VOLCANIC GAS SAMPLES

MOIE PERCENTAGES IN THE DRY PORTION OF THE GAS

SAMPLE METHOD CF "
NC. DATE COLLECTION Hy 0O, N CH, CO co, H S S0, A B

A 11/30/59 Vacuum Bulb 0.019 19 81 0 0 0.64 0.00087  0.00097 0.65 2

¢ " " "  0.,0027 16 80 0 0 3.5 0.012 tr 3.5 5

D " " " 0,009 19 79 0 O lu 0.0004z  0.21 1.6 2

E " " " 0,004 21 78 0 0 1.1 0.00016  0.00062 1.1 0

F " Silica Gel 0.027 17 83 0 tr 045 0.15 0.0069  0.60 4

Tube

H " " 0.0032 23 77 0 tr  0.27 0.044 0.0017 0,27 =2

1 1/20/60 " 0.00l, 12 87 0 tr 2.0 0.010 0.053 2.1 9

2 " " 0.0021 12 &7 0 0 1.3 0 0.14 ek 9

A " " 0.0042 10 88 0 0.073 2.1 0 0.30 2adl 11

6 " " 0.0019 17 83 0 0 1.2 0.00021 0.22 1ok A
12 4/11/60 « o006 2 76 0 o 1Lz o cox 12 -3
13 " " 0.0043 20 RO 0.0063 0.022 0.652  0.00040  0.03¢ 0.62 1

L " " 0.059 17 M 0 0.089 4.0 0 0.0046 4.0 4

1 & = rercent volcanic gas in the dry portiorn of the sampie.

2

ar
B = Parcent oxypen deficiency compared to air (21 - % O:2 4ry-portion of semple).

£



TABLE VI. ANALYTICAL RESULTS - VOLCANIC GAS SAMPIES (Continued)

PART B - KAPCHO

SAMPLE

NO. DATE  PLACE METHOD K, 0, N, CH co co, HS S0, cs, al
T —
0 1/21/60 Dead Cone Silica 0.002, 24 76 0 0 0.17 0.00025 0.025 O 0.17
Rift Gel
1 " Vent— " 4.0 Q2 62 0.54 0.63 25 0 0.10 0 39
Rift
2 " " " 11 0.26 30 0.96 0.55 56 0 L3 0 70
3 " " " 0.0089 17 83 0.0050 0.014 0.19 0,00048 0.0073 0.0042 0.20
4 " " n 13 0 15 0.69 2.6 67 0.93 0.029 0.79 85
11 4/12/60 Cinder " 0 20 80 0 0 0.15 © 0.0055 0O 0.12
Cone
13 " " " 0.028 18 82 0 0 0.36 0.025 0 0 0.33

A" Percent volcanic gas in the dry portion of the sample

2
Ba Percent oxygen deficiency compared to air (21 - % 0, air portion of sample).

s



TABLE VI. ANALYTICAL RESULTS - VOLCANIC GAS SAMPIES (Continued)

PART C - SULPHUR BANKS

SAMPLE 1 2

NC. DATE PLACE METROD H, 0, N, CH, co o, HS S0, cs A B

M 8/59 Well Silice 0.0008C 8,9 32 0 0 57 0.51 0.04 0 59 0
Gel

1 1/21/60 ® Vacuum 0 12 45 O 0 43 0 0.35 O 43 0
Bulb-wet

2 " " Silica 0.0014 3.2 14 O 0 76 led Bl 0 83 3
Gel

3 " " " 0.0013 0.077 6.6 0 0 85 3.6 5.7 c 93 20

4 " Natural " 0 1.2 62 0 0 20 0.074 O 36 18

Vent

13 4/11/60 Well " 0.00012 10~> 102 ¢ 0 98.5 3x10™ 1.5 0 100 21

1

A = Percent vclcanic gas in the dry portion of the sampie.

2 Z'.ﬂ

B = Percent oxyren deficiency compared to air (21 - % 02 dry portion of sample).

19
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contamination) form only one tc twoe mole percent of the total.

2. Sampling Techniques

Evaluatiop of samples. Reference to TABLE VI, in which are presented

the analyses of a number of voicanic pas samples collected durirg the
recent Kilauea eruption, shows that there was a wide divergence in the
results, even between samples collected at the same time and place. In
order to understand this poor precision, it 1s necessary to consider some
of the difficulties entailed in getting the samples. It is simost impos-
sible to obtain a sample without some mixing with air at the time of
collection, unless the investigator is fortunate enough to be able to
seal the sample bulb in the vent. There is a very sharp temperature
gradient at the mouth of a vent, amounting to a change of severa. hundred
degrees per foot. The sample be must be broken ~ff as far into the vent
as possible beyond this region of temperature flux and atmospheric oxi-
dation. The blue flame, reported by Jaggar, indicating cowbustion of
gases at the mouth of a vent, was not observed in this investigation,
and could not be used as an aid in determiring where to break off the tip. S
These difficulties snow why & wide range in the guality of samples
is likely. It is not valid tq take 8 series of samp'es at the same time
and place, ther average them to get meaningful results. Some of the
samples will be excellent, others, very poor. It is preferable tc find
some means of eveaiuating the samples and to use only the better ones in
forming conclusions about the nature of volcanic gases. Jaggar realised
this, and used two criteria, based on conditions of collection and com-
position, to evaluate his samples. Both gave some indica‘ion of the

amount of atmospheric contamination of the gaaea.59
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Ir the light of present knowledge, one possible criterion is the

percentage of dry volcanic gas in the huib. The less axtraneous air that
gets 1ntc the sample, the better it is. Arother criterion cou.d be based
upon the fact that oxygen reacts quantitatively with the vo.canic gases
at high temperatures, and that nitroven reacts only slightly. if we maxe
the assumption that all the nitroven is ultimately atmoevher:c ir origin,
the amount by which the oxygen-nitrogen retic departs from the valuve tor
air will indicate the amount of atmospheric contamination of the zss be-
fore it was collected. This assumption regarding nitrogen is reasonabie
as a first approximation since nitrates and other nitrogen compounds are
only very minor constituents of vclcariec rocks.60 Furthermore, roering
has studied the isotopic retios in nitrogen and argon of samples coilect-
ed at the Sulphur Banks, and found them to be the same as for air.bl

The following two criteria have been included in TABLE VI:

A

Percent volcaniec gas in dry rortior o1 sample.
B = Percent oxygen deficieney compared to air,
x 21 - ¥ oxygen found in air portion of sample.
If we consider only silica ge. samples, it is seen that the analyses of
the relatively air-free samples collected at Kapoho are more interesting
(i.8., contain a greater variety of gases) than those of Kilauea Iki,
which were mush contaminated by air.

Among the Kilauea Iki samples, those collected in January had a
larger nitrogen exoess than those of November, and were corresponding.y
more oxidised. They were therefore poorer representatives of the primary
magmatic gas.

Advantages of sjljca gel tubes. White colloide. suifur had previous-

ly beer. observed on the walls of evacusted bulb samples collected d.r g
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the 1955 eruption of Kilauea. Presumably this was due to reactions such
as

2,5 + S0 - 3B - 20
which removed sulfur from the gas phase., A gas-chrometocraphic analysis

Fal
1

of the samples ther showed only one sulfur-contairing zas, in excess

eithar hydrogen sulfide or sulfur dioxide.
To ascertair whether or not 8 columr of activated silica gel nlaced
in the sample tube <ould prevent this reaction, varying amounts of water
vapor, carbon dioxide, sulfur dioxide and nydropen su.fide «ere heated
to '0N°C. and sampled s% the time of mixing by (1) evacuated »ulbs and
{2) silice gel tubes of the type deplcted in Fig, 2. Aralysis »f the
evacua‘'ed bulb sam ies showed only hydropgen sulfide >r suifur dicxide,
depending on which was present in excess; analysis of the silica ge.

tube samples showed noth hydroger sulfide and sulfur dinxide in approxi-

mately the same pronortions in whict they were mixed.

A prohable expianation of the above is that the silics ce! selsctively

adsorter the various gases, thereoy separating them ana preven® ine

reaction. The like.y distribution of zases in the sampie tune, hased on

vre order in whi.cr thev emerve frorm a gas chromstograpnic ¢ . .mnu of
siilca pe., is srown in Fig 2, topge‘ter with 2 representa’ion 7 tre
e fecr o the zolumrn on A gas chromatogrephic analysis., Tests have shown

‘na’. samp.es co.lected in this way may be left for several months at
room vempersture with no danger of further reaction, since the rate of
d.ffusion of the gases adsorbed on the column is slow enough for the gnses
o remain essentislly separated.

An axamination o!f the samples collected at Kilauea Iki on November

30, 1959, shows that the method of sampling did meke a dif“erence in tne
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results obtained. Thus the samples collected in silica gel tubes contained
more sulfur-containing gases (predominantly in the reduced form, hydrogen
sulfide) than those samples collected in vacuum bulbs, where much of the
sulfur-containing gas had reacted to form solid sulfur. The largest
component of the sulfur geses remaining in the simple wvacuum bulbs was
sulfur dioxide, presumably from reaction with air. Since these semples
were collected at a much higher temperature, #00°C., than the laboratory
mixtures, oxidation by atmospheric oxygen would readily occur in the
evacuated bulb samples taken at Kilauvea Tki. In the silica gel tubes,
the adsorbent prevented this reaction as well as the autoxidation of
sulfur-containing gases in the presence of condensed moisture.

3. Sources of Errors in Analysis

A pumber of errors inherent in the gas chromatographic technique
also contributed to the observed lack of precision in the volcanic gas
samples. One of the most important sources of error was inaccuracy in
measuring peak areas. Janask (1960) has made a statistical survey of a
large number of methods of intogration.63 He found that approximation
to a triangle by multiplying the height by the width at half the height,
(the method used in this investigation) was comparable with most other
manual methods. He found the mean relative error for peaks smaller than
0.5 cm? to be 19.2%, for peaks between 0.5 and 1.0 cm?, 12.5%, and for
peaks between 1.0 cm? and 3.0 cm®, 4.3%.

This socurce of error was particularly important in samples con-
taminated by large amounts of air. The volcanic gases were then present
in trace amounts, often near the limits of sensitivity of the apparatus.
Upon recalculating the composition of these samples after eiimination of

atmospheric contaminants, the magnitude of the error became quite large.
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Also contributing to the uncertainties in the gas chromatographic
results were such factors as non-linearity of the detector response and
variations in flow rate and column temperature. Compared to errors in
measuring peak areas, these factors were relatively small, especially
since calibration was carried out using pure compounds at pressures
over the whole range of partial pressures found in the unknowns.

When the pressure of gas in the apparatus was low, errors in measuring
preesures were quite large. As often as possible, these errors were mini-
mised by measuring the pressure at a relatively high value and then
expanding the gas into the sample introduction tube as many timss as
necessary to obtain measurable peaks. The pressure of the sample was
calculated using the ideal gas law and the known volumes of the comstant
volume manometer. Under the experimental conditions of low pressures and
moderate temperatures, any error introduced by non-ideality of the gases
was far ocutweighed by uncertainty in reading the menometer. This uncer-
tainty wms, nevertheless, no larger than errors in measuring the areas
of peaks.

The sources of error in the water determinations were principally
those in weighing small amounts of any material. Some uncertainty wes
always introduced by the necessity of having tc put stopcock grease on
the removable traps. This was always wiped off as carefully as possible.
The chances of any water escaping through the dry ice-actone trep were
very small due to the lovw vapor pressure of water at the temperature of
the bath and the plug of glass wool in the trap, which prevented mechanical
transport of ice crystals through the trap.

/B. Calculated Equilibrium Composition of Volcanic Gases

1. Introduction
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In order to gain further insight into the observed variations in
composition of volcanic gases, and to explore possible pathways toward
determining the nature of the primery magmatic gas, a thermodynamic
study was made of a typical volcanic gas phase. The approach of Ellis
was followed, in that a typical volcanic gas samp.e, Kilauea Iki F, was
used as a starting point.ék It was selected because {t was collected
under conditions indicating that it was a good representative sample of
voleanic gas, relatively uncontamima ted by previous contact with the
atmosphere. A preliminary check had shown the Kilasuea Iki samples to be
in equilibrium, whereas the Kapoho samples were not. Therefore a Kilauea
Iki sample was chosen for the model systemn.

Using the general method of minimizing the free energy, the.equili-
brium composition of the gaseous portions of the syster S-C-C-H repre-
sented by "Kilsuea Iki F" was determined at a number ol temperatures,
pressures, and oxidation states. The following relative eatomic ratios,
based on the analysis of the sample, were used in the calculstions:

S 1.000 0 142.2

c 2.680 H 275.5
The results were summarised in a series of plots, which are reproduced
in Figures 5 through 8. Part A of each diazram shows the variations in
the major components of the system (except water, which is essentially
constant), in plots of the partial pressures of these components. In
piots of the logarithms of the wvarious partial pressureé, Part B i{llus-
trates the wvariations in the compoeition of the following possible
components: water, hydrogen, carbon dioxide, carbor monoxide, hydroge:
sulfide, sulfur dioxide, sulfur vapor, sulfur monoxide, s..fur trioxiae

carbon oxysulfide, carbon disulfide, methane, hydroxy. ¢ree radics -
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OXygen.
2. Varistion with Temperature

The calculated equilibrium composition of the volcanic gas system
S-C-0-H at atmospheric pressure and temperatures between 400%K. and
1600°K. is shown in Fig. 5. Water is the dominant constituent through-
out, decreasing very slightly as the temperature is raised. Carbon
dioxide is the major carbon-containing gas, amd also decreases with
temperature. At lower temperatures, hydrogen sulfide is the principal
sulfur-containing gas, being replaced by sulfur dioxide above 1150°K.
Hydrogen and carbon monoxide increase with tempersture, with hydrogen
rising very rapidly in the region of transition between the sulfur gases.
Figure 5-A agrees very well in its form with the results of Ellis.65
There are, howesver, shifts in the positions of the curves beoceuse a
slightly different gas composition was used in this investigation.

Comparison of the calculated composition at 800%K. with the experi-
mental data on the sample Kilauea Iki F (TABLE VII) showed that there
was excellent agreement at this lower temperature. Evidence was thus
provided that volcanic gases are in equilibrium at the time of collec-
tion, lending justification to further thermodynamic treatment. Further
discussion of the attaimment of equilibrium and the temperature discrep-
ancy is presented in Part C of this section, with reference to the effect
of meteoric water on the apparent temperature of equilibrium.

The minor components of the gas, present in such small amounts as to
be undetectable, with the present analytical apparatus, are represented
in Fig. 5-B. It 1s seen that many of them, including sulfur trioxtide,

sulfur monoxide, hydroxyl free radical, and oxygen, increase rapidaly witn

temperature. Others, such as carbton disulfide, carbon oxysulfide, me:‘ane,
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FIGURE 5.
THE GASEOUS PORTION OF THE SYSTEM S-C-O-H
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TABIE VII.

COMPARISON (F CAICULATED EQUILIBRIUM

COMPOSTTION WITH EXPERIMENTALLY DETERMINED

COMPOSITICN OF THE VOLCANIC GAS SAMPIE

KILAUEA IKI ®F™

Mole Percentages

Experimental Calculated
H20 97.2 QT o2
H2 D2 0.13
002 1.90 1.90
co trace 2.0055
CH 0 10-10
4
H; 0eb7 0.66
SO2 2.030 0.030
cos C 1074
0 -9
082 10
On o
Toas - 750°C. TCLIE -525 C.
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and sulfur vapor reach a broad maximum in the regi'on of equivalence be-
tween hydron sulfide and sulfur dioxide. One gas, methane, also increases
very rapidly at low temperatures. Verification that the sample chosen was
truly representative of volcanic gas 1s apparent from the very small
partial pressure of oxygen irn equilibrium with the gas at the temperatures
of interest. The Po, is well within the limits necessary for the stability
of the various minerals occurring in the magma and solidified lava, in-
dicating further that there had been very little atmosvheric contamina-

tion of this perticular sample.

3. Variation with Pressure

Shown in Fig. 6 are changes in the model volcanic gas system at a
temperature of 1500°K., and pressures ranging from 1 atm. to 10,010 atm.
In Fig. 6-A, the mole fraction is plotted instead of the partial pressure,
in order to keep the plots all on the same graph. To obtain the partial
pressure of any component at a given total pressure of the system, it is
necessary only tc multiply the mole fraction of the component by the
total pressure.

It must be pointed out here that errors due to the assumption of an
ideal gas system, whlle negligible at atmospheric pressure, increase
rapidly with increasing pressure. Nevertheless, the temperature con-
sidered is high enough (1500°K.) that the fugacity coefficients remain
of the order of unity. For instance, the fugacity coefficient of water
at 1500°K. and 100C atm. is sbout 0.95; and that of carbon dioxide is
about 1.2.66 In very accurate work, an additional iteratior ovs.e would
have to be added to the computation program to take into acc.unt the

fugacities cf the pwases. The vlots presented here, however, are designed
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to show the general trends in the composition of the system with increessing
pressure, and are nct intended to be used quantitatively.

Referring to Fig, 6~A, it is seen that there is a slight increase in
the COZ,/CO ratio with increasing pressure, a decrease in the relative
amount of hydrogen, and the replacement of sulfur dioxide by hydrogen
sulfide as the dominant sulfur gas. The effect of increasing the pressure
is thus roughly the same as decreasing the temperature. The gases
dominant at low temperature and low pressure become dominant again at
high temperature and high pressure.

Fig. 6B shows, as expected, that there is an increase in the partial
pressures of most of the gases with increasing total pressure. There
are, however, two notable exceptions. The partial pressure of sulfur
dioxide decreases with incressing pressure, and the partia. pressure of
oxygen stays nearly constant, Thus, at high pressures, although the
composition of the gas is changed (perticularly with reference to the
sulfur-containing geses) the oxidation state of the gases remains essen—
tially the seme. The gas phase in equilibrium with a certain mineral
assemblage in the same oxidation state would be different, depending on
the total pressure on the system. Thus, the gases present when & rock is
formed are not necessarily those in equilibrium with it at atmospheric

pressure.

4. Variation with Partial Pressure of Oxygen
Discussion of the curves. The wvariation in the composition of the
gases with the partial pressure of oxygen present in the system is shown
in Figs., 7 and 8. Fig. 7 represents the changes at 15009 K. and . atm.,
essentially the conditions under which lava is erupted; ana Fig. 8, the

changes at 900° K. and 1 atm., the conditions under which moet of the



PARTIAL PRESSURE ATM

FIGURE 7. EQUILIBRIUM VARIATION WITH PARTIAL PRESSURE
OF OXYGEN AT 1500°K. OF THE GASEOUS PORTION OF
THE SYSTEM S-C-O-H
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FIGURE 8., EQUILIBRIUM VARIATION WITH PARTIAL PRESSURE
OF OXYGEN AT 900°K. OF THE GASEQUS PORTION (F
THE SYSTEM S-C-C-H
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volcanic gas samples were collected. The calculations necessary to con-
struct these diagrams were carried out using the minimization of free
energy method. Holding the atomic ratios of sulfur, carbon and hydrogen
constant, the relative amount of atomic oxygen was varied, and the equi-
librium composition determined for different oxygen contents. Plcts were

then made of partial pressure and -log py as & function of -log po,.

It will be noted that there is a great deal of similarity between
plots made at different temperatures. The slopes of the curves for the
principal components remain the same, but their relative positions on
the -log po, axis are shifted. This shows the effect of temperature on
the various equilibria. In particular, the amount of oxygen in equilibrium
with a gas of a certain composition is different at different tempera-
tures; therefore, the positions of the curves are displaced along the
-log po, axis. The equilibrium amounts of trace components other than
oxygen, such as hydroxyl free radical and sulfur trioxide, also vary
with the temperature; transition points in their curves are displaced
vertically as well as horizontally.

Since the horizontal portion of the curve for a dominent molecular
sapecies occurs when virtually all of its significant component element
is in that particulsr form, the position of the line relative to the
vertical axis will be determined only by the amount of the element in
the atomic ratios. For instance, the more sulfur there is present re-
lative to the amounts of hydrogen and carbon, the higher the horizontal
portion of the sulfur dioxide curve will be relative to the horizontal
portions of the curves for carbon dioxide and water.

For each atomic speciee, one molecular species dominates over a

given range of oxygen partial pressure, this molecule containing nearly
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all of the element in that region. There is then a region of transition,
followed by a renge in which a different molecular species dominates.
For the hydrogen-containing gases, the dominant gas is water, shifting
to hydrogen at low oxygen partial pressures. Carbon dioxide is the
dominant carbon-containing gas, shifting to carbon monoxide at 2 value
of PO, greater than that of the water-hydrogen shift. At very high
poz, (not occurring in volcanic gases), the dominant sulfur-containing
gas is sulfur trioxide; it is replaced by sulfur dioxide at moderate
oxygen partial pressures, and by hydrogen sulfide at low oxygen partial
pressures. The sulfur dioxide-hydrogen sulfide transition occure at a
value of p02 greater than that for the carbon dioxide-carbon monoxide
transition.

All volcanic gas samples collected to date had values of poz such
that water and carbon dioxide are dominant. There is, however, extreme
variability in the nature of the sulfur-containing gases, because most
of the samples were collected in the neighborhood of the hydrogen sul-
fide-sulfur dioxide transition point. This is because of the stability
relations among minerals occurring in the magme and in volcanic rocks,
which set definite limits on the oxidation state of the associated gas.
These limits are such that hydrogen and carbon monoxide cannot be the
dominant geses at the ®mperatures of collection.

In the regions of transition between d ominant speclies, changes
occur in the slopes of the curves for minor components (Figs. 7-B and
8-B). For some of the sulfur gases, such as sulfur vapor and sulfur
monoxide, this amounts to a maximm at the hydrogen sulifide-sulfur

dioxide trensition, since they are intermediate in oxidation state

between the letter two gases., In general, nowever, hydroxy! free radical
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and sulfur trioxide increase with increasing p02, and methane, carbon

oxysulfide and carbon disulfide decrease with inereasing poz.

Significance of the function -log 202. It will be noted that the

curves in Figs. 7-A and 8-A are identical in form to typlcal aqueous
titration curves. The partial pressure of one gas in an oxidation-re-
duction couple will remain essentially constant over a range of oxygen
pertial pressures, and then decrease rapidly to an essentially zero
value, while the other gas exhibits the reverse behavior.

Similarly, in Figs. 7-B and 3-B, the curves for these species are
identical in form to curves in the logarthmic pH diagrams developed by
Bjerrum, Siilen and others to systemetize complex equilibria in acid-
base titrationo.67 For one gas in a particular oxidation reduction
couple, there is a range of -log P, over which the gas is constant,
being represented by a horisontal line. After & period of transition,
another region follows in which the gas decreases in proportion to -log
poz, this region being represented by a diagonal line. For the other
gas in the couple, the reverse behavior is observed.

It is evident that the function -log PO, is an index of the oxida-
tion state of the magmatic gas phase, in the same way that pH (-log
cHO) 1s an index of the acidity of an aqueous solution. The function
~-log p02 is a convenient way of expressing the state of oxidation of
the gas, and will be given the symbol mO, an easily written abbrevia-

tion.

comgtructiop of w0 diagrame. If the dominant species in the gas

phase are known, it is possible to construet logarithmic partial pres-
sure diagrams without resorting to the general method of calcu »'ion.

The following discussion, besed on that of Sillen, Lange, and
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Gabrielson for loparithmic pH diagrams, will srow riow this can ve done,
and at the same time provide & more quantitetive understa:nding of the m'
diagrams.68
Consider the ¢enerasl oxidstion-reductior reactior for the i-th
couple of gases,
nCX; = nRED, + °, (1)

where X revresents the oxidized form, and RED the r educed form. The

equilibrium constant for this reactior may be written

n
g
(PHEDi) 02

-« K., (2)
(Poxi)n 5

where the P's represent partial pressures. (The gases are rere con-
siderei to be ideal for convenience 1ir discussion.] Irn ioparithmic

form, this equation becomes

(Poxi) )
P (3)
\TRED: /

mO = mKy + n log

where ol = -log P02 end mK; = -.ov K in analcey to the definiticns

i
of vH and oKi used in aqueous sclutions. The tota] partial oressure,

I3 of the twe gases 1is

i,
Pj » PUX1 N PREDi : (4)

Simp.ifying assumptions can be made when the value of mQ is very
much 1i!ferent from its vaiue at tne equivalence toint. When m( <pKy - By

the gas is essentiaily all in the »xidized form, and Fi = F The

- Cxi'

expression for mO then becomes

Farer
RED
m0 - mKi + n log i . (5)

i

The partial pressure expressicns used in making piots a-e tner
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log PUIi = log Py and (6)
log Pggp. = log Py 4 1 (" - mKy) . [7)
i n

It is seern that the oxidized form is reoresented by a line of slope zero,
and the reduced form by a line of slcpe L n, where 1 rn is the number of
moles ~f oxygen exchanged in the resction of cre mcle ¢ the i-th oxi-
dation couple.

On the other hand, when wC>mk, « 1, P, = FHEDi’ so that

mC = mKy + n log fi
Fox, - (8)

The equations used for making clots in this regicn become

log PREDi = log Pi and (9
log Poxi x log Pi = ‘l \mC - m!(i\ o ;l\,,
n

The reduced form is now represented bv a :orizontal li:e, and the oxi-
dizea form bv & diagonal line of slope -1 n. The norizonta! and diagona.
portions of tne curves can be connected by a zmocth curve extending over
twe mC units,

As a first aporoximetion, each oxidation-reduction equilibrium may
be comsidered separate.y. For eachatomic constituent, equations in-
volving the transfer of oxygen from the domirant species to a minor
species must be written, one for each miror species in each region of
a domirant gas, In the case where a minor sss contains twc atomic species
bes ides oxyeen; i.e., methane or carbon oxysu:fide, the contrcliing
equilibrium is the cne which allows the smailest concentras‘iorn of “ne
minor gas.

Equilibrium constants for these reactions cen mos: =zas!.y be de
69

rived from tabulated reiative free energv data. The =2tar srd mo.a-
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(Gitbs) free energv may be calculated from the equation

. -
- . 1= (B - HD 1 H - (E - 5)| 298,16 (11)
K R T RT

P o) e
where ~\L_= %,/ ig the relative free erergy, (H - Hg) 2R,.16 is the

relative heat content at 29%.16°K., and H; is the standard heat of
formatior. cf the cas at 293,.16%°K. The equilibrium constant for the

redox equilibrium (1) is then given by

o o] ol / 0
Mz'F"-j'n(L) ‘n(LLE '{ )
1= &7 RT Joxy RTkeD, /9,

2, Variatior with Partial Pressure of Water

Al

In Fig. 9 there is nresented a set c¢f piots snowing the variation
of the composition »f the model system with the partia. pressure of
water. The direction of increasing water is towarc the ordinate axis,

as in the oxygen plots, It is seen that the chief effect cf water is

that of dilution. In the syster studied, %there is alse—aﬁ\nx;giiiig
—

effect, as indicsted by the ircreasing vartial oressure -f cxyven and
of suifur dioxide. The rases av-roach the oxidation state of a water-
hydrogen sys‘em, which, in this cese, controcls a higher partiai pressure
of water thar the entire system. The actua! samp.e, "Kilaues Iki ¥",
had -log PHZ“ = 0.02, and therefore lies quite close tc the ordinate
sxis.

It i3 sometimes stated that ground water is one of the chief oxi-
diging agerts acting on macmatic systems., This study appears tc survort
tnis statement. It may be true renerally, because most magmatic s-u<ea

are prcohaoly even more reduced than the system studied, at .emst v

they get near the surface. It may be remarked here that it is qu.--
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reasonable also to consider oxygen as a megmatic oxidizing agent in
Hawailan volcanoes because of the very porous nature of the rocks, whieh

will allow air as well as water tc diffuse down from the surface.

6. Importance of Complex Gas Equilibrium Calculations

The chief resson for applying complex gas equilibrias tc magmatic
systems is that discussion is permitted of any situstion, however complex
it may be. laboratory studies of complex equilibria occurring between
gases and silicates at high temperatures have been carried out using
simple gas systems. The results of these studies may very easily be
extended to natural systems, using the methods of aprroach outlined in
this investigation. It may be noted that the approasch used is not
limited to homogeneous ges systems. A recent paper by Boynton (1960)
has generalised the minimization of free energy method of #hite, Johnson
and Dantzig tc polyphase, multicomponent systeme.qo Any naturelly oc-
curring mineral-gas or mineral-liquid system, reeardless of its com-
piexity, can be studied, provided the necessary free energy and acti-
vity coefficient data are avsilable. Even in cases where data are not
at hand, they can sometimes be estimated with a reascnable degree of
accuracy by using the rule of "additivity of entrooies".71

Oxidation-reducticn reections occurring in the gas phase are
particularly easily studied. By using the method of logarithmic dia-
grams, the necessity for using 1 high-speed digita! computer is elimi-
nated. However, in cases where a camputer is available, the general
method is recommended, because it is quicker and not subject to possibie
erroneocus assumptions, As more and better computers become ava:i able,

the complexities of geochemical systems will become more susr~ertible

toc attack by these methods.
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C. Interpretati-n of the Analyses of the Gas Samples

1. Introduction

The following is a discussion of the specific results obtained on
analysis of geses from a low temperature solfataric source, the Sulphur
Banks, and from higher-temperature volcanic sources, the Kilauea Iki
cinder cone (Puu Pua!) and the Kapoho rift. There 1s presented an in-
terpretation of the results in terms of the effects cof secondary atmos-
pheric influences on the primary megmatic gases which are released from
the erupting lava and from hot pumice. The attainment of chemical equi-
librium in the gases will be discussed, together with the factors control-
ling it.

In order to provide a basis of comparison for the samples, the
experimental data have been recalculated by subtracting all of the
oxygen and nitrogen, as well as the carbon dioxide content of air. The
gaseous portions of the system S-C-C-H, whose theoretical equilibrium
composition has been discussed in Part B of this section, represerit the
of volcanic gases. OConsideration of cther poesible components of the
zas, such as compounds of chlorine, fluorine, nitrogen, silicon, and
the heavy metals, can be made as minor correections on the resu.ts for
the principal constituents. Such a discussion will not be attempted
here because of a lack of experimental data.

Analyses of pases taken from the Sulphur Banks over a two-year
period are summerised in TABLE VIII. 4 presentation of the results of
the analivais of samplies from Kilauvea Iki and Kapchc is made in TABLE IX.
Included is the temperature observed at the time of collection of each
sample together with the caiculatei egquilibrium temperature for the

composition of that sample when such a caliculation was possiblie.



TABLE VIII. RECALGULATED SCLFATARIC GAS ANALYSES OF SAMPLES COLLEGTED
BY SILICA GEL METHOD - O, Np, CO, OF AIR SUBTRACTED

A. SULFPHUR BANKS

60-3 Apr. 1960 99,3

t
SAMPLE DATE MOLE PER- ' '
CENT COF MCLE PERCENT OF DRY PORTION '
TOTAL '
H,0 ' Hy CH, ©0 CO, H§S S0, 0S5, ! Tegg ; S
_ ? _ .
58-1 Sept.1958 o ' 0 0 0 100 0 trace O " 96.5%. 100°C.
'
59-1 Aug. 1959 99.2 . 0.00L4 0O 0O 99  0.89  0.07 0 ' 96.5°%C.  100%.
1
60-1 Jan. 1960  99.1 . 0.0017 O 0 92 1.7 6.2 0 ' 96.5°.  100°%.
60-2 Jan. 1960 99,2 | 0.004 O o 90 3.8 fol 0 ' 96.5°C.  100°C.
' 0.0012 7 0 98,5 0.0013 1.5 0 ' 96.5°C.  100°C.
!

oL



TABIE IX. RECALCULATED VOICANIC GAS ANALYSTS OF SAMPLES CCOLIECTED
5Y THE SILICA GEL METHOD - O,, Ny, CO, OF AIR SUBSTRACTED

A. KILAUEA IKI

MOLE PER- | .
SAMPIE DATE CENT OF ' MOLE PERCENT OF DRY PORTION '
TOTAL : !
1 1]
H,0 ' Hy CH, CO CO, HS s0,, 6S, ! Tgpg T
: 3 o 0
59-1"F® Nov. 1959 97.2 ¢ 4e5 0 trace 70 25 1.1 0 . 750°C. 500°C.
' '
59-2"11"Nov. 1959 98.1 i el trace 23 15 0.59 0 . 750°C. L00°C.
1 1
60-1"4" Jan. 1960 97.2 v .17 0 3.0 8 O 12 0 ., 700°%C. -
A} ' O 0
60-2"6" Jan. 1967  77.2 v OJdh 0 3,  0.015 16 0 . 706G G, 500 C.
1 1]
60-3"12"Apr. 1960 - v 0,13 ) 0 98.2 0 1.7 0 v 600°C. 500°C.
1 1]
60-4"13"Apr. 1960 93 y 0,62 0.91 3.1 90  0.058  &.1 9 . 6007, -
1] 1
60-5"14"Apr. 1960 63 i Lok 0 2.2 9.5 0 0.11 0 , 6007C. —
] ]




TARLE IX. RECALCULATED VOLCANIC GAS ANALYSES COF SAMPIES COLLECTED
BY THE SILICA GEL METHOD - 02, N, 002 OF AIR SURTRACTED

(Continued)
B. KAPOHO
MOLE PER- ' .
SAMPIE  DATE CENT OF ‘
TOTAL .
H,0 : H, CH,  CO co, H,S S0, cs, ' -~ Tadin
. e R B : .
1 3
60=1"0"  Jan. 960 D 1.l ( 23 .15 15 0 C500%. 1w0%.
|
60-2"1"  Jan. 19¢ 97.2  , 17 1.2 2,1 82 0 0.34 ? L 00%C., -
'
60-3"2"  Jan. 1960 A s 15 Ie3 s (b T7 0 5.9 ? : 300°C. .
1
60-4%3"  Jan. 1960 30 a v &8 2.5 7.0 20 0.24 i 4 ? : 570°C. _—
1 .‘Or-
60-5"4"  Jan. 1960 97.2  , 15  0.81 3.1 7 1.1 0.034  0.93 | s00%, (500°C.)
1 \]
60-6"11" Apr. 1960 39,7 , 0 0 0 95.6 O bod 0 , 600°C,
! 1
60-7"13" Apr. 1960  92.4 , 7.4 O 0 27 6.5 0 0 . 60nC.
1 1

18
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2. Solfataric Gases

The analytical resulte of silica gel tube samples taken from the
drill hole at the Sulphur Banks are summarized in TABIE VIII. It is
seen that the composition of the gas changes with time. In September
1958, during an inactive period of both Mauna Loa and Kilauea, the gas
consisted almost entirely of carbon dioxide and water vapor, with only
a trace of sulfur dioxide. By August 1959, three months prior to the
Kilauea Ikl eruption, hydrogen sulfide had become a major component of
the gas, and smaller amounts of sulfur dioxide and hydrogen had appeared.
During the Kapoho eruption, in January 1960, the sulfur content had in-
creased still further, with sulfur dioxide slightly more prominent than
hydrogen sulfide. However, by April 1960, two months after the eruption,
the sulfur content had decreased again, and reverted almost entirely to
the form of sulfur dioxide.

It is evident that the increased percentage of sulfur-containing
gases (predominantly in the more reduced form of hydrogen sulfide) in
the Sulphur Banks gases was closely associated with the imminence of the
1959-60 Kilauea eruption. This fact is in agreement with Ballard and
Payne (1940), who had observed similar behavior of Sulphur Banks prior
to the 1940 eruption of Mauna loa, and had attributed the presence of
hydrogen sulfide in the gases to the eruption.72 They suggested that
regular sampling and analysis of Sulphur Banks gases would enable pre-
diction of an eruption by noting the presence of hydrogen sulfide.

The validity of this conclusion regarding Mauna loa should be
checked by further observations. Since analyses of fresh lava from
Mauna Loa and Kilavea indicate that the two volcanoes are fed by sepsrate

shallow magma reservoirs, the mechanism by which Mauna Loa would affect
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the Sulphur Banks is not at all clear.’’ However, observation of hydro-
gen sulfide in silica gel tube samples collected from the Sulphur Banks
prior to an eruption of Mauna loa might indicate a connection between
the latter and Kilauea.

A mechanism capable of e xplaining these phenomena may be postulated
by considering the relationship of a persistent fumarole such as the
Sulphur Banks to the magma chamber below. A schematic representatién
is shown in Fig, 10-A. Gases percolate upward from the magmatic source,
filtering through cracks and fissures in the rock. On their upward
journey, they are subjected to the following possible changes: 1) a
gradual decrease in pressure and temperature, the gases reaching the
surface et approximately 95.500., the boiling temperature of water at
that altitude; 2) mixing with ground weter, occurring at conditions
aporoaching the critical point of water; 3) reaction with air which
filters down through the porous rocks of the shield of the volcano;
and 4) reaction with the surrounding rock, altering its compositicn.

The composition of the gas reaching the surface will depend on the
rate of evolution of gas from the magma relative to the rates of these
disrupting processes. Obviously, the more gas which reaches the surface
per unit of time, the less changed the gas will be.

An eruption occurs when forces acting on the magma force it to
move upward through the earth's crust. Powers (1954),7‘ Mogi (1959)75
and Eaton and Muratn76 have shown that the deep level scurce of magma
is at a depth of about 30-55 km., whereas the immediate reservoir of
lava during and eruption is about 4 km., On reaching this la‘'‘er leve

prior to eruption, the magma may accumulate for a whi.le 'efore it ' s

a weak point in the rocks atove and breaks through. The resulting
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decrease in pressure on the magma will permit the separation ~f diss=oived
volatile material inte a separate gas phase which permeates upward, reach-
ing the surface at persistent fumarcles such as the Suiphur Bariks.

There is undoubtedly scme relesse of pas at a.l times, althougn
more slowly and vossibly from a deeper leve. than before and during an
eruption. ‘owever, the release of gas increases tremendcusly in a period
of volecanic activity. Tne warious side eftects ncted above, whicr terd
to both oxidize the wss and remove sulfur from it, then become .ess im-
portant. At these times the gas reaching the surface at Sulphur Fanks
will therefore be much closer ir composition to the gas which originally
senarated from the magma; i.e., the hydroegen sulfide content will nhe
high.

It is interestirg to note these rases are in equilibrium at the
conditions of collection. The reasons for tris equi!ib-ium cou.d te:
firsu, that mixing with water occurred at conditions where comp.e*e
reaction could occur, and secoad, the temperature and press:re vrudients
are low ernough for the gas tc remainat esuilibrium, ever on reactirg the
surface. It wili be ses:n that this is not the case with some .I the

vo.canle gas samples,

3. VJolcanic Gasss

Tne results of the analyses of voicanic pases coilectea at Kilaues
Iki arnd Kapohc by the silica gel methoa are summarized in TAPIE VIII. A
numoer of trends may be observed ir the samples. In the Ki.aiea Iki ein-
der cone samples there was Increased oxidation of the sulfur-containing
gases after the eruption, hydrogen sulfide being largely re; .aced nv s . -
fur dioxide. This was accompanied by & decresase in the tota. su.®ur .on-

- o P .
tent cf tne samr es, Re.atively low-temperature samp.es (500 2.) ¢ <& -ed



from Kilauea Iki in April 1960, several months after eruption, agreed
qualitatively with low “emperature samples obtained from the Kapoho

rift in January 1960, during eruntion. Foth were low in sulfur and con-
tained large amounts of such reduced gases as methane, carbo: moncxide
and hydrogen.

An explenation of these trends may be given in terms »f a simple
picture of the conditions under w'ich the gases were evcolved. The situa-
tion at the Kilauea Iki cinder cone is reoresented schematically in Fig.
10-B. It consists of an extremely porous mass of loosely packed pumice,
which was piled up on the edge »of the crater wall by the actior of the
prevailing winds on the lava fountain, Since the cone was crobably
never connected directly to the lava vent, it can be ca.l!ed a "rootless
cone",

The pumice cone at Kapoho, however, was much more intimatelv con-
nected with the lava vents about wnich it was formed, as showr schema-
tically in Fig. 10-C. Unfortunately, it was not possibie to ctrain
samples from the Kapoho cinder ccne during the erurtion, as at Kilauea
Iki. The samples that were obtained came from relatively low-tempera-
ture ver.ts on the rift nearov, Here the conditions were quite differert,
as indicated at C' in Fig. 10,

At least two substances, atmospheric oxypven and ground water, will
interact with the gases released from the .ava and pumice, changing the
gas rompcsition, Botn substances are oxidizing agents (See Sec. B-5
for & treatment of the oxidiging effect of water on the ras phase).

The oxygen, ncwever, rcannot diffuse into hot, degassing reginns; it
reacts immediave’y with the combustible volcanic gases. 1ts e'fect

over a :ong period ¥ time would be to increaze the amount of oxypger



in the stomic ratios defining the composition of the zas ~ui.e tew 3t
*he surtace. Accordingly, there wiil be a shift toward ' gher oxygen
partial pressures, indicaied nv a s:ift tc the ieft ir “ig, "-E. As

ooserved at Kilaues I«i, tlere will he a jecresse in hydrogen suifide

+

and hydrogern, &#nd an increase in sulfur dioxine. Accompanyirg tn's will
be an increaqe in the amount of nitrogen in the samp.es, since nitrogen
reacts on.y slightlv witr the voleanic rases, This, t: 2, was >userved
at Kiiauea Iki. (See TABIE I[.)}

The eftect of water is somewhat more veried, depending or the =x-
ternt tc which it reacts with the volcanic -ases. HReferring te TA-LE IV,
it is s~en that the calculated equl!ibrium temverature for -igner tempera-
ture samples 1is almost invariably l!ower t:an tne observea ~re., For
lower temperature coliec:isns, it is not rossible Yo calculate any
equilibtrium terperature. The samples do rnot aprear tc be at equilibrium,
in contrast tn the Sulvhur fanks ssses.

It is possiblie tc exo.ain both of these effects py oovstulating that
the overwhe ! ming water cortert -7 volcanic rases is larce.y .ro.rd weter,
and that this ground water g not in equilitrium witrn the rest <& the
samp:e. Cbvinusly, the extent to whicheuilibrium is attained will ge-
vend on the temperature > the gas when it is mixed with the water.
is is nnrné out ov the wasses coilectea 2t the Sulpnur banks; they are
fr equ, ibrium ever at the .ow Lempermture of collectinn, sirce mixing
end rew:tion withk ground water seems tc have occurred at high tempera-

tures and vrressures. 17 “he '‘ow lLempersature csses colie~tea at Karorc

an: Kilauea ikl were in equi ibriam, they would have had much the -ame

7]

composition as sulphur ~anks pases,.

In Takid X is prresented evidence for the asserticr that e
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TABLE X. EVIDRMCE FOR NCN-ATTAINMENT COF EQUILIBRIUM OF
VOLCANMIC GASES WITE GROUND WATER

KILATEA IKI F - MOLE PERCENTAGS (EXCLUDING WATER)

Calculated T = 75C“C.

Observed (1) 97.2% HyO0 (2) 50% H0

H, a5 7.9 2.8
co, 70 69.5 70
Co trace Ced5 1.2
cH 3 10. 1077

A 9
H,S 25 16.° 23.9
S0, 1.1 2, 8% Je
s, 0 10~7 1074
cos 5! 1074 Je3
s, — .02 1.2
B. KAPCHO 4
H, 15 20.9 14.5
Coz 79 24 79,5
co 9,1 0.1 ¢ W3
cH. .81 10~ 0.82

o
ES 1.1 340 3.0
S0 ).03 10-3 10-15
cs .93 10-14 10-8
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volcanic gas samples are not in equilibrium with all of the water pre-
sent. For two samples, Kilauea Iki F and Kapoho 4, the experimentally
determined composition is compared with (1) the calculated equilibrium
composition at the temperature of collecticn, and (2) the calculated
equilibrium composition at that temperature assuming the sample tc be
only about fifty percent water (about 1/30 the amount actuelly vresent).
It is seen that although the observea composition is quite different
from (1), there is excellant agreement with (2).

This effect cannot be explained by ascribing it to the non-ideality
of the gases, since the fugacity coefficients of water vapor are assen~
tially unity at atmospheric pressure and the temperstures considered.77

It was not possible during the recent eruption to colleet samples
of gas in intimete contact with molten lava. Such samples would pre-
sumably not be contaminated by ground water, and would provide a direct
check of the above hyvothesis. MNevertheless, the excellent series of
samples of Kilauee gas collected by Jaggar and Shepherd during 1918~
1920 were obtained under these conditions. These samples were probably
collected under the most favorable conditions possible.78 Although the
gases were collected in vacuum bulbs with no attempt made to "freeze",
the compesition at the time of collection, the relative amounts of car-

bon, hydrogen and sulfur-containing gases are nevertheless significant,

sinoe these are not changed by later atmospheric oxidation of the samples.

Upon examining the content of these gases, it 18 seen that water makes

up only an average of 73 percent of the @s (excluding nitrogen) instesi

of the 97-99 percent observed here and in samples collected in Japan by
79

Cana. Furthermore, those samples which Jaggar considered to be coi-

lected under the best possible conditions (TABIE II) contained even less
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water, 20-7C percent, corresponding roughly to the percentage which must
be postulated to enable calculation of an equlibrium temperature in this
inveetigation.80

There remeins just one more trend in the sample analyses to be
accounted for. This is te decrease with time in the sulfur content of
the Kilauee Iki gases. Since the cinder cone is most probably a "root-
less cone®, the source of wvolcanic gas is not molten leva in the vent,
but rather the hot (perhaps even molten) pumice in the center of the
cone which is degassing. The cinder cone is thus an isolated system;
no more gas can be evolved than is dissolved in the pumice. Two effects
combine to decrease the sulfur to carbon ratio in this gas. The first
is mixing with atmospheric weses, which will increase the amount of car-
bon dioxide in the volcanic gases, since carbon dioxide, like nitrogen,
reacts only slightly. The second is loss of sulfur-containing geses
through reaction with the iron oxides in the pumice. Ferric oxide has
long been used as an industrial absorber for hydrogen sulfide. Prelim-
inary calculations, besed on the method of treating heterogeneous equi-
libria outlined by Boynton, have shown that volcanic gases cannot be in
equilibrium with iron oxides in pumice. If they were, virtua}ly all the
sulfur gases would react to form iron sulfides at temperatures lower
than about 600°C. (These calculations, however, cannot be considered
definitive. Not all of the possible phases which could be present;
i.e., the carbonate minerals, were considered. Further work on this is
in progress at the present time,)

These two effects, mixing with carbon dioxide from the air, and
approach toward low-temperature equilibrium with iron oxides, will tend

to decrease the percentage of sulfur in the volcanic gas. Referring
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agaln to the samples collected by Jaggar and Shepherc under optimum
conditions, it is seen that the average sulfur to carbon retio is
greater than in ever the best Kilauea Iki samples. The amount of su.fur
originally present may thus be greater thar the sulfur content of any of

the samples collected in this investigation.

D. The "Primery® Magmatic Ges

One of the problems which most interested the early investigators
of volicanic gas was its relationship to a "primery" magmatic gas; i.e.,
the gms originally present in the magma, unchanged by surface cortami-
nants. In view of the powerful methods of studyirg vclcanic gases out-
lined in thie investigatiorn, it should be possible tc sttack this problem
and obtair more meanincful results than have been obtta ned in the nast.
The folilowing ie a discussion of our present knowledye of magmetic gases
and of sugpested means for adding tc this knowledge.

First, the situation is not at all as difficult as Shepherd assumned
in 1@38.81 We can now evaluate the various secondary influences that
change the composition of the magmatic gas, such as ground water and
air. Furthermore, our increasing knowledge of heterogeneous reaction
kinetics, wgained chiefly through researcn in the metallurgical industry,
should in timwe permit evaluation of the catalytic effects of the pumice
and .ava rock on the gasecus reactions.

We know that the gas is in a state of homogeneous equilibrium when
it reaches the surface, but it seems that only at solfataric sources
does 1t reach equilibrium with ground water. Excellent methods for col-
lecting and analyzing the gas as it occurs in the volcanic vents have
beer jeveloped. The theoretical means are now avai.ab.e for extirapo .sa-

ting the results of analyses of these surface collecticrs to zonditions



92
of higher tewperature and pressure. Examples cof some of those calculs-
tions were presented in this thesis.

The relationship of volcanic gmses to magmatic volatile material
may be clarified by using some of the concepts of Ramberg (1955).82 It
is reasonable to suppose that a magmes existing at some depth in the earth's
crust will tend toward a state of both mechanical and chemical equilibrium.
If, however, some large-scale change occurs in the crust so that the mag-
ma is foroed into a completely new environment (in terms of temperature
and pressure), magmatic equilibrium will no longer exist. The time re-
quired to re—establish equilibrium will depend upon the system, and upon
how different the new situation is from the previous one.

If a magma is suddenly transported from a depth of several miles
to the surface, with the resulting great changes in temperature and pres-
sure, this magms will certainly not be in equilibrium when it reaches
the surface. Certain changes in its composition, however, will take
place more quickly than others. Among the more rapid will be the re-
lease of dissolved gas and the establishment of howogeneous equilibrium
in this gas. Among the less rapid will be diffusion-controlled proces=es,
such as equilibrium crystellization and the establishment of heterogenecus
equilibrium between the gaseous and condensed phases. This effect of
rapid equilibrium attainment in the gas will permit the use of homo-
geneous equilibria, such as described in this thesis, to rollow the com-
position of the ges back to the point where it is released from solution.
As more data becomes available through geophysical and geochemical stud-
ies, it should be possible to meke an "educated™ estimete of the tempsra-

ture and pressure at the point of gas release. The use of equilibrium

data will then permit the surface gas composition toc be extrepolated to
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this point. The resulting knowledge of the sulfur wapor and oxygen
partial pressures should in turn permit an eveluation of the form and
type of mineral separation prevalent at the point of gas release, thus
providing information on the degree of magmatic differentiation. In
affect, the volcanic and fumarolic gas composition values, together with
the homogemeous equilibrium which seems to prevail, provide a means by
which the nature of the magme might be probed to some depth.

Te learn more about the megma, a greater knowledge of the behavior
of gases dissolved in silicates is needed. (This is a subject about
which remarkably little is known.) It is hoped that the complementary
study of silicate-gas sequilibria described in Part I of this thesis
would add some information on this metter. This did not turn out to be
the oase. However, ressoneble limits on the amount and composition of
the volatile constituents of the magms can be set by means of volcanie

gas studies.
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V. CONCLUSIONS
The following conclusions may be reached as & result of the research
on volcanic gases described in Part II of this thesis:
A. Regarding the experimental technigues used for collection and
analysis of volcanic gas samples:

l. An excellent means for the collection of voloanic gas
samples is the use of silica gel tubes, since reaction with a&mospheric
gases is minimised, and the composition of the sample is "frosen® until
the time of analysis.

2. The average composition of a series of volcanic gas samples
is meaningless, because of wide varistions in the conditions of seampling.

3. Conclusions regarding volcanic gases should be drawn from
the results of samples collected and analyzed under the most favorable
conditions.

L. Gas chromatography, because of its adaptability and sensi-
tivity, is an excellent technique for the analysis of volcanic gas samples.

5. The largest errors in the gas chrommtographic analysis of
& volcanic gas sample result from the occasional necessity of measuring
small peak areas and small pressures.

B. Regarding the use of high-aspeed digital computers to make complex
homogeneous equilibrium calculations on volcanic gases:

l. & quick and easy check is available to asoertain whether
a volcanic ges sample represents an equilibrium composition at the con-
ditions under which it was collected.

2. It is possible to study the equilibrium variatiom of a
typical volcanic gas phese with temperature, pressure, oxidation state

of the gas and extent of ground water contaminatiom.
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These studiss may ir turn permit a tentative extrapolation of the analyses
of vcleanic gas samplee back to the conditions of the primary magmatic
environment.

3. Logarithmic compoeition diagrams showing the oxidation of
a2 voleanic gas phase may be constructed from mbulated free energy values
without making complex equilibrium calculations.

4. Provided the necessary thermodynemic data become availabls,
the possibility of mineral transport in the gas phase may be explored
using this type of calculation.

5 It is possible to estimate the degree of non-equilibrium
contamination of volcanic gas semples by the environment, This is illus-

trated here for the case of the introduction of ground water.

C. Regarding the gas samples collected during the 1959-60 eruption
of Kilaueas

1, Prior to and during the eruption, increased amounts of
sulfur-containing gases, chiefly in the form of hydrogen sulfide, occur-
red in the samples collected at the Sulphur Banks, a sclfataric fumsrole
at the edge of Kilauea caldera. Thiz may be attributed ito ®gassing of
the magms as 1t approaches the surface. The large volume of gas then
evolved minimises the oxidizing and sulfur-removing effects of ground
water, oxygen and wall rockes on the gas collected at the surface.

2. Frequent sampling of the Sulphur Banks gases may permit
the prediction of eruption of Kilauee, and possibly alsc of Maunea loa,
by noting such effects.

3. Although gases collected at Sulphur Banks are in equili-

brium at the temperature and pressure of sampling, volcanic gas samples

collected at Kilauea Iki and Kepoho are not. If some of the water present
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is subtracted from the volcanic gas samples, it is possible to show that
the samples then represent equilibrium compositions. This 18 taken as
evidence that the samples are contaminated with ground water, with which
they are not in equilibrium if mixing occurs at or near the surface.

L. The "primary™ magmetic gas is probably more reduced, and
contains more sulfur and less water than any of the samples collected
during the past eruption.

5. From the composition of these gases and en extrspolation
of their composition through thermodynamic equilibrium data, it should
be possible to evaluate magmatic conditions at least to the point of the
release of gas as a separate phase., Fotentially, thern, there is & hand

a method for examining the magmam at some depth.



SUMMARY
Part I. An Investigation of the Applicability of the Vacuum Fusion
Teehnique to the Determinetion of the Oxidation State of the

Constituent Elements of Rocks

It is known that the partial pressure of oxygen in a gas mixture
equilibrated with a molten iron silicate, suches occurs in a magms,
controls the oxidation state of iron in the melt. In an attempt to
relate the composition of gases dissolved in the melt to the oxidation
state of iron, the technique of vacuum fusion was applied. A saries of
vacuum fusion determinations were made on a sample of fayalite, 1023104,
whioh had been equilibrated with a mixture of carbon dioxide, carbonm
monoxide and argon, fixing the partial pressure of oxygen at a wery
small value. The compoeition of the extracted gases turned out to be
extremely variable, containing large amounts of oxygen. The presence
of oxygen was attributed to the dissolving of metallic iron in the plat-
inum crucibles used, shifting the equilibrium Fe ™ + 0™ =2 Fe +
fOz in the direction of more oxygen. The varying extent of reaction of
oxygen with the other gases ther accounte for the poor precision. It
was concluded that in order to make vacuum fusion a workable method for
determining the owidation state of the conastituents of a rock, it is
necessary to eliminate side reactions with crucible materials. lacking
this, the problem was set aside. The more fruitful approach to the
study of volosnic volatile oxidation equilibria through analysis of

volcanic gases was undertaken.
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Part II. A Chemical Study of the Gases of Kilauee Volcano

A study was made of volcanic gases collected during the 1959-60
eruption of Kilauea volcano on the island of Haweii. A new technique,
based on adsorption of gases by silica gel, was used in the collection
of samples. The samples were analysed by gas chromatography and were
found to be principally water and carbon dioxide, w ith lesser amounts of
sulfur dioxide, hydrogen sulfide, hydrogen, nitrogen, carbon monoxide and
methane. Complex equilibrium calculations were carried cut on the IBM
650, using a general method of minimizing the free energy. A study was
mede of the equilibrium variation of a typical volcanic gas phase with
temperature, pressure, oxidation state and water content. A graphiecal
method, similar to logarithmic pH diagrems, was developed tc systematize
the varilation of volcanic ms with 1ts oxidation state. Comparison of
the analyses of samples collected at Kilauea Iki and Kapoho with the
calculated equilibrium composition at the temperature of collection in-
dicated that although the w lcanic gases may be in equilibrium with them-
selves, hey do not reach equilibrium with surface contaminants such as
ground water. A similar comparison on samples collected at the solfa-
taric fumerole Sulphur Benks showed the latter tc be in equilibrium with
their ground water content, presumably because mixing occurred deep in-
side the earth. The presence of increased amounts of sulfur in the form
of hydrogen sulfide was noted in the Sulphur Banks gases prior to and
during the eruption. This was attributed to increased degassirng of the
magma, which would minimise contamimation of the gases. A consideration

of the various substances contaminating volcanic gases led to the conclu-
sion that the "primary" magmatic gas is more reduced, and contains less

water and more sulfur-containing gesses than any of the samples collected
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APPENDIX I. SOLUTICN CF SIMULTANEOUS =QUATIONS
The method of successive eliminations used in solviag the set of
simultansous equations may be summarized as follows. Cornsider the sst
of m linear simultaneous equations
ApXy v AKX e Ay = A
LopXp + A% cevv dply = A3 g
: : (1)
A;lxl TOAK, . A“;I‘ « Amymel .
The coefficients of the unknowns form a matrix (A) or order as:
Ay Ay oo Ay Al,mvl

‘21 Azz e eee ‘b ‘2’:"1

e e N S i N N
—~
N
~—”

(
(
(
O
(
(
(

In order to solve the set of equations, it is necessary only to comstruct
two more matrices, according to certain rules of operation,

The second (B) matrix is derived column by column from the first
according to the following rules: the first column of (B) is identical
to the first column of (A):

Bji = Aji (§ = 1,2,3 cco m) . (3)
The first element in each of the other columns is the corresponding
element of (A4) divided by By;:

Biy * An/BEnl (k = 2,3,4 oo m+1) . (4)
Elewmsnts on and bslow the diagonal are given by the relation

k-1

Bjy = Ayy - hz:l BynBhi (i2k, kK x 2,3 eeeee.m) , (5)
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and elements above the diagonal by the relation
k-1
Byy = (Ajk- b thBhk)/B“ (3¢k, k 2 3,4; «os m1) . (5)
hel
The third (C) metrix is linear and the answer is derived in reveree
order, the last element first. The last element of (C) is identical with
the last element of (B):
Gu = Bm, mel ° (7)

The other elements are given by the relation

mel
Cy = By pel - < kacp (k m m=1, ™2, ... 2, 1) . (8)

—d

D=kl
For a full description of the method and a derivation of the steps, the

reader is referred to Milne, Numericei M.bj

APPENDIX II. FORTRAN PROGRAMS

Since the method of computation used is of geners]l application and
not restricted to volcanic gases (or even to gases in gemeral), it was
decided that the specific FORTRAN programs used should be included in
- the thesis for the reference of any one interested in comp.ex equilibrium
calculations. The programs, which are presented in TAEIES XI and XII,
foilow the outline givern in the text, exocept that in order to conserwve
on time and computer ™memory® there has been considerable juggling of
the indices of the "DO loops™ and of the specific order of the steps.
Some difficulty was encountered in obtaining a completely self-consistent
set of indices, and wmost of the time spent perfecting the programs was
devoted to this problem.

For the meaning of the FORTRAN instructions in the progream, the

reader is referred to the IBM reference manual for the FOR TRANSIT Auto-



1.

3\»#\:\)

(o AN

21

15

10
11
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12

16
17
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TABIE XI. A FORTRAN PROGRAM FOR THE COMPUTATION OF
- EQUILIBRIUM COMPOSITION

DIMENSION A(14,7), FORT(14), Y(14), R(7,8), FY(14),
PI(7), PLI(14), BA(7,8), B(7), DEL(14), E(14), C(14)
READ, A, IMAX, SMAX, JMAX, KMAX

READ, E

READ, T, P, S, NMAX, QD, QT

READ, FORT, Y, B

NaO

TBAR » O.

DO 15 1 « 1, IMAX

C(I) = (FORT(I) * E(I)/T)/1.98646 + NLOGF(P)
YBAR = YBAR + Y(I)
DO 35 K = 1, KMAX

DO 35 J = 1, JMAX
IF (K-J) 9%, 94, 21

IFr (J-MAx) 7, 19, 19

R(J,K) = O.

DO 17 I & 1, IMAX

IF (J-1) 16, 16, 17

FY(I) & Y(I)* (C(I)+ NLOGF(Y(I)/YBAR))
R(J,K) = R(J,K) + A(I,J)*A(I,K)*Y(I)
GO TO 20

R(J,K) = B(K)

H

R(K,J) = R(J,K)

BUCK = O.

GO TO (28, 71), K
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71

26

28

21
99
23
22
30
31
72
32
33
34
35

93

38
98
39
38

40
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TABLE YI. A FORTRAN PROGRAM FOR THE COMPUTATION OF
EQUILIBRIUM COMPOSTITION {Continued)

KACK - K - 1

DO 27 L x 1, KAC

BUCK x BUCK + BA(J,L)*BA(L,K)
BA(J,K) = R(J,K) - BIXK

GO TO 35

IF (K - KMAX) 30, 95, 95
R(J,K) = O.

DC 22 I - 1, IMAX

R(J,K) = R(J,K) + A(I,J)*FY(I)
BILL ¢ 0.

GO TO (34, 72), J

JACK ¢ J = 1

DO 33 M = 1, JACK

BILL = BILL + BA(J,M)*EA(¥,K)
BA(J,K) = (R(J,X) - BILL)/BA(J,J)
CONTINUE

PUNCH, FY, R, BA

PI(JMAX) - BA(JMAX, KMAX)
JMAY - JMAX - 1

DO 41 IN = 2, JMAX

BUS = O.

ILL = KMAX - IN

DO 40 IT = ILL, JMAY
IG=-IT+1

BUS y BUS + BA(ILL, IG)*PI(IG)
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43

45

47
50
51
73
52

48
53
54
55

56
57
58
101
102
59

TABLE XI. A FORTRAN PROGRAM FOR THE COMPUTATION OF
EQUILIBRIUM COMP(SITION (Continued)

PI(ILL) = BA(ILL, KMAX) - BUS
PUNCH, PI

Q=Qr

DO 52 I 5 1, IMAX

PLJ(I) = O.

DO 46 J x 1, JMAY

P1J(I) = PLI(I) + PI(J)*A(1,J)
IEL(I) = - FY(I) + Y(I)*(PIJ(I) + PI(JMAX))
IF (Y(I) + Q*DEL(I)) 51, 51, 52
Q=Q-~- QP

IF (Q) 101, 101, 50

CONT INUE

PUNCH, P1J, [EL, Q

DEBAR = PI(JMAX)*YBAR

DERFQ = O.

DO 55 I = 1, IMAX

IERFQ » DERFQ + IEL(I)*(C(I) + NLOGF((Y(I) + Q*DEL(I))
/(YBAR + QUIEBAR)))

IF (DERFQ) 59, 57, 57
=Q-QD

IF (Q) 101, 101, 53

STOP

GO TO 3

DC 60 I z 1, IMAX

Y(I) = Y(I) + Q*IEL(I)
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61
62
63
64
67

65

TABLE XI. A FORTRAN PROGRAM FOR THE CCMPUTATICN OF
EQUILIBRIUM COMPCSITION (Continued)

YBAR - YBAR + Q*DEBAR
N=N+1

PUNCH, T, F, M. Q

PUNCH, Y, YBAR

PUNCH, PI, FI, R(JMAX, KMAX)
IF (N - NMAX) 9, 65, 65

IF (S - SMAX) 3, o6, 6t

END
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11

12

13

15
16

17

23
26

TABIE XII. FORTRAN PROGRAM FCR TETRRMINING AMCUNTS OF

DIMENSICN A(21, 7), E(21), FCRT(21)

FIJ(21), Xx(21), ¥(21)

TRAC¥ COMFCNENTS

READ, A, E, IMAX, JMAX, 3MAX

READ, ¥ORT, T, P, 5
READ, PI
READ, Y3AK

DO 22 T - 1, IMAX

b

PI(7

\ N
1y >

C(I) = (FORT(I) + E(I)/T)/1.92h46 + NLOGF(P)

PIS(I) = O.

DO 20 J = 1, JMAX
PIJ(I) = PLJ{I) + A(I,J)
XL ¢ (PII(IY - CL{1)):
Y(I) =« YRARMEXPF(X(I))
PUNCH, T, P, S

PUNCH, ¢

FUNCH, X, Y, YHAR

IF (S - SMAX) 13, 26, 26

END

*PI(J)

2.3.25851

{21},
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matic Coding System.& The symbols used for the various quantities used

in the text are summarized in TABLE XIII.
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TABIE XIII. THE MEANINGS CF SYMBCLS 'SED IN THE FORTRAN
PROGRAMS

PORT(1) = (Eo ; E;)’ the relative free energyv function of molecule 1i.

E(I) = (E?) the ground state energy at K. of molecule i.

T, the tempersture in “K.

P - P, the tota. pressure in atmospheres.

i

¥(I) = vy, the number of moles of molecule i.

=
=

- ¥, the sum of the mole numbers Y4

CH

—
—
-
1

= Cy, defined by eq. (€), p. 43.

FY(1} = £;(y), defined by eq. (2), p. 42; the contribution to the free
energy by molecule 1i.

A(I,T) = 845 the formula number indicating the number of atoms of
element j in molecule {i.

B(J) or B(K), = b, of b, the total number of atomic weights of e.ement

IMAX = n, the maximum number of molecules present.

JVAX - m, the maximum number of atomic species.

KMAX = m+ 1.

R(J,¥) =

= Type the coefficients in the set of linear simultaneous

equations (32), p. 47; together with B(K) and B(J) the
elements in the first matrix in the solution of the equaticns.
BA(J,K) = Ejk’ Ltne elements of the second matrix formed in the sclution
of a set of linear simultaneous equations.
PI{T) & TTJ’ the unknowns in eq. (32); also the elements in the third
(answer) matrix. This is furthermore the free energy contri-

bution of element j o the mixture.




TABIE XIII. THE MEANINGS OF SYMBCLS USED IN THE FORTRAN
PROGRAMS (Continued)

DEL(I) = O ,, the change irn mole number of i as a result of one

i

iteration.

[EBAR - 3, the sum of 431, the total change in the number of moles
during ore lteration.

Q= A, the parameter limiting the magnitude of the change in mcle
numbers .

QT - the maximum vaiue of A used in a particuler ca.cuiatior.

QD - the decrease in A during each iteration necessarv tc satisfy
the conditions a and b, p. 48.

DERFQ = 4F , tne directional derivative of F with respect to A .

NMAX = th;Atotal number of iterations to be carried cut to find the
equiliorium composition.

N = the number of a certain iteration.

SMAX = the tota! number of calculations to be carried out at a given
time.

S « the number of a certsin calcuiation.

Ai. o%ther sywmbols are defined by their use in the program.
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