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The spectacular sight of a Tolcano in eruption hs.s fascinated mankind 

since prehistoric time!!. EarlJ" .an thought TOl oanoea to De the work Of 

all-pO'Jerful goda residing in the earth. The accient Hawaiians, for in-

stance, had the greates t respect for the legendary Volcano Godde1s Pele, 

vhan they feared would pl..ll'lish them with lan flow if she were displeased. 

This belief bas lurTi-.ed to the present day; people on the island of 

Hawaii still offer gifts to Pele to vin her favor. 1 

A YO l ce.no is ac extenaioc of one of the huge bodies of subterranean 

rock •terial called •gma, which solidifies to fonn the igneous rock• or 

the earth'• cruet. Law is •gma which has flowed onto the earth's sur-

race, and volCftnic gaaes are the vol atile mterials associated with the 

magm. Both provide a means of studying 1118g"1119.S, whose chemical compoei

tion DIU8t otherwise be inferred from the rocks they form. 2 

A magma is a hot, fluid substance, colll'isting generally of a silicate 

pha1e, but sometimes also containing a separate gas phaae. It •1 solid-

0 
ity or crystallise OTel' a range of temperatures, from 1200 C. down to 

about 500°c., to form a variety or m.inerala and rocks. The 1ol1difioe.tioo 

prooe•• •Y be extended oTer a wide range of ti.lie a.nd space by fractional 

crysta l.l 1ze.t1on. If there is a 1eparation or a<me of the COllJ>Onents pro-

duelng a change in the compositioc of the 1&gma, this process is called 

differentt&tlon. The YOlatile coruponents or the 8lglla 1 often called 

ai.nera l hers, are belie-.ed to be very illpOrtant in determining the course 

of dirrerentiation. Furthermore, the residual solutions and gases left 

after the bulk of the mag1m has sol idified or crystallised pla7 a -.ery 

important role in the foruation or the ore depoeitd which contain large 

oonoentre.tions or the rarer components of the earth's crust.3 

It ia, of oourae, not poesible to reach dO'W?l into a crywtallisiag 
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ma~ and saq>le its vo:atile components. It is necessary to rely U'POD 

more indirect .athods, such as analysing the gases given off by igneOU8 

rock• when they are :-:ea ted under -.acuum, or examining the gases and con-

dense t.es from ~Ul!llro: es. A.a a reaul t, there hae been much controTerey in 

the literature regarding the amount and compoeition of vo latl le -~tic 

mterials. There ~s been much speculation {e . g., Graton, 1~45) regarding 

their influence on volcanic phenoaena, but little i• actually knovn. 4 A.a 

a first step in gaining this knowledge, it is essential to develop sya-

te11ttic methods for studying volcanic gaaee and condensates, and to attempt 

to find the re:ationship between them and the original magmas from which 

they are presumably derh"ed. 

The purpose of this investtgfttion has been to apply the techniques 

of modern chemistry to the etudy of the "TOlatile components of Hawaiian 

!llgmas. As an approach to this problem, it seemed desirable in the begin-

n::!.ng tc :ienlop and exterid the technique of vacuum fusion of rock8 as a 

mea.ne <"' studying the oxidation stat.e o! their conetituent elemente. It 

waa original.l.1 int.ended to s tudy the geologioally important region• of 

the Mg-Fe-0.....Si sys t em, and to examine the relationships betweer. dissolved 

"TOlat! le mterial and the oxidation state of iron. Preliminary inveati-

gation, ~owe~er, showed that too 11&ny Wlcertaintiea were introduced by 

the equip.ant presently available because of una•oidable reactions of the 

rU8ed rock Ioli.th crucible naterials. 

Accordingly, the prob:em of .. gmas was approached fraa another 

direction - a study of t he gasea or the volcano 111.auea. A number or 

c1rcUDl9tances combined to mke this possibl e. Meet important was the 

1959-60 eruption o! Kilauea, which provided an opportunity for the co l -

lection of gaa sa11plea by l!IOdertl •thoda. The gu chromtography &)"Stea 
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developed for analysing gases from rocks was adapted easily to the analysis 

of volcanic gases. Furthermore, the establishm9nt of the TJnhersity of 

Hawaii Computing Center •de anil.able a high-speed digital COllpUter for 

u.se in studying the complex equilibria occurring in volcanic gasee. 

This thesis is therefore logically divided into two sectionss 

First, a.n 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 Yoloano Kilauea. 

It was hoped that these studies would complement each other in adding to 

our knovledge of the gases from Yolcanoes and i...oated rocks, thlll!I helping 

to proTide further understanding of the relationship of these gases to 

the pril'll8.ry Yol.atile 111Bterials associated with nagmas and volcanic rock 

types. 



P1RI' I. AN INVESTIGATION OF THE APPLICABILITY CF THE VACUUM 
FffiION TECHNIQUE TO THE IETERMINATION OF THE OIIlll
TION STATE CF THE CONSTIT'JEm' EIEMENTS OF ROCKS 

I. ae..-iev 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. Bunsen in the iiiddle of the 19th century. Much of this 

early work ls fng.entary and qualitative, and of little value in under-

standing the nature of such (?as-rock systeWI. The results of these early 

studie• have been reTiewed by F. W. Clarke (1916).5 

The first si~nificant work on degassing rocks was done by Gautier 

6 
betweer: 1900 and BD. The gases he fotmd he attributed to react ions 

occurring 'Iii thin the rocks at h 1.gh temperatures. For instance, the pre-

sence of h7drogen he exp1ained by the reaction of ferrous oxide with wster, 

and carbon aonoxide by the reduction of carbon dioxide by hydrogen. Sul-

fidee he showed to be hydrolysed by s t eam at moderately high temperatures 

to hydrogen sulfide, which in turn was further oxidi11ed to sulfur dioxide 

and hydrogen upon raising the temperature . 

Chamberlin (1908) carried on ex~ensive research along the same lines, 

7 
reaching much the same conclUBions. His work, however, suffers from the 

fact t '1at he neg~ec~ed WBter in his analyses, since he did not consider 

! t to be e. gas • 

The most eJ te ns ~ ve olO!'"k to da t e on the gases in rocks is due to 

E. S. Shepherd ( q25, 19J8),
8

' 9 wno devo~ed over 20 years to the study 

o! vo l car, ~ c gasee and the gases in rocks. He found that the gas ea ob-

tained froa igneous roclls were principally wter, oarboc dio.xirle and ni-

trogen, 'Iii.th sm l ler amounts of hydrogen, carbon 1tODoxide and sulfur 

1~rJX1<ie . QuantitaUTely speaking, hoveTer, Shepherd was unable to 



correlate the extreme variability in the composition of the gases vi.th 

the nature o~ the rock studied, which led him to conclude t,hat J 1.ttle in-

formti on regarding the history of a pe.rticular rock sarr.p l e co•A.: d be gained 

from a study of its vol.a.tile constituents. 

Using high-vacuUJI te chniq ues, Terada ( lq54) studied the gases ob-
1 [ ' 

talned upon vacuum fusion of Hawaiia n igneoW! rocks.~ He at~empted to 

correlate the oxidation sta t e or the extracted gases, expressed by the 

ratic CO~CO, to the oxidation state of the iron contained in the sili

cate, expressed by the ratio Fe(III)/Fe(II). Some degree of correlation 

we.s noted. 

B. Syste11&tic studies of gas-silicate systems 

The diffioult1ea encountered by Shepherd and by Terada are, at l east 

in part, due to the extremely complicated systems they were studyi ng. It 

is :1ecessary t o turn to re latiYely simple artificia 1 systelllS ln order to 

WU"9Ye 1 the compl ex equilibria invo lved. Since some iron oxide slags are 

similar in c011position to natural l y occurring 1Wlg99.S and igneous rocks, 

much of the pertinent research on gas-oxide and gas-s U icate systelllB has 

l:>een carried out by me t a :Jurgists. Their resuJte, ~owever, llWlY be applied 

equall: "811 to geochemica , prob lems. 

CX,a o!' the ohi e!' diff i culties encountered in a ny high-temperature 

study invol ving ~ron is that a number of oxidation states of this element 

are poesib .e. In ''rder t o systemtize the study or iron-containing oxides 

and s1 1 ica~es, it is ne cessary to have a convenient means of controlling 

the oxidat i on state or iron. The easiest way presently known of doing 

this is to pass a gas stream of known oxygen partial pressure oYer the 

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



and carbon monoxide is uaed, the heterogeneous equilibrium 

co2(g) -. Fe~ (silicate)~ CO(g) +Fe-.... (silicate)~ o- - (si :icete) 

11 
vill permit an eact knowledge of the oxidation state of iron. ~ 

This technique, first used by Darken and Gurry (194 5) in studying 

6 

phase relations in the system iron-oxygen, has gained videspread accept

ance in recent years. 12 An excellent reviev of the 111ethod and of the 

results obtained from it ha! been written by Muan (1Q~8). 13 A critical 

examination or the results or these investigations gives a fairly complete 

understanding of heterogeneous equil 'bria involving iron. 

The first study of heterogeneous equilibria between gases and iron 

oxides in igneous rocks was ln8de by Kennedy (1048). 14 He concluded that 

a knovl ed€e of the Fe(III)/Fe(II) ratio in a cold, unaltered ipneows rock 

vould permit a determination of the oxygen partial pressure Wlder which 

the rock Wll!l• fort98d , proTid!ng a reasonable estimate could be .. de of the 

cryatallization te~rature of the rock. 

Eugster (1957, 1959) has applied hete~ogeneous equilibria involving 

changes in oxidatiori state to 1110tsmorphic sys•,ems, using such coneidera-

tions to explain the stability relations of a:mite, D'e(II)yl1Si3 010 

(00)2.15,16 

Fujii (1958) extended the work of Terada concerning the relation-

ships between the oxidation state of iron and the campoeition of the gases 

i~ 
obtained upon vacuum !\1s:on of sU1cates. To do this, he prepared ar-

ti f icial ~amples of rays.: ite (Fe2Sic
4

) and brought them to equilibrium 

vi th an atmoepner. of carbon dioxide, carbon monoxide and argon at ll00°C, 

which is belov the melting point of fayalite . He was able to extre.ct. the 

gaee• which dissolved in the silicate during the equilibration, and to 
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correlate the function log (pC02/Pco) ir. the extracted ~ases to the 

ratio fe '. III)/Fe(II) in the 5iJicA•.e. ~e also noted a similar straight-

line re i.ationshir betweer. 101$ (pco./Pco) in the equil1bretin~ atmosphere 

and ~·e ( III ) :'Fe (II) in t.he fa ya .:.ite , in agree11ent w1 th the vork of ~rken 

and Surry. In both cases he discovered that discontinuities in the p1ots 

corresponded to tra11siti "1ns between different iron-containing phases. 

Thus, there were three regione in his plots: the first, at low Pc
02

/Pco• 

corresponding to the presenc-P of metallic iron in the sa111ple; :he secor.d, 

et. intermediate values of f-co/Pco' corres;.ionding to the presen:-·e of large 

" 
amounts of fayalite and soee magnetite (F. 2J

3
); and the th~rd, at higt 

Pco /pCO' corresponding to the presence ~r fayslite and :arge amounte 
2 

of l!Wlg:netlte. !he positions of the lines in the extractior. p lo'I! dH-

!ered fl"Olll those in the equil1brstion plots. In other words, the compo-

sitiori of the ,;,as extracted from a fayalite sample difff'lred from that 

of the equilibrating gas. FuJii a t.tempt.ed to account for these d! ~ferences 

in terms of the effect o~ ws ter adsorbed on the fays :1 te upon the equi-

l:!briu1r1 bet"Ween carbon d~oxide and carbor. monoxide. 

C. Ob~ect of the reoearch 

The object o~ the research described in this section of the thesis 

is to evslua'e the techn:que of vacuum fus ion as a means of study irw the 

oxidstior: state of the coris•.ituent elements in rocks and mir.ere. .s. To 

do th:s, a rnodific-..at.l.on o#' ':-he powerfu: •,echnique of gas chrolil8togrl:lphy 

was deve l oped for analysis of gases extracted from artificia . s!licste 

svst.elllll similar to those ·.,sed by Fujii. It was hoped that a s•J! table 

techn'. que of gaa extraction CO '.• :a be developed, thereb1 saking possible 

a eon-Yenient method ~or detern!ning the orldatioii state of the constituent 
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e:.e11tente uf roclcs. 'leing this t,eohnique, it Wllll planneci tc study the 

r"lationshipe betweer. ge.~ content and the oxidation ete•,e of iron in the 

Mg-0-Fe-Si system. 

II. Expe ri.men ta l Werle 

A. Egu.ilibrat.ioo llethod 

J. gas purification train based on tr..at 1escribed by R1s t. and Chipman 

(19'8) WhS constructed ror the prepe.re.tion of mixtures of carho1 d1oxide, 

rn carhot'i 1'1onorlde and argon, th\18 defining knCNn o:xyger partia~ preesures. ' 

The 08.,..bon dioxide WB!! driAd -"'Yer anhydrone and P'.J.rif1ed rrorr oxygen 

. OTer oopper turn.:!.nge at 450°C. ".'he carbor: monoxide wes prepared by 

pe.ssing dry carr.on dioxide :JTe:r graphite at 'l')( 1;)C., a.nd purifiea fr<"e 

residua: carbon dioxide OTer concentrated wtassiull hydroxide and asce.rite. 

The argoo, used as a carrier to min~rr:ae theM11Bl 11ffue~on, wae purHied 

frOI!· ..eter, carbon dioxide and oxygen in '!alumna cont.a.ii.in~ aohydrone, 

0 ascari t;.e and magnee ium turn t ng• at 590 C. '!'he re la ti Te a.mounts of the 

oOlllr.ionent gas•• io the ·nixture wel"'e contro·led by ad.lusting tMir Vl!.rj,)ua 

now ra\ea. The final equilibM?ting mixt 1.1re was obtained by passing the 

pur1f~ed ~'!l•e• through a glass oaad mixer, ~allowed by a final dehydl"fi-

tion in a dry ice-acetooe trap. 

The equilibratjor, of an artif1riaJ iron silicate sample lol8a ca!'Tied 

out by bubbling the gaa '!Urlure thro·..igh the rno]ten samp:e. ror this pur-

poee, a 'one platinum tuhe wes introduced into t~e ".eat!ng oha•ber throngt 

one of the o-rir.f ~oints (see Fl'S• I-J.), and pua•1ed dovr into th 11e1t. 

Se.mplefl of the equilibret,ing rdxture were taken and analysed by ~· 

chro"!8 tography. 

A single melt o! fayalite (Fef>10
4

) prepe.red by C. l''ujii -was 



::i.1.atinum ~rucible ,.nd g rov.nd 111 a diamond mortar to pas~ 'l.' J. -4G ·;. S. 

3 ndari :neeh. Tnis :. mt:: ... e ,:; U6e:i in !lt;riea "f V'fl.<'Uum " ion •ests 

thod. 

B. Lxt£act1or o~ ge.se• 

A nigh- cuoo. ~y!!•,am., ~A.f>A'tle of attairilng ores3ures ,,f t·-
6 rr..tr., 

wes conetru<· .. E1d l'or the er ractior, of ga.eee from r-Y-ks by the va~ 

fuaion techriaue. Th~ syst.err it1 s~ioll?'l di pra'.llrnBt~ral.y !n f~i;.". I • .l 

pert,s: ,., riestinl>S ch.ame>er for e1'tract1.o: c·f i/''3.S"ls, a ·~'.e'll o. :.rape 

106Plar DU1Jlp for co.l.eotiot of the r :hir f !''aae . ur r.ftlya16. 

tut~ •,wo ir>che 111 11 ter a approxia te ... y t'J"J '~t io .e. gth. lts 

• l!Jll.de of Py-rax, and ts lnwr, renovab~e rnrt or or 

fused fJUllrtz, corme ~ted tn the !'ormer by a Alt6r-ooo:ed ground .iotnt.. 

'M':e r.>) ~ tlnum , or r:-1.tt t:1.num-rhodi ) cr;c t le ..as su.s pen :ied at ~.he bOttOE 

of t.he 1uartz funool inei quarts end of the c mhe • Ne&r ~hi!' 

t.op cf tl'W! chli..&ber a side arm wu1 ::om~ot.ed from vhioh the aa!!'lple eouJd 

bo dumped into t e ~Mlc~b~e. led to the top of the c· tnt.er ..t'J.ts a 

jJY?"e prism ·iaed •'or vieving and optical SlllJ:A'Nl ure lllft&Rurement. 

pre't'ided ra )id N>mova l &n<i quenching 11 of gase1 af ... er t:ixt re~ ~on. In 

• .... 

later tr1al~, " r1ry ~c-e-aoetone tr111p was placed tr. bet..,.9en the pump and 
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the rite.tiDg cha'llbf'lr t.:- ketip mercw-y va;'J,... ai.er 'r,)ll' the dei.raa ing re1t. 

"'he crucible ..,_s 'leated oy a Le},.a' • K\I' . hif(h frequc1cy lndu"t~vn 

furr>a<:t'- -w!i.1tH1 heet.lnf! coil fittPd neatly 'lround tne quart i:in<l rf •he 

heet :ng , ha!Pber. Tamperst~ T.aa!'·1re'llente: were imde JS !rg a Leeds •rn<l 

orthrup optica: pyr 

or ttle ;::ruC'ible. 

ter s lght~d t hro11gh t.he pyre;,: r rism on ~he bot t,'J'rf; 

~ter TI3~r extructt>d from U.e .ocJc Samp~eS W8 '":C.: eCtP~ y freezinf 

the cold tre.p, it.~ 'r<>ssure 'Wl8.S 11ee irei ir a t-roW?J v..,' 1 

I'. !•t-Ct:!338!j, tt:t 

vacu•.lill ::1vstem. Ttie ~:.ibn.t.bn ...as fir1e~ly carried .·ut L) o:x)d:z.in.,; 

qua~.~itative.y icrovn e.roounts 0f ydrnt,en in a. cooper .:>:xide :.1be ut ):_,.,,.:>L., 

and measurin' t.be reeu 1 ta. t 1."e.•,er '"'ressure. 

A ee.nuu~ .y-opers ed Toef>lr <•1unp wi&s lSed tc < "· de"l:.>e the r~s"; of 

tne enrected ~u1es !.nt0 a. conver.ient:i..y sma~: vo>i.me. Trie ~.>ta p.rx.; 2·11. 

of dry flti!; '"'69 , sured by bti'1gin17 tr •oe-~ury 'eh. "'..11 the lH...mp •,, one 

of sever-a "8.. ~brater marks, and 1D0asurinp t."-le jif' erence dl if :r~.t t>e

• .fe":JI '..hat ... eve. and th~ .e..-e. of a co . .-n •Jf re'"cury iL a. T'li~Ut:.Ir. 

K!"OW"!l &Jl'K)UI'ts of the ~ s coul1 ther. be expe.nded ir,tr li"C '.her sm!ll: 

v~~ume -omiecteJ to the ~a.!:I c•u·•,metv!<'ra~hy ys'tjl?I ':"Jy a 'Jur- '{ s o~"-vck. 

T·1rnj n~ •.hi 3 5 +. 1pc' :)<.~" 9C ~01<.,.aes res·il •,ed i,.. tr.e ;a~ '">8' -ig '" utu1ed ; nt.f) 
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Pr, 0°"1 ewi and 1o1irP.d t~ a :-i'..t!'f: " ire>.. ~"ils 'JB.S i;~ac:ed ir. t~e s"idP 

am, above thE> ~1e~ting ~htlm'"ie", ei. •• d t.he chaJToer sealeJ and '=va.~.Jat.ea.. 

W~t'J the d.'.."~usion pu.11~ •. -Pf"'ra•,:_r.E, th£> c·r .... cible was degb.Sdf;CJ at a tem

perattl.r'! hiiz~e.,. thar •,hat,.;;..€ ised ir ~hi; 1etP:1:nf'.•,~urJ. At the -.ame 

time the wa)ls of ~'le ne at, ~::<:' <!h&rn~r '""=rt :iega.:;~ea witn '·'t<" 0ry1'- e n •,orch, 

and tht s arnp}e f'arned ,;er1tiy tc. re1•:-Jvt adsorbed wa~'=r· A l):au:: was n.ir;, 

•,rial, and trie sa•p.e du.m?Jeo .r oy Tovu1g ·r.E ~.ie~o ,f irc•r• ...:tr. a 11¥1g

net • .,.he gases evulv-::d J€re CC'. ected ·~'r ~ des~rea H.t."l,,..VH_, .lSl..fl ly 

four 11~rutes. r•.e .mte.:- 'lflL>Or W8S fr ;,ti-;:· 

Ii nd •.he .rest Of •,he ,788 pwnpe1 t 0 f, be ~'Tl&. • " '10: 1!lllt !i '>OVf. ' 'le • >er 1P r 

pwnp. T•ie 118~er var or we.s '.Ileas;red .... ~th the :P:r8n1 ~~a,,..,, &.id ·.'1t:: 

other r-ases 'JY Fas .. .:hrc.'ltJB.t,·1,.,,..a('r-,y. I:. ,er·f'~., ·.~ . ! · .• -~i:irl•.t~~ J.Sed iri 

11~itLyzi·1~ V'):canic i!ases (dPs::rir>€'d in Part 11' JSS ·~:.owed, e:x.ceµt 

that it wsa Lot riecesse.ry to ~:·a:y~e ··ors J:f·.i..r-co'lta:-11r11{ ~ ses 11 the 

~ase o~ art,if -.:iaLy prf>;>bred sarr.r _es. 

!f~.er ea.,-.1 run. '.he ~'.llir' /.. .:>r a -,f :.~1P rieatirif: cham1,er wias :-E:::m VEo·1 

c:t .~. ~"6 samt--~e 1o1a:::i rw.,·wed fror •,hf. '~rc1cib~e "1y ·t:a'.~r:i ',he -~!"Jcih~e 

:' 9. MeJ..E>r 'c,:-ner f.ame arid qut-ncni:ig q.l.ickly in a .1a·,..1· JR'.h. Tne:; at-

:ri:,ir cn.icib~e .ms •,ne:i c,ear.ed 'Ji.tr hydrofluoric acid • 

.I .1. :'.>iscuss.ion of Results 

l'he res,i.,t!!I or a series of j..:p .. dca•e trials oz. the artif"ici.a: ~ron 
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silicate samule are oresented in Table I. The ratioe CC;t'CO and H
2
0/H

2 

in the gaaea extracted from the same saaple varied videly; no correla

tion could be rm.de vith such variables as weight of aam.p e, vollme of 

gas ex-t.racted per .sre.m of sample, type of crucible u.aed, or tirie. 'iow

enr, a S&lllple run vith a faulty diffusion puap did show signifioantly 

higher "Blues for Cu/CO, 88 well as a Complete abeeiiCe .Jf Oxy(len, Which 

occurred in large quantitiee in the gases obtained from sa.mr~es nu1 llitb 

a properly operar.ing pump. 

The preeenoe of oxygen in the extracted gases wss unexpected, since 

the saaple 'WIBa allowed to come to equilibrium in an atmospr•re o~ ~e~~i

gible oxygen partial pressure. Therefore, & series of e xperi.ment.s ..ere 

undertaxen to determine its origin. Study of the rate of ev0lution of 

gas with time showed that the initial buret of ge.s 'WIBS largely carbon 

monoxide and hydrogen, and thet moet of the oxygen, t~ether with water 

and carbon dioxide, occurred in the remainder of the (l&S, e-.olved more 

slowly. Experillenis in which the gases ~ere allo\iled time tc react vith 

the hot platinum crucible eh owed that there are sh ifte in the we. ter gas 

equilibrium depending or the tempeMlture of the crucible, b'Ut no oxygen 

•s obtained. Kee ping t.he mercury Ya por from the diffusion pump awy 

frot1 the hot crucih~ e in a further experiment had r.o erfect; oxygen was 

st!ll obeerYed in the extracted gaaes. 

'iove•er, s rresh burst of oxygen was obaer#ed when se98 small pieoes 

of o.iAtinum 'oi 1 were dumped into a degassing melt, indicating that re

actioo of the slag vith the crucible was perhape producing t.he oxyl?en. 

Trie was confirmed by ar. experiment ln whict the fayalite was kept frC8 

ca. .•.g in contact vi th the platinum by placing a silica crucible inaide 

the pl.a tim.an ooe. No oxygen was then observed in the extracted gaaee, 



TA.BIZ I 

RESULTS OF VACUU1'1 P'USION IETEffiof!NATIONS 

VOLIDttS AT N. T. P. 

vt ml ml ml ml ml ml ml 
sample gas gas per C()2 co H 0 H2 02 ( gre..ine) gram 2 

l 0.61J 0.20) 0.330 0.056 0.018 0.108 0.013 0 

2 0.593 0.133 0.226 0.018 0 .0018 O. lC)Cf 0.0004 (). ()()3 

3 0.616 0.083 0.134 n. ci:: '} o. 0021 0.0:2 0.0003 0.002 

4 1.244 0.230 0 .185 •J .037 0.037 0.122 0.0010 J.03; 

5 0.?2C 0.167 0.232 0.01~· 0.0<"2') OJ)•~<' 0 .1)(121 0.075 

6 l.2~5 J .206 J.160 0.r'JO o.rn.:.. ri.1-2 0.0059 n.061 

7 L552 0.254 0.163 •J. Ci'iO O.O<J5? '.). ln6 '). 0014 Cl. r~12 

8 l.lq4 0 .13'7 0.115 0 .1)21. o. nn&.. n.rm o. no45 1). 011 

9 0.613 0.087 0.142 0.010 () . Oi.."tf.J j ;'). 05 5 u . .-\012 0.1)18 

!::' 
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even after seYeral hours of beftting. 

In Tiew o! these results, lt is possible tc account ~or the preaence 

of oxygen in terms of the equilibrium between ferroUE oxide and 1 ts oan-

ponent eleioents 

F'e• + 0-- ~Fe + t o
2 

( 1) 

At the temperatures of the vacuu.11 fwsion trials, the plrtial pressure 

f 
-13 0 19 o oxygen due to this reaction is very small, ~ x lC atrn. at 12<Xl C. 

HoweTer, it is known thst metallic iron ie quite sol...ible in platinum at 

high teapere.turea. In phase equilibrium studies on iron-cont.8.inir.g 

oxides and silicates, l06s of iron to the crucible must be taken into 

account by recalculating the caapoeition of the sample. 'Jeua~ ly, an 

attempt is made to minimise this loss by uai..g an old crucible which 

has been well aaturated with iron. 20 

If iron is ntllOTed frcm the aelt by solution, the equilibrium ( 1) 

Yill be shifted to the right, resulting in the evolution of oxygen. To 

account for the volll8e of oxygen obtained in the ex· ract ions, or.ly about 

-6 ) 10 moles of iron (approxillately 0.01% of the iron in an average saaple 

would ha Te had to dissolve in the crucible. P'urthermore, as long as 

iro~ continues to disaolve in the platin , more and more oxygen "'111 

be evolved. 

It seelllllS evident from these experiments that the presence of oxygen 

1r. the extracted gases was the chief !ource of error affecting their cc.-

poe i ti on. The e:x1.ent to which the oxygen reacted vi th reducing gases such 

as hydrogen and oarbon monoxide depended on the time the gases renained 

near the bot crucible. The rate of remonl (quenching) of the gases in 

turn depended on the Yariable apettd and efficiency of the diffws ioo pump. 

HoweYer, the initial burst of gas, being largest in c~rison to the 
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amount of oxygen, was least affected. The initial gas sample we.s there-

fore moet repre•entative or the Jriginal compoeition of the gas. 

In order to use the vscuua fwlion technique to determine the oxida-

tioo st.ate of the eonatituent e lemen~s of rocks, the reactlon producing 

oxygen !IJU8t be eliminated. One ,.,0ss1Cle method would be to U8e an •iron-

se.tursted• crucible. However, the tel"!ll "iron-saturated• is a rather 

looae one. The solubility of iron in platinl.ml depends on & number of 

factors, particularly the temperature. To pre-n.nt the evolution of 

oxygen from interfering 'With the other gaaes, the &Dlount of iron dis

-8 , r solTing in the crucible would have to be ~ept less than 10 mo~e• or 

the siae or saaplee ueed. It would be necessary to use a crucible IM.de 

of Tirtually a saturated solution of iron in platinum. ThelH!I oonditions 

seem almost iapossible to attain in practice. The crucible wrould have 

to re•in saturated at the temperature of the ietennination, after being 

degaased at a higher temperature at ~hich the solubility of iron in plat-

21 
inum would be lowr. 

In view of the preceding discuaeion, the question may be raised as 

to !'low Terada and ruj ii were able to obtain oorrela tion at all between 

the c<>11poeition of the extracted gas and the oxidatiOD state of iron. 

At least part er the answer is that VBOU\.111 fusion is as much an art aa 

a science. They ""9re ab."!.e to minimize the effect of the ox:ygeri by de-

veloplng a routine in which every step of the procedure was done aa nearly 

&B possible the sa• way each tiroe. 1urthermore, they used the same cru-

cible over &nd O'Yer again, so that they may ha Ye been able to minlll.ize 

the effect of solutioo of iron in platim.lll noted &boYe. 

Hownr , in order for the aMlysea of the extracted gases to ha Te 

any rea l s i gnificance, t he extraneous oxyge n muB t be eli.lliM ted , for 
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otherwise the uncert~inty remains 'Whether or not t~he oxyger has ~a.JSed 

a ~hange in th@ carr.:-osition of the 1!8.S. Platinum is t,he inoet inert of 

all th@ refractory me.+.erials which would be satifractory for a cruciLe. 

Since Schumann, Powe1l, and Michal (1953) found th8.t the composit i or. ::if 

the gas in equilibrium with an iron silicate melt depEinds or, the sil:ica 

2) 
content, any s i1 ica-containing 1118 terial would not be sa tis"ac • ory. 

Boror. nitride (BN) is a possibility, but :itt1e i:1"0MD11t.ior is availab:.e 

2-; 
regarding its reacticns vith ~iquid metals, slaj(s and sa:ts. / 

At the rresent time there ~eelllB to :Je no kno'J!l crucib:e rMterial 

which "atisfies the stringent oondition of neither affect 1.r:g :'."le COOliJO-

sitior1 of the JDe l t nor the oxidation state 'Jf the gases. -:'herefore, in 

order to •Jee the methoo work.ab~e, the sample wou.:..d have to be nested 

in the abaence of a ~rucib:e. In recent years, a n..lDlber of excellent 

ways of doing this, such as arc-i.mftge and solar furnsces, nave been de-

veloped. 

Some prelimine.ry experi.Dlents were carried out on the re~ease of 

gas by dissolution of the rock in acids, and by crushing 1. r. vacuum. 

ProTided a suitable cor tainer 111Bterial can be developed, both ·oethws 

show scae promise. 'i:)>JeTer, i.n view of t.he time necessary to perfect 

any o~· • :;ese »echn iques and the ~xcel lent opportun 1 ty to collect vc ::.canic 

.sases preser·ted by the recent eruption, this problem was not pursued 

~urther. It Wll'ls decided to approec~ the oxidation equilibria )~ !llflgm&-

tic ga5ee by a study o! the gases evol-red during eruption. 

IV. C'Jnc.uaions 

The ~01:oving concluaions r1111y be reached regarding the applicability 

of the TI!.cuum fuaion technique to the study of the oxidation state of the 
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constituent elements of rocks: 

1 
' . Solution of metall:c iror. in the platinUlll crucibles used in 

vacuum fusion determinations accotmts for the presence of 

oxygen ir: the E'ases extracted from a silicate melt. 

2. Because of the possibility of reac~ion of the oxyger. 'With the 

extracted gases, thereby changing their oxidftt,ior, state, plat-

inum is not a suit8ble crucible 1118ter1al for sue~ work. 

3. Until a crucible lD8.terial can be foUDd which is tr1ly inert 

with respect to an iron silicate slag, vacuum f'..lSion ~nnot be 

used to determine vi.th certairty the oxidation state of the con-

stituent elements of a rock. 

4. The correlation between oxidation state and gas content found 

by earlier investigators is probe.bly due to the use of iror-

saturated platinum crucibles vhich minimized the evolution of 

0X7gen. 

5. If side reactions could be eliminated during t~ extraction of 

rock gases, the study of such gases would be an exce:lent tech-

nique for the elucidatio~ of the fundamental nature of voJAtile 

me.gm tic "8 terials occurring in solution in rocks. 



PART II. A CHEMICAL STUDY ~ THE GJSES CY KILA.UE..l V0.1£il0 

I. Review of Pertinent Research 

A. Ge.s analyses 

VolC!nic gasee. Volcanic gases have been sampled at various places 

thrOU€hout the vorld since the mlddle of the 19th century. Allen (1922) 

has tabulated these early results, most of vhich suffer from primitive 

techniques in sampling and in analysis. 24 They are of limited usefuln€ss, 

and need not be cons i dered here. 

Hawaiian TClcanoes, becaUBa of their non-exploeive nature, have pro-

Tided an excellent opportunity for the col lectior. of volcanic ge.s samp~es. 

During the period betweell 1910 and 1920, Jaggar, Day and Shepherd col-

lected gase. frOll a lava :alee vhich had fol"'ID9d in the He.leme.umau Crater 

of Kilauea Yolcano ( Jaggar, 1940). 25 The best of the samples ·.10re ob-

tained by Jaggar and Shepherd during 1918 and 1919 from hissing fJ.a.e 

cracks and frca cupola!! fonned D'ftr law founts ins. 

The anelyaea of the six sa11plee Jaggar considered to be the best 

are tabulated in Table II. The data are presented with oxygen and the 

oorMtsponding atmoepheric quantities or nitrog.n, carbon dioxide, and 

wet.er eubstracted. The assumption that oxygen is an atmospheric c oots:n-

inant 'Wfi8 justified by later studies or the ferrous ion content of 

Yo~can1c rocks. The existence of the obeex-red q~ntitiee of ?e(II) is 

poss i ble on~y at Yery lov oxygen partial pressures (Kennedy, 1948). 26 

It shou l d also be noted that no analysis we• made for hydrogen sulfide, 

a ince Shepherd &HUD&d it to be decomposed at the temperatures of sample 

' ti 27 
CO .l .i.0C on. 

Ja.ggar ( 1940) published a system tic sUrTey of the sa.aples of 



T.ABIE II. GASES CF KIIAUEA UVA I.AIE 

SIX BEST SAMPLES OBTAINED BY JAGGAR AND SHEP~RD, 1919-1920 

Sample co co H N Ar so s so Cl H 0 Total lo. 2 2 2 2 2 3 2 2 

S? 17.25 0.62 CJ.26 5.88 0.18 9.75 1.07 o.oo 0.25 64.18 99.94 
Jl8 17 .55 0.74 0.83 4.50 0.12 10.81 0.22 3.22 0.1_1 61.88 J00.00 
JlJ 16.% 0.58 0.96 J.35 0.66 7.91 0.09 2.46 0.10 67.52 100.59 
S2 17.95 0.)6 1.35 17.84 uur• 3.51 0.49 - our• 38.48 99.98 
S5 9.54 1.12 1.53 10.47 o.oo 9.90 2.72 - 0. 00 64.71 99.99 
SJ 33.48 1.42 l.~ 12.88 0.45 29.83 1. 79 -- 0.17 17.97 99.55 

Volume percentages at l.200°C., 760 m Pressure 

(Table fr0111 Ellis, p. 426) 
*UI71' •Undetermined 

~ 
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1910-1920. 
28 

:Recognizing that not all samples are equally ""1lid repre-

sentatiTe• of volcanic gas 1 he graded them in terms of the conditions of 

sampling and the extent of atmospheric contamination. Arranging his 

sample• in order of excellence, he found that tbe better the aaaple, the 

le88 oarbon dioxide and water it contained, and the 110re carbon aonoxide, 

hydrogen a.nd eulfur dioxid • On this basis, Jaggar postulated that Tol-

oanic gases are formed from. a solution of the latter three gases in the 

-.gma, and that their cc.bustion at the surface ill one of the souroes of 

Toloanie heat. 

P'oUoving the stee.111 explosion of 1924, there occurred a relatively 

quiet period in the hatory of' Kilauea. Because of the inaccessibility 

of Maune 1.oe eruptions, very little opportunity aroee for the collection 

of g8888 frolll Hawaiian TOle&n<>eS ror the next 40 years• So.e collections 

were mde by Ballard from Me.una Loa in 1940, and by Naughton from a 

Pune. eruption of Kilauea in 1955, but the present work is the first ex-

tended st'1.ad7 of Hawaiian volcanic gases since the time of Jaggar and 

Shepherd. 29 

In recent years there has been reneV&d interest in Tolcanic gases 

throughout the world. The development of such powerful analytical tech-

niques aa -ae apectr~try and gas ohrom.tography has prOTided 8 chance 

for more llllM!lningful work on such f&aes. The realisation o! the p09sible 

1.aportance of theae stud.lea to the understanding of the .achanism of 

miners J t?'fins port in the ~s phase has prOTided further incentive. 30 

ke•earch on the gaees and condensates frca Japanese Tolce.noes has been 

carr 1.ed OD by Iwasaki and Ka~sura ( 1956, lq~a), 31 ' 32 • 33 Sakai and Naga-

sawe. \ 19~8), 34 and C'1na (1960).35 In the USSR, Sum ins ( 1959) '36 hae 

co~1ect.ed and analysed gases from volcanoes in Kamchatka. 



rw..ro11c gapep. Much more easily co~lected than volcanic gases are 

relatiTely low-temperature fUJll8ro:ic gases. A great deal of reeearch hae 

been deYoted to such gases, and to the alterations and deposits rMde at 

the throets of fulilllroles . Stu.dies haTe been uade at suet diverse loca-

tions as We.iraxei, New Zealand; Valley of Ten Thousand Smokes, Alaska; 

Steui.boet Springs, Nen.da; and YelloVBtone National Park. Water ie al-

'Wllye found to be the OTerwhel.mingly dominant gas, present to the extent 

of' m and more. Other gases which he.Te been ~cognized include carbon 

dioxide, oxygen, carbori wo~oxide, l'lethane, hydrogen sulfide, sulfur diox-

ide, hytlrogen, nitrogen, a111DOnia, argon, hydrogen chloride, and hydrogen 

fluoride. J? 

D. E. White (Jt~57) has SUllllll9.rised our present knowledge of the dif

ferent typea of tber11Bl weters of vo:canic origin.38 fie has presented 

eTidenoe be.9ed on isotopic studies which indicates that only about '% 

of the wt.er re'1ching the surface at Yo:~anic springs and fumaroles 

came from a cryetallizing •gma, the reet coming fr<Xll other sources. 

Whi t.e list.ed tour re.cton Wiich a.re belie-.ed to control the ccmpoei tion 

or Yoloanlc •t.ers. These are (1) the type of magm 1 and its state of 

Cry'9tall1:sation, (2) the teaperature and preseure or the emanation 

during and after it. departure from the magma, (3) the ertent of and 

ocnd1t1ori of •lxi.Dg w-ith •teoric water and wate r f ran other sources, 

al'd ~ 4) 1"'98ct ions with ... 1.... rooks • 

.,.~ ga•e• eianating frca the Sulphur Banks, a solfataric fUID8role 

along the northern ~dary fault of Kilauea oaldera, were first studied 

by I. T. Aller. (1922), who fO\Dld the gas to be at least 96• water. J9 .An 

eirt.enehe progn• of reeearoh oo Sulphur Bank gases ... s carried out by 

S.S. Ballard and J. H. Payne (1940).
40141 

They found nrying amounts 
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of carbon dioxide, sulfur dioxide and air in samples collected from the 

drill holes. Prior to the 1940 eruption of Mallll& Loa, they also noted 

a s119ll a1110unt of hydrogen sulfide in the gas. Concluding that the 

presence of hydrogen suLf ide \.18.8 due to the i.lllninence of eruption, they 

suggested that frequent sampling of the gases vould permit prediction of 

eruptions. 

B. Theoretical work on ae.gmatic gases 

The oonditione go•erning the formation of a sepe.rate gas phase in 

the - ha'"' been 1tudied by Verhoogen (1949), who presented a rigorous 

thermodynamic deTelo~nt of the heterogeneous equilibria which would 
4.C. 

preY&il. He shoved th.at variables often neglected by geo1ogists, such 

as partial aolar •olumee, could account !or the formation of a separate 

gas phase ewn though the partial oressuree of Tola tile 118. terials do not 

exceed the tot&~ pressure on the system. He also defined rigorously the 

conditions for tran.port of relathely non-•olatile subs~ces in a seP-

are. t.e gas phase 1 and ,1eri ved eque. t ions vhich would apply under tbe condi-

tion of non-uniform pressures arising from gravitational fields or oe110tic 

errects. Verhoogen emphasised the need for high-temperature, high-pressure 

data on the solubility of volatiles in molten silicates, aince the only 

data he bad anilable froai which to drsw any specific conclusione was 

th8t of ·}oranaon (19,18) oic ..eter-feldspar syeteme. 43 

The first attempt tc :aloulate the equilibriUll ccm.poeition of mag

•t1c gases was nede by Eilis (1957). 44 Using aodel system based upon 

the analyses of sa.e typical Tolca.nic ga• aamp1es, he caloul.at.ed the 

equilibrh• oompoeition of a magmatic gaa phase at tempera•.urea between 

0 0 
~00 C. and 1200 C., and at preasure1 betwen 1 a tm. and 1()(() a tm. He 
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found that the calculated compositions of his model systenie corresponded 

roughly to the analyses of volcanic gas samples collected under the con-

ditiona at which the calculation we.s cerried out. for instance, h€ !'o"Jnd 

that at. high temperatures sulfur dioxide is the predominant sulfur con-

taining gas, in agree11ent with the high-temperature samples co2 :.acted by 

Jaggar and Shepherd at Kilauea, and that at low tempere. t.ures hydrogen 

sulfid8 is the predominant sulfur-containing gas, in agreement with low-

temperature saaple• collected at fUDlroles throught the world. Sinoe he 

was also able to account, qualitatively at least, for the small amounts 

of hydrogen, carbon monoxide, •thane, carbon ox;ysulflde and a-.ionia 

which are so1D1time1 found in "fOlcanic gases, he concluded the.t volcanic 

gaee1 are tr. a state of approximate chemioal equilibrium. At high 

pressures he found that water, carboD dioxide and hydrogen sulfide pre-

dominate, and concluded (in contradiction· to Jaggar 's hypothesis) that 

vo Joanie gases arise frcci high-temperature, high-pressure equilibria 

betveen these gases and the hydroxides, carbonates and sulfides in the 

•gwi. 
Two very important considerations vhich Ellis neglected are (1) the 

oxidation state of the elements composing the gas, and (2) the limits 

set by s•.ability relations aDtOng minerals in the magm. Krauskopf (1959) 

~ook theee factors into account in a calculation of the equilibrium c09-

o 45 position of a .ag.a.tic gas phase aseUlll!td to exist at 600 C. and 1000 atm. 

has ing his computa t. iori ·..1p011 known equilibria between minerals present in 

igneous rocks, he W68 able to set geneMll limits on the partial pressures 

of so.e of the gases. ror the rest, Krauekopf found it necessary tc rely 

or. rn~oanic gas analyses. Using his calculated composition, he also at-

tempted t.o •hO\t' the poseibili ty of mineral transport in the gas phase. 
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In spite of some degree of succes2, enoug~ di3creranci61S o·•cu.rre :l to in

dicate that transport by s olutLm Tl'J.3t also be very important. 

Although scme understanding of the nature of volcanic ~ases can be 

obtained from these studies e.r;d fr · irr the collections of Jaggar a.nd 

Shepherd, there is & need for a specific experimental test of the 9ttain

ment of equilibrium in the gases. These experiments would then indicate 

the best way to study the role of gases in ID8gmatic processes. 

c. Object of the research 

The object of the research described in this section of the thesis 

wa the study of the chemical compoeition Jf the gases emitted by ¥. iJ.auea 

volcano and by its associated solfatara, the Sulphur ban.Ks. The teGb

nique of gas chromatography was adapted for use ir. cc l lecting aria ana

lyzing the gaeee, in order to eliminate many of the sc,ur<'es of error 

en .ountered by earl i er :nvestigatore. A t'1eoretic-a~ inves:iga.• :on, ~sed 

on the principles of chemical thermodynam~cs, \ollftS c-arried out, ~o verify 

the attainment or chemical equilibrium in the gaaes cc:.lecteci at the 

surface, and to study the equilibrium variation of tM ?ases with '..empe ra

ture, preasure and oxidatior. state. 

I I • Expe r i!D9n t.a 1 Work 

A. J&s sa.mpliog 

In the past, most workers have collected volcanic gas samp:es in 

some ''orm of pump, either by forcing tne volcanic ga.s to d !solace the air 

tr. a bu.lb, or by a.Hoving the volcanic gas to expand into an evacuated 

b~ 1b . In Hawaii the aoet successful past collections were ma~ in eT&c

..lEl t.ed gJ.ass bulbe attached to a long tube. The tube, ma.de of gillss or 

quartz , could be t.hru.t down into a gas vent and the tip broker: off, 
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alloving the gas to MlSh in. After collection, the tube we.s closed 

temporarily vi th a cork ors topper until the glass could be sealed vi.th 

a torch. 46 An improYed version of the eV8cuated bulb, developed by 

Ballard ( 1938), made u.se of s r, opcocks for opening and c ioeing the bulb. 
47 

:he method of s amplinp de s cribed nere is novel, designed to prevent 

reactions betveen th~ gases after collection. This was accomplished by 

placing a column of activated silica ~el in the sample tubes to adsorb 

and sepe.ra te the more reactive gases. 

The sample tubes, iJ lus t rated in Fif. 2...,A, were prepared as follows: 

A piece of Pyrex tubing, 8 mm. in diameter and ~ ft. ln :ength, was sealed 

to a bulb !lade fro• a : 0 x 2~/ mm. Pyrex test tube, .eaving a small oon-

striction between tube and b11Jb. The section ~ of the tubing -.is pecked 

vi.th 20-60 U. S. Standard mesh silica ,,rel, held in place by p.:.ugs of glass 

wool at the ends ')f .Q. A delicate brealc-off tip was made at the end A, 

and a piece of gl.aas tubing ~ wired onto the end A to protect the tip 

during t.!lndling. A tube g was sea,ed to the bulb end for evacuatior. of 

the samp ~e tube, and ar, iruler seal b-eak-off tip .!:! for convenient opening 

of the sample at the time of analysis. 

The samp ~e tube Wll!ls ~her. at : .. ached to a high-vacuum sys t.em a nd evac-

d r ~ - o~ 
U8 t e at a tempera •.uI"e o, JOI : v. ' or two 0r more hours. The connect.ion 

to the pumping system was sealed o~f under vacuum, to produce a small and 

c0&pe.~i. ·.m ) t which proved easy to M r 1le in the field. 

ln order to cc: .ect a samp ~ e, '.he protective piece of tubing~ we.a 

r-emOTed, and the tube thMlllt ~ntc a gas-emitting vent. T~e break-off tip 

WBe ~mashed, and the~ ample t u~ he J. d ir; place briefly. :Jpur. ~emoval frOlll 

the •ent, the oper: end of the tube was covered quickly vi th a closed piece 

of Teflon t.ub: :;g, prior to permnent sealing o! the glass. SC98ti.JMs 1 t 
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w.a !ound poe ible to a.al off the tube opening by pushing the tip 

againet. the red hot l.e.n. in the Tent to oollapee the softened glaas. 

B. Gu J..nalyais 

P911ibl4 M\hpda o! analuia. The analytical techniques used by 

28 

lt08t of the earlier iDTeetigators of Tolcanic gases were based Oil techni

cal Oreat •tbode. 48 Such 11e\hode are adeque.te for •ny of the cc.ponente 

of •oloanic gaa, but do not work Yery "911 for others, including hTdrogen 

aulfi<M. Traoe ocaponente are difficult to analyse and are often beyond 

the sensiti•ity of the appe.rat\..m. 

Terada ( 1954) uaed higb-n.CUUll techniques baeed on the selective 

•tree1e-out• of the CC'9p()G8Dts of a gae mi.xture. 49 This is a laborious 

•thod, subject t.o large errors and also not wery well adapted to the 

analywis of traces. Its ohief disadw.nt.age, how..-e'."', i• that the analy

s 1s depend.19 upon a prior knovledge of the cxiapments of the gas. An 

incorrect aaaumptioa as to the CompoS>ente present vill lead to a ca.

plewl.J' erroneous analysis. 

The •thod of anal1'fJ1s used in this :Urnetigatioo, gas chr<mltogra

.Pb7, 1a a powerful and l"ers&tile technique. It permits qualitative as 

wll u qt.anti \&the aml.yllis, thua ••oidin1 the pitfalls of high T&CU\.111 

work by 1hoving up uneXJ>eCted COllpODeots. Because of it.a ext.re• senai

ti•ity, both major and trace ccaponents of a gaa m.irture can be eatis

rac\oril.J' analytaed. It is eaay to operate and requires a llliniaa or time 

for ana.lysis. Perhape the 908t satisfactory •thod yet applied to the 

anal)'w18 o! •olcantc gaeea, it should be ca:p8ble of reeol•ing much of the 

coot.l'O'rerey pertaining t.o •gatic gaees. 



aethod of separstion, l::l8sed on the distribution of me.teria1s between a 

~oving gas phase and a stationary liquid or solid phaee. If the station

ary phase is a solid, the technique is referred to ae Gas-Solid Adsorption 

Chrc.e togra phy \('.SAC), s 1nce sepe.ra ti on depends upon the se lee ti Te ad

sorptior, of a mixture on the solid phase. If the stationary phase is a 

ltquid r~~d on &n inert supporting material, the technique is ~a~led :.e.s

L1quid Partition Chra:aat.ogTfl.phy (GlPC), with separation depending upon 

the selectin pe.rtitior. of the oaaponenta of a mixture betweeJ. the ~1qu1d 

itnd ga.aeows phaaea. Both techniques were eaployed in this invtist:ga~ion, 

GS!C for tbe sepeM'.l.tion of penne.nent gaees and GIPC for the seperstion 

of eondenaable gaees. 

In prectioe, the st..ationary phase is !iend and packed int .:i ~engths 

of tubing to 1111.J(e a chrO!llfitographic column. The moving ~as phase, called 

the carrier gas, is allowed to ~ss through the column at a su ~ tab~e f"'..ow 

rste. A mlxtu.re of gases or liquids is then introduced into the co:umn 

ror separation. ln this inYestigation, this .,.s done by ir.~roducing the 

1e•ired pressure of gas into a loop oonneoted to the carrier gas line by 

a "our-way StoJX'Qclc. Turning the !t.opoook 90 degrees resulted in the 

9&1llple oeing r:ushed into the column, from which it .... s eluted by the 

carrier ~as. 

A~·ter ~.he ccaiponeota of a mixture hlflTe been separated on the column, 

each coaponeot must be detected and .a.1ured. This ~· dooe in this in

y-es tiga tior: by taking ad"YBnt.age of tbe crviracteristic therml oonductivi

tiea of gasea. The t.hennal eor.ductiTity of the pure carrier gas was 

ca.pered to that of a mixture of carrier gae and each ooaJpooent as it 

emerged froai the ~o umn. !he result was a seriea of pea.ic.s, one for each 

component, llhich re~iatered on a recording potentiometer. The area under 
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"&Cl: pea le "'1!1.B proporticnal to the part ia J j:'rl:lSSUre of the Com; 1oner.~. ff.8 

c,, 
it reore.::iented, prov11t-.g a 1ua .tit.ative ana vs is ')f •.he "1.ixture. 

Descr~ptio·1 vf the &ppllre.tus. A ~cheme.tic diaf-r>'l.rr o" th€ ;;as ohro-

preseT't~ci :.r: Fig. -....._A. The vo:\.cer.ic gas aamp~e tuhes, af•,er beinq S!oHi:ed 

and .et.er va•-.or, conden a~ie ir: dry it'A-acet0r,e. A cons"~n~-n>. ll'le lllfl-

nome~er provided a means of !Maeurin~ the pre~sure of samr:e :ncr•,dl ~tc 

irt" the ~hr0'llfl ':.on-sohic c::l.im:ns tnro•vh the O?as ss.mp.'..~ ... oop and · O'..!,..-WAY 

<Jtopcock. A #elch I.>.J:i-Se~~ oU pump was used to evacuatf' ~he sys~em. 

T!'le four ch!"0¥ toe;raph ic co lum.ns u8ed in tne anR lys Is, re prc:seced 

by "Chromat~l"ftphic Colunn llnd Heater" in Ftg. 2-A, are :3r.owr. ~n iet.aL 

i.n F~f". 2-B. Ee.ch c0 urnn we.s ~or..nected tc the carrier i!JliS -L""le :JY :ooa.r.s 

or in se-1.er, >Jith m.:i or :!.<>re of the t')theM:J, ae~oendi'1g upon the pos:t:c;s 

.-,~ the ~topcocJCs. T.'f':"l ~c1u chroma tOfl"fimB producP.d by each cf the co :;.mns 

a:-t ieo:cteri ir: Fig. 4, and ~.he operating characteristic! of t.he cot..unns 

are au.rnm:ised in TABIE ~ll. 

r~e "'rn•):ecul.8.r s 1e·re" c ;.:.\lI!ll, was essentially the one Jescrioed by 

., 1 

JaMx., Kr~~.:~ a1:d Dubs1ey (:.<:i',~). /' It contained "Mo~eculBr Sieve ~A·, 

an art1rtcial aeclit.e p-:-odt.:ced by the Linde Air Products ..,')ll~ny, ~round 

tc pass ... "-t>•l U.S. Standard mesh, and packed in four foo~ sect~o ·:· .-,•" 

P 11111. Pyr'.3::c t.ubh~ . Four sect:ons we~ used (making a 16 ft. co. l.Ul! 

wh~oh •e p .... a.·ed. in a fiTe-foot, nichrome-wound vertical tube furnace , 
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TAB IE III. C11A.F<.ACT'ER.IST .iCS OF THE GHfi.~T03RAP~IC COLUM.~ 

A. MVIECULAft SIEVE. "' :a , 25°" ' .... v. Argon Flow 20 ml. mi_n_·~~~~ 

GAS l{E'T"~ ITT I ON R!l7T"E NT I at: IJCi..''ME NT.f' 
2 AREA 1.' 

2 
TD£ 1fQUJME RE PRESE ITT!:. I' Bf 1 cm 

3.~ min. 76 ml. ~i.41: 2 

-+•4 S38 ~- . Jt x :n-J rn .. . 

2.1 162 ~.9~ 

10.0 200 3.4C 

;,3.~ Z76 
, 
• 3'"' 

18.7 374 '5. f).J 

·- · ----

B. SILICA GEL •.;vPPER CIIIE. T :: L25°C. He Hum Fiow 20 ml.. /min. '. 1.>JC' ':' : } ()°C. ; 

•1 
N2 4.1 82 ml. 3 

·~2, 

CL 7.2 144 3.38 

c:' 
2 

10.l 202 3.38 

c. '!'H.JCRES YL PYffiP:iA TE. T -.r: o°C. Helitun Flo" 12 m;./min. 

co
2 3.~ 41 ml. 1.38 

Hi-5 5. ~ min. 70 1. JC1 

so .!6.') JlP 2.42 
'-

D. DITFERE~1'IAL ~ULD TRAF. Heliurr. Fl0v lC mL/min. 

Hz5 3. J. 31 

co .. , 3.2 32 
A'. 

~,-_) 5.2 52 

a.s2 5.8 58 

H .,L' 
L. 

9.6 % 
--·-, 
~ 

Char~ S;>ee·.1 - O.J~ 'nch uer minute. 
2 Recorder SeneitiYity - : ~!lliYolt full scale. 
':I 
/ Not '.JSed ~or qtJ&ntitAtive analysis. 

l.JO 

J.J~ 

~.42 

1.10 

3 
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and activated by heating at J'5C'°C. f or 12 houra. ~ro.tiogat a tempera-

ture of ~ 2~ 0c., and ~ith a n argon f , ow-rate of 20 ml. / min. , this column 

we.a caPfible of separating belium, hydrogen, o:xy1r9n, nitroger,, methane 

and carbon monoxide in 20 minutes. 

The silica gel column is similar to the one described by Smith, 

Svinehart and U,snini (1958). 52 It consisted of 16 ft. of 40-60 U. S. 

Standard mesh silica gel packed intc four-foot sections o~ 8 mn. Pyrex 

tubing. Halfway through the co l umn (sf~er 8 ft. of silica gel) there wes 

connected a one-foot helical Pyrex column containlnf? copper oxide oellets. 

0 The silioe gel sections were pJ~ced in t he 12~ C. vertical tube furnace 

next to the 190 1.ecular sien co ~ umr., and the oopper oxide helix in a s ller 

0 furnace, opera ting a. t }UO C. 

The operation of this column my be described as follows: tlsin~ 

helit.m carrier at a flov rate of 20 ml./lllin., & sample containing perma-

r,ent gases, carbol' monoxide and carbon dioxide, was passed into the column. 

In the first silioa ge l section, carbon dioxide wae separated from the 

other gases. Upon rea C'hing the copper oxide, the carbon monoxide was 

ozidiaed to ~arbon dioxide. A.s such, the carbon monoxide was sepe.rated 

fro11 both the permanent gsaee and t~e carbon dioxide in the s ecood silioa 

gel section. The t tme required for this operation was about ten minut.es, 

and the technique 1:1reatl y simplified the rietermination of co;co ratioe 

in the gaeee extre.cted froa artif i cial silicates. 

The tricre•y: p~09 phe te (TCP) column was auentially the one deYe 1oped 

by Ryoe and Bryoe f 19~7) for their work on organic sulfur c0111pounds. 53 

'!'he oolumr. pao.k:ing was prei:ared by sieTing John• ManTille C-22 firebrick: 

to ~ie retained by .. 0-60 U. S. Standard !D9ah, taking pe.rticul.ar care to 

re1wve ama .u.er particles. The firebriclc •e wsbed vith hydrochJ. oric acid, 
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rinaed vith distilled water and dried at 145 C. A slurry was made free 

an ether solution of 16 g. of tricresyl phosphate and ~5 g. of the fire-

brick. The ether was remo~d by e'ftporstion vith conetant stirring OYer 

a hot plate, and the packing dried at 120°C. The TCP-saturated firebrick 

was pecked into fin 18-inch loope of 8 BE. Pyrex tubing, vhich were con-

nected together in such a way so that the column could be ineerted in a 

large De'W&r fl.ask. 

Operating at a teaperature of c0c. (in an ice bath) and with helium 

carrier gu flovin~ at 12 llll./111in., the TCP coltnml wae capable of separa-

ting carbon dioxide fr09 hydrogen sulfide in about aeTen minutes. .A. TIH'Y 

diffuse sulfur dioxide peak folloved in about JO minutes. 

In order to orOTide a quicker and more sensi ti Te way of analyzing 

sulfur dioxide, a differential cold trap was deTeloped for the separation 

of the oondensable gases according to their boiling points. Al though not 

strictly a chrOlllltographic column, this technique functioned in much the 

same way, and ge.ve good results. Its construction •y be described as 

follows s An inner-seal type of gas condensation trap Wiils surrounded by 

a snug-fitting layer or Wood's 9et.al, into vhich had been set a copper-

constant in thel'l90couple. Around thia was placed an insul..a ting layer of 

Johns-ManTille Sil-0-Cel, held in a Pyrex teet tube. The trap itself 

ias fi :led vi th 40-60 U. S. Standard -•h silica glass, to provide a 

i.ech&nica l surfa~e for condensation of gasee frcm the non-condensable 

!lelium carrier gas. Such a surface we.a necessary to preTent •chanioal 

tranaport of condensed pe.rticlH or gas through the trap. 

Sepere.tion of a 11ixture of condenaable gaaea wes obtained by re -

leaaing a eampl..a t,o the trap, which bad been cooled by liquid ni tra,•n. 

The D8.,.r fl.Ask. containing the liquid nitrogen Wll!l.I then remoTed, and the 

-------
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trap alloved to hMt up slowly in air. Separation of gases vith videly 

varying boiling points, such as carbon dioxide, sulfur dioxide, carbon 

disulfide and water was obtained in about ten minutes. HTdrogen •ulfide, 

howeTer, could not be separated free carbon dioxide because their boiling 

point.a W&re too clooe together. Therefore, for analysis of all of the 

condenaable gases, it was necessary to use this trap in conjwiction vi.th 

the TCP collml. 

The separated COlllpOnents of a gas mixture were detected by a Gow-MBc 

thertWll conductivity oell, Model 9234 (TE-111), vhich consisted of a 

stainless steel block into vhich tvo holes had been bored. In each of 

the resulting cells was placed a tungsten vire, heated by an electrical 

current. The tvo wires were conDected as tvo aru of a Wheatstone bri~, 

the other tvo arms of vhich vere "11riable resistances. 

The operation of the oell.8 my be described ae follovs s Pure carrier 

gaa was pasaed through one of the cells and the gr;.11 c0111ing out of the 

colwme through the other. With pure carrier gas in both cells, the 

circuit was balanced by varying the resistances, so that there was no 

net potential across the bridge . When a component gas emerged frcm the 

column, the then-.l conductivity or the mixture of ccaponent and carrier 

gas in the detector cell was different fran that of the pure carrier gas 

in the reference cell. .le long as the partial pressure of component gas 

was tow, th18 change in thermal conductiTity was proportional to the 

change in the partial. preasure o! the gaa. The resulting change in the 

ree istance of the tungsten vire (because of its different temperature) 

cau.aed a net potential to be set up acroea the bridge. 

This potential ""'18 .... sured vith a Wheelco recording potenticmeter 

to giYe a differential chromatogra11 consisting of a series of peaks, one 
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for each component of the mixture . The area under eech peak was propor

tional to the amowit of the corns ponding compooent iri the mixture, 

thereby prO'fiding a 110&ns of quantitatively analyzing the mixture. Areas 

were 11e&sured by multiplying the height of the peak by its vidth at hal! 

the hei~ht; i.e., the peak was approxi11ated by a triangle haTing thoee 

di.mens i 009. 

lnown mixtures of the poesible cccponents of volcanic gas were 

separated on the chre1111.tographic columne, and a ch8.racter1atic retention 

TolUlll8 (flov rate multiplied by retention ti.Jae) determined for each com

pooent. In practice, hovenr, the saae conditions of column temperature, 

carrier gas flov rate and recorder chart speed wre always Ul!!ed, ao that 

it ...as oossible to use characteristic distances on the chrC1D111togra11e for 

identification. 

In general, carrier gaeea vere chosen to provide ma.xillUll sensitivity 

toward the gaeea to be ane.lyaed. For the permanent gases, vith relatively 

high thermal conductiTitiee, argon was used because of its lov value for 

thi• property. This choice provided '!)9rticularly great sensitivity for 

hydrogen and helium. Similarly, helitm1, a gas vitb high ther91 oon

ductiYity, was t~ed as a carrier !or the poorly conducting condensable 

gases. The carrier gasea were oarefully dried, but otherwise used just 

&s they ca.e frot1 the cylinder•. Flow rates were measured b7 uaing a 

Predictability ball-type flowmet.er, vhicb vaa calibrated by di.8plaoe•nt 

or wet.er. 

Ce re fully •aeured a.cunts of each pure gas were uaed to calibrate 

the apparatus for quantit.atiTe analysie. Plots were •de of peak area 

vs. preHUl"e in the s~le bulb. for every ?S, a linear calibratioo 

ourve paeaing through the origin was obtained. The slopes o! these O\l.TT4M 
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were used a5 conversion factors in finding the partial pressures of the 

gasee in the s aapl.8. 

Aaa1rt12fl Proctsiure. The sample tube• were prepared for analysis 

by ses:ing a ground joint to the inner S881 bre&lc-off tip (Part I o! 

Fig. 2-A). Inside the tube Wfts placed a glass-enclosed iron rod, to be 

used in opening the sample by smashing the break-off tip. In the case of 

silica gel tubee, the section ~ containing the silica gel was vrapped vith 

a heating tape and insulated with several layers of asbestos cloth. The 

sample tube was attached nrtical.y to the system as shovn in Fig. 3-A, 

and opened by lifting the iron rod with a -~net and dropping the rod on 

the break-off tip. idater veoor in the sa.aples we.s collected in the first 

trap by mean• of a dry ice-acetone be.th. 

Analysis of vacuum bulb samplH was conveniently C8rried out by 

separst.ing the gas into two frsctione on the b!!.sis of condensability in 

a liquid nitrogen t:.th. The ratio between the two fractions was deter

mined (preTiou.t to condensation) by ueing the silica gel colUDlll to find 

the carboc dioxide content of the sample. The non-condensable portioo 

of the gas wae analyaed using the molecular sien colUillll and the coodene

ab..;.e port.ion using tbe TCP colUIDD and the differential cold trap. A.n 

outline slallarhing tbe course of the analysis is ginn in T.A.BlE IV. 

Si.Jlli lar ly, the s Uica ge ~ tube samples were separated into two trac

t ions according to llhether the gases were adsorbed on the silica ?el. 

'Jnm. open~Hg the samp i e, the gases not adsorbed on the silica gel were 

expended into the constant Yol'l.me •ne9eter, and the preasure lftflaeured. 

Analyais of this portion wae carried out using the -.>lecular 1ieYe and 

s ~ . i oa gel columns. J. 1 iquid nitrogen t.. th was then placed ar0tmd t be 

second trap, and a YaCUUll app:ied to the whole system including the sample 



T.A.BlE IV . CUTLI~ Of ANALYTICAL PROCEDURE FOR 

~VACTJA~D qr.JI...8 SAMPI.ES 

1. The bulb was ope::ed and its total rressu:re mees 1.ired . 

2 . The rs tic of CO'x lensable ;reses t i_ •.,,:i condensable ~as es Wfl.S dete rmine d 

uaing the s il!ca j.!el column . 

3. The condensable gases ..ere condensed using :1quid nitrogen . 

the mo]ecu:.S.r s:!.eve co]umn . 

5 . The cnndensable gases were expanded and analysed as fl')l1ows : 

a . a
2
s uai.:lg the tr ~ crt:syl p~ : •)f' :;hate ~o:!.um..n • 

b . $02 U1'ing the dif"'9rential cold t rep . 

c . co~ ':ly dif i ere nC'e . 

b . The H_.O ;,18.S collected 
" 

~ ~ .... .. a removable trap and weigMd . 
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tube. The latter was then heated gradually, )Ver a period of tvo hours, 

to JCX'°C. At the end of this time asser t :ally a 11 of the we ter vapor in 

the e ample wes in the dry ice-acetone trap, and the remBinder of the ad

sorbed gasee were in the liquid nitrogen trsp. (It was assumed that 

adsorption of the permanent gases by si]ica ~el was negligib l e at this 

temperature.) The gases were released from the trap; the pressure deter

mined in the conetant-voluae men~ter; and the analysis acconipl.ished 

uaing the TCP column and differential oc :d tre.p. T~e free vc~ 1'111fl ) f the 

saaple tube (necessary tc find the ratie: betweer1 adsorbPd and unadeorbed 

gases) was determined by expansion of he litD into tne sample tube. t The 

water "ftlpor content wse determined by transferring it t 0 a~other t1"8p 

vhich could be re1110Ted from the system and wei~hed.) An >llt.ane sUD!l8riz

ing the course of analysis is given in TA.BIE V. 

III. Theoretical Work 

A. ~!chO<l of Ea\U,lJ.briYlll Ce.lcul.ations 

In order to adapt the high-sp.ted digits~ computer at the Cniversity 

of Hawaii Computing Genter for uae in oa lcula tin~ the eq t.: il ibriUJ!l c0111pos i

tion of volcanic gases, it was necessary to essemt 1e a suitab l e •progre.m• 

of instructions to the 1118.chine. There are a number of approximate method.a 

available for the solution of complex equilibriua probleas . Moet of theee, 

noveTer, require .-ertain as!!lumptione to be made abo•1t the •ystem to be 

studied; i.e., ~hat one or more of the c~ponents of the system ere pre~ent 

in large exoees. One equation is then set up for each component of t.he 

system. The equationa f'or the cccponents ttre usually equHibrium '<»,.•,ant 

expressions, torether with et.eris~ b6l.ance expressio1is for the n· :riua 

atomic apecies. Ellie, for instance, used such a method in ~i s ~c rk.54 



TA.BIB V. OO'l'LIN! ~ ANALYTICAL PROCEOORE FOR 

SILICA GEL TUBE SA.MPI.ES 

1. The tube w.s opened and the pressure of unadsorbed gases measured . 

2. The unadsorbed gases were analysed as folloW'S s 

a. CO and co2 uaing the silica gel column. 

b. ~' o2, N2, CH4 and CO uaing the molecular sieve column. 

J. The adaorbed gases were puaped out of the s U 1.ce ize 1 tube and con

densed vith liquid nitrogen. 

4 . The adsorbed gases were exi:anded and their pressure meesured. 

5. The &daorbed gs••• were analysed as follova: 

a. Hf uaing the tricre•yl phoephate column. 

b. 502 and cs2 using the differential cold trap . 

c. co2 by differenoe. 

6. The H20 was collected in a re1DO'T6ble trap ano. weighed. 

41 

7. The free Yoltme of the eilioa gel tube wae determined (for calcula

tion of the ratio of unadaorbed to adsorbed gases in the sample) . 
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A simple and poverful method of ccmplex equilibrium calculation has 

5~ 
recently been de-.eloped by White, Johneoo and Dantzig (1'458). Cea-

plet.ely general, it requires no distinction between the OOlllponents preeent 

and is Tery well adapted to mchine coaiputation. Furthermore, the number 

of simultaneous equations required is only one more than the munber ,.,f 

atomic species, thereby simplifying and speeding up the solution. 

The 11ethod is based on the principle that the free energy of a e1lJte11 

has a mininn.a value at equi1 ibrium. The only thermodynamic nriablee re-

quired are the chemicsl potentiale of the vari0\18 possible CClllponents. 

The chemical potential of the i-th gas,)'-i• vill equal its standard 1DOlar 

0 
free energy, F 1• if we assume an ideal gas mixture. The total free energy 

of the system is mini.miaed s•.ibject to the .aterial ba.:..Snce constraint. 

This •Y be expreue'l quantitath'ely a. follows. The free energy of a 

mixture of molecular species containing xi MOlee of the i-th kind !mly be 

WTitten 
n 

P'(I) = L: r
1 

(l) 
i=l 

vhere I = (xl' x2 •••• xn), a set of mole numbers. 

~F0/RT) 1 + 1n P + 1n (x/i~ (2) 

P :: Total pressure in atmospheres. 

n 

x ~ L. 
i=l 

(J) 

In order to find the equilibrium canpoeition, the set of positive 

Ya~ues x1 minimizing (1) are detennined. These !TIW9t satisfy the condition 

of meter 1al be. lance, vhich nay be vri t ten 

n 

La x = b 
p; 1 !.j i J 

(j = 1,2, •••• n) (4) 
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where a :: The tota::. nUlllber of a t0111ic s peciee. 

aij =The formula number indicating the number of atOID9 of 

element j in the molecule i. 
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bj:. The total number of atomic weights of ele•nt j preeent 

in the mixture. 

The following is a deri'ffttion of the method of steepest 1escent de-

~eloped by White, Johnson and .tantsig for uae vith high-speed digital 

computers. We start vi th any set of poaithe n.luee Y 

vhich satisfy the mteri.81 balance cond1 tion (4). The free energy of a 

mixture defined 
D 

vhere 

F(Y) = l:: 
1•1 

by the set of mole numbers Y is 

Yi [ ci + ln(yi/Y)) , 

Ci ~ (F
0 
/RT\ ... ln p 

and 
D 

y = r: Yi • 
1•1 

(5) 

(6) 

(7) 

Since the set of mole numbers must be poeitive, a Taylor's series 

exf:ension in Y is poesible. The first three terms of the series are a 

quadratic approxilllltion of F(I). To form the expansion, ve recall that 

the form or a Taylor's expenaion in the value a ia 

f(x) = f(a) • f{ (x - a)+~ d2~1 (x - a)
2 

x-:.a dx x:a 

( 8) 

We define: 

- -
~ 1 a. x 1 - y 1' and 6 :r. x - y • (9) 

Writing dovn the Taylor's expansion about each of the points yi and 

co:lecting terms, we obtain Q(X), the quadratic approximation of f(X): 

n 
Q(I) = F(Y) + E 'F 

1= 1 J x 1 

( 10) 
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This expression can be evslue.ted if we kno~ the expressions for the 

partial derivathea evaluated at l"Y. To find the first derivatiTe, we 

revrite F(X) as followa: 

n ' 
l"(I) • L: lxici + xi 

1&1 
(11) 

Since Jxi = 1, and~ = O, for i -:f k, the first derhstiYe is 

Jxi J' xi 

( 12) 

To find the second deriYatiYea, we differentiate again vith respect to 

and 

.l 
I ( lJ) 

( 14} 

The Taylor's series expe.neion, evaJus.ted at I= Y, then becomes 

Q(I) = F(Y) 1- (15) 

The procedure by vt:ich the last term in this expression ie obtained 

is not obTious, and requires explsoetion. In order to 1ubstitute (13) 

and ( 14) into the last te?"lll of ( 10), we separate the doub..;_e 8\m!JB r, ion 

into tvo ten1e, one i~olving the subscript 1 and h, where h i= i: 

( 16) 

( 17) 
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We revrite the double sUJ1918.tion in this expression in terms of the sub-

script 1 alone, by noting that it is equal to the sqUBre o! 

minus the terms We obtain 

( 18) 

This expression simplifies to 

(19) 

Completion of the square and factoring by yi then yields the last term o! 

(15) . 

We vish to ahov that both Q(I) and F(X) are convex. To do so, we 

revrite (15) as follows: 

The first derivative is then 

and the sec0r1d derivative 

• (22) 

!>.- referr i ng to (lJ) and (22), we see that both second derivatiTes must 

r.c t be ~>ega t 1 ve, s inoe y > 1 1 for 1 1 7 O. It follow that F(I) and Q\X) 

are co ,:vex and exhibit a mini!llUll nlue. 

T.; find the next approxtm.tion to the desired solution, we minimi11e 

Q(I) aubject to the .. t.erial be.lance condit i on (4), restricting x1 to 

poe : t 1 .-e ftl 1 ues • Let. 
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G(I) =Q(Il-t- j~ -rt"j [- i~ "iJxi • bJ 
(23) 

where 11".~ are Lagrangian multipliers. To minimize G(X), its partial deri-

vati"t'9 vith respect to Xt is set equal to aero. In viev of (21), "We oOt.al.Il 

SolTing thi• expression for xi' there results 

(25) 

vbere 

r
1
(Y)= y1 [c1 • ln (y/Y~ (26) 

Sunming (25) o'Yer i and noting that :r1 mu.et satisfy the material be.lance 

condition (4), ve find 

(27) 

Substitution of (25) into the 111Bterial bllance expression (4) for 

element k yields 

I~ wie denote the constants by 

n 

r = r 1~j :s !. a r1(Y) 
jk ~ 1•1 1k 

(k = 1, 2, ••. m) , (29) 

and define the quentity u by 

• 
u : i/y - 1 , (JC· . 

we obts in • aqua t ions of the form 
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(k=l,2, ..• m). (Jl) 

Together vi th ( 2?), these equations 1118.ke up & sym1119tric set of m-+ l 

linear simultaneous eq~tiona in the m + 1 un.lcnowns 111, '\\2 , ..• .,.,.-11 and u. 

Thia set of equations nay be swnmarised as follows: 

Tb U 
m 

+ 

(32) 

B. Procedure in the Calculation of the Eguilibriwn Composition 

The stepe followed in the solution of a problem may be outlined 

briefly as follove: 

l. A solution Y ::: (y1 , y2, ••• yn) was postulated, wnich satisfied 

the •ss be::..S.nce constraint, and consisted of all positive va.:ues. 

Thia guees was be.sad on the relative abundances of the ele1Dents 

present, together with the re~ative lllllgnitudes of the free energy 

functions. The guess was •de as good as ooesib'.e in order t,o 

cut down on the time required for solution. 

2. The quantities r1(Y) and rjk were oalculated by equa t ! ems .?.6) 

and ( 29). 

3. The set of linear simultaneoua equations (32) were so.vec ~y the 
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method of Crout, a numerical method involving the successive 

elimination of the un.knovns in the equations (see !pp. 1).
56 

Note that the number of equations required is Ollly one rROre 
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than the number or elements present, and th.et it ie not necessary 

to haTe an equation for each individual componen~, as in o~ber 

•thods. 

4. Using the Talues obtained for the unknown multipliers, the total 

poesible changes in the mole numbere were calculated fr011 t-he 

equation 

(33) 

This is obtained easily from eqUfttion (25), with6i:::. xi - y 1 • 

5. The actual change in the mole numbers "'8.s limited to fractional 

amounts i\ Ai using the largest value of /.. sa tisrying t.he follow

ing condi tiorut: 

a) 111 inole numbers are poe it i ve • 

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

l.ating the directional derivative ~ 
d i\ 

i~l ll.1 f c1 ~ llJ ( ~i T i\~i)~ l y + i\A /j • 

from the equation 

(34) 

The llll!lxi.nrtmt V'8lue of i\ for vhioh this expression had a ne~ative 

nlue was found. 

6 . The next-improTed set of mole numbers Yi were then calculated, 

using Y 1 
: Y T i\6i i i 

( 35) 

Depending on the accuracy of the origi.Dal guei:s, betwer ' ~o 15 

i te ra t.i one were required to reach the min immi point. 

Trace components cot included in the original calcu.la ti on wel"'f 
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detennined using tl-ie unkn own m•1lt ipl iers -rt 1' 'ol'1ich represe n t the free 

energy co::tribution -:; " the elements j to the mature. A C')nve :- ~ect e1..l8.-

tion "or tht~ purr'.J6e was deriYei t-y d! r'ferentie.ting the t-xpress: or for 

G(X) with respect tc xi' replacing Q(X) with the exact f'.lrlct!or. r(X), 

and settin~ thP. result equa: tc zero . :~ere is then obtained 

This eXPression a.::.so served as a check to ensure that no lnl'i .~or components 

had been left out of the original calcul.ation. 

C. Computer Proi;rarmn:iag 

In order to adapr. this method to use on the IBM Tyr>e 6t:.0 Data Pro-

cessing System, it '""1! necessary to write a prog?'flrr1 ir. the FORTRAN la.n~ge 

developed by the International Business Me.chines Corpcrat1on for use with 

their FOR TRANSIT Auto!llB tic Coding System. Especially we '. l adapted tc 

scientific uses, FORTRA.N consists of state111ents simila.r in form to a lge-

br&ic eq'-lBtions. T~e method reqJ.ires no extensiTIJ lcr;owledge of the inner 

mechanis• J f a c omputer. 

The FOR TRA"5TI System consists of three major ~lB.rts: (1) a trans-

i. a tor which coll'~erts s ts te11110nts W'hich llBke sense to peop l e (FORTRAN) into 

a sel.f-oonsiste1.t machine l.anisuage (IT), (2) a COllD.pi:er , ,..i,ich converts 

the IT st.ate•ne n ts i:1tc step-by-step inatructjons to the 65 G in a symbo: le 

~ S 1 :AP II) lar.gua~e a nd, (3) ar. assembler, vhich produce!!! ar: opt.tm!ae.1 '.:H"·:-

gra:r. designed to execute the synibol'.c proi<:ram in a minimum of •. t?De. ~ 

FORTRAN pro~ran: i s all tnat the prognuner is required to pr@~.wire . ·.n1s 

cona i s ts of a •souroe program• vri tt.An in the FORTRAN langua~e and rune 'led 

onto data processing .~arJs. 'I'he machine then converts this IJrogrell'I .·,:.ci 
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a final "object program" by the three steps described above. This final 

program, together vith the necessary input dat..a card• , 1118.ltea up the final 

vorking set of inetructions. The answers are punched out on output data 

cards. These anewers may be printed out bv using the output cards in an 

addressograph -.ichine. 

Tvo pro~rams were \lritten, on~ to calculate the equilibrium composi

tion of the me.jor components according to the generel method on page 47, 

and the other tc determine the concentra~ions of trace ccmponents, using 

equation (35) and the output from the first program. A l~sting of the 

individual steps in these programs is given in Appendix II. 



III. DISCLS.SI~ OF RESULTS 

A. Evaluation of Experimental Techniques 

1. The collection of volcanic gas samples 

In Na.ember 1959, after a rour-yee.r la pee, the volcano Kilauea on 

the Island of Hawaii resumed activity. Tvosepere.te stA~es in the erup

ticm were recognhe.ble. The first occurred at the Kilauea Iki crater, 

separated from the Kile.uea calde:r& to the weet by Byrer. 's Ledge. Start-

ing on NOYember 1.4, a line of laTH ~ountains on one side of Kilauea Iki 

began pouring la'f'8 dow. into the crater. The activity soon shifted to a 

single fountain, which attained hei~hts of up to 17CX> feet. Eruption 

continued until NOTeaber 21, when the fountain suddenly cea~ed. After 

fiYe da.rs, activity reeu:med, only to stop again wittin 24 ~ours . Alto-

gether, there were sixteen phases in the eruption, with ::.S.va pouring 

back dovn the TIJnt frOlll the lava lake after each phase . 

The laT& fountain of Kilauea Del built up a huge cinder cone on the 

rim of the crater, in the direction of the preveiling whvis. Thie cinder 

cone Wl!ll!! later named Puu Pua 1. Sa.:nplee of gas were obtained from red-hot 

craclas and rifte at the aUDnit or Puu Pue.i on the following occa.sionss 

1) NoTember JO, 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 J) April 11, 1960, about !our raontha after the eruption. It is in-

0 teresting to r.ote that teq>eratures of 900 C. were measured only two feet 

belov the surl'aoe of the cone ae late aa August 1960, eight montrw after 

erupt ion ceased. 

Tbe second stage of the 1959-60 eruption of Kilauea occurred in t h9 

Puna District, on the flank of the Tolcano. On January 13, 1960, a l1M 

of law fountains began along a rift near the village of lapobo. .la in 



52 

the other sta~e, the scel'lt!I of eruption ·.m.s soon trar.sferr~d to :i single 

fo•mtain, which reached heights of more than a thousand feet. ~ruptio~ 

contin;Je1 'Jithout pause until February 19• By th Ls time the lava rlo;.; 

n11d COllplet.ely wiped out Kapoho village a:id spread several miJes •,o ·.he 

sea. 

Volcanic gas sa1ttples were taken fram this a.rea on tw _;cessions . 

The first set WRS obtained during the eruption, on January 21, 1960, 

from a series of vent5 along the rift line northweet of 1 he ..ar~e cinder 

oone. Tne second set wes taken on April 12 , lC~r-0 , two m·Jnt .... s a: .. ,er the 

eruption, from degassing cinders ot the edge c.f t.he largest crater in 

the cinder cone . 

Closely connected to Kilauea volcano is the solfataric f•.rnaro.ie, 

the Sulphur flanks, sit:..iated a.~ong a. fault at the r:-:.rtriern e~e of ~he 

Kilauea ca .Ldera. Gases escape from this fault, depositir.g su~fur and 

volatile salts, and altering the original olivine basalt to rocKs con.-

posed ~argely of silica in the form of opal, with lesser amounts of 

57 kaolinite. Magnetite and ilmenite ir. the rocks relll8ir, largely un-

changed. 

Use has beer. made of the gases for sulfur st eo.m baths, s.nd a pipe 

sunk at !,his location about 1922 provides Ii convenient mea~:s for obtain-

ing air-free samples of the gages ' ,-l evo,.ve ...... Samples were taKer. nere x . 

several occasior:s before, during, and after the 1959-6C erup~ io~ 

'!'he results of analyzing gt>~-· samples from these three : oc.<i •" ~ -· ns 

are sumim.rized in TABU Vl. '!'ne data is pre<0ented ln the foni J! -no .... 

percentage o~ the dry gas. !Ja ter vapor is also present in large am·· .J ,. ::i 

·.c th~ exte1.t that the gs~es ~ · oted in the tab~e (aside from air 



TAB IE VI. ANALYTICAL RESULTS - VOLCANIC GAS SAMPUS 

MOLE PEJCENT~ IN THE IJU PCRI'ION CF TfE GAS 

PA.RT .l - KilJ.TJEA I'KI CINIER CONE 

SAMPIE MET HOD OF 
NO. DATE COI.J.EC'l' IOPW H2 02 N2 CH4 co co2 Hf> so2 Al B2 

.l 11/J0/59 Vacuum Bulb 0.019 19 81 0 0 o.64 0. (lf)(\87 0.(l0097 0.65 2 

c • • • o. 002'7 16 80 0 0 1.5 0.012 tr 3. 5 5 

D " • " 0 . 0059 19 79 0 (J l.4 0.00042 o. 21 1.6 2 

! " " " 0.0014 21 78 0 0 1.1 0.00016 0.00062 1.1 0 

F • Silica C..l 0.02'7 17 83 0 tr C.45 0.1~ 0.0069 0.6L 4 
Tube 

H " • 0.0.)32 23 77 0 tr o.n 0 .044 0.0017 o.n -2 

------------------------------------------------------------------------------------------------
1 

2 

4 

6 

1/20/60 

• 
" 
" 

" 
• 

" 
• 

O.OCl.4 12 

0.0021 12 

0.0042 lC 

0 . 0019 17 

87 

87 

88 

83 

0 

0 

() 

0 

tr 2.0 

0 1.3 

0.(Yl) 2.1 

0 1.2 

0.010 

0 

0 

0 .00021 

0.053 

0.14 

O.JO 

0 .22 

2.1 

1.4 

2.4 

l.4 

9 

9 

11 

·4 

------------------------------------------------------------------------------------------------------------
12 4/11/60 

l 1 " 
• , .. 

" 0.0016 21. 

" O. CX14 '3 20 

" 0.059 l? 

76 

RO 

79 

() (\ 1.2 (1 

0.0063 0.022 0.652 O.CXXl40 

0 0 .089 4.0 () 

•1 .020 

0 . 03~ 

0.0046 

1.2 

0 .62 

4. 0 

-.3 

1 

4 
-~~~~~~~~~~~~~~~~~~~~-~~~~~~-~~~·~~~~~~~~~~~~~~~~~~~ 

1 A~ i'ercent volcanic gas in the dry portion of tre samp le. ~ 
2 ~'~ 

B = Per"ent OXY'llen deficiency compared to air ( 21 - % o
2 
~portion of sample). 
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TABIE VI. ANALYTICAL RESULTS - VOLCANIC GAS SAMPI.ES (Continued) 

P.lRI' B - uroiO 

SA.MPii 
NO. DAT'E Pl.ACE METHOD H2 02 N2 CH4 

co co2 Hr so2 cs2 

0 1/21/60 Dead Cone Si "i ica o.oou 2.4 76 0 0 0 .17 0.00025 0.025 0 
Rift Gel 

1 " Vent- " L...0 9.2 62 0.54 0.63 25 0 0.10 0 
Rift 

2 " " • 11 0.26 10 0.96 0.55 56 0 4.3 0 

3 • " " 0.0089 17 83 0.0050 Cl . 014 0. 19 0 . 00048 0.0073 0 . 0042 

4 " • " 13 0 15 0.69 2.6 67 0 . 93 o.o~ 0 .79 

11 4/12/60 Cinder " 0 20 80 0 0 0.15 0 0.0055 0 
Cone 

13 • " " 0.028 18 82 0 0 0.36 0 . 025 0 0 

1 
A- Percent volcanic gas in the dry portion of the sample 

2 
B• Percent oxygen deficiency compe.red to air (21 - % o2 air portion of sample) . 

Al 

0.17 

39 

70 

0.20 

85 

o.u 

0.33 

B2 

-.3 

8 

20 

4 

21 

l 

3 

'"" ~ 



TA..Bl.E VI. ANALYTICAL RESULTS - VOLCANIC GAS SAMPl.ES (Continued) 

PA.RI' C - SUU>HUR B.A.N'KS 

SAMPIZ 
NC. DA'!'E PLACE 1C'rROD ~ 02 N2 CH

4 
co co

2 H.f so2 

Ji! 8/59 Well s111~ n.oon~. 8.9 32 0 CJ 57 0.51 0.04 
Gel 

1 1/21/60 • VaCUUll 0 12 45 (} 0 43 0 0.35 
Bulb-wet 

2 • " Silica 0 . 0014 3.2 14 0 0 76 1.4 5.1 
Gel 

3 • • " (J .0013 0 . 077 6 .6 0 0 85 3.6 5.7 

4 • Natural " ,-/ 1.8 b2 () r 20 
,, o.cn4 " 

Vent 

13 4/11/60 Well • 0. ()()(Jl2 10-5 io-3 o 0 98.5 1x10-3 1.5 

1 
A • Percent Tolc8nic gas in the dry portion of the sampJe. 

2 21 ..... 
B a: Percent oxyren deficiency compared t o air ( 21 - '.t o2 ~ rortiori of sample). 

c.s2 
Al 

0 59 

(J 43 

0 83 

c q3 

0 36 

() 100 

B2 

0 

0 

3 

20 

18 

21 

Vt 
Vt 



56 

contamination) form only one tc tw0 mole percent of the total.. 

2. Se.mplir.g Techniques 

Evaluatiop of samplee. Ref~r~nce to TABIE VI, in vhich are presented 

the analyaes of a number 0f ToJ cani c ~as samples collected durir.g the 

recent Kilauea eruption, shove that there Wfl.S a wide diYergence in the 

results, even betveen samoles collected at the Se.ate time and place. In 

order to understand this poor precision, it is nece•sary to consider SOID8 

of the difficulties entailed in getting the saap..'..es. It is almost impos

sible to obtain a saap1e vithout some •rd xing with air at the time of 

collection, unle•s the investigator is fortunate enough to be able to 

seal the sample bulb in the vent. There is a very sharp teaperature 

gradient at the mouth of a vent, amounting to a change of severa~ hWldred 

degrees per foot. The saaple \lbe must be oroken .-~rr as far into the vent 

•• possible beyond this region of temperature flux and atmospheric oxi

dation. The blue fla.ae, reported by Jaggar, indicating coo;buation of 

gasee at the ~outh of a vent, .is not obserYed in this investigation, 

and could not be used as an aid in dPtermi~ing vhere to break crf the tip.58 

These difficulties snow "'hY a vide rar1ge in the quality of samples 

is ltlcely . It ie not valid to take a series of s amp~es at the same time 

and place, ther. avera~e them to ~et meaningful results. Some of the 

samples will be excellent, others, Tery poor. It is preferable to find 

sonie aeans of eY&luating the samples and to use only the better ones in 

forming conclusiona about the nature of volcanic gases. Jag~ar realised 

this, and uaed two criteria, based on conditions of collec-tion and c ·-~ 

?OS1tion, to e.aluate his samples. Roth gave some indica•ion of the 

amount of atmospheric contamination of the gaees.59 
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In the light of present lrnowled~e, -:me possible crlterior; is the 

percente.gP. of dry Tolcanic gas ir. the •_Ju}b. 1'he :.ess eJ(tra·1e .:m.s air that 

gets 1ni.o the s8.111ple, the better it is. !.rother er iter1.:1n co1J: d be based 

upon the !'act the. t oxygen react.! quantitatively with the ·10 . cs' 1 c gases 

at high temperatures, and that nitro~en reacts only sl~~htly. lf we :naKe 

the assumption that all the nitro;:ren is ulti100tely atmoe~heric ir. ori.r-.:n, 

the amount by vhich the oxygen-nitro~en retie deperts fr0rr the va:ue '.'or 

air will indicate the a1110unt of atmospheric conta.mimi •,ion of the ~s De

fore it 'Wiile collected . Thia assumption regarding nitrogen is reason801e 

as a first approximation since nitrates and other ni",ro!len compour1ds are 

only "9ry minor constituents Jf Yclcanic rocks. 60 Furthermore, rioering 

has studied the isotopic ratioe in nitroge~ and argon o~ sample~ cc1:ect

ed at the Sulphur Banks, and ~ound them to be the same as ~or air. 61 

The folloving two criteria have been included in TABIE V1: 

A = Percent Yolcanic ~as in dry ;:'Ortior: JT sample. 

B = Percent oxygen deficiency compared to air, 

a 21 - % oxy~en found in air portion of samp:e. 

If we consider only silica gei samples, it is seen thBt the analyses of 

the relathely air-free samples collected at Ka~oho are more interesting 

(i .e., contain a greater nriety of gases) than those of Kilauea Iki, 

vhich were much contaminated by air. 

Among the Kilauea Iki s&D1ples, those collected in JanUB.ry had a 

larger nitrogen exoess than those of NoYember, and were co;respond mg ... ~· 

111ore oxidised. They vere therefore poorer representatives of tne primary 

magma tic gaa. 

AQvant.ag(!§ of silica gel tuws. White colloida. sulfur had pre-Yio~

ly beer, obserYed on the wall.a of encua ted bulb samp:es collected d-. ·· 1g 



the lO':i" e~nt.lon of' Ki.18.ueJ\. Presulllfltly this was due to reactions such 

as 

whid: rerrnvf-'d su~f Jr from the li':B.g phase. A ~fis-chromet.)~'rapric analysis 

o" the saT.rl13s the;- ~:-rwe·J. ·inly ore su~fu!"-contatr ~ng ,J&s, i· excess 

e it loie r hydrofe n 'i u 1 f'1. de or s '...il fur di oxirie. 

"'o a~cert.<1ir .It.et.her ·.:ir not a colum' of activfi~~<i sill..C'K !<'.el r~acad 

ir. the sa.mplP tube Jcm::.d orevent this reaction, vary:.,e 9mut ... nt.s u!' W1'J.".er 

vapor, CArbon dioxir!e, sulfur dioxide Rnd 1,-1~0.<t>r s·1J:rie .1ert:: ~1e11.te<l 

t0 ·e,"Pc. a:id -;.Amp~ai 9+, the time of inixlng Dy (1) ev"1.~1iatet• ~ulos ana 

(2': s: 1 icF. ge: tu~"' of the type depi~t,ed in F~r• ~. ArP:ysi.s ): ','6 

evacua'ed bu:'1 stimi Les showed onl:; hydro.zt:;n su'fide -r si ... ~fur d~cx·ie, 

1eoendi:1f! -'.>ll .m:cr. ·.me:. or-el'lent in excess; analr~~ .)f ~he silks. ~e. 

tutie sa.mp ' es showed (X>th ~riroger. Si.llfide qnd sul•~ur dir:ixide ifl approxi

mat,ely the san')P, pror:i.Jrt!•)nfl in :..r+iict. thev were "'::i...xed. 

I'> prol)Rbl€ exp.anat,ion of t,he above ls that the sili'~"' •·e: $e tictively 

•dsort-er< ':-he vari0c1.~ gAses, thereby ~epar$1t.inp them qpri pr~lferJ· :'H: 

rea-:ticn. °!'he :tke .. y d~str1butiori J'. ..<ases in tht:: samn,~1:: ·"u.··e, '°'8st=-d -,r 

•,·.e order 1.r. ""'' -~· t' ev emeri,re frorr. a gas chrolllBto~r1:1p~ . .:.c .T.:. o: 

'=' · fe ~ • o: 1 he :c · im·. .. R ;ui s chroma toe-rl" phi c a r,qlys i3. Tes t.s !:fl ve st own 

·:1a· SRmG es ·o: tected in t'iis vay m·r oe .:..eft for ~everqJ mo".l•,h~ at 

- )0'!' terr.iJerature ..rith :10 danger of rurther ;e~ctior1, SL'1Cf> t::-ie re•Je .Jf 

d "fUE:> j "'n or' the ~as es adsorbed on ~he column ts s} ow e r10WO(h for t r•e ?11~e!' 

·o '""eiMir. essentially separated . 

r.r. '3xami nA ti or, o!· the s11111ples collected at Kilauea Iki on NoYemhe r 

10, N'i9, sho'IJS that the 11ethod of samplin~ 1id lll8ke a dif"ereooe in •.rie 
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results obtained. Thus the samples collected in silica ge l tubes contained 

more sulfur-containing gases (predominantly in the reduced form, hydrogen 

sulfide) than thoee samples collected in vaeUU11 bulbe, where much of the 

sulfur-containing gss had reacted to fo1"111 solid sul fur. The larrest 

co•.ponent of the sulfur gases reme.ining in the simpl e vacuum bulbs was 

sulfur dioxide, presumably frOID reaction with air. Since these samples 

were collected at a much higher temperature, t;ocf'C., than the laboratory 

mixtures, oxidation by atmospheric oxygen W'Ould readily occur in the 

eTacuated bulb samples ta.ken at Kilauea Dci. In the silica gel tubes, 

the adsorbent prevented thi~ reaction as well ss the autoxi~~tion of 

sulfur-containing gases in the presence of condensed moisture. 

) • Sources of Errors in Analysis 

A number of errors inherent in the ~s chromatographic t.echnique 

also contributed to the observed lack of precision in the •olCl!nic gas 

aaaplea. One of the most important sources of error was inaccuracy in 

measuring peak areas. Janak ( ~960) has me.de a statisticl'l l survey of a 

large m.-ber of inethods of integration. 63 He found that approxiJDBtion 

to a triangle by multiplying the height by the width at half the height, 

(the ID9thod U8ed in this investigation) we.e COlllp!lrable with most other 

Mnual methods. He found the mean relative error for peaks smller than 

0.5 aa2 to be 19.~, for peaks between 0.5 and 1.0 C1112, 12.5~, and for 

peus between 1.0 cm2 and 3.0 cm2 , 4.3%. 

This source of error was particularly important in samples con-

ta&inated by large amounts of air. The volcanic gases were then present 

in trace 8.JltOUllts, often near the limits of seneitiYity of the appe.retua. 

Opon recalculating the cc.poeiti~n of these sa.ples after e:im 1 ne~ion of 

ataoepheric contaainants, the IDllgnitude of the error became qu 1 te large. 



A:illo contributing to the uncertainties in the gas chrc:matographic 

results were such fBctors as non-linearity or the detector response and 

TariatiotU! in flow rate and column temperature. Compe.red to errors in 

•aBuring peak areas, these factors were relatively small, especially 

since calibration wae carried out using pure compounds at pressttrel 

<YYer the whole range of partial pressures found in the unlrno"Wns. 

When the preasure of gas in the apparatus was low, errors in measuring 

preeaures were quite large. As often as possible, these errors were aini-

11tised by -uuring the pressure at a relatiTely high value and then 

expanding the gas into the sample introduction tube as many times as 

necessary to obtain measurable peaks. The pressure of the sami:;le we.s 

oalculated using the ideal gas law and the known TolUJD8s of the cOll8tant 

T01UID8 Dlnoaeter. Under the experimental conditions of low pressures and 

aoderate temperature•, any error introduced by non-ideality of the gasee 

was far outweighed by uncertainty in reading the mnc:.eter. This uncer-

tainty was, neverthelees, no larger than errors in me suring the areas 

of pee.ks. 

The sources of error in the water determinations were principally 

those in waighing smll amounts of any mterial. So11e uncertainty w.a 

always introduced by the necessity of ha-Ying to put stopcock gi-.ase on 

the removable trape. This was alwe.ye viped off as 08.refully as possible. 

The chances of any vet.er escaping through the dry ice-actone trap were 

Yery snall due to the lov ftpor pressure or wt.r at the t8111perature of 

the beth and the plug of glass vool in the trap, vhich prevented mechanical 

traneport of ice crystals through the trap. 

la. Calculated Equilibrium Ca11poeition of Volcanic Gases 

1. Introduction 
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In order to gain further ins igbt into the obeened variations in 

coapoe it ion of volcanic gases, and to explore poss 1ble pathweye toward 

determining the nature or the priaary magmatic gas, a thermodynamic 

study was •de of a typical volcanic gas phase. The approach of Ellis 

was foll°""8d, in that a typiClll volcanic gas samp:e, Kilauea Iki F, was 

U8ed as a starting point.64 It was selected because it was rol:ected 

under conditions indicating that it was a good representative sample of 

Tolcanic gas, rel.ati..-ely uncontamimted by previous contact vith the 

atmosphere. A preliminary check had sho'Wl'.l the Kilauea Iki samples to be 

in equilibrium, vhereas the Kapoho samples were not. Therefore a Kil.auea 

Iki sample was cr.osen for the model sys t.e'I!.. 

Using the general method of minjmizing the free energy, the equili

brium compoeition of the gaseous portions of the syste,, S-C-C-H repre

sented by "lUauea Ilci F" was determined at a nwnber of temperatures, 

pressures, and oxide.tion states. The following relative atomic ratios, 

based on the analysis of the sample, were used in the calculationss 

s 

c 

1. ()()() 

2.680 

0 

H 

142.2 

V5.5 

The results were SUDll"l8riaed in 8 series of plots, which are reproduced 

in Figures 5 thro1J€h 8. Part A of each dia~rarn shovs the variations in 

the najor components of the system (except vater, \lhich is essentially 

constant), in plots of the parti.al pressures of these compor1ents. In 

p~ots of tbe logarithml of the TBrioua partial pressures, Part B iJlus

tratee the n.riations in the compoeitioo of the fo:lo\ling ,_,ossible 

cOllponents: we.ter, hydrogen, carbon dioxide, carbor: 111onoxl:ie, 11ydroge1 

sulfide, sulfur dioxide, sul !"ur vapor, sulfur ll)()nox ide, s •. f:.£r trio:x L1t< 

carbon o:xysulfide, carbon disulfide, methane, h.:rdroxy. free radir'i 
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oxygen. 

2. Variation vith Temperature 

The calculated equilibrium composition of the Yolcanic gas system 

0 
S-C-0-H at atmoepheric pressure and temperatures betveen 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, awl also decreases with 

temperature. At lover temperatures, hydrogen sulfide is the principal 

sulfur-containing gas, being replaced by sulfur dioxide above 1150°1. 

Hydrogen and carbon monoxide increase vith tempere.ture, with hydrogen 

rising Tery rapidly in the region of tre.nsition betveen the sulfur ~ases. 

65 Figure 5-A agrees very well in its form with the results of Ellis. 

There are, howiever, shifts in the poeitions of the cUrTes beoe.use a 

slightly different gas compoeition we.s U8ed in this inYestigation. 

COW1p6rison of the calculated compoeition at 800°K . vi th the experi-

mental data on the sample !'.ilauea Iki F (T.lBIE VII) showed that there 

was excellent agreement at this lower temperature. Evidence was thus 

provided that volCftnic gases are in equilibrium at the time of callee-

tion, .i.ending justification to further thermodynamic treatment. Further 

discussion of the attainment of equilibrium and the temperature discrep-

ancy is preeented in Part C of this section, with reference to the effect 

of meteoric water on the appe.rent temperature of equilibrium. 

The minor components of the gas, present in such small amo\ll'lts as to 

be undetectable, with the present analytical appe.ratus, are represented 

in Fig. 5-B. It is seen thet lll8ny of tbem, including sulfur trioxide, 

sulfur monoxide, hydroxyl free radical, &nd oxy15en, 1.ncrease rapicil,Y wt ~.n 

te•pere t..ire. Others, such as carbon disulfide, carboo ox;rsulfide, f'fW' ··.a :-ie, 
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and sulfur n.por reach a broad maximum in the region of equivslence be

tween hyd.ron sulfide and sulfur d;. ')xitie. ()ne ~s, methftne, also increases 

very rapidly at lov temperatures. Verificstion that the sample chosen we.s 

truly repreeentatiYe of TolcRnic gas is apparent from the very a .. 11 

partial pressure of oxygen in equilibrium with the gas at the temperatures 

of interest. The po
2 

is well within the limits necessary for the stability 

of the "n.rioua minerals occurring in the mgna and solidified la Ya, in

dicating further that there had been n:ry little atmosoheric contamina

tion o! this pertic1.ll.s.r sample. 

J. Variation vith Pressure 

Shown in 1'ig. 6 are changes in the mode l volcanic gas systell' at a 

temperature of 1500°K., and pressures ranging frOll 1 atm. to lC,, (wl() stm. 

In '1g. 6-A, the inole fraction is plotted instead of the partial pressure, 

in order to keep the plots all on the sane graph. To obtain the partial 

pressure or any component at a given total pressure of the system, it is 

necessary only tc multi;:ily the mole fraction of the component by the 

total pressure. 

It must be pointed out here that errors due to the ass1..111ption of an 

ideal gae system, llhlle oegligib~e at atmospheric pressure, increase 

rapidly "'1.th increasing pres•ure. Se-.ertheless, the temperature con

sidered is high enough (1500°K.) that the fU¥ftcity coefficients ream.in 

of the order of uriity. ror lnst.anoe, the fugacity coefficient of we.ter 

at 1500°K. and lOOC' atm. ia about 0.95; and that of carbon dioxide 18 

about 1.2.66 In Yery accurate work, an additional iteratior. ~J~ . e would 

have to oe added to the contput.Rtion program to take int.o sc··· JJt the 

fugacitie• of the K&•es. The nlots presented here, however, are ~eslg r lf)d 
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to show the general trends in the composition of the system with increasing 

pressure, and are not intended to be used quantitatiTely. 

Referring to fig. 6-A, it is seen that there is fi slight increase in 

the co;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 increasin~ the pressure 

is thus roughly the same as decreasing the temperature. The gases 

dominant at lov temperature and low pressure become dominant again at 

high temperature and high pressure. 

Fig. 6-B shoW!I, as expected, that there is an increase in the pe.rti8l 

pressures of most of the gases with increasing total pressure. There 

are, hoveTer, two notable exceptions. ~he partial pressure of suJfur 

dioxide decreases with increasing pressure, and the partia~ pressure of 

oxygen stays nearly constant. Thws, at high pressures, although the 

compoeition of the gas is changed (particularly with reference to the 

sulrur-containing gases) the oxidation state of the gases relDBina eaaerr

t1ally the same. 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 s rock is 

formed are not necessarily those in equilibrium with it at atmospheric 

pressure. 

4. Variation vith Partial Pressure of Oxygen 

Dllcua;ion of tbie cunes. The TBriation in the composition of the 

gases ~1th the partial pressure of O:Je7gen present in the system is ~hown 

in Figs. 7 and 8. Fig. 7 represents the changes at 15()()0 K. 4nd . atm., 

essentially the cood1t ions under W'hich ls.TB ii!! erupted; ar1(l F1g. 8, the 

changes at 9<:Xf' K. and l atm., the conditions under which moet o~ the 
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volcanic gas s9.11ples were collected. The calculations necessary to con

struct these diagrams were oarried out using the minimization of free 

energy •thod. Holding the atomic ratioe of sulfur, carbon and hydrogen 

constant, the relative amount of atomic oxy~n wes Yaried, and the equi

libritm1 composition determined tor different oxygen contents. Plots were 

then made of pe.rtial pressure and -log pi aa a function of -lo~ po2• 

It vill be noted that there is a great deal of similarity between 

plots !W!de at different tei.peratures. The slopes of the cur.es for the 

principal components remin the saae, but their relative positions on 

the -log po
2 

axis are •hifted. Thie shove the effect of teapere.ture OD 

the Tarioue equilibria. In particular, the &'IDOunt of oxy?en in equilibrium 

with a gae of a oertein ca11poeition is different at different tempera

tures; therefore, the positions of the curYes ere displaoed al011g the 

-log po2 e.xie. The equilibrium amounts of trace components other than 

oxygen, such ae hydroxyl free radical and sulfur trioxide, also vary 

with the temperature; transition points in their cUTTes ere displaced 

vertically as well as horisontally. 

Since the horisontal portion of the curve for a dominant molecular 

species occurs when Yirtually all of its significant component element 

is in that particular form, the poeition of the line relatin to the 

Yertical axis vill be determined only by the aaount of the eleinent in 

the atoaic ratios. FOT 1.netance, the more sulfur there is pre"ent re

lath-e to .the &IDOUrlts of hydrogen and carbon, the higher the horizontal 

portion of the sulfur dioxide CurYe vill be relathe to the horizontal 

portione of' the c~s for oe.rbon dioxide and 'Wlllter. 

for each atomic species, one molecular species dominate• OYer a 

giTen range of oxygen partial pressure, this molecule contain!~ nearly 
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all of the element in that region. There is then a region of transition, 

followed by a Minge in vhich a differe nt moleculAr species domilllit s. 

For the hydroeen-containing gaaes, the dominant gas is water, stifting 

to hydrogen at low ox.rgen partial preseures. Carbon dioxide is the 

dominant carbon-oont.aining gas, shifting to carbon monoxide at a value 

of J'().2 greater than that of the water-hydrogen shift. At nry high 

p
02

, (not occurring in volcanic gases), the dominant sulfur-containing 

gas is sulfur trioxide; it is replaoed by sulfur dioxide at aoderate 

oxygen partial pressures, and by hydrogen sulfide at lov oxygen partial 

pressures. The sulfur dioxide-hydrogen sulfide transition occure at a 

value of Po greater than that for t.he carbon dioxide-carbon aonoxide 
2 

transition. 

ill volcanic gas samples collected to date had vslues of Po such 
2 

t.ba t wa t.er and carbon dioxide are dominant. There is, hovenr, extreme 

n.riability in the nature of the sulfur-containing gases, because aoe t 

of the samples vere collected in the neighborhood of the hydr~en sul-

fide-sulfur dioxide transition point. This is because of the stability 

relations 8.JIOng minerals occurring in the magwi and in volcanic rocks, 

which set definite limits on the oxidation state of the associated gas. 

These lillli ts are such that hydrogen and carbon non oxide cannot be the 

dominant gesee at t.be 9u1pera tures of collection. 

In the regions of transition between d oainant species, changes 

occur in the slopes of the curt'9S for sinor oa.ponents (Figs. 7-B and 

8-B). P'or sc.e of the sulfur gaeea, such as sulfur vapor and sulfur 

aonoxide, t hia &aOUDts to a -.xi.am at the hydrogen sulfide-sulfur 

dioxide tronsition, since they are inter.ediate in oxidation state 

between the latter two gases. In general, noweTer, hydroxy l free rttdioe.l 
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and sulfur trioxide increase vith increasing Po , and methane, carbon 
2 

oxysulfide and carbon disulfide decrease vi th increaa ing o0 • 
2 

SignU'iC(AAO! of the function -10& Po • It vill be noted that the 
2 

curves in Figl!!I. 7-A and 8-.1 are identical in fonr1 to typical aqueous 

titration OurYes. The partial prenure of one gas in an oxidation-re-

duction couple will reim.in essentially constant ~r a range of oxy~en 

partial pressures, and then decrease rapidly to an essentially zero 

value, while the other gas exhibits the renrse behavior. 

Similarly, in Figs. 7-B and ~B, the curTe• for these species are 

identical in fora to ~e in the logarthmic pH diagrams developed by 

Bjerrum, Si~1en and others to syste11Btize complex equilibria in acid

base ti tra tione. 67 For one gas in a pe.rticular oxidation reduction 

coupl e, there le a range of -log P0
2 

oYer which the ge.s ia constant, 

being represented by a horisontal line. After a period of transition, 
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another region f ollove in which the gas decreases in proportion to -log 

Po
2

, this regioo being represented by a diagonal line . for the other 

gas in the couple, the re"Yerse behe.Yior is obserYed. 

It is evident that the function -log Po
2 

is an index of the oxida

tion state of the •gmtic gas phase, in the same way that pH (-log 

cH•) is an index of the s cidity of an aqueous solution. The function 

-log Po is a conYenient way of expressing the state of oxidation of 
2 

the gas, and will be ~iven the symbol mO, an ea.sily vritten abbrevia-

tion. 

COAO\rucUop o! aO diagrycs. If the dOlllinant speciea in the ~· 

phase are known, it ie possible to construct logarithmic psrtial pres-

sure dia~as vi thout resorting to the general 1Dethod of ~al cu ·"' · ion. 

The folloving discussion, based on that of Sillen, Lange, and 
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Gabrielson for 1o~~a.rithrnic pH diagrams, will sr.ow ·.CN tt:..s car. oe done, 

and a.t the same time prnvide a -nore 1uantitetive undi::rst.a:1d::ii$ 'Jf them<' 

diagrallliS . 68 

Consider the"" eneral oxid8t,ion-reductior reactior. for the i-th 

coup le of gases, 

• + r 

' 2 (l) 

vhere ·.1X reoreser.t::: the 0xidized ~·0rm, and ~.ED the reduced +-onn. The 

equilibrium cons•.ant for th.is reaction may be written 

n 
(PRED1) I-02 

(Po11)n 
• ( 2) 

vhare the P 1 s represent ue.rtia l pressures . (Tl-ie gases are :,en ~on-

sidere..:i to be idefll for cor.verdence ir. '.iiscussion.) Ir. : 'V"P·itbrnic 

form, this equation becomes 

mO .. mKi + n log ( J) 

where rnC • = 

of ; H and oK
1 

used in aqueous sol uti ")LS. The r.ota J :JB.rtia~ ::ires sure, 

t 1, of the twc ~ases is 

(4) 

S~rn~.ifying assumptions ca11 be made wnen the value of mu is very 

m'JCh j_i 1 .-ere:1t frorr: its vaJue at tne equiva:ence ~ ·o:nt. When m( <.pK
1 

., 

the ~as iti essentia:ly all in the w~diz~d form, and Fi : fc
11

• 

expression for mO then becomes 

me = mKi + n :og ( 5 ) 

The partial :Jre::<sure expres:n c· ns used in making -;;, ots a · p tner 



log PRED· • 
1 

anJ 

log pi + l 
n 

It is seen that the oxidized form !.s reoresented b·r a li~e of s1ope zero, 

and the reduced form by a l:lne of slope l n, vhere l -' r. is t~e ~1umber o:· 

moles ,..,f oxygen exchanged in the reaction of 0r.e :nc~e :' ~· ·,~.e i-th r:ixi-

da ti on couple. 

On the other hand, when mC > mK1 + 

mO = + n log P~ 

Poxi 

= FRED·, s ::i that 
l 

(8) 

The equations used for meking ~lots in this regicn beco~e 

and 

.1 \ m( \ - mK 1 \ 
n 

q ) 

The reduced form is noii rPpresented by a :.,1rizonta l ~ i : e, ar id the oxi-

d!.zeo form by a diagonal line of s l ope - 1 n. The '10ri.zo!"', t.a ' and diagona : 

portions of tile cur\'es can be connected by a 3rr. -x .th curn'! exr.ending ever 

twc me '.mits . 

As a first apnroximati0n, each oxidation-rt=-duc·":or1 e<pil:lhrium :nay 

be considered separate_y. For each t=i tomic constituArit, eq•Ultlcns in-

vo lving the trttnsfer of oxygen from the domir:ant soecies to a minor 

snec!.es must be written, one for each mir'Jr s peciee ir1 eech region of 

~ dom~ nant f.BS . In the case •mere s minor "55 con ta :.ns t \iC -i t.o'T'ic specie~ 

besides :)lcy.<en; i.e., methane or carbon oxysu ' fide, :.he contrc~l.inf{ 

eqc;ilibrium is the one vhich allows the S'll8.lles t conceritra • i or. of · ~ 

minor gas. 

Equilibrium constants for these react:ior.s can most. i::as : .y be J~ 

rived from tabulated 
0

re'.stive free energy data.69 fhe "'".ar :'1rd ir:o.,. 



(GH:b~' free energy may be calcul.a.ted from the equation 

* [-
r 

.o~ - yO 'F° - If' j -1 l H~ . Ho 298.16 (l}) • \ 0 + ~ . - :10 
KT T RT 

'Fo .. 0 
where -\ - ho) is the relative free e~er~, (H - ~) 2<;l8.J6 is ~he 

T 

reletive heat co~teot at 29~.16°K., and H; is the standa~d hea~ of 

formetior. cf the f,:13.S JJt 24B.16°K. The equilibriu'll constant for the 

redox equilibrium (l) is ~hen fiven by 

lr. Ki • n -( Fo) 
RT CX1 

( 12) 

S. Varia ti or. W'i th Partial Pres~·.tre of Water 

In Fig. g the~e is ~resented a set of ~jots s~owing the variatiJP-

of the ccmpositfrn 0f the "TlOdel system with the ~)erti&~ pressure of 

"WSter. :'he cirectior; cf increasing water is to'Wflr-c; the ')rdinate axis, 

as in tt.e :Jx.yren plots. 1t is seen that, the chief e'.'~ect cf water is 

that or d~lutior.. b the syste,, studied, t>-:ere is als~ 

effect, as ind1:::1ned by the ircreasinr :Jartia~ ore~sure :;r c'x:yi-:en and 

of sujfur nioxide. The ;ases Aµ'."roach the oxidation state .'.)f a water-

~yiroger. sy~·em, which, iI1 th ~ s -~Else, cor.trols a higher partia .1. oress'..lre 

of wt.er thaL: the entire ~ystern . The actua ; samp .e, "Ki Jauea Iki ~·", 

h&J -lo€ PH:i·' = ~ . C' 2, and therefore lies quite c1ose t c- the 0rdinete 

a::r; is. 

It is soire' 1me9 stated that ground water is one of the ch:ef oxi-

d:zing ~f::P r. ·J~ acting on mall!!l&tic systems. This study '1ppears tc s 1.w·>0rt 

tr..1.s s•.at,.:.iwrnt. . It me.y be true i;:-enerally, because :r; •)St !DBgmat.ic ;: ~ . ... . ~ 

are prr ~r1 .' •1 ever. "lore rP.duced t"!B.!1 the system studied, at .eAst •r 

they get ne"'r the sarface. It my be ret!IBrked here that it is q · .. ·. 
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reasonable also to consider oxygen as a ma~tic oxidizing a~ent ir, 

HBwe. i ian volcanoes because of the very porous nature of the rocks, vhioh 

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

6. Importance of Complex Gas ~quilibrium CaJculationa 

The chief reason for applyi~g complex gas equilibria to 11agme.tic 

systems is that discussion is permitted of any situation, however complex 

it may be. Laboratory studies of complex equilibria occurring between 

gases and silicates at high teaperaturea heve been carried out using 

simple ~as systeme. T~e reau'.ts of these studies ?18Y very easily be 

extended to natural systems, using the methods of aporoech Ol<tlined in 

this investigation. It may be noted that the approach used is not 

limited to homogeneo\l!I gas systems. A recent paper by Boynton (1960) 

has generalised the :ninimiza ti on of free energy method of Jhite, Johnson 

and Dantaig tc polyphase , multicomponent systeme.~O Any ;~turelly oc

curring mineral-gas or mineral-liquid system, re~Ardlees of its com

plexity, een be studied, provid~d the necessary frBe energy and acti

vity coefficient date. are ava:labJe. Even in cases where data are not 

at hand, they can sometimes be estimated with a reas onable degree Jf 

accuracy by uaing the rule of "additivity cf entrooies 11
•
71 

Oxidation-reduction reactions occurring in the gas phaFe are 

particularly easily studied. By using the method of logarithmic dia

gral'BS, the necessity for using 'i hjgh-speed digits~ computer is elimi

nated. However, in cases vhere a ccmputer is available, the gene?"fil 

method is recomnended, because it is quicker end not subject to r.oesible 

erroneous assUJ1ptions. it! 'llOre and better comouters become ava ~. able, 

the complexities of geochemical systems vill become more sus ·~ e: t. ble 

to attack by these methods. 



C. Interprets tj ~., of the Analyses of the Gas Samples 

1. Introduction 
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The following is a discussion of the specific results obtained on 

analysis of geses from a lov temperature solfataric so1rrce, the Sulphur 

Banks, and from higher-temperature volcanic sourcPs, the Kilauea Iki 

cinder cone \Puu Pu.al) and the K.apoho rift. There is preserJted an in

terpret.8tion of the results in terms of the effects of secondary atmoe

pheric influences on the primary magmatic gases which are released fr~ 

the erupting lava and from hot pumice. The attainment of chemical equi

librium in the gases will be disc·1saed, together vith the factors contro1-

ling it. 

In order to provide a b!l.sis of comparison for the samples, the 

experiment.81 date ha Te been re calculated by subtracting a 11 of the 

oxygen and nitro~en, as well as the carbon dioxide content of air. The 

~aseous portions of the systea S-C-0-H, whose theoretical equilibrium 

composition has been discussed in Part B of this sect ion , represer.t the 

of Tolcanic gases. Consideration of other ooes ible comr"mer.ts of the 

.;as, such as conrpounds of chlorine, fluorine , nitrogen, siHcon, and 

the heaTY met.a.ls, C"&n be maae as minor corrections on the resi.... ts for 

the principal constituente. Such a discussion will not be atteapted 

here beOfluse of a l ack of experimental C18ta. 

Analyses ~f pases ta.Ken frODI the Sulphur banks over a ~wo-year 

perioo a.re su111'18rhed in T.lBU: VIII. A presentation of t.he results of 

the ana.l~ais of samples frOtll Kilauea Iki and Kapoho is mllde in TABLE IX. 

Included is the teaperature obaerncl at the ti.lte of collection of each 

sall'lple together with the calculate 1 equilibrium temperature ~or the 

co~poeition of that sample when such a calculation we.s possibJe. 



A. SU LP HUR BANKS 

SAMPIE DA'fE 

58-1 Sept.1958 

59-1 A~. 1959 

60-1 Jan. 19f.C) 

60-2 Jan. 1%0 

60-3 Apr. 1960 

'!' ABI.E VI II. RF.CALCULATED SGLFATARIC GAS A'. JALYSES OF SAMPIES COLIECTED 
BY SILICA GEL METHOD - o2 , N2, C02 Of AIR SUBTRACTED 
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TABIE IX. RECALCULATSD VOI.CANIC GAS AN.A.LYSP'S OF SAMPlES COLIECTED 
51 THF SILICA G~L METHOD - o2 , N2 , co2 OF AIR SUBSTRACTED 

A. KILAUEA IKI 
---. 

MOlE PE~ 
SAMPIE nATE CE ITT OF ' MOIB PERCENT OF DRY PORTION 

TOrAI, 
H

2
0 ' H 

r 2 CH
4 

co co2 Hf so2 cs2 ' T 
I OBS TCALC 

i= 

' 
59-1"F" Nov. lq59 97.2 I 4o5 0 trace 70 25 1.1 0 

0 
I '7'jQ C. '50C°C. 

I ' 
59-2"1l"Nov . 195q 98.1 I l. l ,., 

tra~e 83 15 lJ . 5q Ci , "50°C. 0 400 c. 
I 

' 0 
60-1 "L." Jan. 1961) 97.2 I ii . l 7 \l 1.n 85 ,") 12 0 I 7t)() C. 

' 0 0 
60-2"6" Jan. l % -, '7'7 ,. 

t ( 1 • l4 c 84 ·) .015 16 0 I '7 ( 1(' C • 500 c. ' • .c. 
I 

60-3"12"Apr. 196(' -- I ').1 '3 •) /\ '-18.2 0 1.7 0 , o00°C. 50C°C. 
I ' 60-4"13"Aor. 1960 " 93 I i'' ,62 :) .91 ).1 oo 0 .058 5.1 I) I 60(J. C, 

60-5"14".A.pr. 1<160 63 l.4 %.5 
1 0 

' () 2.2 0 0 .11 0 ' 600 c. 
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B. KAPOHO 

SAMPa DATE 

h0-1 "0" J 'ln . q6(• 

60-2"1" J&n. : Qf .: 

60- 3"2" J an . j~h( 

60-4"'3" Je.n. !9H' 

60-5"4" Jan. 1Q6C1 

60-6"11" Apr. 1960 

t:AJ-7"13" .A.pr. 1960 

- -- -

TABlE IX. m:CAI..CULATED VOU::Anc GAS ANALYSF.S OF SAMPIES COLLECTED 
EY THE SILICA Gl'.L ~THOD - 02, N2, co2 GF AIR SUBTRACTED 

(Continued) 

MOIE PEit- ' 
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TOI'AL 
H

2
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. - -------
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I I 
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2. Solfataric Gases 

The analytical results of silica gel tube saaples taken from the 

drill hole at the Sulphur Banks are eumnari:aed in TABLE VI.II. It is 
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seen that the cOllpOSition of the gas changea vith time. In September 

1958, during an inactiTe period of both Mauna Loa and Kilauea, t.he gas 

coneisted almost entirely of e&rbon dioxide and we.ter vapor, vith only 

a trace of sulfur dioxide. By August 1959, three montha prior to the 

Kilauea Iki el"\lption, hydrogen sulfide had become a major component. of 

the gas, and smaller &mo\Dlts of sulfur dioxide and hydrogen had appeared. 

During the Iapoho eruption, in January 1960, the sulfur content had in

creased still further, with sulfur dioxide slightly more prominent than 

hydrogen sulfide. HoveTer, by April 1960, two months after the eruption, 

the sulfur content had decreased age. in, and reverted allllOSt entirely to 

the form of sulfur dioxide. 

It is evident. that the inereasec percentage of sulfur-containing 

gases (predominantly in the more reduced form of hydrogen sulfide) in 

the Sulphur Banks gases was closely associated with the iDlllinence 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 Mlluna Loa, and had attributed the presence of 

hydrogen sulfide in the gases to the eruption. 72 They suggested that 

regular s .. pling and analysis of Sulphur Banks gases would enable pre

diction of an eruption by noting the presence of hydrogen sulfide. 

The validity of this conclW1ion regarding Mauna lo& should be 

checked by further observations. S1nce analyses of fresh lava from 

Mauna Loa and Kilauea indicate that the two volcanoes are fed by seperate 

shallov •gm reserToirs, the Dechanism by which Mauna Lo& would affect 
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the Sulphur Banks is not at all clear. ?3 HoweTer, obeervation cf hydro-

~en sulfide in silica gel tube samples collected from the Sulphur Banks 

prior to an eruption of Mauna Loa might indicate a connection bet'lileen 

the latter and Kilauea. 

>. 'l!lechl!lnisll capable of explaining these phenomena rrey be postulated 

by considering the relationship of a persistent fumarole such es the 

Sulphur Banks to the l'!ll.gtl8 chamber below. J. schematic represer.tation 

1• shovn in Fig. 10-A. Gases percolate upward from the mg•tic souroe, 

filtering through cracks and fissure• in the rock. On their upw.rd 

journe1, they are subjected to the follO\fing possible changes: 1) a 

gradual decrease in pressure and temperature, the gases reaching the 

0 
surface at approxi.Jlately 95.5 C. , the boil~ng temperature of water at 

that altitude; 2) mixing with ground water, occurring st conditi ons 

apor08ching the critical point of water; 3) reaction with air which 

filters down through the porous rocks of the sh.!.eld of the volcano; 

and 4) reaction with the surrounding rock, altering !ts comoosition . 

The composition :if the gas reaching the surface vill depend on the 

rate of eTolution of gas from the nag1111 relati-.e to the rates of these 

disrupting procesaes . ObYiously, the more ga.s which reaches the surface 

per unit of time, the lass changed the gas wil l be • 

.A:i erupt.ion occurs when foroea acting on the mgme force it to 

mo-.e upward through the earth's crust . Povers (1954), 74 Mogi (1959) 75 

?6 
and "!4ton and Murata ha'" shovn that the deep level source of -.gm 

ia at a depth of about 30-55 km., whereas the immedil'I te reservoi.r o! 

lan during and eruption i! about 4 km. On reaching th!.s ~.11· ',er 1...en 

prior to eruption, the -~ may accumulate for a wh . .:.e 1 -efore it f ·1r-

a weak point in the rocks at.ave and breaks through. The reeultin.-: 
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decrease in oressure on the magma will permit the separat1or. r-~· dissclved 

vo::.a tile ma tPria l into a separate gas nhase w~lict permeates c.~1....a-d, :'each-

ing the surface at persistent fu1T1.a.ro1es such as •, he Sul_ohur f:iar,l(s. 

There is ur.doubtedly sume releP.se of P"as at a~::. times , alt.hc 1 J~r; 

m0re slo..,ly and ~1os~1bly from a deeper leve i than before and d •1rinr an 

eruption. ·10\ol'ever, t,he releasP of gas increases tre~ndc:Jsly !n 5 ;:>eriod 

of volcanic activity. Tne various side ef':'!'lcts :Jcted anove, whic r ter:d 

t.o both oxidize the .,·ss and remove sulfur from it, t>i<'ln t-ecome ~e~:> im-

;...·0rta:it. At these times th6 g&s ref:tc":inl! the surface at Sc:.~phur l-'anks 

will therefore be 'TIUCh closer ir. comp•)Sitior. t .J the gas 1o1>-:ici-. .Jriio•ina' ly 

se'1Arated from the imgma; i.e., the hydr .. 12en sulfide content will rie 

It is interestir ~ tc :iote these ,·ases are ir. eq1JiJ ibri1m. at t•1e 

cor1diti(1r,s of col1ection. The reasons :or tr.is P11ui'it"'ium c ·~)1,.,a ·e: 

first, t.nat 'nixing witn ... ater .Jccurreri Rt c·-·nditi.()nS 1o1h1-~·t- comp.e•,e 

react..icr. could occur, :Hid se:-co .d, •lie ':.e'T!pf'-rature and o:-.::,.,s :re f''.'•J~ 0 nts 

are ~ow er.ouph for the gas t.c remain at e•ui1ibrium, ever .. .>:; rea•~»> . .:: the 

surface. It. wil1 be see;, t.ha t this is not the ~ase wi ti-: ~ome ,:· '.:.he 

< Jolcan1c Gases 

T·1e results of the analyses of vo .... canic ~ases c:-·1lec~ec at Ki'auea 

lki a.r.d l\ariohc by the 9i1ica gel methoa are su1Tlll8r.ized in TAPIE VIII. A 

nuJllber of trends may be observed ir the samples . In ~'.:e Ki .a ;ea Iki cin-

der cone sa11~les there was increased oxidation of the sulfur-containing 

gases after the eruotion, h.rdr-o~en su! fide being :arge :y ret ,aced b.V s . -

fur d~oxide . This \Jfis Accompanied by a decre~se in the toui . su.•'u.:, Jn-

t "" D- · 'i:.r-o,, . ent o; Vie sarr.:-- es . r\l:: .at1ve.y ;ow-temrers.t.ure samp.es \JV) _,,, ( ",>:. -.etJ 
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fro'Tl Kilauea Iki in April J9hO, sev~·ra.1 months after eruption, agreed 

':lualitatively with low •,ernperature samnles obtained from ~. he Kapoho 

rift in January 19t.O, dur;..ng erunt.ion. 1-oth were low in sulfur and con

tained large amoi.mts of such reduced gases as :nethane, carbo:. monoxide 

and hydroji!en. 

An exri l.s.r..a ti or; of these trends may be given in te:-ms ')f a s imp~e 

picture of the condit!on.s under w'ich the gases were eve :ved. The situa

tion at the Kilauea I:lci cinder cone is reDresented sr~,ematically in Fig. 

10-B. It consists of an extremely porous l!l8SS of loosely pscked pumice, 

~hich was piled up on the edge 0f the crater W8.ll by the actior of the 

prevailing winds on the lava fountain. Since the cone \JaE ~robably 

r.ever connec~ed directly to the lava vent, it can be ca. >d a "rootless 

cone". 

The µumice co:ie at Kapoho, 1-,0....aver, was much more in+:.irootelv con

nected with the lava vents a bout .,..~,ich it was formed, as sho\ff schema.

tica l 1y in Fig. ~O-C. Unfortunately, it IJ8S not pos9ib:e to cr~a1r. 

samples frr'fr. the Kapoho cinder c cne during the erurti r:' r: , As al:. K ~ la•Jaa 

Iki. T'1e samp::.es that were :::.btained ca.me from re ~atively :o1J-:.empera

ture ver. :s "lr· the df: r.earov. Here the condi tlons were qui t.e dj fferer. t, 

8.!I indicated at C' in Fig . l '.J. 

At ieast t'Jn substances, t:itmos:-,heric oxy1?er. and ground water, wil~ 

:n•,e:""act vith the gases releRsed fr')m the .;..ava and numic~, ~!iRn~ir1g the 

ge.s r-ornpcsitlon. Botn substances are oxidizing aitents (See 5ec. B-5 

for a treatmer.t of the oxidising effect of water on the ~as phase). 

Tf)e Jx:_vgen, "lc.·we..-er, r•annot diff11se into riot, degassing re,:rinn~; :. t 

!"eacts imrned1A ·.e~v ..,ith t~e combustible volcanic gases . :;.ts e''fect 

over a _ .. ong pe"ivo )" t.~me w'Jul:.i be to increa-=e thF- 11•1wunt of oxyg-er 



in thf' A t.ornic rat~'>S defi:1in1c• the c orrrri os i t ion thE 

be an increa'H: .:.n ~Le aT,o:.i.r.t cf nitrogen in ·~p samr.es, sinr:e ~:!.:.ro,,;en 

reacts on~v s.i.ght1,v .. it" tbi> vc,~c11n:c ,9.se~. T'l:s, t 'J , ..1as ~r,serrnd 

at Ki .i.8. ~ea l:k 1 . ( ::>f' e TA BIB . . \ 
.l i.. ' 

The et t'ect 'Jf water is sumrwrJJ.t rrore v1ori.ed, d'3pending .Jr t.hE ~x-

tent tc. wricr it reac-t~ wit'.'- '~W V'.Canic ·ases. K.eferr::,g t(' ~A-LE IV, 

ture Samp JPS is a:IT,QS~. il"'fHriab}y !ower t·a'I '...:1€ .)DSe:'Ve•: v.~ . J:<'c: 

in contrast tri the 3•. lu.'1:.A.'"' '.-'&~J<:s .-1 i:ises. 

the ·Jve rvhe rn~:1f! .ro.ter c:_ir.te · t r · " vo1car. ~c >Ases is ar:t ._y- • rJ .r.d IJE',er, 

an<1 that this j2'r-Y1rd .11:1tPr ~s r.0t ir equLibrL:rr vi tr tl1e rest r '.' :.h€ 

ssmp. e. 

~an<: or. the ~,emperature :~·t he f!BS ;;ht:ir it i.s mixed ;.rith the waLer. 

·;•.:.s is 8'"'rne out ov the iJR.-H"S co;:ect81] Pt the 3u1pnc;.r Sanks; r..~ey are 

eria :-e,,~t\or: 11itr gro•md wati>r se~ms t-c have occurred at hirn tempera-

tu:-1?s ~r:a 1)l'·essures . l" '.he o·.; t emperature ,:i,ses col.l.e'tea At Kar-n:.c 

8"; K: .8'J.0R lki 1.1ere in P1J•1i , hrt i...- , ·,1.ey woll.l.d have had rnuch • '.e arrwi 



'I'ABI.E X. EVIIP~:cr: FOR NCN-A':":'AH\t-E~'T OF EQtrILIBR.Eo/. OF 

VOLCA:• rc GA.s'Y~ WTTE l~;-tOi~ND WATER 

A. KILA'JEA IKI F - MCIE PERCE ~ITAs~s (E:XCLCDI NG WATER ) 

Observed (1) 9r .2$ H2C (2) 

H2 4.5 Z7. ? 

co
2 70 6g.c, 

co trace : .45 

lC·.9 CH 1J 
4 

Hf 25 16 . c 

so2 1.1 '3 . gc; 

cs 
2 

0 10-7 

lc-4 coo ,.., 
') 

s2 C. 02 

B. liPCHO 4 

H 15 20 .9 
2 

en -2 
7Q 84 

co 3.1 0 .1 

C'"! .:. 1.81 10-7 

h.,S .. ' . .. . l. ) . (1 

St• ~ 

"· 
) . CJJ4 10-3 

csr C.93 10-14 
.::_ 

08 

50{ H20 

2.8 

7(, 

1.3 

io-7 

23 .9 

J .2 

io-4 

') . 3 

1.2 

14., 
79.5 

3.4 

0 . 8~ 

3. (' 

10-15 

io-8 



volcanic gas samples are not in equilibrium W'ith all of the water pre-

sent. For two samoles, Kilauea Iki F and Kapoho 4, the experimentally 

determined composition is cornpe_red wi.th ( 1) the calculated equl 11 bri~im 

compoeition at the temperature of collection, and (2) the calculated 

equilibrium composition etths.t temperature assuming the sampie tc be 

ool.y' about fifty percent we.ter (about 1/30 the amotll'.lt actually cresent). 

It is s 0 en that although the obaervea compoeition is quite different 

from (1), there is excellent agreement with {2). 

This effect cannot be explained by &scribing it to the non-ideali ty 

of the gases, since the f'ugaci ty coe!f icients of water ·raper are essen

tia.lly unity at a trr.ospheric pressure and the temperatures considered. 77 

It was not possible during the recent eruption to collect samples 

of i;ras in intillete cont8ct with molten lava. Sue~ samples would pre-

sumably not be contaminated by ground .tater, and would provide s direct 

check of the above hynothesis. Nevertheless, the excellent series of 

samples of lilauea gas collected by Jag~ar and Shepherd during '.918-

1920 were obtained 1mder these conditions. These samples were probably 

'78 
collected under the most favorable conditions possible.' Although the 

p.:asea were collected in vacUUJll bulbe with no attempt made to "freeze", 

the compesit1or. at the time of collection, the relative amounts of car-

bon, hydrogen and sulfur-containin( gases are nevertheless significant, 

!! 1 noe these are not changed by later atmospheric oxidation of the samples. 

Upon examining the content of these ~ases, it is seen that weter !118kPS 

up only an average of 73 percent of the ~s (excluding nitro~en) in~teai 

of the 97-99 percent observed here and in samples collected ~r, Japan by 

79 Oane.. Furthermore, those samples which Ja~gar considered to be co1-

le<'t.ed under the oost possible conditions (TABIE II) contained even less 
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water, 20-?C peroent, corresponding roughly to the peroentage vhich must 

be postulated to ene.ble calculation of an equlibrium temperature in this 

00 in•eetigation. 

There rerainis just one more trend in the sample analyses to be 

accounted for. This is tie decrease vi th time in the sulfur content of 

the Kilauea Ilci gases. Since the cinder cone is most probably a •root

less oooe•, the source of TOlcanic gas is not molten l.an in the vent, 

but rather the hot ( perhape even molten) pumice in the center of the 

cone vhich is degassing. The cinder cone is thus an isolated system; 

no more gas can be evolved than is dissolved in the pWliice. Tvo effects 

cot1bine to decrease the suJ.fur to carbon ratio in this gas. The first 

is mixing vi.th atm011pberic ~ases, which will increase the amount of car

bon dioxide in the Tolcanic gases, since carbon dioxide, like nitrogen, 

reacts only slightly. The second is loss of sulfur-containing gases 

through reaction vi.th the iron oxides in the pum.ice. Ferric oxide has 

long been uaed as an industrial abt!orber for hydrogen sulfide. Prelim

inary calculations, besed on the method of treating heteroreneous equi-

1 ibria outlined by Boynton, have shown that volcanic gases cannot be in 

equilibrium with iron oxides in pumice. If they vere, virtua1ly all the 

sul.tur gases vould react to form iron sulfides at temperatures lower 

than about 6oo0 c. ( Theee cal cul.a tions, howeTer, cannot be cone idered 

definitiTe. ~ot all of the possible phases ~hich could be present; 

i.e. , the carbooa te miners ls, were considered. Further work Oll this is 

in pro~ress at the present time.) 

These two effecta, mixing with carbon dioxide from the air, and 

approach toward low-temperature equilibrium with iron oxides, will tend 

to decrease the percent.age of sulfur in the volcanic gas. Referring 
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again to the saaples collected by Jaggar and Sheph6rd under optimum 

conditions, it is seen thet the a.veraf7e su~fur to C8rbor; .ratio is 

greater than in ever. the best Kilauea Iki samples. "'1e amount of su_;_fur 

originally present Dlfl.Y thus be gres ter thar the sulfur co:itent of any of 

the samples collected in this investigation. 

D. The ll!Primery" Magm& tic Gas 

One of the proble!DB which most interested the early investigators 

of voJ.c&nie gas was its relationship to a "pri.lll8ry" lll8gaatic gas; i.e., 

the gas originally present in the lDl!lg~, unchanged by surface cor t.Ami

nants. In view of the poverfuJ metbods of studying vc l csnic gases out-

1 lned in this investigation, it snould be possib}e tc fl ttack this oroblern 

and obtair. more -..eanincful resugs than have been otta_ned in the 1:6Bt. 

The following is a discussion of our present knovled~e of ma12a.i tic gases 

and of suggested means for adding tc this knowledge. 

First, the situation is not at al1 as difficult as Shepherd ass~wed 

in iq38. 
81 We can now evaluate the various secondary iiif_rnences that 

chenge the comµoei ti on of the rmgna tic gas, such as ~round water and 

air. Furthermore, our increas:iri~ .1rnowled~e of hetero~erie·Jus reaction 

kinetics, ~lned chiefly throul!h research in the metallurgical. industry, 

should in ti.loe permit evaluation of the catalytic effects of the Jumice 

and lava rock on the gaseous reactions. 

We lu1aw that t.he gas is in a state of homopeneous equilibrium when 

it reaches the surface, but it seems that only at solfataric sources 

does H reach equilibrium with fround water. Excellent met:;ods for col

lecting and analyzing the ~s as it occurs in the volcanic vents have 

beer, ieveloped. The theoretical means are now ava~l.ab:.e for ex 1,raµo..1:1.

ting the results of anal:rses of these surface co1 lect.::. :;rs to ~ _mdi tio11s 
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of higher te11pera tu.re and preasure. Exaaplee of s cee of tho.se calculA

tion!I were presented in th.18 thesis. 

The relationship of Yolcanic gaees to •gatic Tola.tile •terial 

•1 be clarified by Wiiing •~ of the concepts of Ramberg ( 19'>5). 
82 

It 

1a reasonable to suppose that a m.gm existing at some depth in the sarth 's 

orust will tend toward a state of both •chanical and chemical equilibrium. 

If, h0"8Titr, some large-scale change occurs in the crust so that the tag

• is foroed into a COlllpletely nev enTiron11ent (in terwt of tempera t.ure 

and pressure), imgatic equilibrium vill no longer exist. The time re

quired to re-establish equilibrium vill depend upon the syst.em, and upon 

how different the nev situation i11 frc. the previous one. 

11' a mgma is suddenly tranaported from a depth ·of aenra l miles 

to the surface, vi th the resulting gree. t changes in temperature and pres

sure, this lDf.lgmll will certainly not be in equilibriUll 'ot'ben it reachee 

the surface. Certain changes in its ce>11poeition, however, wi]l take 

place more quickly than others. Among the more rapid vill be the re-

lease of dissolTed gas and the establishment of ho~eneous equilibrium 

in this gas. .lniong the leas rapid will be diffusion-controlled proces~es, 

such as equilibrilllll crystallization and the establi•hment of heterogeneous 

equilibrium between the gaaeows and condeneed phaaes. This erfect of 

1'p1d equilibrium s. ttain!lll8nt in the gas vill permit the use of homo-

geneous equilibria, such as described in this thesis, to follow the c~ 

poeition of the gas back to the point vhere it 18 released from solution. 

As more data beoc:.es anilable through geophysical and geochemical stud-

ies, it should be possible to mk• a.n "eduoated" estiJMte of the tenrpers-

tun and presaure at the point of gas release. The use of •quilibriu• 

data vill then permit the surface gal'! compoaitioo to be extrapolat.ed t.o 
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thil point. The resulting knovle~e of the sulfur n.por a.nd Oxn'9D 

partial preeaurea should in turn permit an enlue.tion of the fon and 

type of mineral separe.tion pren.lent at the point of gas release, thus 

prOTiding informtioo otl the degree of •gmtic differentiation. In 

effect, the volcanic and fumarolic gas oompoeition values, toeether with 

the hOlllOfZeneous equilibrium which se•• to prenil, prOYide a M&M by 

which the nature of the •gm might be probed to aoee depth. 

To learn 'llOre about the •gma, a greater lcnovledge of the behavior 

of gases dissolved in silicates is needed. (This ie a subject about 

which remarkably little 1e known.) It is hoped that the complementary 

study of silicate-gas equilibria described in Part I of this theaie 

would add some info!"'llfltion oo this 1111atter. '!'his did not turn out to be 

the oase. HoweTer, reasonable limits on the &lllOW'lt and composition of 

the Yo la tile cons tituentB of t.he •gm can be set by meane of volcanic 

gas studies. 
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V. CCltCLUSIO 

The following cooclu.eione nw.y be reached as a result o! the research 

on Tolcanic gaaea described in Pftrt II o! thia theeisi 

.1. Regarding the experi.Jaental technique• uaed !or collection and 

analysia of Tolcanic gas sa.aplea: 

1. An excellent ... M for the collection of Toloanic gu 

sample is the use of silica gel tubes, since reaction vithl!!ltmoepheric 

gases 11 minimised, and the compoeitiOD of the eample is •rroaen• W'ltil 

the t1-i of a.ne.lys is. 

2. The aTerage OOllp08itiOl'l of a series of volcanic gas 114111ples 

11 •&ninglee1, beoause of -wide nri.a tions in the condi tiona of aa11pling. 

J. Conclusions regarding Tolcanie gases should be draw frOll 
. 
the results of samples collected and analysed Wlder the !*>et faToreble 

oondi tiona. 

4. G&a chrom.tography, beoe.use of ite adaptability and sensi-

tiTity, is an excellent technique for the analysis o! Tolcanic ga1 samples. 

5. The large1t errore in the gas chrc.a togre.phio aoalyai1 ot 

a volcanic gas sample result fr011 the occasional neoesaity of •asuring 

a .. 11 peak areae and small pressures. 

B. S.gardi.D@ the use of high-speed digital comput.re to -.ke complex 

b090g9neoue equilibrium oalcul.ationa on volcanic gases: 

1. ! quick and easy check ls available to a soertain whet.her 

a volcanic gas sample represent.a an equilibrium c<>11poeition at the con-

ditione under vhich it vaa collected . 

2. It is possible to etuc!1' the equilibr1UJI w.ri.a tioa of a 

typical volcanic gas phase vith temperature, P"llure, oxidatioo it.ate 

of the gas and extent of grow>d water oontaainatioo. 
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Thee• studies •Y in turn permit a tent.a ti ve extl"8pola ti on of the analyses 

of Tclcanic gas ea111plee ~ck to the condi tiona of the primary g19 t.1c 

environ•nt. 

3. Logarithmic compoeition diaframs showing the oxidation of 

a Tolcanie ~s phase may be constructed from 11.bulated free energy nlue11 

vit.bout making COlllplex equ.ilibrium calculatione. 

4. PrOYided the necessary ther!llOdynemic data become available, 

the poeeibility of mineral transport in the gas phase ay be explored 

ua ing this type of oalcula t.1 on. 

5. It is poesible to estimate the degree of noo-equilibritm 

contamination of volcanic gas samples b7 the environment. niis u illus

trated here for the oese of the intrcd.iction of ground we ter. 

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

of Kilaueas 

l. Prior to and during the eruption, increased amoW1ts of 

sulfur-containing gases, chi~fly in the form of hydrogen sulfide, occur

red in the sample• collected at the Sulphur danks, a solfat..aric fu.mrole 

at the edge of Iil.auea caldera. This may be attributed to :8gassing of 

tbe •ga as it approaches the surfaoe. The .large voltme of gas then 

e•ol•ed lld.nimises the oxidising and sulfur-removing effects of ~round 

water, oxygen and wall rocke oo the gas collected at the surface. 

2. Frequent SUtpHng of the Sulphur Banks gases -y permit 

the prediction of eruption of 111.auea, and possibly also of Maune I..oa, 

by noting such • ffect.15. 

J. !Jthougb gaaee collected at Sulphur Banks are in equili

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

collected at !ilauea Iki and l.apoho are not. If sa. of tile Wlllter present 
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is subtracted from the volcanic gas samples, it is possible to shov that 

the aaaplee then repreeent equilibriUJ1 compositions. T~is ia taken ae 

eYi<Mnoe that the samplee are con ta mine ted with ground water, with which 

they are not in equilibrium if mixing occurs & t or near the surface. 

4. The "primary" •gmetic gas is probably more reduced, and 

contains l'.90re sulfur and lees water than any of the samples collected 

during the past eruption. 

5. From the oollp081tion of these gases and an extrapolation 

of their C09.poe it loo through thermodynamic equilibrium data, it should 

be possible to enluate rnag-.tic conditione at least to the point of the 

release of gas as a separate phase. Potentially, then, there ie & hand 

a method for exa111ining the -.gna at some depth. 

• 



SUMMlRI 

Part I. .ln IDTestiga tion of the Applicability of tile Vacuum Fu.a ion 

Technique t.o the O.termina tion of the Oxidation State of the 

Conetituent Ele•nt.a of Rock• 

It is kn<>Wll that the ~rtial preeeure of oxygen in a gae mixture 

equilibrated vith a molten iron silicate, sucha occurs in a -gm, 

control.a tbe oxidation st.ate o! iron in the melt. In an atteapt t.o 

relate the 00llp08i tioo o! gaaee dissolTed in the 11elt to the oxida tioa 

stat.e of irorl, the technique of va~ fusion was applied. ! series o! 

ncuum fusion determinations were mde oo a sa11ple of fayali t.e, l"efH04 , 

vhioh had been equilibrated with a mixture of carboc dioxide, carbon 

aonoxide and argon, fixing the pe.rtial presaure of oxyi;cen at a Tery 

s•ll Yalue. The ca111poei ti on o! the extrscted gases turned out to be 

extre•ly nriable, containing large amowih of oxygen. The presence 

of ox,ygen ..a attributed to the diesolTing of 1118tallic iron in the plat-

... ioua crucibles used, shifting the equilibrium l"e + o- ~ P'e + 

to
2 

in the direction of acre ox,ygen. The varying extent of reaction of 

ozygen with the at.her ga&H tbell aocaunt.e for the poor precision. It 

w.s concluded that in order to ake ftcuua fusion a workable met.hod for 

de\eniining t.he oxidation it.ate of the constitUllllts of a rook, it is 

oeoeaaary t.o eliminate side reactions vit.h crucible -teriale. lacking 

thie , the problMt waa set aa ide. The 11e>re fruitful approach to the 

study of •ola.nic -.olatile oxidation &quilibri.a thro~b analysis o! 

Tolcanic gasea was undertaken. 
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Part II. .1 Chemical Study of the Gases of lilauee. Volcano 

A study wa• •de of Tolcanic gases collect.d during the 1959-60 

eruptioo of (ilauee. Tolcano on the island of Hiu•ii. .1 ney technique, 

based OD adsorption of gases by silica gel, 'WllS used in the collection 

of samples. The saaples were a.naly9ed by gas chromatography and were 

found to be princiP9lly water and carbon dioxide, with leaser amounts of 

sulfur dioxide, bTdrogen sulfide, hydrogen, nitrogen, carbon monoxide and 

methane. Complex equilibrium calculations were carried out on the Iait 

6~0 , uaing a general met.hod of m.inimbing the free energy. A study wru 

19.de of the equilibrium variation of a typical volcanic gas phase \rlth 

temperature, pressure, oxidation state and water content. A grsphioal 

met.bod, !imilar to logarithmic pH diagl'GIB, waa developed to systematise 

the nri.ation of volcanic ,.a with its oxid.e.tion state. Comparison of 

the analyses of saaplea collected at Kilauea Dci and Kapoho rlth the 

caleula ted equilibrium compoei tion at the temperature of collection ln

dica ted that although the 10loanic gases im.y be in equilibrium vith them

selves, bey do not reach equilibriWI vith surface contaminants such as 

ground water. A similar comparison on samples collected at the solfa

taric fumarole Sulphur Banks showed the latter to be in equilibrium with 

their ground we.ter content, preeUD!lbly because mixing occurred deep in

side the earth. The preaenoe of increaeed amounts of sulfur in the fOl"!I 

of ~rogen sulfide wa1 noted in the Sulphur Banks gases prior to and 

during the eruption. This was attriooted to increased degassing of the 

•gtl&, vhich vould aini.lliae cor.ta111.ation of the gases. .l consideration 

of the n.r ioi.MS subetancee contaminating yolcanic peas led to the oonclu.

sioo that the •pri•ry" •gatic gaa is !BOTe reduoed, and contains less 

water and 1901'9 sulfur-containing gasee than any of t;he samples collected 



100 

A.PPnmrx I. SOLl!rICt-: 0 Sil-'ULTANEULB t::QUATIOtfi 

The method of successiYe eliminetions used in solvi.1g the se~ of 

simultaneoua equations may be suumarized as follov1i1. Car.sider the set 

of 11 line&.r s 1.mul t.aneous eaua t ions 

Aull ..- 1 1z12 

.l211 1 + 12r2 

A 1w11m :::: A 1, m ~ l. 

(1) 

The coefficients of the u.nknowns form a matrix (A) or order as: 

( All .112 1 .u.A::.,m+l ) 
( ) 
( .A.21 A22 A.2m 1 2,m d ) 

.l { ) (2) ::: \ 

( ) 
( ) 
( 1m1 ......... im ~,m•l ) 

In order to so1•e the set of equations, it ls neceesary only to construct 

t'WO 111ore mt.rices, according to certain ru.:.ea of oper~ t L·n , 

The second (B) •tri.x is derived col·unn by co:.wnn from the first 

&ccordill€ to the folloving rulee: the first column of (B) is identical 

to the first column of (A) : 

( 3) 

The first e:e90nt in each of ~he other columns is the corresponding 

element .:;, f (.l) divided by 8,,: 
;.. ... 

(k = 2,3,4 •.• In-t" l) . (4) 

E~e.ent.e on and belOY the diagonal are given by the re.LBtioo 

(j~k, k z 2,3 ••••.. m) ( 5) 
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and elemente above the diagona::. by the relativn 

(j.;.lc, k x 3 !..., ••• m .. 1) (6) 

The th.ird (C) :matrix is linear and the answer ls deri Ted in reTeree 

order, the last ele .. nt first. The la t element of (C) is identice.l vith 

the laet ele198nt of {B): 

(7) 

The other ele98nts are given by the relation 

(.1e • m-1, m-2, ..• 2, l) ( 8) 

For a full description of the llWJthod and & derivation o! the steps, the 

reader is ref erred to Milne, Nuerioal CalcuJ.u.s. ~J 

iPPENDI II. FORTR1N PRCX6R.06 

Sinoe the Dethod of ccaputation uaed is of f!enerel applies tior. and 

not restricted to Yolcanic gasee (er ewri to gases in genera..:), it Wl!l.s 

decided that the specific Ji"CETR.lN ;:>rograma used should be incllJded in 

the tneais for the reference of any one interested in com~~ex equilibrium 

oalcula tions. The programs, vhich are preaented in TA.BIES XI and XII, 

follow the outline ginn in the text, exoept that in ordt3r to coneer-Te 

on time and c ter ltmamory• there has been coneide""8.b:!.e j~gling of 

the lndices of the •oo loope • and of the specific order of the steoe. 

Some difficulty was encountered in obt.aining a compJete ly self-consistent 

set of indioes, and eoe t or tbe time spent. perfecting the programs wae 

deYOt.ed to t.hia problea. 

ror the --.nlng of the rOR!'RlN in8tructioM in the progre. , the 

reader is referred \o the IJI;. reference tanUBl for the lOR TRANSIT Auto-



T.lBI.E Il. A l'CllTRA.N PROORAM 'P'OR TB! cctlPUTATION Cl 
!"1ILIBRI~ C(Hl(SITIC* 

1. DDl!:1'UON A(l.4,7), FOR1'(14), I(l.4), R(7,8), FY(l.4), 
PI(?}, PIJ(l.4), BA(7,8}, B(7), IEL(l.4), !(14), C(l4) 

2. 11.lD, A, IMAX, SMA..I, JMAI, DtlX 

4 READ, ! 

3 RE.AD, T, P, S, IOQX, QD, qr 

F!7 R&AD, FCllT, Y, B 

5 N • 0 

6 !BAR • o. 

8 DO 15 I • 1, !MU 

81 C(I) : (1'0RT(I) • !(I)/r)/1.986.46 + NUXSF(P) 

15 !BAR : !BAR + Y(I) 

9 DO J5 I : 1, IMil 

10 DO .35 J : 1, JMll 

11 Ir (l-J) 94, 94, 21 

94 I1' (J-JMA.X) 7, 19, 19 

7 R(J,K} • O. 

12 DO 17 I • l, !Mil 

14 IF (J-1) 16, 16, 17 

16 rt(I) • !(I)* (C(I) + 1'LCXir(Y(I)/IBAR)) 

17 R(J,K) • R(J,K) + A(I,J)*A(I,K)*Y(I) 

18 00 TO 20 

19 R(J,K) : B(I) 

20 R(l,J) : R(J,K) 

24 BUCI : O. 

25 00 T() (28, 71), I 
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TABLE II. A FORTRAN PROORJJ.! FOR THE COP.PUTATION CF 

EQUILIBRIU1-" COMPCBITION (Continued) 

71 KACX : K - 1 

26 00 Z7 L :a: 1, :UCX 

Z7 BUCK: BOC:K + BA(J,L)*BA(L,K) 

28 BA(J,K) : R(J,K) - Bt~K 

29 GO TO 35 

21 IF (X - :K.Mll) 30, 95, 95 

95 R(J ,K) ,. O. 

23 IXJ 22 I : 1, IHA.I 

22 R(J,K): R{J,K) ~ A(I,J)*FY(I) 

30 BILL :r O. 

31 GC TO (34, ~2), J 

72 JACK : J - l 

32 DO 33 M: l, JACK 

33 BILL: BII...L ~ BA(J,M)*PA(M,K) 

34 BA(J,K) • (R(J,K) - BILL)/BA(J,J) 

35 CO!f!'INUE 

PUNCH, FY, R, BA. 

J6 PI(JMAX) = BA(JMAI, ICMAX) 

93 .TMAY : JMA.X - 1 

).' 00 ... 1 IN : .<., J~I 

38 BUS : O. 

q8 Ill. : KMU - IN 

'39 00 40 IT : II..J..., JMAY 

88 IG : IT ~ 1 

40 BtS a BlE ;- BA(Ill, IG)*PI(IG) 



Till.I: n. A 1"atTRil PROOJUY. P'Clt TH! CCMPUT!TION ~ 
EQUILIBRIUM COMPCBITION (Contim»d) 

41 PI(ILL) : B.l(ILL, IMlI) - BtE 

PUNCH, PI 

42 Q.QT 

43 DO 52 I a 1, !Ml.I 

44 PIJ(I) : O. 

45 DO 46 J a 1, .TMlI 

46 PIJ(I) : PLT(I) + PI(J)*!(I,J) 

47 IEL(I) : - rY(I) "f° Y(I)*(PIJ(I) ~ PI(JMAX)) 

50 IF {Y(I) + Q*IEL(I)) 51, 51, 52 

51 Q : Q - QI) 

7J Il' (Q) 101, 101, 50 

52 CONTINlE 

PUNCH, PIJ, IEL, Q 

48 IEBAR : PI(JMAI)*IBAR 

53 IZR7Q ::: o. 

54 DO 55 I : 1, IMAI 

55 IlW'Q • IERP'Q 'i" IEL(I)*(C(I) ~ NI.OOll'((Y(I) 'i" Q*!EL(I)) 
/(YB!R + Q*IEBAR))) 

56 I1' ( IERFQ) '9' 57, 57 

57 Q:Q-QD 

58 Il' ( Q) 101, 101, 53 

101 STOP 

102 G() TO J 

59 DO ~ I : 1, !MU 

~ I(I) : I{I) + Q*IZL(I) 

104 
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TABIB XI. A FORTRAN PRCGti.Af' FOR THF. COMPFl'ATIC1~ OF 

EQUILIBRIUM CO~lSITIOF (Continued) 

13 YBAR = 'ffiAR + Q* DEBAR 

61 t\:N-t-1 

62 PUNCH, T, F, 1'' Q ' . 
63 PUNCH, Y, YliAR 

64 PUNCH, PI, F'f, R(JMAX, Kt-'!AX) 

67 IT (N - ~!MAX) 9, 65, 65 

65 IT (S - SMAX) 3, 66, f:J: 

ti:; END 
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TABl.E XII. FORTRAt-; PRO:-,ft.Ar.' F'C'R ~'fl<~RMI'\UJ;~ AMCT.Jl\TS 01'' 

"'RAC>.' 1~0MrCNEt\TS 

ll DDIENSICt-. A(21, 1) ' ~\2l), f'C RT ( 2 ... ), PI ( ':') , C(2~). 
FIJ(21), X(2~), ~ ( 21) 

12 READ, A, E, IMAX, ,r~.AX' 3MAX 

n READ, ~'ORT, 1' P, ~ 

l.4 RF.AD, PI 

15 READ, Y:-<AR 

16 00 22 I = l ' IMAX 

J.7 C( I) = (FORT(I) + E(I; iT) /:_.<-1J(-4b + NU'GF'( P) 

l8 PIJ(I) = O. 

l-=1 00 .?.C .J • 1, JMAX 

20 PIJ(I) = Pl.:~I) -t- A(I,J\*PI(J) 

21 X(I~: (FIJ(I' - C,I)' 2.3 2~851 

23 PUNCH, T, P, s 

Pl!NC'i, c 

24 H'"lliCr~, X, 'i ' 'f'AR 

25 IF (S - SMAX) ' ") 26, 26 _ __,, 

26 END 
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84 1llB. tic Coding System. The symbols used for the nrious quantities used 

in the text are sunmarized in TA'H.E XIII. 



T ARIE XIII. THE ME.ANHGS OF SYMBOLS 'SED rn THE FORTRAN 

PRCGRAM:i 

!"ORI'(!) = (r 0 
- Eo\ the relative free e ierg,v function of molecule i. 
T o} ' 

E(I) = (E~) the ground s'..ate energy at °K. Jf molecu~e i. i, 

T = T, the tempe?'1i ture i.n 1<. 

P:: P, the t.ote..:. pressure in atmos•1heres. 

Y(I) = yi' the r:ur:iber cf '!>oles 0f molec\. ~e. i . 

¥BAR = y, the sum of the mole r1unbers y 1 

S(I) =Ci, defined by eq. (E..), µ. 41. 

FY(I) = r 1 (y) , defi11ed by eq. (2), p. 42; the contributior. to tne free 

enerf-Y by molecule i. 

A(I , J) = aij' the formula number indicating the number of atoms of 

element j i.n molecule i. 
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B(J) or B(K), = b 1 of bk, the total number of atomic weights of e.ement 

j or K. 

IMAX = n, the l'lltlximum number of molecules present. 

jY.A.X = m, the me.ximum number of atomic spe(~~es. 

Ji.MAX = m + l. 

R(J,Y):: rjk' tt.e coe!'ficients in the set cf linear simu1taneous 

eq'..latiors (32), p. ~7: together with B(K) and R(J) the 

e:e111ents in ttiei ~irst matrix in tt.e so]ution of the equaticns. 

BA(J , K) : Ejk' tr,e e~ements of the second 1DB.trix formed in the solution 

of a set of linear sirrn1Jtaneous equations . 

PI(J):: lfj' the unknowns in eq . (32); also the elements i11 the tr.ird 

(answer) matrix. '!'h.is is furthermore the free enerey contri-

bution of eleinent j to the mixture. 

~--------- - - -
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TABIE XIII. THE MEANINGS OF SYMBCLS IBED Hi THE FORTRAN 

PR£X,RAM) (Continued) 

IEL(I) z 6. i' the change ir1 mole n..unber of i as a re!!utt of or.e 

iterat.ion. 

IEBAR = D.' the sum of u i' the total change ir. the nWTJber of moles 

during arl€ 1 tera tion. 

Q = ;>-,, the parameter limiting the lllfignitude of the <'rlB.me in mole 

r.umbers. 

qr= the maximum v~Lue of ;\ used in a. particul.B.r ca~c-.....atior.. 

QD = the decrease in ;\ d:.irin.,; each iteration •1ece:isa.ry t: satisfy 

the cond: tions a and b, p. 1..8. 

ffiRFQ = ,...,F , t•ie rlirec'..ior"lll: :ierivative of F ·with respect io 1\ . 
: ,\ 

NMAX = the tot.8J.. number ~f iterations to be carried out to find the 

er:i 1.li1i~rlum composition. 

N • the n'.lillber cf a certain it.era tio'l. 

S!V.A..X • the t.ota .. n..,rnb->r :Jf calculations to be carried .Jut at a given 

ttr110 . 

i...i..~ other symbo::.s are nef,ined by t.heir use in the program.. 
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