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1. INTRODUCTION

Statement of Problem

Oxidationereduction of silicate systems at elevated
temporatures as a geological or mineralogical phenomenom

seems to have been largely neglected in research up to the

present time, Many authors have nentioned the importance of
oxidation-reduction in rocks in relation to past history and
differentiation; also, the interrelationship of oxidation-
reduction in rocks with the gas content has been suggested
and, in fact, investigated in a preliminary way.1'2o3 There
has been very little published on the quantitative study of
oxidationereduction in rocks and on how oxidation or reduction
might alter the rock type and affect the nature and composi-
tion of the gases that exist in equilibrium with the rock,

and that can be extracted or evolved from it, The present
investigation is an attempt to elucidate this point, especially
in regard to the interrelation between oxidation-reduction and
gaseous systems at elevated temperatures (1100°C),

Fundanmental Concepts

(1) Oxidation=reduction System in Solids and Melts
The extent of oxidationereduction in a natural silicate
system is determined by all the ionic and molccular species

present that have a bearing on the oxide ion activity, ag_ .,



in the system, Some of the important components to consider
are the ferric~ferrous ion ratié, the extent of oxidized and
reduced forms of various polyvalent ions such as Cr(1Il),
Ti(1lv), and Mn(1lV), and the molecular specliesgs related by
oxidation-reduction equilibria such as Hg'Hgoo CO«CO2 and
1,3-80,. Fundamental to all of these is the oxide ion, 0 ",
and in a subsidiary way, the sulfide ion, 877, and fluoride
ion, F™ contents, and their stoichiometric relationship to
the cations present,

8tudies in metallurgical slags have led to an acldwbase
classification for the slag forming oxides, The G. N, Lowis
definition of a basic molecule as an electron pair denor and
an acidic molecule as an electron pailr acceptor is utilized,
12 the extension of this theory, that is carried out in the
Usanovich concept, is adopted, the situations involving
oxidation and reduction may be treated as a speclal aspzet
of acid-base theory. Usanovich has defined an acid as any
material which forms salts with bases through neutralization,
gives up cations, or combines with anions or electrons,
Conversely, he hasg deflned a base as any material which
neutralizes acids, gives up anions or electrons, or conbines
with cations.? oOxidationereduction in slags may be explained

by referring to the typical and ever-present base--the oxide



ion, 07", The oxide ion, although a stronger base, is
comparable in importance and behavior to the hydroxyl ion,
oH~, which is the typical base in aqueous solutions, Because
there is nothing in the chemistry of slags that can be called
a solvent, there is nothing analogous to the acid ilon, Hgz0£,
commonly encountered in agqueous solutions, so that any
molecule or ion that will accept electron pairs 1s an acid,
All oxide slags ang silicate systems contain oxide ions, 0=,
The higher the oxide ion concentration, or more accurately,
its activity, the more basic or oxidizing is the slag. The
oxide 1on activity, and thus the oxzidizing or.reducing strength
of any oxide, is based upon the relative gtrengths of the
metal~oxygen bond, The fluoride ion, F™, and sulfide ion,
8=, also contribute to the basicity but to a relatively smgll
degree because of their low concentrations in slags.3 These
ions, however, can be important in natural silicate systems,
Their behavior is analogous to the oxide ion, 0=,

In this work, where adsorption effects are excluded, the
zases in oxide or silicate systems such as are wresent in
ninerals and slags are the resuvlt of the presence of atoms
such as carbon, sulfur, nitrogen and hydrogen which are
capable of combining with the oxide ion to produce gases,

The exact role of ithese elements in solid or liquid systems



is uncertain, but it is known that their presence leads to
lowering of the viscosity of silicate melts. Thus hydrogen
and carbon could serve in this role by forming hydroxyl and
carbonate groups, respectively, on reactlion with the oxide

ions,

Volunetrically the oxide ion 1is overwhelmingly predominant
in silicate and oxide systems, and its tendency to produce
gases with certain elements gives rise to important industrial
and geological processes, These gas producing reactions have
been studied to some degree in the glass, ceramic and metal-
lurgical industrles, and also speculated on 1in geological work,
It is rather obvious that in any volcanic eruption gaseous
expansion supplies at least part of the kinetic energy of the
eruption, and the claim has been nade that the emitted gaseous
mass exceeds the solid mass ejected.® The permeation of
"hydrothernmal liquid™ and gases through crustal rock systens,
and its action as an agency of material transfer ang
differentiation has also long been recognized and studied.”

In the usual case for polyphase systems where oxidatlion
or reduction is of no consequence because there is no readily
alterable oxidation~reduction system present, the condensed
phases which occur are a function of temperature and

composition of the melt., No special precautions for control
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of the atmosphere to which the nelt is exposed necd be taken,
In the study of the iron oxidewsilica system, however, the
final composition of the condensed phase 1s definitely
dependent on the atmospherc to which it was exposed, The
multivalent character of iron gives rise to the complicating
factor that the existence of more than one solid phase is
possible, The possibility of iron existing in three oxidation
states-~Fe(11), Fe(lll), and Fe(0)~w-makes it imperative that
the atmosphere to which the system 1s exposed in the equi~-
librium or phase studlies be carefully controlled and of known
composition if comprehensible results are to be obtained,®
The above statement is true also for natural rock systens
that contain such components,

A diagran showing the stable phases of the systen
Fe~0~S1 in the nresence of oxcess gilica is reproduced

exactly on the following page from previous work by Darken.?9
Pco,

Peco
and the abscissa, the temperature, The isotherm at 1100°C

The ordinate is the 1log of the equilibrating atmosphere

has been drawn and points on this line represent the data
from the present research.
(2) Gas~S0lid Systems in Igneous Differentiation

The problem of genesis of igneous rock from parent

magma has been the subject of considerable discussion by
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petrologists, The process by which basaltic magma separates
into allied but chemically or mineralogically unlike portions
18 called differentiation., One of the more widely accepted
views is that the various rock tynes form in segquence by
fractionally crystallizing from the slowly cooling liquid
magma.ln Another view is that gagses are offective agents of
differentiation,ll Proponents of this hypothesis reason that
gases bubbling through the magma from the lower levels toward
the surface take up certain materials into solution while
precipitating others depending upon the conditions of
temperature and pressure, This results in a selective
transfer of material fronm lower to upper levels, A third
school suggests that recrystallization of pre-exigting rocks
under the influence of abundant gaseous nineralizers, or
recrystallization where solid diffusion is the important
agent of transfer is responsible for differentiation,12
Other theories have been advanced such as liquid immiscihility
and thernal diffusion-convection being the bagis of the
process, 13

Ho one mechanism explains ignecus rock differentiation
satisfactorily and it is 1likely that a combination of one or
more of these views represents the actual process, Whatever

the mechanism involved, the result is that, as differentiation



continues the remaining liquid becomes richer in volatile
content and silleca, Rocks such as andesite and trachyte
which are formed in the later stages of differentiation have
2 relatively high silica and volatile material content,
whercas the early formed basalt contailns relatively small
anounts of silliea and volatiles, 1In general, the later stages
of ¢ifferentiation yield magmatic rocks with a relatively
high degrec of oxidation., It appears that the extent of
oxidation of a magmatic rock may be used as a measure of the
degree of differentiation which it has undergone, and may
possibly be used to corroborate geological evidence of
differentiation,’
(3) Role of Gasee and Volatiles in Silicate Systens

The influence of volatiles on the physical and chemical
properties of solids in which they are dissolved or enclosed
is of fundamental interest to investigators in many fields.
To those engaged in the field of geology, the action of
volatiles as nineralizers is important, One of the more
wldely accepted theories about the mechanism of magmatic
differentiation is that of fractional crystalliization, It
has becn proposed that the laws of sclution are followed;
i. e., not the highest nelting but least soluble cecnnstituent

crystallizes first, The small amounts of wolatiles which
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are dissolved like other nonevolatile constituents are called
mineralizers, fugitive constituents, or simply volatiles,
These volatiles do not enter into mineral crystallization in
the early stages and tend to concentrate in the residual
portion, They are of importance in several ways, Thelr
presence lowers the temperature of crystallization (hence

"mineralizer") and reduces the viscosity of the magma, and

they may be incorporated into the compounds being formed, thus
affecting the composition of the minerals formed,l4

Magmatic differentiation is connected intimately with the
viscosity. When gravitative sedimentation takes place in
heterogencous melts by a segregation of c¢rystals from the
magma, the velocity of the rising or settling of the crystals
follows Stoke's law and is a function of the viscosity of the
liquid in which the crystals move, The rate of sedimentation,

therefore, is dependent to a large extent upon the volatile
content, which is relatively high in acidic nagma and low in
basic magma.l5 The viscosity of magmatic effusion deternmines
the node of solidification of lava, Low viscosity lavas of
the Hawalian Islands build shield volcanoes of low profile,
The two principal types of flows, "aa" and "pahochoe"™ are
differentiated by thelr degrees of fluidity. The fluidity

of "pahochoe"™ lava is much greater than that of "aa", a
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probable consequence of its higher gas content, Chemically,
in the non~volatile components, these twe lavas are quite
similar,16

Water vapor appears to be the most prevalent volatile

constituent in volcanic, fumarolic and rock gases, surpassing
by far the other constituentse-carbon dioxide, carbon nonoxide,
hydrogen sulfide, hydrogen, nitrogen, carbonyl sulfide, sulfur
dioxide and oxygene-«in quantity., The geochemical significance
of water is difficult to evaluate because the ratio between
primary and secondary water is often not known, Three sources
of secondary water are proposed. Some say the source of the
secondary water 13 the water assinmilated by the magma from its
surroundings on its ascent to the surface.l?7 Others contend
that the original magma is rich in hydrogen which on contact
with the atmospheric oxygen react to form water,18 A third
group suggests that the heating of ground water might explain
the high content of water vapor in the analyzed gases.lg What
roenains to be observed and studied is the solidified rock under
entirely new conditions, A careful study of the available
rock and gas samples, however, nmay be of value for it may
explain whatJhappens to magma on its ascent toward the surface.
The question of how the volatiles affect the viscosity of

silicate nmelts has roceived considerable attention,
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In laboratory studies of silicate melts, results show that
small amounts of water have a great influence on viscogity.zc
The high viscosity of silicate melts has been attributed to
the presence of complex silicate anions and it is known that
the extent of glass formation and the viscosity of these
silicates is markedly affected by the 5it0 ratio. A reaction
such as 4,0 4 07~ §2 (0id)~, which effectively reaoves an
oxide ion from the silicate structure, reduces the glass
forming ability of the silicate anions and tagreby decroases
the viscosity 9f the =melt, Carbton dioxide reacts similarly
to form the carbonate anicn. COg5 # 0"’;2003-“,

as

82
o

(4) Solubility of Gases in $1lic:
Mhe worlk of Shepherd and Jagzar showed thsat nmatural
rocks wvihen fused in a vacuum will yield gases that ars sither
¢izsolved in the rock or formed hy Lhe deconposition of
compounds that exist in the rock.21+22 The techniqgue of

18, however, has been developed

@

stucying gases in gilicate syst
primaxily by investigators in the glass industry. The quantity
and nature of the gases in the glas: influence the guality of
the glass, Glasses have beon shownn to contaln water which
exiats apparcntly as part of the silllcate structure in the
zlass. 2% The water content of glags dJepends on the r~artial

praessuye of the water vapor in tae atnosphere of the furnace
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in which the glass is prepared. The infra-red absorption peak
at Az 2.8 p of water containing glasses was @specially studied
by A, Jd, darrison,2% iie d, Dalton while determining the gauses
digsolved in glass, found appreciable amounts of water, carbon
dioxide, and oxygen but very little nitrogen, carbon monoxide,
aydrogen and other reducing gases.25 The important question
of how the chemical charactar of the gases dissolved in glass
depends on glass composition has been investigated by
E, Be. Schumacher.2® e attempted to distinguish between
surface adsorbed gases and those which are evolved at nigher
temperature from the lanterior of the glass melt, and are
therefore really dissolved in it, The correlation bstween
alkalinity of the melt and carbon dioxide content was
denongtrated--the carbon dioxide content rising with increase
in alkalinity.

Survey of Pertinent Literature

{1) Previous VWork

The miscellaneous work on gases in minorals dating back
to the time of R, W, Dunsen (1853) has been ably reviewed and
suzmarized by ¥, W, Clarke.27 liuch of this is Iragmentary and
qualitative and is of 1little value as a contribution io the
understanding of such systems, One of the important carlier

stucdies of gzases in rocks was made by Chamberlin in 1908.2



13

Some data are presented by Chanberlin to support his proposals
as to the possible sources and states of gases in rocks. Soune
attempts, attended by limited success, have been made to relate
gas composition to rock composition, particularly to the iron
oxides,21,22 ghepherd in 1938 compared the composition of the
gas extracted from cooled lava by heating the rock to redness
in vacuun, to the composition of the gas collected from the
volcano, but obtajined poor correlation because of difficulty
in obtalning rock samples containing the original magma gases,
Shepherd concluded that any such relationship is non-existent
or obscured in gases extracted from rocks and in volcanic
gases, Jaggar, in a study of Hawaiian volcanic gases suggested
gas chemistry as the "heart of the volcano magma problen"®,

He had difficulties, however, in obtaining any consistent
correlations between the composition of the rock and the
composition of the gas. Poor sampling techniques were
suggested as reasons for the inconsiétency o£ his results,.

A recent application of the gas content of minerals has
been its use in determining the age of rocks, This method
involves extracting the gas from the rock samples and
determining the argon4°:potassium40 ratio in the extracted
gases.38 An jsotopic dilution method was employed and the

argon extracted fromjthe rocks was purified and its isotopic
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composition was determined with the aid of a mass spectrometer,
in 1948, George C, Xennedy in studying the equilibrium

of volatiles and iron oxldes in igneous rocks, determined the

'value of the equilibrium constant, K, for the reaction

2 Fe,03+ 4 FeO # 0, at different teuperatures between 1200°C

4
and 1420°C where K may be expressed as K = (Fe0)~ €02), e

suggested that the evaluation of the ferrouswferric iron ratio
would clarify several important problems of volecanology and
petrogenesis and discussed applications of the result to
problens of field geology. Although Kennedy later stated
that on some of his assumptions were erroneous, concerning
the hydrogen partial pressure in the above expression, two of
these applications may be cited here as examples.2? (1) The
ratio of ferrous to ferric iron in an unalterable, cold,
igneous rock will allow the calculation of the partial
pressure of oxygen under which the melt crystallized, 1if

a good estimate of the teomperature of crystallization can be
made, (2) The partial pressure of oxygen in a rock melt is

a function of the total pressure due to all volatile material
as well as of gas composition, Because the ferrous=-ferric
ratio is also dependent on this oxygen partial pressure, this
ratio serves as an indication of the total pressure due to

volatiles 4in the melt at the time the iron bearing minerals



15

crystallized.>

N, P, Bowen and J, F, Schailrer investigated the system
Fe0~Si0y in 1932, one of the early significant contributions
to the study of oxidation=reduction in silicates,30 They
recognized the important fact that the existence of a low
concentration of ferric ions in this system cannot be avoided
and that in effect they were studying a three-component systen.
Although iron oxide is the third nost abundant constituent
of rocks, being exceeded by silica and alumina, relatively
little work had been done on the Fe0-Si0, system prior to
1932, The silicates of aluminum oxide, Al,04, calcium oxide,
Ca0, sodium oxide, Na,0, magnesium oxide, Mg0, and potassium
oxide, K30, however, had been the subject of numerous
investigations,
(2) Metallurgical Studies

In recent years, much work has been done in the study of
the chemistry of metallurglical slags., It is coincidental that
the same fundamental system, iron oxide~silica, is of interest
to both the metallurgist and the petrologist, This system is
tied in intimately with the problems of iron production, Some
of the more important and pertinent publications in this field
may be mentioned. The aquilibrium Fe0 ¢ Hz= Fe # H,0 at

temperatures up to the melting point of iron has been studiea3?!
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and indirect calculation of the equilibrium coanstant was
obtained from a study of equilibria in the Fe-H~0 systemn,
on the basis of the partial pressures of Hy0 and 33.32 A
major contribution to the knowledge of the iron oxide system
at high temperatures was made by L. S. Darken and R, ¥, Gurry.33
They determined the CO~COy5 ratios in equilibrium with iron and
wiustite at temperatures between 1038°C and 1365°C and that in
equilibrium with wistite and nagnetite between 10969C and
1388°C, The thermodynamics of liquid oxide and other phases
in the iron-oxygen systen was worked out from the studies on
the equilibrium relations between partial pressure of oxygen,
tenperature and composition of oxide.34 Controlled gas
pressures in a range covering oXygen partial pressures up
to one atmosphere were used, In subsequent work Darken and
Gurry investigated the effeect on the equilibrium of the
addition of calcium oxide, Ca0, and manganese oxide, MnO,
to the iron oxide.3% Chipman and Larson have employed similar
nethods of gas~slag equilibria to study similay iromn oxide
systems, 36,37

The study of the iron silicate system was the natural
extension of the iron oxide investigations, Darken deterazined
the phase equilibria in the system Fe~8i-0 as a function of

gas composition and temperature.? R, Schuhmann and his group
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studied the constitution of the ternary system, FeO=Fe,04~Si0,
at slag making temperatures and also worked out the thermo=-
dynanics of iron silicate slags.38,39,40 Recently, Arnulf
Muan has investigated the phase equilibria in this same system
and he has discussed the difficulties arising from the fact
that the composition of the condensed phase containing ivon
or iron oxide as a component is dependent on the gas phase,8

A careful study of all the work to date leads to a fairly
good understanding of the iron oxide system, and of the
conditions at the liquidus in the iron oxide~silica systems,

at temperatures up to 1600°C,

Object of the Research

The object of the research deseribed here ig to inves-

gate the relationship between the squilibrating atmosphere,
the extracted gases and the ferric-ferrous ratio in both a
synthetic model system, Fe-0-8i, and natural rock systens,
The nature cf the work is to a great extent exploratory,
for the existence of such relationships have thus fayr not
been shown experimentally, and there is no certalnty that
this work will denmonstrate the existences of any such

relationships, Considerable refinement in techniques,
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particularly of gas extraction and analysis, and of ferrous~
forric iron analysis wag necessary for the research, and

nuch preliminary work was devoted to this,



II, EXPERIMENTAL

Preparation of Sanmple

(1) Iron Oxide-S8ilica Sanple

The stock iron oxide~silica slag was prepared according
to the procedure described by Schuhmann and Ensio.?0 3,350 g.
Baker's ¢, pe. hydrogen reduced iron powder, 9,582 g, Baker's
¢y pe ferric oxide, and 5,405 g. powdered silica--prepared
by crushing and grinding clear quartz tubing and screening
to #100 nmeshwwwors thoroughly mixed and ground in ap agate
nmortar, The proportions used were calculated to yleld a slag
corresponding approximately to fayalite (Fe,8i0,). The mixture
was packed firmly in a eclean 25 ml, iron crucible which was
fitted with a cover made from another iron crucible., Figure 2
shows the equipment which was used during the heating of the
¢rucible,

011 pumped (0, pe) nitrogen--purified by bubbling through
(1) ammoniacal cuprous chleoride solution, (2) water, (3) 12 N
H,80, solution, and (4) a trap placed in a dry ice-~acetone
bath-~was used to flush out air from the system before and
during thé preparation of the sample, After a preliminary
nitrogen flush for ten minutes, the induction heater was
switched on and the crucible was heated at approximately

800°C for five minutes to remove noisture and adsorbed or
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L4
absorbed gases, Following a 15«30 minutes cooling period
during which purging with purified nitrogen was continued
to remove the gases evolved in the preliminary heating, the
induction heater was turned on and the crucible was heated
gradually up to approximately 1300°C, At this temperature
the melt was completely fluid, and the heating was continued
for 25~35 minutes until the 1lron crucible started to melt,
The melt was removed from the crucible, crushed, and remelted
in a2 new iron crucible under the same conditions as for the

first melting period to assure that the sample was homogeneous,
A Leeds and Northrup optical pyrometer was used for temperature
measurements.

The cooled slag was removed from the crucible, with great
care being taken not to include any pieces of the nmolten
crucible, crushed in a diamond mortar, and screened. The #£20
«40 mesh particles were collected and a tiny magnet was raked
over the screened product to remove any pleces of iren that
might have been accidentally included. The yield of screened
sanple from the original 18 g, of starting material was
approximately 9 g.

(2) Calcium Oxide~-Iron Oxide-Silica Sample
The same amount of iron, ferric oxide and silica as in the

preparation above were used with the addition of 1,650 g. of
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Baker's ¢, p, calcium oxide, This welght of caleiun oxide is
8% of the total woight of the mixture, which is the approximate
percontage of caleium oxlde reported for Hawalian rocks , 41
The procedure employed was the same as in the preparation
above, 8 g., of screenad sample being obtainad,
{3) Andegine Andesite and Olivine Basalt Samples

The andesing andesite and olivine basalt samples weare
previously collected and identificd by gualifiasd geologists.éz
Adequate amounts were crushed and screened; the £20 -40 nesh
particles were collzcted.

Equilibration of Samples in Hp-ly0 and CO-COo Atmospheres

(1) Construction of Furnace

Figure 3 shows the furnace used in the squilibratien. The
heating elenent was approximately 50 f£t, of Kanthal wire, 0,081
in, size and with a resistance of 0,132 ohm/ft,, wound % in,
apart around an alandum tube (23 in, inner diameter) 24 in,
long, Norton's refractory cement was usad to set the wire,

The ends of the furnace were fashiohed out of transite and the
outside covering was 1/16 in, taick aluminum sheets, The
insulation material was "Sil-0-Cel"™,

(2) Equilibration in Hp-Hy30 Atmospheres

The Hp=Hp0 saturator is essentially one described by

L, Himmel, R. F. Mehl, and ¢, E, Blrchenall and is shown in
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Figzure 4,43 FPlowmeters were used to control the proportioning
of gases., Dach flowmeter was calibrated by measuring the
volume of water displaced per unit time by the gas, The
chromel=-alumel thermocouple used to measure the furnace
temperature was calibrated against a standard Pt, Pt-~Rh couple.
In preliminary work with the iron oxidewsilica slag saunples,
hydrogen and water vapor in varying ratios were used as the
equilibrating atnospheres, The temperature of the bath used
in heating the water vapor saturator was kept constant at
456C, +thus keeping the water vapor partial pressure constant,
The Tlgwlip0 ratios were varied by altering the hydrogen and
argon flows, Although carbon monomnide, carbon dioxide and
wator wvapor were found to be present, ao hydrogsn could bhe
found in the iron oxide~silica sanples on analysis, Therefore
in all later runs, carbon dioxide and carbon monoxide mixtures
were usad for equilibrating the sanples,
{3) Equilibration in CO~C0, Atnospheres

Purifisd tank carbon dioxide was used, and carbon monoxide
was produced by reduction of carbon dioxlde over hot carbon,
Proportioned nixturss were obtained through controal of the flow
of resnpective gases ncasured by flowneters and a conirolled
amount of argon was added to ninimize thermal diffusion,

Figzure 5 shows the apparatus used, Traces of oxygen were
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romnoved from the carbon dloxlde Ly copper metal turainge heated
to 5009C, Agcarite was used to remove traces of carbon dioxids
from the carbor monoxide stream. Argon was purified by passing
through a chromous chloride solution.%? Anhydrone (magnesium
perchlorate) was uscd to dry all the gases before they entered
the eguilibratiang chanber, The flowneters were recalibrated
for carbon monoxide and carbon dioxide by the same mczthod used
previcusly.

In an actual dateruwination, 1,0«l.5 g. 0f sample was
placed in the 25 21, platinum cruecible and this was kept at
the bottom ¢f the gquartz tube until the furnace temperature
of 1100°C to be used in the eguilidration was reached, usually
in about twelve hours, The system was purged with argon for
15-3C minutes, The carbon monoxide and carbon dioxide flows
were adjusted to 100-200 nl, per min, The sample was then
holsted by the platinum wire into posiiion directly below the
quartz, gas pre~heater coil at the midepoint of the furnace,
Preliminary trials showed that equilibrium was attained in
about six hours, All determinations, however, were for ten
hours to assure the attainment of eguilibrium, At the end of
a deternination the sample was quickly lowered to the cooler
portion of the gquartz tubing. The carbon monoxide and carbon

dioxide flows were stopped, the argon flow being maintained,
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and the furmace was allowed to cool. After about one hour,
the argon flow was stopped, the sample wag removed and bottled
for gas and iron analyses,

The choice of argon as the carriex gas and the use of
the quartz, gas pre-«hecater coil were made to prevent any
separation of the gas nixture entering the furnace by thermal
diffusion, This important and perhaps unexpected phenomenon,
whereby a mixture of a lighter and a heavier gas will be
gseparated to some degree in the hot zone of a furnace, has
been investigated, and meanse-such as those used in this work
«=0f reducing or eliminating the effect has been discussed
very thoroughly, by Darkin and Gurry,33 and by Chipman,45

Analvsis of Samples for Fe(Il) and Fe(llI)

Two methods of analysis were tried., ©One a polarographic
method reported by Bien and Goldberg46 and the other a
spectrophotometric method introduced by Harvey, Smart and
Anis.?7 Both mothods determined the Fe(II) and Fe(ILII) ion
concentrations simultaneously. Because the spectrophotometric
nmethod was faster and free from the necessity of using specilal
fluxes for the samples to meet the solubility requirements, it

was used in this work.



Spectrophoionetric Datermination of Fe(lly and Fe(III)

Concentyations Usinpg the 1, 10-Phenanthroline Conplexes

A Beckman quartz spectrophotouneter Model D, U, with a
photomultiplier attachnent and matched Beckman Corex cells
with 0.998 en, light paths weroe used for the absorbance
readings.

(1) Preparation of Solutions

(a) 0+3% 1,10=phenanthroline reagent solution, One gram
of reagent grade 1,10-phenanthroline monohydrate obtained
from G, Frederickx Saith Chemical Co, was addsd to 100 ml. of
hot distilled water., After all the reagent dissolved, 233 ml,.
of distilled water were added.

(b) Standard iron solutions, The standard Fe(Il) solution
was prepared by dissolving 77,0213 g, of Baker's reagent grade
ferrous aumonium sulfate hexahydrate, (NK4)2F9(804)2.6 Hs0,
in distilled water acidified with 3 ml, concentrated sulfurie
acid and diluting to a liter. Similarly the standaré Fe(ill)
sclution was prepared from §.,6337 g. of Baker's reagent grade
ferric anmonium sulfate dodecahydrate, RH4Fo(S04) 5412 H,0,

The concentrations of both solutions, checked gravimetrically
as ferric oxide, Fe,y0j3, were found to be 1,000 nmg./ml. or

1000-p.p.m. in each case, Suitable aliquots were taken to

make up the solutions used in obtaining the calibration curves,
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{c¢) Duflfer solution., Two buffer golutions wers prepared
from Baker's c. p. potassium hydrogen phthalate. One, a 0,2 W
potassiun hycdrogen phthalate solution was usad for making up
the ztandard solutions for the calibration curves; the other,
a 0.3 ¥ potassium hydrogen phthalate sclution was treated
with 1,00 N scdium bydroxide solution, Enouzh sodium hydroxide
solution was added to give a pH of 6,6, the pH reading being
taken on a Jeckman dModel G pd meter, Approximately 30 nl, of
1,00 ¥ sodium hydroxide solution were roguilrad for 100 ml. of
03 ¥ potassium hydrogen phthalate solution to obtain a pH
0f Ge6e Thizs second duffer sgsclution was ussd in the actual
analyses of the samples,

(d} Saturated aluminum nitrate solution, Excess derck's
reagent grade aluminum nitrate nonahydérate, AI(N03)3.9 HZO.
was added to 500 ml, of distilled water and shaken, After
saturation of the solution was assured, the excess solid was
removed by filtration, This solutlon was used only in the
analysis of the unknown solutions to reduce the fluoride ion
concentration,

(2) Standard Absorption Curves

The work of liarvey, etale?? was repeated to obtain

standard absorption curves for Fe(ll) and Fe(lll), The

absorption spectra of Fe(Il) and Fe(ILl) were deterwined
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for the wave length interval 380~600 mu., Each solution wag
prepared from 10 ml, of 041% 1,10~phenanthroline reagent, 5 nl.
of phthalate buffer, 2,00 ml, of 100 p.pe.ns iron soclution
diluted to 25 ml, which gave a solution contalning 8 p.p.nn.
iron, The Fe(Il) curve showed a maximum at 512 mp and an
isosbestic point with the Fe(1Il) curve at 396 mp. The
396 mp reading indicated total iron concentration and since
Fe(111) showed very little absorption at 512 mp, this reading
represented approximately the Fe(ll) concentration, Fe(lll)
concentration was determined by difference, The exact Fe(ll)
concentration was obtained after subtracting the very small
absorption at 512 np due to Fe(IlI), This new value subtracted
from the original total iron gave the exact Fe(lll) concen-
tration, <Calibration curves of concentration vs, absorbance
for Fe(II) and Fe(lll) were determined at 512 and 396 mp.

The calculated slopes for the straight lines obtained were:
(a) 0.196 pep.m.~l for Fe(II) at 512 mp, (b) 0,054 p.p.m.~1
for Fe(Il) or Fe(III) at 396 mp, and (¢) 0.005 p.p.n.~1 for
Fe(I11) at 512 mp.
{3) Analysis of Unknown Samples

A major obstacle in analyses of mineral sanples for both

their Fe(l1l) and Fe(lIl) contents is getting the sample into

solution without altering the Fe(Il) and Fe(IIl) concentrations
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through oxidation of Fe(ll) by the oxygen of the air, In
preliminary work, considerable difflculty in obtaining
consistent results was encountered when the samples were

put into solution by 48% hydrofluoric acid in a nitrogen
atmosphere, The elapsed time for complete solution of the
s0lid was about 10=-12 hours and this long period undoubtedly
affected the ¥Fe(Il) and Fe(lll) concentrations even under

the protecting nitrogen blanket, It was found that a mixture
of ten parts hydrochleric acid (35%) and three parts hydro=-
fluoric acid (48%) used by Soule?® in Fe(11) determinations
in magnetite was a satisfactory solvent provided a €Oy
atmosphere was used and the time of solution limited to one
hour, pPutting the samples into solution with hydrofluoric
acid resulted in a high fluoride ion concentration which 1if
higher than 25 p.p.m. interfered in the analysis, Two
modifications of the procedure suggested by Harvey and his
co=workers were introduced.??7 One was the addition of boriec
acid solution and the other the addition of saturated aluminumnm
nitrate solution, DBoth solutions worked through complex
formation to reduce the free fluoride ion concentration to

a point where it no longer interfered., Because these solutions

were acidic, a more basic phthalate buffer solution of pH 6.6

was used,
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The following procedure was followed in the analysis.
(a) Two 0.0150~0,0250 g, samples were weighed and placed
into small) polyethylene bottles which had been dried and

previcusly filled with carbon dioxide,

{b) Two to three ml, of HCl-HF mixture (1033) were added
to each bottle., The bottles were placed in a 400 ml, beaker
filled with water kept at 240-509C, A constant stream of
carbon dioxide was passed over the mouths of the bottles by
means of a funnel fitted snugly over the water bath, the 1lip
on the beaker serving as the outlet for the gas.

(c) After one hour, the warm bath was replaced by an ice
bath and 5 ml. of boric acid solution (25 g. Baker's c. p.
boriec acild in 500 ml, of solution containing 10 ml, of
concentrated sulfuric aeid) were added., The contents of the
bottles were transferred to 25 ml, volumetric flasks and
diluted to volume with oxygen free distilled water.

{d) For absorbance readings, the soclutions were made up
in 10 ml, volumetric flasks by adding the following in order:
2,00 ml, of phthalate buffer solution (pH 6.,6), 0,40 ml, of
saturated aluminum nitrate solution and 0,10 ml, of the
solution prepared above, Readings were taken at 512 and 396 mp
for each solution and blanks subtracted before Fe(Il) and Fao(IlI)

concentrations were calculated from the predetermined slopes.
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(4) Precision and Accuracy of the Iron Determination

The precision and accuracy of the iron analysis were
determined by analyzing a Bureau of Standards lron ore
magnetite sample no, 29, An average deviation of 8/1000
and an accuracy of 2,1% were calculated for a series of four
independent analyses, The figures are based on the value of
1,92 for the Fe(III)/Fe(Il) ratio as reported by Soule?8
compared to the average value of 1,96 for the same ratio as
determined presently,.

Gag Analysis

(1) Apparatus

The complete system is shown in Figure 6., The apparatus
consisted of four parts~-a gas extraction chamber and indaction
furnace, a water vapor neasuring system, a Toepler pump, and
a low pressure gas analysis system--~connected in series to
form an integral unit, A mercury diffusion pump backed by a
high vacuum Welsh oil punmp naintained the basic vacuum in the
entire system. Two other mercury diffusion pumps served as
punps in the system; one was used to remove the gas as it was
extracted from the heated sauple and to pass it into the water
vapor trap while the other was used as a cireculating pump in

the gas analysis section,
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The gas extraction chamber (Figure 7) was transparent
gquartz tubing, 40 nm. in diameter, closed at one end,
Connection to the system was via a water jacketed ground glass
joint, Use of the ground glass joint facilitated the removal
of the sample from the platinum crucible and permitted the
cleaning of the evapcrated platinum from the chamber with aqua
regia after each determination, An induction heatexr which
consisted of a Lepel iigh frequency converter and a watere
cooled load coil of copper tubing was used to attain the
required fusion temperatures of the samples., The platinum
crucible, that was heated by acting ag a secondary for the
inductor, was used also as a container for the fusion and was
placed on a ceramic crucible, The sample was introduced into
the hot degassed platinum erucible by means of a special
dumper which was made from 3 cm, of pyrex tubing, 9 nm, in
diameter, sealed on one end, A rod of pure iron about the
same size as the tubing was attached to the sealed end with
a chain forged from copper wire, A small permanent magnet
was used to move the dumper along the side-arm, Figure 7
shows the gas extraction chamber.

The water vapor measuring section is shown in Filgure 8.
A dry ice~acetone nixture (~78°C, vapor pressure of watere=-

10=3 mn,) was utilized as coolant around the trap. The water
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vapor pressure neasurements were made on a special two-liguid
manometor that could be used for intermediate pressures to
20 nn., Hge. The two liquids used were octoil & and mercury,.
The manometer was calibrated by measuring the readings pro-
duced by known welghts of water introduced with capillary
tubes, A value, 64520.1 cie/mg. was obtalned, thus giving
an accuracy of $#0.015 mge. cf water.,

Figure 9 shows the manually operated Toepler pump which
collected and transferred the gas into a calibrated space
where the gquantity of permanent gases was measurad,.

The gas analysis section as shown in Figure 10 consgisted
of a mercury diffusion pump, a Pirani gauge, freesze-out traps,
a combustion furnace, and a McLeod gauge. During the analysis
the system was isolated by means of strateglically located
nmercury cut~offs, BStopcocks could not be used since the
concommitant greases used absorb and gilve off gases in an
unpredictable manner, The combustion furnace which contained
platinum wire catalyst was operated at 475°C and used to
oxidigze carbon monoxide and hydrogen, The Pirani gauge was
used to indicate the npresence or comnplete passage of a gas,.

A more detailed description of the entire gas analysis

set-up is given in the thesis of K. Terada,42
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{2) Procedure

The chronological steps in the procedure are indicated
on Flow Sheets I, 1I, 11l, The samples were weighed on an
analytical balance and usually about 0.6 g. was used, The
weighed sample was placed in the dumper and pushed into the
side-arm of the combustion chamber, The side-arm was then
sealed., A preliminary degassing of the gas extraction chamber
included heating of the platinum crucible for three five-
minute periods at one hour intervals at the temperature of
the extraction, Four hours was the minimum time allowed for
evacuation and often six hours were reguired to completely
degas the system. A brush flame was used to gently warm the
dunper to remove any adsorbed surface gas, When a four minute
blank hesating time at the temporature of the extraction showed
no increase in pressure on the Pirani gauge, degassing was
Judged to be complete., The sample was introduced by means of
a magnet manipulated to cause the dumper to pour its contents
through the funnel into the hot platinum crucible, Extraction
wags continued for a four-minute periocd, the solid particles
having completely nolted at the end of this time, The extracted
gases were pumped through the trap immersed in a dry ice-
acetone nmixture and collected in the calibrated space by the

Toepler pump, The amount of water in the trap was determined
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FLOW SHEET 1

EXTRACTION OF GASES
Procedure for extraction of gases from rock samples,
Weighed sample (approx. 0.5 g.) dumped

into hot platinum crucible

Heat at 1200~1400°C
for 4 min,

Fused residue
4 collected for

Gases microscopic
examination

Pass through

ccz-aeetone
trap
Collected by
Toepler pump
32, co, 602, 320 condensed
302, etc.
Amount measured in Systenm 1solated
calibrated volume and trap warned
of Toepler punp
4
Total volume Water vapor pressure
of gases measured by 2-liquid
nanoneter
0.05-0,10 ml, H, O content
2
taken for gas
Y analysis




FLOW SHEET II

GAS ANALYSIS

Procedure for samples containing no 502.

0,05-0,10 ml, gas sanple introduced
(1) Total pressure of gases measured

(2) Pressure
measured
Co, Ea, Ar, eote, Decrease
due to coz
02 added
(>% press. 2)
(3) Pressure
measured
Co, Hz, Ar, Increase
Gases circulated through
furnace at 475°C for 1 hr.
and passed through liquid
| alr ¢rap for 10 min,
p
{4) Pressure
measured
Liquid air trap removed
Al‘, 02’ Btc.

Circulated through liquid
aly trap for 10 min,

44

002 condensed

Y

» {(5) Prossure

Calculation:

CQzS (1) -~ (2)
co: [(5) - (4] = (coy

Hy: [(3) = (2)] - 372 (cod

measured
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FLOW SHEET Il

GAS ANALYSIS

Procedure for samples containing 502.

0.05-0,10 ml, gas sample 1ntroduced and
circulated through liquid air trap for 10 min,

(1) Pressure measured

32, co, Ar, ete, C0,5, 805 condensed
Liquid air trap
remnoved for short
(2) Pressure time to allow CO
neasured to sublime; Liqufd
alir trap replaced
Hz, co, Ar, CQz. et Ca e
y
Increase due to CO, 80, condensed
(3) Pressurc nmeasured Liquid air trap removed
Hzl ¢o, Ar, Coz’ 302' ete. /

Calculation:

Increase due to 502
Cezc (2 - (1)

0, add
2 added co: [¢e) - ()] - ¢coy)

(4) Pressure measured 50,1 (3) - (2)

H,, €O, Ar, CO,, S0,, 1, [(4) - (3] - 372 (coy

02, etc.

Gases c¢circulated through
furnace at 4759C for 1 hr,
and passed through liquid
air trap for 10 min.

Steps (1), (2), (3) repeated
and numbered (5), (6), (7).
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ag vapor and the total quantity of permanent gases collected
above the Toepler pump measured, The fused sample was removed
from the platinum crucible and saved for later microscopic
examination, The gas extraction tube was renoved and cleaned
in aqua regia after each determination, The platinum crucible
was cleanad in hydrofluoric acid followed by treatment in hot
concentrated hydrochloric acid after =zach determination.

A modified low pressure micro method was used for
analyzing the gas.49 The complete gas analysis was carried
out on 0,05~0,10 ml, samples, All the pressure readings were
made on a double range icleod gauge. In all trials, successive
readings which were identical were the criteria used to
ascertaln an acceptable reading, +fhe carbon dioxide content
was determined by freezing out this component in a trap cooled
in liquid air and measuring the pressure of the gas in a
constant volume before and after freeze-cut. Sulfur dioxide
was determined in the natural roeck samples, andesine andesite
and olivine basalt, by separating it from the carbon dioxide
by fractional distillation from the liquid air trap. Removal
of the liquild air trap for a short time caused the carbon
dioxide to distill off while keeping the sulfur dioxide in
the trap, After the carbon dioxide was removed completely,

as indicated by the Pirani gauge returning to its initial
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reading, the trap was again immersed in liquid air to prevent
sulfur dioxide from distilling., No sulfur dioxide was detected
in the synthetic slags and a slightly modified procedure of
analysis was followed for these samples. The carbon monoxide
and hydrogen were deternmined by introducing pure oxygen and
oxidizing them in the platinum catalyst furnace at 475°C to
carbon dioxide and water, The freezewout traps before and
after the furnace were immersed in dry icee~acetone nixtures
and served to prevent the entrance of mercury vapor into the
furnace, The required pressure readings and the various steps
in the complete analysis of the gas are indicated on Flow
Sheets I, 11, 111, The calculations to determine the relativs
amounts of carbon dioxide, carbon monoxide, hydrogen and
sulfur dioxide are also indicated.

Enown mixtures of gases have been analyzed in this systen
with results that are indicated in Table I1.%42 An average
deviation of 0.4 for the anproximate sige of samnle used in

these determinations is obtained,



ANALYSIS OF A PREPARED GAS MIXTURE

TABLE 1

Volunme % Volume %

Gas Prepared Found
Hydrogen 8.0 7e7
Carbon monoxide 15.2 15,9
Sulfur gioxide 5.4 545
Carbon cdioxide 48.8 49.0
Oxygen 4.8 4,1
Hitrogen 18.0 17.4
Average deviation 0.4

48
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Microscopic Examination

To establish the presence of metallie iron, fayalite,
magnetite and silica in the various samples involved in the
study of the Fe~0=B8i system, 2 microscopic technique was
enployed using a reflecting metallurgical microscope. Several
graing of the sample were umounted in transoptic mounting powder
and made into a disc, 3 cme diameter and 1 cm. thiclk under a
precsure of 3500-4000 pesel. at 2 teuperature of 130«150°C,

The dilsc was successively polished on "Wetordyy Tri-M-Ite”
paper, 320 C and 600 A, 2 pelishing cloth covered lightly with
levigated alumina, and a nappe of levigated alumina embedded

in carnauba wax,

The metallic iron was detected by treating the polished,
mounted sample with a dilute solution of copper sulfate, The
bright orangeered color of the displaced copper was cagily
identified., Magnetite grains were detected by exauwination
through the microscope using transmitted and reflected light,

The nagnetit

o

is opague and anpears block to transmiitted light
and appears very licght and metallic in reflectad light, The
fayalite was identified by gelatinizing it in fumes of concen-
trated hydrochloric acid, staining with methylene blue,
followed by a microscoplc examination, S8Silica was identified
by observing its traansparency and by its negative reaction to

the avove teoato,.



111, DISCUSSION AND RESULTS

Selection of a lModel System

In previous work carried on at the University of Hawaii
an extreme variability of the result of the analyses of gases
in rocks was noted and correlation between gas composition
and rock composition was poor.%2 This, however, was to be
expected because the complete history of these rocks was
unknown and obviously quite complex and varied. Many factors
influence the final state and composition of the rock before
it 1e collected and analyzed, When the oxidation-reduction
system is considered, the degree of exposure to air and
moisture while at a relatively high tenmperature is a very
important factor, The rate of cooling and the temperature
of the original lava are factors which influence the solu-
bilities and the composition of the gases in the final rock.
In addition to these factors, which affect the final rock
conposition, the variables introduced by the actual analyses
are important, Decomposition or volatiligation of oxides,
adsorbed surface gases and time at extraction temperature
are factors which have to be consldered,

In order to circumvent or reduce to a umininum these
conmplicating influences, an approach through artificially

prepared melts and equilibration techniques introduced by
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the metallurgist was worked out, It was decided that the
most feasible and simplest system for the investigation was
Fe0-Foy04~5i05, This model system fulfills the requirements
of (1) being simple, (2) having the presence of an oxidation~-
reduction system, Fe(II)-Fe(III), and (3) being a silicate,
Natural rock melts are of course much more complex than the
sinple oxide=silica systems, The simple systems, however,
may provide clues as to what actually occurs in the natural
complex sllicate systems.

The choice of a sample size of #20 ~40 mesh was made for
three reasons, (1) The average particle size of approximately
0e5 mn, diameter is large enough so that the adsorption of
gases 1Is kept at 2 minimum. Caleulation shows that not nore
than 0.,0066 nl, of a gas like carbon dioxide should be adsorbed
on the surface of one gram of sample with the average particle
size of 0.5 nm, diameter, (2) The size of the average particle
iz sufficiently small so that equilibration of the sample 1is
completed in a reasonable length of time (6 hr,). (3) The
average particle size is sufficiently small so that the
samples can be dissolved in a HF-HCl mixturc within a short
period in the Fe(l1l)~Fo(lll) iron determination, This short
solution tine is necessary for an accurate deternination of

the ferrous and ferric ion concentrations.



52

Following the study of the Fe~0-851 system, oxperiments
on melts with calcium oxide (Ca0) added were carried out to
study the influence of a more alkaline condition on gas
solubility and equilibrium, In this connection, the addition
of alkali oxides (Na,s0 and K,0) were avoided for these are
quite volatile at temperatures of the extraction, Finally,
the natural rocks, olivine basalt and andesine andesite, were
equilibrated and studied similarly to determine whether
naturally occurring rocks are affected by varying equilie
brating atwmospheres in the same way as was the model system,
The olivine basalt represented a relatively basic rock whereas

the andesine andesite a falrly acidic¢ one,

Volumes of Gaces Extracted from Melts

The solubility of gases in silicates has been discussed
previously on pp. 11-12, The extent of the solubility of the
gases proved to be very slight in the present study., Table Il
gives the amounts of total permanent gas (approx. 0.1 ml./g.),
carbon dioxide, carbon monoxide and water (0,01=0,06 mg./g.)
per gram of sample, It was found that this amount of gas was
sufficient for an analysis, It is believed that the extent
of solubllity and nature of the gases present would depend
on the phases present. For example, the existence of a

nagnetite phase depends upon only carbon dioxide or a more
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VOLUMES OF GASES EXTRACTED FROM EQUILIBRATED SYNTHETIC MELTS

(At pressure, 760 nm, Hg and temperature, 289(C)
Total Vol, Gas Vol, coz Vol, €O
(ml./g,) (nl./5.) (mlo/ge)
0.098 0.018 0,014
0.001 0.013 0,080
0.112 0.011 0,053
0,165 0.008 0.010
0.159 0.047 0.060
0.126 0.024 0.016
0.127 0.033 0.018
0.095 0.020 0.008%
0.098 0.021 0.0074%
0.130 0.025 0.008%
0.063 0.017 0.045
0.065 0.046 0.017
0.075 0.041 0.030
0.096 0.035 0.036
0.337 0.118 0.152

Banple Wt, Hp0
No, (mpe/Z.)
Fe-0-81i Systen
1 0.00
2 0.04
3 0.03
4 0,04
5 0,00
4] 0.02
7 0.04
8 0.00
9 0.01
10 0,03
Ca0~Fo-0-81 Systenm
1 0.01
2 0,02
3 0.10
4 0,08
5 0610
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oxidizing gas being nresent in the equilibrating atmosphere,
To compensate for a more reducing atnosphere some of the

magnetite would necessarily have to be reduced,.

1t is conceivable that some of the gases may not be
soluble in the phases present in a given gystem and that
1£ such is the case they would not appear on analysis,
Chipman and his workers have investigated the hydrogen content
in steelmaking slags exposed to various atmospheres,50 They
conclude that slags do not dissolve significant amounts of
hydrogen from hydrogen gas and that hydrogen in slags results
fron reaction of the slag with water vapor. In the present
study no measurable amounts of hydrogen could be detected
from the gases extracted from the iron oxide-=silica samples
equilibrated in the carbon dioxide~carbon monoxide or water-
hydrogen atmospheres, The results thus appear to be in line
with Chipman's conclusion on hydrogen solubility. It should
perhaps be emphaslzed at this point that 1t is the ratio of
related gases such as CO05-C0 and Hp0=Hp that is the controlling
factor of the oxidation state of the system and that the
absolute anounts of these gases is of 1little consequence,
Silicates are known to be highly permeable to the small
hydrogen molecule at even mildly elevated temperatures,3l

and it is belisved that it i3 because hydrogen is to permeable
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that it readily effuses from the sample and does not appear in

the analysis,

Discussion of Data Plots

The results of the study are ropresented by graphs of

log %%g VS, %3%%%§1. The choice of these ratios as the abscissa
)

and ordinates respectively is justified on thermodynamic
grounds, The ferric and ferrous ilon contents of the system .
is dependent on the state of oxidation of the system, The
oxygen activity is equal to its partial pressure in the gas
phase, which in turn is determined by the carbon dioxide-
caxbon monoxide ratio in the equilibrating atnosphere., It
is the homogeneous gas equilibrium COpF¥2CO £ 40, which
controls the oxygen partial pressure, Because the carbon
dioxlde and carbon monoxide amounts are controlled and
present in a known ratio, the oxygen partlal pressure or
oxyzen actlvity may be caleculated, Thus, the free energy
of the oxygen in the gaseous phase is known from the eguation
Aib = HT ln age The partial molal free energy of each
component being the same in all phases at equilibrium, the
free energy and therefore the activity of oxyzen in the
silicate system is established, The relationship hetween

free energies and the componenits of a solution is given by
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the Gibbs~Duhem equation, This equation isg

NydF, £ NgdFp £ eeeveeeesss # NydFy 20
where N is the mole or atom fraction of the component and d?
is the partial molal free energy change of the component in
solution, In view of the equation, dFf = R T dln a, the
above expression may be rewritten:
N,dln a, # K,dln a, # cesee F Nydin ay, =0

If the components of the silicate system under study are
taken as Fe, 0, and S510,, their activities may be exnressed
in the Gibbgs-Duhem equation as follows:

NFe dlog Apa P No dlog ag F “3102 dlog asigz = 0
For a silica saturated material such as fayalite, when sone
of the ferrous lon has been oxidiged ag in the sanples used
in the investigation, it may be concluded that free silica is
present, This being the case, a3102 is constant and
dlog 3510, = 0. Also, the equilibrium CO, T2 CO ¢ %02 nakes
ag proportional to PCOZIPCQ and dlog ag ~ dlog Pcozcho.
Substituting in the modified Gibbs~Duhem equation and
integrating, we have:

dlog ap, = = S(NO/“F93 dlog (PCOZ/PCO)

The integration may be readily carried out graphically.%2 The
value of log Ape is found as the area under the curve of NO/!-!Fe

plotted against log Pcozlpco between the limits of Ny, existing
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at the two chosen PCOZ/PCO values, If the integration is
performed from the composition in equilibrium with metallice
iron to the composition under consideration, the activity
thus calculated is relative to metallic iron taken as unity,

From the above considerations, it can be concluded that
there is a thermodynamic justification for the plot of
log cozjco V8, NOINFe' or some reolated function for the
latter; this permits calculation of the activitlies of the
other coaponents in the system, Inasmuch as the present work
is concerned primarily with the relationship existing between
compositional variables and gas content, the above plot is
sufficient and no further calculation of the activities of
each component 1s needed, but the form is used for convenilence
in future work,

The ratio NO/NFe may be related to a number of other

expressions invelving Fe(lI) and Fe(IlI).

(1) No . Fe(i1) # Fe(IXl) £ }Fre(ill)
Npo Fe(ll) # Fe(lll)
= 1 43, Fe(lIl
2 Fe(ll) §# Fe(lIl)
(2) Ny | Fe(i1 Fe(111 Fe(Ill
Npe Fo(il Fe(I11)

1.2Fe(I1) A 3 Fo(111)
= 2 Fe(ll) £ Fe (I11)
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= %,gAFegll) £ 3 Fe(1ll) =~ Fe(ll)
Fe(ll) # Fe(lll)

= 3.3 Fe(l1l
2 2 Fe(11) # Fe(Ill)
Chipman used the ratio from (1), Fo(lll , which he
Fe(ll Fe(lIl

designated as "j" values for his plot,3% Darken in his work

used the reciprocal of (2), & 1 3 ie 111 ,9 and we have

selected FeC(I1I), It can be shown that plots of this latter
Fe(Il)

ratio against the log g%& ig similar and related to the above
thermodynamically justified ratios (1) and (2), 8ince these
ratios are interrelated the choice is primarily one of
convenience,
Fa=0- S n

The data from the equilibration study on the Fe=0~8i
Bystem are shown on pp. 60 and 61 as plots of the ratios of
%%%%%%l vs. log g§g. A comparison of the two curves, which
were plotted separately on two graphs for the sake of clarity,
shows the correlation existing between the ratio of carbon
dioxide to carbon monoxide in the extracted gases and the
controlled ratio of carben dioxide to carbon monoxide used in
the equilibrating atmosphere, The experimental indication is
that the conmposition of gases involved in rock systems might

be controlled by the oxidation~reduction equilibrium.
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ANALYTICAL RESULTS FOR COZICO AND Feo(IllI)/Fe(1l) RATIOS==-

SYNTHETIC MODEL SYSTEMS
Egquilibrated Extracted
e Rean. et MEor g teerm
Fe-0-3i Systen

1 0,146 0,685 ~0,164 1433 0.124

2 0.126 0.950 -1,298 0.1590 =0,799

3 0.13° 0.500 =04301 0,372 =0,429

4 0.13% 0.175 =0.757 0.374 =0.427

5 0.13° 0.106 -0,975 1.00 0.000

6 0.16° 0.950 =-0,022 1.55 0.190

7 0.19% 2.00 0,301 1.82 0.260

8 0.21° 4,70 0.672 2.33 0.367

9 0.21° 10.0 1.00 2,66 0.425

10 0.521 20.0 1.30 3,00 0.477
Ca0~Fg-0-81 Systen

1 0,138 0.069 ~1,162 0.706 =0.151

2 0,184 1.00 0.000 2,73 0.436

3 0.16% 0.500 =0.301 1,04 0.017

4 0.15° 0.250 -0.602 0.962 =0.017

5 0.14° 0,133 =0.876 0.778 =-0.109
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Graph 2
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Graph 3
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Graph 4
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The three breaks in the curve are attributed to changes
in phases in going from 1ow.§§3 ratio to higher values and
correspond to shifts from metallic iron through fayalite to
magnetite, Microscoplc examination substantiate the three
phase changes, The two points at the extreme left which
correspond to samples low in the ratio %ﬁ%%%%l show definitely
the presence of metallic iron; the last point with the value
of-%%%%%%l equal to 0,52 contained relatively large amounts
of magnetite, The intermediate points represent samples with
no metallic iron, large amounts of fayalite, and possibly
slight amounts of magnetite as the g%& ratio approached the
value for the last point, Darken's work, shown in Figure 1,
pe 6, and briefly discussed previously, also substantiate the
three phase changes,

The oxygen partlal pressure in the present study of the
model system, Fe=0-81l, was controlled exclusively by the ratio
of carbon dioxide to carbon monoxide in the equilibrating
atmosphere, The 002~CO ratio, however, is not the only factor
that controls the oxygen partial pressure in natural rock
gases, In magmatic gases, other combination of gases are
known to exist, A, J. Ellis has discussed the chemical

equilibrium in magnatic gases and made thermodynamie calcu=~

lations for the theoretical conmpositions of some water,
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sulfur, carbon dioxide gas systems,®3 1In addition to the
coz-co system with which the investigation is directly con-
cerned, natural gases would be expected to contain other
related systems such as H,y0-i,, S03-80,, CO8~-C0, and Hy0=8,.
The equilibrium existing between the two gases making a

related pair 1is intimately related to the oxygen partial
pressure for the whole system, 1In other words, the relative
amounts of each gas would be dependent on the existing oxygen
partial pressure, The ratio of one gas to the other that
make up an oxidatione~reduction couple should be a mneasure of
the oxidation=-reduction state of the system in any equilibrium
situation,

When a detaliled examination and comparison of log g%ﬁ
Ve, %ﬁ%%%%i curves for equilibrating gases and extracted gases
is made, it will be noted that for a given sample represented
by the experimental points, a shift is evident in the point
position for the two situations. This shift is cither from
high log g%& values to low, or vice versa, and is consistent
in any one region of the plot. This becomes more evident when
the two plots are superinmposed as in Figure 12, curves (a) andg
{(c)., Of course it must be recognized that the significant

feature of the work described is the relationship betwsen

oxidation=reduction constitution and equilibrating and
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extracted gases aside from any shift that may be noted, It
is, however, of interest to explore the probable reasons for

this activity shift,

Fe(I1l)

r it should be noted that no change 1in
First, o ' n ang Fe(ID)

could be detected in the extracted samples when compared with
the equilibrated samples, The change seens to be due to sone
factor or factors that alter the oxygen activity (and hence
the 002100 ratio) in the sample from the value for the
equilibrating conditions to a new value for the conditions
of extraction, Two factors which c¢an be recognized as the
probable cause of this behavior, are best examined with
reference to the model Fe~0-8i system, (1) The change in
oxygen activity in going from the equilibration conditions
at 1100°C where the silicate is a solid to the extracting
conditions at 1300-1400°C where the silicate is a 1liquid,
and (2) the alteration produced in the gg& ratio by the
water without its oxidation~regduction companion hydrogen
for a given oxygen activity. The combined effects may be
best understood by referring to Figure 12,

(1) Shift due to melting~-~Michal and Schuhmann have
investigated the partial pressures of oxygen in equilibrium
with silica saturated slags in the Fe~-0-Si system.38 Their

data is plotted as curve (b) in Flgure 12, Once the nolten
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phase had been achieved, no temperature effect was noted within
experimental error, A smooth curve was obtained since only
the gingle liquid phase was encountered throughout their
studies, In contrast, the curve representing the work reported
here on the equilibrium partial pressures of oxygen in the
Fo~0=~S1i system (curve {(a)) shows discontinuities dus to phase
changes (ironefayalite~nmagnetite), as mentlioned previously,
and is positionally shifted from the curve for the liquid
systen, On melting, then, the partial pressure of oxygen

that is in equilibrium, and presumably can be extracted, will

Fe(111)
Fe(lil)

exhibited as a higher %g& ratio,

be higher for a given ratio, This, in turn, would be
(2) Shift due to high water vapor concentratione-In
contrast to the effeet of melting there 1s the countering
effect of a high concentration of water vapor in the extracted
gases tending to produce a lower g%& ratio for a given activity.
The water vapor, in effect, takes the place of part of the
carbon dioxide, Whereas it is possible to control and
elininate the water vapor in an equilibrating atmosphere,
water vapor seems to be rather generally found in the extracted
gases and is not subject to control with the present under-
standing of these systems. 1%t does enter inte the oxidation-

reduction systems of the silicates, and with the escape of
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hydrogen that is the normal reduced form in the oxidation~
reduction couple, it would exert an oxidizing influence, It
is difficult to estimate quantitatively what the effect of
the water vapor would be on the g%ﬁ ratio, siuce the accuracy
in the determination of water was poor. If a constant
correcticn is applied to the liquid silicate equilibrium
curve (b) (Figure 12), we could c¢raw the hypothetical curve (c)
representing the %%& equilibrium with a correction for water
vapor, In sum, the oxygen activity of a silica saturated
silicate melt as measured by the S92 ratio in the Fe-0-8i
system as a function of the %g%%%%l ratio is given by curve (¢)
(Figure 12), and represents the composition of extracted gases,
It will be noted that agreement in accounting for the shift is
good for the middle six points representing the fayalite region,
and less so for the magnetite and iron containing sanples,
Similar considerations are undoubtedly involved in the shifts
noted in the other matural and artificial systems studied, but
equilibrium phase relationship have not been worked out, and
ne comprehensive discussion can be given,
Caf~Fe=0-5i Systen

The addition of calcium oxide to the simple iron oxide-

sllica system increased the general gas solubility, This may

be seen by examining Table II, The fact that increases in
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basicity increases the carbon dioxide solubility has been
denonstrated by E, E, Schumacher in his investigation of
silicates involved in glasses.ze Chipman and Larson in their
extensive work on the effect of basicity on "jevalues", the
ratio EEE??%giléé%?ifi' showed that increases in basicity
were acconpanied by increases in "j-values”.37 Comparison
of the plots of Ee{lll) vs, 10g %%3 on pp. 62 and 63 reveals

Fe(ll)
this same effect in the present study.

Natural Rock Svystems--Andesine Andesite and Olivine Basalt

Chemlcal analyses for andesine andesite and olivine

basalt samples of Mauna Kea and Mauna Loa on the island of
Hawaii are sunmarigzed in Table IV, These analyses by
He 8, Washington are typical for the two rock types, and
serve to polnt out the differences that exist in their chemical
compasiﬁions.54

The data obtained for the natural rocks equilibrated in
varying g%& atmospheres at 1100°C are plotted on pp. 75~78.
Andesine andesite vhich represents a relatively acildiec rock
type, and olivine basalt, a relatively baaic type, are
repraesented by curves similar to those obtained for the nodel
system, Fe-0-S1i, Table V shows that the water content of

andesine andesite is practically =zero, whereas 1t averages

0.03 nge./Z. for the olivine basalt samples., The total volunes
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TABLE 1V
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CHEMICAL COMPOSITIONS OF NATURAL Rocks94

810,
Al,04,

Fel

MnoO

Percentages

Olivine Basalt Andesine Andesite
auna Mauna Kea

52430 50,68

11.84 16,42

2,06 5.79

9.03 6e22

715 4,25

10,60 6.47

2,47 4470

0.49 2416

0.15 0.23

0.03 0.19

3.98 2464

0.28 0.17

0.10 0,22

Total 100.48 100,14



TABLE V

VOLUMES OF GASES EXTRACTED FROM EQUILIBRATED NATURAL ROCKS
(At pressure, 760 mm, Hg and temperature, 28°C)

73

Sanple Wt Hy0 Total Vol, Gas Vol. CO05 Vol, CO Vol., 50,
No, _(mg./g) (mlefEed  K0de/8e) (ndo/g.) (mle/Z.)
Andesine-~andesite System
1 0.01 0,135 0.018 0,027 0,000
2 0,01 0,072 0,009 0,018 0.000
3 0,01 0.153 0.0086 0.015 c.002
4 G.C0 0,051 0,004 G.009 C.000
5 0,00 0.328 0.007 0,010 0,010
6 0,00 0.108 0,007 ¢.038 0.000
Olivine Basalt Systep
1 0,01 0.134 0,014 0,011 0,000
2 0,02 04,175 0,009 0.018 0.002
3 0,05 0,353 0.008 0.111 0.000
4 0.03 0,268 0.010 0,030 0,003
5 0.03 0.157 0.010. 0.024 0,002



TABLE VI
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ANALYTICAL RESULTS FOR CO,/CO AND Fe(111)/Fe(11) RATIOS=~~
NATURAL ROCK SYSTEMS

Equilibrated Ex e
Sample Fo(I1XX) 22& log EE& EE& log 223
No. Fo(1l1) Co co co co
Andesine~andesite Systen
1 0,315 0,435 -0.361 0,665 -0.177
2 0,241 0.250 -0 4602 0.500 -0,.301
3 0.18! 0.141 -0.851 0.375 ~0,426
4 0,202 - .- 0,420 ~0.367
5 0.13° 0.109 -0,963 0.332 -0,479
6 0.117 0.013 ~1.89 0,192 -0,717
Clivine Basalt Systen
1 0,367 1,22 0,086 0.685 -04177
2 0,325 0.545 -0 ,264 0.500 -04301
3 0423 0,051 «1,20 0.068 ~1.16
4 0,272 0.100 -1,00 0.332 -0,479
5 0.208 0.198 «0,703 0.4186 -0,.381
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Graph 5
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Graph @6
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Graph 7
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Graph 8
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of gases extracted from the natural rocks samples were
generally greater than those for the synthetic model system.

The correlations between the curves representing the
extracted and equilibrated gases should be noted, Just us
in the case in the Fe~0-81 system, the experimental results
indicate that the composition of gases in natural rock systems
is controlled by the oxidation~reduction equilibrium in the
rocks, The added complexity of the situation does not seen
to destroy the correlatlons,

No attenpt was made to analyze the ggg and %g%%%%l ratios
existing in unequilibrated natural rocks and to compare these
with data obtained for the equilibrated rocks., In view of the
analytical experience gained in cthis work in both the ferrouse
ferric iron analysis and gas analysis, it would be desirable
that the older results be ree~examlned, It has, however, been
noted that equilibration of a rock or a silicate in a gaseous
atmosphere is relatively easy and raplid at elevated tempera~
tures., Thus, the question arises as to the significance of
attenpts to relate rock composition to gas content in rocks
that have been sanpled without regard to contact at elevated
temperatures with air, steam or other disturbing oxidation-
reduction changes. In this respect work with pumice, clinker

or "aa" lava would be particularly guestionable,



Iv. CONCLUSIONS

The exploratory nature of the resa2arch and the extreme
difficulty of the analytical techniques on which the conclu~
sions are based should be emphasized. The solution of
silicates without alteration of the ferrous lon content--a
problem which has beset analytical chemists for years, and
the extraction of gases from the rock samples and analysis
of a few tenths of a cubic centimeter or less are problens
which had to be solved prior to exploring the »noszliblility of
the existence of oxidation-reductlion correlations in rock
systens,

The work shows that 2 definite correlation exists between
the conposition of the gases extracted from rocks and their
conposltion with respect to oxidigable and reducible components,
In addition, it is demonstrated that the phases present have
a considerable influence, for it appears that they markedly
alter the activity or effective concentration of the oxide
ion and hence influence the gaseous compositlon, The
condltions of gas extraction contribute some modifications
to the gaseous composition, which again may be related to
changes in oxide ion activity, The low hydrogen content of
synthetic model silicates aftor equilibration in hydrogen-

water vapoyr atmospheres was noted, confirming the work of
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Chipman on slags, but additional unknown conponents were
deduced to be present in natural rocks that retain hydrogen
much as certain metals do. Equilibration with gaseous
atmospheres were found to occur in relatively short time

at elevated temperatures, being completed within a six-hour
period for small samples at 1100°cC,

The results and conclusions point out precautions and
factors that nmust be consildered in working with gases ex-
tracted from natural rock systems, or associated with such
systemg as we have in fumaroles or sulfatara, The importance
of rock sampling with a carcful consideration of atmospheric
factors is emphasized, The petrographic variations that may
be produced in a rock or silicate through expesurc to
atnospheres of different oxidation potential even to the
appearance of new phases is noteworthy. Knowledge of the
temperature and pressure conditions of extractlon of a gas
from a rock is important in relating the gas composition to
the petrographic and chenlcal composition of the rock, With
changes in temperature and pressure in silicate systeums
containing petrographically important oxidizable and reducible
phases, it may be possible in the future to deduce the thermal
and pressure history of a rock by analysis of its gas content

and its chemical and petrographic conposition,



1V, SUMMARY

Although there has been much speculation concerning the
correlation of gas composition and rock composition, ne
experimental work has shown the existence of any consistent
relationships. A good avenue of attacking the problem was
through an oxidation~reduction system of the rock and hecause
iron oxide is a common rock constituent, the Fe(II)-Fe(Ill)
couple wags the oxidation-reduction system chosen for the
condensed phase. The object of the present work is to
establish any existing relationship between the composition
of gases extracted from the rock sanmples, the equilibrating
atmosphere that controls the oxidation~reduction state, and
the composition of the rocks,

The model systemn, Fe-0-51, was chosen for study and
synthetically prepared samples were exposed to atmospheres
of known oxygen partlal pressures (known ratios of C02:CO)
until equillbria were reached, The effect of increasing
basicity of the model system was studied. Finally the effect
on the composition of rock systems that occur naturally when
exposed to varying oxidizing atmospheres was investigated.

The problem of solubilizing silicate rock samples
without altering the Fe(lll) and Fe(ll) ion contents which

has troubled analysts for many years was solved by using a
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HF=HC1 mixture under a protective carbon dioxide blanket,
A spectrophotometric method of analysis employing the Fe(IIl)
and Fe(11) ion complexes of 1,10-phenanthroline, which was
both rapid and accurate, was used. The difficulties of gas
extraction and analysis were overcome and a standardized
procedure established.

The following conclusions may be reached from the results

of the present research;

(1) There 1s a definite correlation between the composition
of gases extracted from the melt and the composition of the
equilibrating atmosphere for the model system, Fe-0=-8i. The
Fe(l11)/Fe(1l) ratio in the condensed phase of the Fe-0-Si
systern is related linearly to the log coz/co ratio of the
extracted gases, Shifts in correlations can Dbe accounted for
by the different conditions encountered in extraction of gases
when compared to the equilibrating conditions,

(2) The addition of calcium oxide to the Fe-0-~Si system
does not alter the above conclusions; the increase in basiecity
increases the general gas solubility,

(3) The natural rocks when exposed to controlled coz/co
atmospheres, also behave similarly to the synthetic Fe-0-81
system and the correlations between the Fe(III)/Fe(lI) ratios
and the log 002/00 ratios of the extracted gases and the equili-

brating atmospheres are comparable to the simple model systems.
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