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Abstract

The Qka complex is a carbonestite and feldspathoidal
silicate complex belonginz to the alkaline intrusive
suite of the NMontererian petrorranhic province, In
order to learn more about the petrogenesis of this
carbonatite, a tenperature of 71000 was deternined from
the intersecticn of the f02-T curves for the minerals:
olivine, maznetite, latrappite. This is the temperature
at which the ninerals were last in oxy=en equilibrium,
and it is believed to be the original solidus.

This temperature is in azreement with O 16
work (Conway and Taylor, 1969), and it is reasonable
in lizht of "fyllie's work on syathetic systems (17€6).
Ayllie also found the presence of a ligquid phase at
these temperatures throurhout a wide ranze of pressures,
and therefore, the Qka carbonatite is believed to be

of r'“matlu oririn.

he uineralory and phase equilibria of the mineral,
latrappite, are a2lso studied, and some possivle explanations
for the problens associated with its crystal chemistry

are discussed,
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I INTRCOUSTION

Carbonatites and the undersaturated-alkalic silicate
rocks associzted with thex have been studied in great
detail in the »ast £nd have crused sericus proklems to
“those desiring to intercret their petrogenesis. ZLlthourh
the total area of exposed carbonatite is »robably no
more than 0.03% of the &rea of icneous rocks in the world
{Heinrich, 1966}, the amount of attention riven to them
has been much sreater, Thié is probably due to their
unigue rineralozy plus, of course, the economic denosits
often associated with them, 1In addition, they are
comuonly associated with kimberlites which has led sone
investisators t§ at least consider an orisin at srezat
deoth (Saether, 195%). Various hyrotheses for carbonatite
petrogenesis are discussed by Heinrich (1966}, and in |

addition he Jdescribes many localities throushout the world.

One of the most informative factors in carbonatite
netrorenesis would te a knowledge of the temperature of
formation. Since workers in the past have deternmined
temperatures from 450°C to #00°C from work on synthetic
systems (Tuttls and %ittens, 1966i, it is the purpose of

this thesis to rather more information on this subject

~



at least in one location, Oka, <uebec,and perhaps
corroborate srevious work or at least add another
indesendent value to the list of temverstures already

existing,

A, Specific Goals

To determine a temperature of formation for the
Qka cartvonatite, the rmineral latrappite was chosen for
study. This is & relatively new mineral, and not ruch
work hes been done on it to date {Nickel and ricAdam, 1%63).
Also it zppeared to have several problems associated with
its stoichiocmetry, charse balance, &nd crystal chemistry.
It was hoped that an understanding of the latrappite
mineraloxy would at lezst éoint to a direction for
further invéstigation 0o the nore general protlem of
formation temperature. This mineral is a hirh niobLium
perovskite named latranpite by Nickel (1964). It has
a pseudo~cubic (orthcrhonbic?) structure of the ABO3
type in which the cations in the 4 sites are in twelve-
fold coordination with oxvgen, and those in the 3 sites
are in six-fold coordination. Hzny cations subtstitute

in the structure, and the more coxmon ones are as

follows: (Ca,ﬁg,ﬂa,Ce)(Rb,Ti,?é,Kn)OB.



It has been assumed that this was a simple solid
solution of niobium and titanium; however, titanium is
ordinarily found in the four-plus oxidation state while

niobium is found in the five-plus oxidation state.

The nossibilities to explain this solid solution
are as follows: 1) Niobium in this mineral is in the

. . . . L4t
four-plus oxidation state., 2) et + Nbot = Ga2+ + TlA .

5% 2oL 4yt = st

3) Fe3+ + Nb + defect.
5) The formula should be Caib,0g with a different
structure, ‘“thichever of these is actuzlly the case,
it should be ohvious that there are many provlems
associated with stuffing niobium into the perovskite
~structure, and a study of the phase relationships of
this mineral could well lead to & knowled<e of the

temperature of formation,

A paper by Mickel and I‘cAdam, (1963) on the
structure of the mineral was studied Lefore determining
the best direction for the present investiration. Some
of their data are zlotted on paze 4 and show the relation-
ship of each cell edne of an orthorhombic unit cell to

composition, ¢t can be seen that there is an apparant
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break in slope on each of the three curves around 40

weirnt percent szo which corresponds approxicnately

5’

to the following si~plified formula: Ca(ﬂb-SSTl.&5}03°

This cculd be interpreted as merely scatter of the

data points since only eight analyses were used, or

it could represent a real change in the c¢rystal structure.

The concept of a perovskite tolerance factor was

introduced by Guldschmidt in 1927. ile postulated that

N

(where

in an ABC, type compound, the ratio
3 2(R=+30)

R is the ionic radius) must be between 0.0 and 1.00 for

a perovskite-type structure to occur. ‘/hile these numbers
have been modified several times since, the concept of a
tolerance facter is probably still valid, and perhaps

this factor is beine exceeded by the hish niobium content

perovskites examined by Nickel and icidan,

Since we might expect, but do not find, exsolution
producin~ twc phases within the latrappite, it must be
“concluded that either A) the mineral crystallized
hiéher in temperature and cooled quickly t'rou~h any
two phase rezicn on a CaTiQ,-Calib0, phase diazranm, or

3 3

that B) a true solid solution is possible; that is,



that the tolerance factor has not been exceeded,

Possibility {(A) azbove would involve the existence
of nhase relaztionshins such as shown schematically in
A or A' below and possitility (B) is shown in phase
dizgram seonietry &s B below. If then such a two phase
re~ion could be found experimentally in a phase diacgran

of the reneral form of type A or A! below, it could

define a minimum temperature of foraation for latrapnite.
uaT103 . Callb 3 CaTlO3 CaI\bO3 caT 03

A _ Al B

Another &pproach would be to atterpt to establish

By

a temperature of equilibration of sever:zl minerals from

‘the same rock or at least from the same area. Since

latrappite is an oxide, moreover, an iron confainlng
oxide, it would be worthwhile to deternine its oxyzen
fugaecity as a functicn of tenmperature at one atmosphere
total pressure. If this were done with several
coexistiny wminerals, a temperature could be found at

which they were all in equilibrium with oxygen, and



this temperature would define the petrogenetic formation
of at least these ninercls, if not of the whole rock body

for one atmosphere pressure.

Data from either of these approaches should be
interestinz, althourh by no means complete due to tne
complexities of all variables. The most important of
these is »robably total pressure; however, any information
about temperature would at least be another piece to be

used in solvins the carbonatite puzzle,



II GEOLCGZY QF THE ORa COMPLEX

The rocks near Oka, uebec, about 20 miles west of
Montreal, Canada, comprise a cerbonatite and feldspath-
oidal silicate complex, rich in exotic minersls and

contazinine an economic deposit of niobium. Geolozic
field evidence can only date the complex as between middle
Devonian and Tertisry (Rowe, 1955). However, radio-
isotope dates on the complex have been obtained as
follows: 106 w.y. (Rb~Sr), 114 m.v. (K-Ar) (Fairbairn,
1962) and 95 m.v. (¥-Ar) {(Hurley, 1960). The complex
intrudes the ZPrecambrian rocks of the Hezuharnois Arch
which trends northiest-southeast from the Cenadian
shield to the idirondacks. Anorthosites of the Ilorin
Series underlie the northrestern part of the area and
folded para:zneisses undefly the southezstern sector.
" The crystalline rocks of the Cka cowplex intrude these
Zrecanmbrian rocks as a double rinz structurve with the
lons axis of the comrplex perpendicglar to the recioncal
structure, the Cka hiils, and parallelins the axis of
the arch, Parts of the area are overlain by as much

as 400 -feet of Pleistocene till (Gold et al., 1267).

There are two carbonatite cores; the one to the



southeast is about 0,5 mi, in diameter and the cne to
the northwest is elonzate and zbout 0.5 X 1.5 mi.
Around these cores are rinz dikes, arcuate dikes,
and cone sheets, all of both silicates and carbonates

and all complexiy interleaved (Heinrich, 1966).

The rocks of the areaz have been divided into five
different =roups by Gold (1967}, 1. The carbtonatites
underly more than half of the complex. They are coarse
grained ond mostly calcite with some dolomitic varieties.
Thev have a banded appesrsnce Jdue to the presence of
one or more of the following minerals: Afegirine-auzite,

biotite, na-netite, monticellite, pyrochlore, and
perovskite. Of the sixty-six known ninersls found here,
nost are a2lkalic varieties of :ore comson minerals plus

niobium and rare earth ninerals.

2. The ockaite-~jacupiranrite series consists of &
gradationzl sequence from melilite-rich, throush
monticellite, nepheline, and hauyne bearinz varieties
to titansurite-rich rocks. Okaite is a melilite-rich
rock defined from Cka and containing some nepheline,

perovskite, zpatite, biotite, matnetite, and celcite.

Monticellitic okzite contains monticellite phenocrysts

\O



in a trachytic textured melilite matrix. Jacupiranzite
is & soda~pyvroxenite sometimes containing titanium

augite plus nepheline and accessories.

3. The ijolite series consists of urtite, which
is essentially nepheline, grading throuch ijolite, which.
contains cpnroximately egual amounts of nepheline and
pyroxene, to melteirite, which is approximately 705
pyroxene and 307 nepheline with some wollastonite and

melanite bearins varieties exposed to the south,

4. The replacement and &lteration rocks aeccur in
zones or discontinuous lenses and sre formed Ly the
hydrothermal biotization of silicate rocks. 1n shearea
zones some of the silicates have been altered to chlorite.
There are also wvucs of pvrite, ralena, and calcite.

Also in the class of replacciment rocks, fenites could
be considered. These are country rocks wnich have been
.

metasomatically replaced by the addition of Ca, Mg, and

Na and the removal of S5i, and K.

5. Last to be considered asre the dike rocks.
These are alnoite and basic lampreophyric rocks which

intrude both the complex and the country rock, and

10



Table 1. Experimental emf data recalculated as £O, values for

the Cka minerals*

G800

950
1000

All

- LOG f02
LRATUZE (°C) LATRAZZITE VAGNETITE CLIVILE
12 1G.5 18.5
+12 12.5 17.3 17.7
+12 17.2 17.0 17.2
+10 16.0
18 14.6 15.3 15.7
5 4.3 14.6
5 13.1 14.0 1446
+3 12,3 12.3 4.0
+3 11,1
minerals Ircm D-pit at Qka.

10a



some of which are similar to kimberlites both texturally

and chemically.

Interpretation of »petrorenesis from cross-cutting
relationships here is corplex; however, Gold (1967}
envisions the sequence of events as follows: fenitiza-
tion of the zneiss, emplacement of carbonatite dikes and
ring dikes, ijolitization (pyroxenization) of the country
rock ané ultra-fenitization as indicated bv relic cores

of guartzo-feldspathic -neiss within the ijolite,

Secondly, occurred the intrusion of the okaite-
Jjacupiran:ite series as crescent shaped nmasses and
arcuate dikes. Thirdly, came the intrusion of the main
pyrochlore carbonutite foliowved by the nonticellite
carbonatite. After this came the intrusion of the
ijolite and microijolite dikes, followed by solid-

state flow in the carbonatite to fors boudins.

The next four steps nay have teen part of the sane
event according to Gold, and they are hydrotherial
solutions causing viotization alonz fractures, late
carbonatite ¢dikes with pyrite, rare-earths and zalena,

late diabese and lamprovhyre dikes, and finally

11



emplacement of alnoite and alrnoite breccia pipes and

dikes.

Gold also mentions theat the complex exhibits:
1) a positive rmasnetic anomaly conforming to its shane
due to magnetite, 2) radioactivity due to U and Th
principelly in pyrochlore, end 3) a negetive zravity
anomaly consistent with an alkelic concuit of =reat
vertical extent. The carbon, oxyzen, strontium and
sul fur isotope ratios are similar to those of other

carpvonatite complexes and of kirherlites.

12



Figure 2: Ceology of the Oka Complex

(See Gold, 1967, Fig, 1)
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III SANPLE COLLECTICH ANHD PaEPARATION

L. Collection

In order to collect rock samples and briefly
observe the local reolozy, a trip was made to Oka,
Luebec for two days, during which time all of the rocks
for this thesis were collected. The St. Lawrence
Columbium and letals Corp. mines two larrxe pits in the
complex for pyrochlore, and some rock samples were
collected from their number two pit; however, test
vits heve been dus on the southwestern side ¢f the

complex, =nd most of the samples used were collected

from this area. iiany of these pits are rich in perovskite,

1

and while this mineral is not as rich &n ore of niobium
as pyrochlore, the substituted perovskite is more useful

for the purposes of this thesis.,

On page 20 is & detziled mar of the area showin:
nzny of these pits. The pits labeled: §, D, and
perovskite are of interest since they gonuﬂn appreciable
amounts of iztrappite, &nd it is at these o2its where
sauples were collected. Followinr the map are two

photogrephs showin: latreppite as it occurs in the

rocks.

18



Larée crystals (up to about 3 mm. on an edge)
were broken cut of the rocks and stored in separate
vials for esch pit. Smaller crystals, which are by
far the most cortron, were left in the bulk rocks of

which about 40 pounds were brournt back for study.

B. Preparation

The minerals fron Cka involved in these experinents
were the followinz: latrappite (both hi~h and low niobiuwa
varieties), calcite, marnetite, pyrochlore, and olivine,
The phese equilibrium experiment used only latrappite
from the various pits, and it was »repared by separating
all magnetic materiel with a hend ragnet and taking only
those crystals which were cubes, thereby eliminating
octchedral pyrochlore. Calcite attached to the cubes
was then re-oved physically to the extent possible and
then the crystals were leached in 20:1 HC1l seversal times

until no calecite remained {total tine atout one hour).

The naterizl was then ground under acetone in a
mullite sortar until the avercaze fragrment was @out
10 microns, suitable for X-ray, &nd no birefringent
natericzl was present. 7The sarple was then d-rayed

and acvout 100 mz. were run in the furnace.

19
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The sane procedures epply to latrappite for the
oxyzen e.m.f, cell except that it wss only grbund to
about 100 microns for the averase frasment. This
seeried sulficient to expose any included calcite and
provide su

ficient surlace ¢res for oxysen equilibration.

Maenetite Tro- the D-pit was separated for the

oxyren cell with & band nninet wnd then rround and

Pra

senarated 'rith a Frantz isodvnagic seciretor model L1
3 ~

iy

fa

“s

run at minimun current and 40° forward, 20° side ancles
to remove any aovn-narnetic inclusions. 5o birefrin~ent

materizl wos observed.

The olivine to be studied in the oxyren cell was
hand seperated and then rround to 10 microns and X-rayed
iflractometer for identification. The
diffrsctometer trace plus the followine index of
refraction: A = 1,660, indicates that the olivine is
vrobably atout forsterite go/fayalitezs. The material

was then leached with acetic acid until no cealcite was

observed; 110 mnir were then used for the run.

23



Pyrochlore was hand separated Ly teking only
octahedrsl crystals and then removing rmarnetite with
a hand ragnet. It wes then leached in 20:1 431, zround
and senarated as discussed zbove with the non-magnetic
fraction from the Frantz separator. Part was then
ground to Jl-ray size (less than 10 microns), znd the
X-ray pattern revealed no latrappite and the petrozranhic

microscope showed no birefrincent material.

Lastly, calcite was hand senarated and observed
under the petrozraphic ricroscone for ixpurities. A1l
minerals were traasferred directly froi the mullite

—ortar to the 4:+-?d tubes for the runs.

Rl



+ IV PRELIVINARY WORK

Before »nroceeding with either of the two approaches
previously mentioned; that is, phase relationships and
f0,~T relationships, inore familiarity withi the mineral
latrzppite wis needed. OSome of the knowledre which
would be useful includes the X-ray diffraction pattern,
information ebout the oxidation stete of niobium in the

minerel, and chemical analyses,

L., X-ray
One of the first things dene was to X-rey materiel
from each of the pits sampled at Oka and look for
differences, After X-rayingr nmany dilferent sanples
in a diffractometer under copqoer radiation, the only

difference noted was that the »nattern of all D-pit

latranpite {niobiuwr-rich variety, see Avpendix A4)
iy 3 g

e

was shifted about 0.08°239 lower, which could possibly
be explained by an increase in nichkium, & larger cation

than titanius.

B. Free Enersy Calculations
To zet some idea of the niobium cxidation state

thiat would be expected in latrappite, that is 5+ or 4+,

25



the free enersy change of reaction was calculated for
the following reaction at various temperatures from
the free enerzies of formation of the oxides from

Elliott znd Gleiser (1960}). The data are as follows:

Wbp0, + COp = Kby0, + CO (1)

T {°%) aF, (cai/zole)

R9E -6948

700 =7430

1000 -8130

1500 ~97€0

2000 ~15090
2500 -20950

Thus it cen be seen that in a G0, enviromsent, kb 5+
should be stable reletive to ilb 4+ over a wide ranze of
temperature and that b 5+ is increcsin~ly stable cs

temperature increases.

C. Thermnograviretric Analysis

To check the thermodynamic stability of Wb 5+, a
thernocravinetric analysis (TGA) of szos was renerously
performed at Bethlehem Steel Corp. Homer Tesearch Lat,
end the results eppear in Appendix D. HNiobium pentoxide
(99.77% pure) was run in flowinz zir, CO, and H, up to 1000°¢
znd no reasurable weizht loss was observed in air or
carbon dioxide and no color chanse was observed. In hydrozen

there was & 1.7% weizht loss st 1000°C and the color



became black apparantly due to the presence of szoh.
Thus even thouzh the crystal field effects in latrapoite
mey stabilize Xb 4+ to sorie extent, nicbium 5+ is
stronsly indicated at the temperatures and conditions

of oxidation assumed a2t Cka.

D. Chemical Analvses

Before beginninz work chemiczl znalyses of the
mineral latraoppite were desired to check for uniformity
of composition from one »it to znother and also to check
uniformity within each pit and even within each crystal,
To this goal an electron microprobe analysis was made
through the kind cooperation and senerous assistance
of Ur. John Dickey of the Geophvsicsl Lab. Two crystals
were analyzed fron each of the followiny pits: C-pit,
D-pit, Perovskite-pit, and St. Lawrence Metals pit :2,
These crystals had previously been examrined in polished
section, and while theyv appear somewhat niottled and
replete with calcite, no evidence of two oxide nhases
could be found. A photomicregraph of one of these
crystals in reflected li~ht appears on pare 30 and

shows the uniformity of a latrapvite crystal.

An averaze of five points per crystal were analyzed

27



and the results are tabulated in Appendix A. The
crystals were analyzed for: Ha, Ca, Ti, Kn, Fe, and iib
on a Materials Analysis Corp. electron microprobte.

The accelerating voltare was 15 kv, the beam current

was 0,05 pa, and a broad 30 micron spot was analyzed

for 20 sec. or 10K counts. The data was reduced throush-
the computer prosranm of Finser and Hadidiacos (1971).
The analyses suri to slizhtly less than 90%, and the
remainder is probzhly rare earth elements, or possibly

nagnesiunm, or vacancies.

The analyses azree with those of Gold (19¢6) done
by standard wet cheiiical techniques and show remarkable
consistency within each pit and within each crystal &s
indicated by the standard deviations. The difference
between all J-pit analyses &nd all others, however, is
quite substantial, showine a much higher wb/Ti ratio in
D-pit material while all other elements analyzed remain
essentially constant, Stoichiometric Formulas were then
calculated for three of these analyses and six of Gold's

and e¢re listed in Appendix b.

E. Explanations
Five possible explanations for the CaTiU3-Calbi,

solid solution series were <iven on pare 3, btut it can

i



now be seen that several of these are unlikely if not
impossible considerinz the deta gathered here. Pos-
sibility (1) that niobium is in the 4+ oxidation state
now seerns unlikely considering free eneryy and TGA data,
Possibilities (2} and (3) which allow sodium and iron
plus niobium to substitute for titaniws both seem
unlikely since the amounts of sodium &nd iron together,
frow the formulas in Appendix B, are insufficient to
account for the anount of niobium observed. Possibility
{(5) that the nineral is actually Cziib,0y also seems
impossible considering the formulas calculated from the
observed anzlyses zrd also the L-rey cdiffraction pattern.
Possibility (4], that of a deflect structure, reanzins as
the most likely explenation, but cannot Le evaluated

here due to the lack eof a method availsble to check it,

WAith this work acconmplisied, some familiarity with
the mineral had been rained end knowledge acquired, if
only by elimination in scre cases., Therefore, phase
eguilibrium studies by L-ray analysis and oxycen fuzacity

runs were indicated to gain further insicht,
g £
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Photemicro-raph of latrappite crvstal

(with dirrezulcr dark pits

."

in refllected

lirnt, 120%

Lizht rroy = latranpite

Dark rray = calcite

e
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V. DE3CRIPTILN OF TEII

Two approaches to the problem of emplacerment
temperature o the Oka carbonatite have previously
been renticned znd will now be discussed in more deteail.
It was decided to look at the temperature variatvle in
terms of both the phase relationshins of latrapnpite
and also in terwms of the oxyvrmen fugacity ol several

rinerals fro:x the area,

A. Phase Eguilibriun

To investirate the nhase relationships, latrappite
from each of the locations szmpled was heated to varying
temveratures in the hope of findin= the appearance of
two phzses as could he exrected considerins the problens
of stuffinzs 5+ nicbium into the perovskite structure.
The saviples were held in silver-pazlladium {60-40]) tubes
which rere then encapsulated in 2 silica ~lass capsule
under vacwum. This was then heated in a t20Rh resistance
furnzce for varyinz durations. The shortest was 2 days
and the lon<est was 532 days. The runs were held at
520, 600, 770, 220, 900, and 1000°C +2° =nd then quenched
into water. Those runs in which the cepsule did not

W

shztter were checited for vacuum with ‘esla coil and

-
O
1
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were found to still have vacuuni.

The samples were X-rayed both before the run &nad
after quenchin: to check for differences. Iiost ol the
runs were checked with the diffractoneter because of

Ve
its eazse of operation; however, several of the runs,
includins the lonrer duration ones vere checked using
the powder camera. The fiims before and after the run
were then carefully compared for any changes. The
powder camera allowed the less intense lines to ve
observed snd also the high anele reflections, both of

which were not possible with the dilfractometer,

The Ar-Pd tubes vere checked after each run for
any evidence of oxidaetion or eny darkeninz of the retal
which would possibly indicate that it wes taking up

iron from the sample, and neither was found.

On the lonrer runs, two Ar-Pd tubes were run to-
sether in the same silica rlass capsule. One tube con-
tained D-pit material end the other, either C-pit or
Perovskite-pit naterial, since the analysis of both of
these is similar. 1t was thousht that the hisher niobium

coentent material {D-pit) would be more likely Vo exsolve
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into two phases than either of the others., Therefore,
the D-pit meterial conld be compared wit: the lower
niobium materizl under the same exnerimental conditions;
this cowparison would serve zs control for & nunter of
varislbles, such as an &ir leek in the capsule or irom
mobility at hir~h temperature in runs of leon: duration.
R, Oxy=zen Fuzacity

The second approach involves measurinz the oxyren
fucacity ol several of the (Cka minerals as a function
of temperzture. The intersection ol f0,-T plots would
define a temperature at which the last equilibration
with oxyzen toox place; the interpretation of such a

temperature will be discussed in detail later,

1} Theory
To measure oxvren fucacity, a solid electrolyte
furacity sensor was used sinilar to that used by Zato
(1971). The theoretical tackrround for this technicue
is as follows: In an electrochemical cell, an e.n.f,
across & suitable electrolyie is zenerated which is
proportional to the Zikbs free energy of reaction LASP)

accordiny to the tiernst equation,

V]

E = &G, /nF (2}
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where n is the number of electrons involved in the

cell transfer (0, + Le = 20°7) and F is the Faraday
constant (9€,L%4 abs. coulombs). OG is also defined
as follows:

AG = -RT 1n £/ (3)
where R is the zas constant (7,314 abs. joules/

ol
T

the absolute terperature, £ is the

1
»

decree-mole), T
fucacity of the unknown end £' is bthe oxyzen

fuzacity of the reference,

Combininz (2) and (3} above and convertins from
natural lorzarithms to logarithms to the bese 10, we
have the followins relationship:

E = 0.04960T loz(£0, unknown/f02 relerence) (4)
This allows £ to be measured (in millivolts}, and T
to Lie ~easured, which nmekes it possibie to calculcte
the f02 of the unknown relative to scme reflerence.
It should also te noted that the f02 of a cohdensed
vshase is the sawe as that of the vapor phase in
equilibrium above it. This fact, critical to the study
of condensed phases is from the relationsiip:

f* = Q at eguilibrium (5)

S~

AC + RT In T

Two other corrections need to be wade in
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calculatinz the fOZ of the unknown. The first of these
arises from the fact that air is used as the reference,
and while its fO, is relatively independent of temperature
its e.n.f, versus pure oxy_:;ren'(i‘O2 = 1, for standard

state calculavion) can be calculated from equation (4)

i

E{air-oxyzen) = 0.049507 los .210 {6)

= ~,0337T nv

The second correction arises [row the use of
dissimilar metals as electrodes, Platinum was used as
the outer electrode, Lut an alloy of silveréopalladium40
was used as the sample container and the inner eliectrode.
These retals produce a therrocouple effect which dis-
places the zero e.n.f, readins of the ceil, This effect
has been calculated by Sato (1971) and is ziven as
follows:
E(ggoPd, (=Pt) = -.125 + .0108(6~25) + 1.33 x 10°{£-25)%v (7)

where t is in derrees centigzrade.

2) Electrolyte
The electrolyte used for this experiment was a
zirconia (ZrOQ) tube stabilized with 7 weiszht nercent

yvttria (Y203) and closed at one end. The yttria-stabilized
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- anions,

zirconia was chosen for its specificity to O
its hich anionic conductivity even at relatively low
temneratures (600°C - 1000°C), and its primarily

anionic mechznism of conductivity throuzhout a wide range

of oxyzen fuzacity.

3} Cell Desizn

The cell desizn was after Sato and modified by
Flynn (1972), who previously set up the cell we used,
and whose assistance is <reatly apnrreciated. Flynn's
diagram of the cell sppezars in figure 10. This cell
is of the double-tube type desirn, in wnich two zirconia
tubes with closed {lat ends are installied with their
closed ends adjacent in a Pt20Rh resistance winding
furnace. The lower cell serves as the known cell, and
the reference ras {in this case air} flows through

the interior of it. The e.m.f, of 2ir against the

n

measured usine platinun electrodes,

furnace atr.csphere wa

t3

and the temperature of the lower cell wés measured with

a Pt-2t10%h theruocouple attached to tle ocuter wall of

the cell.

The atmosphere in the furnzce was a mixture of

i

carbon dioxide and hvdroren chosen to gzive a mininmal e.m,.?.

¥
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Figure 10:

it}
@
Q
©
i}
[
-
®
O]
P
[‘:’g

Schematic of Doub

(See Flynn, 1972, Figz. 5)

1. kaown {C, ( furnace atmosphere)
2. outer electrodes

3. s0lid electrolyte

L. vacuun coupling

5. therwmocouples

6. electrode leads

7. internal reference gas port

&, cement sealant

9. sample

10. furnace
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(Less than 50 mv) between it and the unknown sample in

the top cell, The top or unknown cell was positioned
several millimeters arove the lower cell and with its
closed end down., It conteined a Agéo? 40 tube with the
bottom end welded closed and bent so that it nede
electrical contact with the bettom of the cell., This
tube contained the sample &and aéted es one electrode,
The top of the AzPd tube was left open to allow as

rapid eguilibracvion as possible, and the rest of the
cell was [iilled with a vycor zlass filler to occupy

the rest of the space so the sawple did not have to fill

the entire cell with its oxyzen.

A Beckman tellon cowpression fitting was wed as Lhe
top connector on the unknown cell, and & silicone stopper
cezled the ton of tlie Deckman [ittins. The cell was
evacuated and then filled with %9.9997% oure arzon ty
reans of a hypodernic needle wnich was inserted into the
cell throuzh the stopper with the electrode wire witnin

the needle.

When the needle was removed the conpression fitting

caused the silicone stopper to seal around the electrode

wire which was connected to one post of a compensated plug.
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The other post of this 2luz was connected to the »latinum
outer electrode, This platinuwn electrode extended to the

outside of the bottor of the cell throuzh an alwsin

A

¢}

Q

insulstor tubte alons the side of the Zrl, tukte, A4lso

2
positioned along the side of the 2rd, cell was & Pt-Pt10zh
theriiocouple, znd these thernocouple:leads were connected

te another compensated plug.
e Y

The entire lensth of the cell &nd plumbinz fittinzs
viere shrouded in the furnace at:-osphere vty a pvrex tube

and connected to the

<t

on of the furnmsce with gooch tubing.
The cell was positioned in the furnace and held by clamps.

A schematic diazram of the set-up can be seen in fizure 11,

L) Recorders
The e.m.,f, from both cells were measured by Keithley
electrometers, wodel $00C, capable of volta:zes to
hundreths of s millivolt, and with #n internal resistance
cof 10“'r ohns. Tnese electroreters allowed nerligible
current to {low across the cell. Since the saaple
stoichiometry is mainteined only with zero current flow,
a nish internal circuitry resistance was absolutely

necessary Ior this exceriment,

L0



Figure 11:

Schematic Representation of Equipment

Set-up

41

(See Flynn, 1972, PFig. 18)
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The e.m.f£. fromn: the unkaown cell was fed from the
electrometer into a Leeds & Uorthrup Speedomax single-
pen recorder, which reristered the unknown e.m.f. (always
within the rance +50 to 50 nv}. The e.m.f. of the
bottom, or known cell, wes fed from fhe electrometer

I

into an Fsterline-An;us two-pen recorder model EZ110ZL,
which re-istered this e.n.f. froa O to 1000 iwve The
recorder zlso ook the temperazture information fron the
thermocou-les throuch a thernocouple selector snd recister-
ed the temperature alternately from the top and vLotton

cells so that both the cell temperatures &nc any possivle

diver:ence could be recorded.

The furnﬁce ternerature was conirolled by a "Thermo-
Electric Controller™, Ter-Pres Research nodel 324<2.
This controller reads t'e sizacl fro the furnace therro-
couple, coopares it © the desired set-point and adjusus
the rurnace power by means of 2 silicon controlied
rectifier (SCR). This controller could be programmed
for any temperature-time nlot desired, but [lor this
experitrent, 2ll rezdinss were tsken with the controller
in the manuel mode., This was done to allow time I r

equilivration at each te ‘»erature. ™ie automatic

feazture, however, was soretires used to Lring the [urnace

L3



up to the desired initial temperature.

5) CGas ilixing

was accomplishied Ly a zas mixing
board ol the tyne discussed bty lafzizer, Ulmer, and
Joermann, {1271) and shown in Tisure 12. The nixing
ratio was controlied by hand in an attenpt to keep the
fGZ of the ambient atnosphere &s close as possitle to
that of the unknown zad thus avoid oxidizin» or reducing
the sample. A close ratch of oxygen fuzescities is
incdicated vy a minimel e.x.f. zcross the unknown cell
(less than 50 wmv). The averaze mixine ratio for this
experiment, wnile it varised of course with tempercture,
was aboub 70/1-(002/32). Ixtree mixinz ratios were
avoided due to lack of conplete rmixing and resulting

1,

inhoseceneity of the maseous buffer. Sisnals in excess

50 mv on the top cell were tolerated for short

periods of tiie in preference to larze C0,/H, ratios,

N

6} “uns
Cnce the cell had reached ecuilibriun at a sfiven
desired termperature, readinrs could te taken. The tire
to reach this equilibriux varied frov alout 2 nins. to

20 mins, end equilibrium could te determined Ly observing

L



Figure 12: Schematic of a Binary Gas Fixer.

(See Nafziger, Ulser & ‘Woermann, 1371, F
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Fad

a constancy of e.m.f. readines with time. The e.m.f. of
the known cell is nessured and algebraicly surmed with
the measured e.n.f. of the unknown cell, The air
correction frem eguation (6) and the thermocouple correction
from equation {7) are applied arnd this value is divided

by 0.04960T (from equation {(4))}, which rives the log £o,

Fal

of the unknown sample,
] o ’ '\r\o oﬂ LN |
Runs were made from 620°C to 100073 (with a few
0 ] ) 0 3 s e " O 2 -
to 12007C) with equililtration stops at each 50° increment
to take data, 2nd each run was recd out in both the up

and the down temperature wmode. The technique is fairly

simple cnd & direct method ol measuring oxyren fusacity,

(37

and it shoulc ve remembered that while fuszacity and

partial pressure are very nearly the same at low
pressures, it 1s ectually the thernodynamic cuantity,

fugacity, that this technique weasures. ¢resentation

the fO. data are contained in

)
ci
e
O
o
C
'.

and interpreta

the followins sections,.
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VI RESULTS

A
Ho

U

™

hase Equilibrium

Several preliminary runs were made by heating
latrappite to temperatures frow 500° to 90000 for up to
¢ deys and no changzes in the wineral were observed by
X-ray diffraction, It was then decided to look at
the meltinz point with the hope that this would indicate
which phase diagram ~eometry was probable of those
shown on paze 6., However, the meltinz point proved to
be in excess ol 155000, the practiczl upner limit of
the furnzce used, Subsequent runs were wade &t
temperatures to 1000°C 2nd durations to 52 aays, oub
no exsolution-or chanses of any otiier kind were
observed,

kel
1

Be Oxyzen Fugacity

Plots were made of f02—T date {pr the minerals:
latrappite, magnetite, and olivire, and these curves
are shown in firure 13. The data from which these curves
were dreawn is avallsble in Appendix C, All of the material
For these runs came from the D-pit at Cka cnd presumably
were all in equilibrium with ezeh other at least at the

time of formation. Latrappite from the & and Perovskite-

nits was also run and showed somewhat less oxidizing

48



Fizure 13:

fOZ-T plot of D-pit latrappite,
magnetite, and olivine,
See text, p.51, for discussion o

error bars.
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conditions than the D-pit material. £in attempt was
made to run pyrochlore from the D-pit in addition, but
this failed due to the very low buffering capacity of
this mineral {see Sato, 1971). The results of the
pyrochlore runs were unreproducable and unstatle with
time; at counstant temperzture the sample became

increzesingly oxidizinz,

The curves in firure 13 are least-squares-~fit to
the data points in Appendix C and show a trianrle of
uncertainty in the intersection of the three curves.
The center of this triansle is 710°C and this is taken
as the temperature of last eguilibration with oxyzen.
The significaﬁce of this tempereture will be discussed

in the following chapter.

C. Discussion of Error
The error in the data points in fijure 13 as shown
by the error bars is due wainly to possible error in
the measurement of tempercture. Both the known and
unknown cells had their own thermocouples, and the
tenperzture from each of then wes read alternctely.
Lt low temperatures (about 630°C), the unknown and

known cell had a difference of 25°C, whereas at hicher
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differences were usually within 0,50 loz units fOz.
However, the down_temperatﬁre runs tended to plot more
exidizings than the up-temperzture counterpart, and this
was attributed to possible uneven contraction of the
cell and pluatinz fittings. The Zr02 cells were on

the average 0.003 inches out of round, end it is
possitle that if the cell contracted faster than the
Beckman fitting, a very small air leak would occur,
resultiny in a reading which would appear to be too

oxidizin~. This efflect seemed to be most noticeatle

on the first couple of readines down temnerature, and

e

this is as expected since the ITurnace coolinrs rate
is sreatest at hirh temnerature. Pecause of this effect
only up temnerature readinzs were used to celeculate

the curves rather than an zveraze of up and down.
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VII INTERPRETATION

It was the zoal of this thesis to attempt to
determine the temverature of formation of the carbonatite
core of the rock comolex at Cka, Juetec, and »ossibly
from this temperature determine whether the complex is
truly a nagmeatic iatrusicn or a result of solid-vapor
reactions. It was also hopsd that some knowledze could
be gained about the mlinerzlorsy and chemistry of one
of the unusuzl nicbium minerczls,

A, Phase Equilitrium

WThile the results of the phase equilibrius runs
vere nerative in that no exsolution wes observed at the
various temperatures examined, some knowiedrme was still

ib

3

)

gained {from the equi stion attewupts, It is possitle
that the ohserved lack of exsolution is due to the
sluzrish kinetics of the dry reaction; that is, latrappite
may exist metastably, but the berrier inposed by the
ener:y of activation mav te too ~rect for the reaction

to proceed, especially at the low temveratures concerned

and without any fluids present in the experimental

desirn,
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It is also possitle that a true solid solution
exists between perovskite and latreppite, at least at the
compositions of the natural materizl investigated, This
would probably involve a defect structure as discussed
previously, &nd sthile it was not the subject of this
paper to loolr at the detailed structure of latrzppite,
further cooperative work is currently in »nrogress on
the crystal chemistry of latrappite by Dr., Georre Iiyer
at Teuple University, and Dr., ©. Deines of Penn 3tate

University.

B. Oxygen Fuzacity

Since the phase equilibrium work yielded no
information about the temperature of lormation of the
Cka cormplex, this determination wazs lelt to the fCp
work. A temperature of 710°C +10° was determined
as mentioned in the previous chapter, and while it was
desired to have data from the phase ecuilibriur work
corroberate this temperature, it will bte seen that the
temperature is reasoconatle in lizht of work done by other
authors by dilferent ireans.

A winimun for the foz-T conditicns at Cka would te
the curve for the buffer: graphite—COz~CO~02 since no
graphite is observed at Cka. 2lPlots for this obuifer
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curve at 1 atm.,, 1 kb,, and 10 kb. can te found in
fizure 14 (after French and Tugster, 1965). It can
also be seen in this fisure that the data from this
study for temperature and fO2 at Oka are atbove the
wustite-magnetite {'N7) buffer and below the hematite-

Eal o

naenetite (Hi) buffer, Ioth the "™ and 4t buffers sre

reasonchle -eclo~ic extremes of foz and temperature

for Oka althoush these tuflfers do not I[ix the conditions
very precisely. The Oka datz are, however, very near
the quartz-favelite-maznetite buffer, which again is

seolozically reasonsble considerinzg olivine and

marnetite are two of the minerzls used.

Another line ol internretation of the Oka f02-T
data comes from Vyilie's work on the system, CeO-is0-
CO,-1i,0, (1960:,B, 1956). In this system liguid first
appears between about 650°C and 750°C over a wide ranze
of GOEKHEO ratios (20-20) at 500 bars pressure.
Therefore, o small decrease in temperzture in this
ranze would dry up all liquid leavin~ only solid and
vapor phases. wyllie also shows that this reaction is
affected only slishtly by chanzes in totcl pressure.

In the system CaO-COz-HEO he found that between 27

and 4000 bars the minimum liquidus tenmperature varies
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Figure 14: f0,-T plot of standard bulfer curves.

#-H Magnetite-Hematite (Eugster & Jomes, 12862)

Q-F-I! Quartz-Fayalite-iagnetite (Eugster & 'Jones, 1962)
d-li Yustite-Magnetite (Durzster & ones, 1962)
Graphite (G) Graphite-C0,-C0-0, (French & Eugster, 1965}

B Conditions found at Oka (from fis=, 13)
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between 62857 and 640°C. Other systems investigated

by yllie also show low temperature liquids over &

wide ranze of pressures including systems containing
8102 and Nas0. The percentage of silica, however,

must be low, but this is still reascnable in zn area
characterized by silica-undersaturated rocks. ‘lhile

it must be pointed out, as ‘yllie does, that these
systems are too simple to be true carhonatite mazmas,
they do indicate that low tenmperzture cartionatite
liquids are at least »possible, and the addition of wuore
components would lower the minimum liquidus temperatures
still further. While discussing calcite in ultramaiic
rocks, Jyllie states, "...it now appears possible Ifor
minerzl assemblaczes involving olivine, pyroxene,
monticellite, nelilite, dolomite and celcite to be
precipitated sirultaneously fro1 magrwas at low to

“

modercte temperatures (in the ranze 600° - 200°C).n

In considering the value for the £0, measured in
this study it should be noticed that althouzh it appears
reasonable relative to the dbuffer curves previously
at this temperature is

discussed, the £0, of pure CO
) 1Y

(V]

2
about 10—7 atr. The discrenancy bLetween this value

7.2

and that measured for the winersls studied (about 10"1 atm)

29



can only be explained By assuning 002 diluted with
something to make it nmore reducing-~possibly Hye To
have an 0, of 10'17‘2atn., CO, would have to be

diluted with 1 part H2 to 20 narts C0,. If dilution
with CH& hzd occurred, the work of French (1966) would
indicate zraphite should be stable; as indicated earlier
in reference to figure 14, no zraphite has been found

at Oka.

The partial pressure of 002 abeve calcite at 1 atnm,
total pressure is 26 xm Hg at 710°C (Smyth and Adams, 1923).
This curve appears in firsure 15, and it can te seen that
this temperature occurs at the "knee'" of the exponential
curve. It is Sherefore possible that at this tenmierature
there was insufficient C0, available to continue oxygen
equilibration; that is, while coolin: the QOka complex
there may have been & statistically insufficient number
of oxygen molecules available to redox react with the
Oka minerals below & partial pressure of 1072 atm. CO,

(iwan, 1958).

Additional supportiny evidence comes from the work
of Conway and Taylor (1267} who studied the oxyzen and

carbon isotope ratios for the nmineral pair, calcite-
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ey

magnetite from Oka. From these isotopic ratios, they
calculated temperatures of 720° and 730°C for the last
isotopic equilibration of two Oka cerbonatites. These
temperatures probably have the same meaning as those
deternined in this paper, since they voth measure the
temperature &t which oxysen migration could no longer
sroceed, and they are certainly in azreement within the

limits of experimental error,

C. Summary

The coolins history of the main carbonatite body
at Oka is therefore envisioned as follows: A reactive
carbonatite fluid containinz solid, ligquid, and vapor
phases existed at temperatures above ?OOOC, and as it
cooled to a tewperature just above 700°, the solidus was
reached, the liquid dried up, arnd the vapor pressure was
insufficient to continue oxygen equilibration. Total
pressure on the irazma is unknown, but experimental
studies on synthetic systens show that it should not
sreatly chanze the temperature measured by this

technique at 1 atmosphere total pressure.

The entire history of Cka is complex, probably

involvine rultiple masma injection, vapor phase
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-

transport, and solid-state replacement. Iiuch of this
history has been worked out vy Gold (1$67) from field
evidence, and no attesst is made to duplicate that work
here, The cooling historv described atove aposlies only
to the mein carbonatite core of the complex, The
temperature determnined here is corroborated by comparison

16 data. Since field

with synthetic systens and 018/0
evidence for subsequent high tenperature metamorphisn
or hydrotherral activity is lacking, the f02-T
determination presented herein is provably the orizinal
solidus or liquidus nmininum temperature for the

£ .

carbonatite core at Cka. Thus, Gold's hypothesis of

a2 magmatic origin for the Oka complex is supported.
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VI1I CONCLUSLCHNS
The followinz conclusions seem warranted:

(1) The minersl latrappite possesses a very complex
crystal chemistry. ioblum is in the 5+ oxidation
state, and thus latra-:pite is not a simple solid

. e . . .
solvtion oI Nb5 for T1h+ in perovskite.,

{2) The lack of exsolution of latrappite into two
phases upon annealing is probatly due to slugsish

kinetics.

(3) The main carbonatite body at Oka was last

0—1702

equilibreted at 710°C +10° and at an £3, of 1 atu,

2

2, 16
(4) This tempersture and 502 when coupared with 01°/O

work and simplilied carbonatite synthetic systens
can be interpreted as a solidus or liguidus

invariant point.

(5} A maguatic orisin for the carbonatite core at
Oka is therefore substantiated.

RRAER AR
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PEROVSKITE AND LATRAPPITE ANALYSES
Ti0, Ca0 szos Nao0 FgO n0 FeQ% Fezoz* Others Total
51,20 3&.20 .59 .31 .12 - 2.8, 5.02 98,22
51.79 33.89 L.&6 b7 - - 5.85 2,76 g99.81
3¢.63 32,16 15.80  1.22 - - 8.31 2.74 G3.86
25.00 28,70 27.60 3.75 = .10 $.38 8.8, 100.3%
15.50 27.96 39,36 L.50 1.19 .18 7.18 2.22 98,08
10.05 25.95 4£3.90 4.03 2.20 77 8.74  4.06 99.70
5,95 23.40 L46.20 5,28 o3 6.24 56,056
L5 2.55  2.80  1.16 .03 .53
7.15 23.82 LEC.P0  6.06 28 545 £9.56
.53  2.51 2.75 1.15 02 5
26.55 26.86 26,07 L.24 .09 5.71 89.54
1.40 2.C2 1.09 .57 .01 .33
28.03 27.50 24L.19  4L.0A 10 5,83 83.73
1.4 2,01 .98 .54 .01 .33
20.75 30.14 27.62 2.16 .12 2,38 29,17
1.16 2.39 1.21 <31 .01 .52

Sacples 1 throush 6 are after GCLD (1566}; samples D1 & D2 are from the D-pit, C1 & C2
are from the C-pit, and P1 is {rom the 'erovskite pit.

% Total iron
-~ Standard Deviation

3.0.

%% Gee p. 28 [or electron probe details
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L

ANALYSIS (From Appendix A)

21

STOICHIOMETRIC FORMULA

(Ca.96Na,ozce.o3)1.01(Ti.94Nb.01Fe,05)1.0003

(Ca gs¥a, on) go(TL 9110 o57€ 1272,01)1,0903
(Ca°S7Na’O5Ceoo1}.93(Ti.71Nb.17Fe_16Ta_01)1.0603
(Ca_7gNa, 1957 01) gg(Ti, 48N, 32Fe 1272 02) 9103
(Ca_gola, 235,057 0g (T, 31804872, 14) 9303

(Ca_75ha 510e 02le,00) 1, o7(TL, 200, 53F e, 18¥0,02) 9305
(Ca.7bNa‘37)1.11(Ti°11wb.67Fe.16Mn°01).9503
(Ca.EONa.23)1003(Ti.56Nb°33Fe.13Mn.01)100303

(Ca gyNa 4509 05(Ti 4shb 36Fe 20Mn 014,020,

A1l formulas normalized to 3 oxygen atoms/molecule

Appendix B
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