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Abstract—The solubility of TiO; in phlogopites has been experimentally determined in the system
K, MgeAlLSigO2(OH).-K Mg TiAlSigO20(OH)s-K,Mgs TIALSi,O2(OH), between 825-1300°C and 10-30
kbar under vapour absent conditions. Starting compositions lic along the join KoMgsALSicO(OH),-
K Mg, sTiAL;SisOx(OH)s which represents a combination of the Mghsit! = TiIVIAIY and 2Mg!8
= TitVI-FVIl sybstitution mechanisms for Ti in phlogopites. The results of the experiments indicate a systematic
increase in solubility of Ti with increasing temperature and decreasing pressure for given bulk TiO, content.
Under isobaric conditions high temperature Ti-saturated phlogopite breaks down to Ti-deficient phlogopite
+ rutile + vapour. Mass balance calculations suggest that the vapour phase may contain K,O dissoived in
H,0 and that the reaction is controlled by the vapour phase. Analyses of phlogopites coexisting with rutile
and vapour can be represented in terms of the end-member components phlogopite [K;MgsALSicO2(0OH)),
castonite [K;MgsALSisO2(OH),, an octahedral site deficient Ti-phlogopite (Ti-OSD) of composition
Ko(Mg TiDNALSie)O2(OH),, and Ti-eastonite {K,;MgsTiALSLOx(OH)]. With decreasing amounts of Ti
in these phlogopites there is a decrease in the Ti-eastonite component and increase in the eastonite component.

The general equation for the breakdown of Ti-phlogopite solid solution to Ti-free phlogopite + rutile
+ vapour is: 14 Ti-eastonite + 7 Ti-OSD = 16 eastonite + 3 phlogopite + 21 rutile + 4 H;O + 2 K,0.
Lack of knowledge of H,0 and KO activities in the vapour phase does not permit evaluation of thermo-
dynamic constants for this reaction. The Ti solubility in phlogopites and hence its potential as a geother-
mobarometer under lower crustal to upper mantle conditions is likely controlled by common mantle minerals

0016-7037/85/%3.00 + .00

such as forsterite.
INTRODUCTION

PHLOGOPITE IS A common mineral in mantle and lower
crustal rocks, particularly in ultrapotassic rocks, kim-
berlites, alkali basalts, lamproites, lJamprophyres and
granulites, and in xenoliths incorporated in these rocks.
Mantle derived phlogopites have variable but often high
TiO, contents which are related to their textural oc-
currences. High TiO, contents (>0.5 wt.%) are char-
acteristic of secondary-textured phlogopites, whereas
primary-textured phlogopites have lower TiO; (<0.5
wt.% (CARSWELL, 1975; DELANEY et al., 1980).

In an experimental study on a single TiO,-rich
phlogopite composition [Ko(Mg TiXALSig)Ox(OH),l,
FORBES and FLOWER (1974) showed that a phlogopite
containing 9.6 wt.% TiQ, was stable at 30 kbar and
1350°C in vapour {H,O) present conditions, and up
to 1475°C at the same pressure under vapour absent
conditions. ROBERT (1976) showed that the solubility
of TiO; in phlogopites increased with temperature and
decreased with pressure in the range 600-1000°C and
1-7 kbar. These authors proposed different substitution
mechanisms of Ti in the phlogopite structure. Accord-
ing to FORBES and FLOWER (1974), the mechanism
was 2MgV = TiVIOIVY (OIVD vacant octahedral
site) whereas ROBERT (1976) suggested Mg!V128i*V
= TiVI2 APV as the likely substitution. High pressure
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experiments on rocks in which Ti-rich phlogopite
crystallized as a suprasolidus mineral (EDGAR et al.,
1976; BARTON and HAMILTON, 1979) supported both
proposed substitutions. Based on analyses of phlogo-
pites from potassic-rich lavas, BARTON (1979) con-
cluded that the type of Ti substitution in phlogopites
was highly dependent on the bulk composition {par-
ticularly the Al) of the melt from which the phlogopite
crystallized.

ARIMA and EDGAR (1981) examined phlogopites
from mantle derived rocks and from phlogopites crys-
tallized in high pressure experiments using ultrapotassic
rock compositions. They concluded that the substi-
tution was a combination of that proposed by FORBES
and FLOWER (1974) and ROBERT (1976). Based on the
phlogopites crystallized experimentally, ARIMA and
EDGAR (1981) showed that the TiO, solubility in-
creased with increasing temperature and fO, and
probably decreased with increasing pressure, suggesting
that the TiO,-solubility in phlogopite might provide a
useful geothermometer and possibly geobarometer.

In this study we determined the solubility of TiO,
in phlogopites as a function of temperature and pres-
sure in the system K;MggAl;SicOq(0OH)4-
KzM&TlAle%Ozo(OH)q-KzMg5TlAl4SI4020(OH )s be-
tween 825-1300°C at 10-30 kbar. As shown in Fig. |
the starting compositions were chosen along the join
KzMgeAlgsl(,Ozo(lo'KzMg‘5TlAl3Sl§Ozo(0H)4 . The
join KzM&AI;SlstO(OH)‘-KzMg5TlAhSi4020(OH)4
represents the substitution MglV28i"V1 = TjlVi2A)™]
proposed by ROBERT (1976), whereas the join
KzM&;Alekao(OH)erM&TlAleleOzo(OH).g rep-
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Fig. 1. Starting compositions along the join K;MgsAl:Sig-
O,0(OH)-K Mg, s TiALSI ;05 OH), of the system phlogopite
[K2MgsAl;Sis020(OH)4] - Ti - OSD[K Mg, TiALSigO20(OH).J-
Ti-eastonite{K,;Mgs TiALSijO(OH),] used in experimental
study. TiO, content indicated next to each composition.

resents the substitution 2MgtV!! = TiVIOVY guggested
by FORBES and FLOWER (1974). The compositions used
represent substitutions intermediate between those
proposed by ROBERT (1976) and by FORBES and
FLOWER (1974).

STARTING MATERIALS, EXPERIMENTAL AND
ANALYTICAL METHODS

Four phlogopite compositions, contamning 2.4 to 7.1 wi.%
TiO, (Fig. 1. A, B, C. D), were made from oxide mixtures.
The starting materials consisted of Analar grade K,CO;, Al,Os,
TiO, and MgQ: and SiO; as 99.9% pure quartz. Each oxide
was dried at 1000°C and K,CO,; was heated at 110°C, to
remove absorbed H,O, prior to weighing. The mixture was
ground and heated to 950°C for 30 min to convert K,CO; to
KO followed by grinding and sintering at 1050°C for 30 min.
The appropriate weight of deionized H,O was added to each
starting composition as required by the formula. The justifi-
cation of adding this amount of H,0 assumes that coupled
substitutions between Ti and {OH) are probably unimportant
{ARIMA and EDGAR, 1981). Microprobe analyses of phlogo-
pites in high pressure experiments in which phlogopite was
the only phase gave results in accordance with that of the
starting material.

All experiments were performed with a 1.27 cm diameter
piston cylinder apparatus using the “hot piston out™ technique
and graphite furnaces (BoyD and ENGLAND, 1960). Talc-pyrex
glass was used as a pressure transmitting medium for most
runs, except a few at 10 kbar in which talc-boron nitride was
the medium, Pressures and temperatures were calibrated with
the kyanite = sillimanite transition at 22 kbar and 1300°C
(RICHARDSON ¢t al., 1968), with the albite = jadeite + quartz
at 16.3 kbar and 600°C (JOHANNES ¢7 al., 1971, HOLLAND,
1980) and with the melting point of diopside at 10 kbar and
1530°C (BoyD and ENGLAND. 1960). Pressures and temper-
atures were within +0.5 kbar and +10°C respectively of the
accepted values of these calibrants. No friction correction was
made for pressure and no pressure correction was made 10
the e.m.f. of the Pt-PteRh, thermocouples. For the durations
of the runs (5-16 hours), no deterioration was observed in
these thermocouples.

Runs were done in 7 X | mm Pt capsules closed at each
end by arc welding, Within each capsule 6 mg of the anhydrous
starting material and 0.27 mg of deionized H,O were added
by microsyringe. Weighing errors in the addition of the H,0
did not exceed *10% of the amount required. based on re-
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peated weighings, At the end of each run the capsuies were
weighed prior to opening. In experiments in which the producis
were phlogopite or phlogopite + rutile. no weight loss was
observed relative to the “before run™ weight. In experiments
in which a weight difference was observed the products con-
sisted of forsterite and kalsilite in addition to phiogopite and
rutile. These runs were discarded. In runs vielding only phlog-
apite. there was no evidence of a free vapour phase but we
cannol demonstrate that traces of vapour were not present.
In runs with phlogopite + rutile, mass balance calculationy
{p. 9-11) show that very small amounts of vapour must be
present. For some of these runs, the phlogopite grains appeared
to contain small fluid inclusions(?). a phenomenon not ob-
served 10 runs consisting only of phlogopite.

Identification of the products of the experiments was made
by optical observation in grain mounts and in polished thin
sections, Phlogopite occurs as hexagonal-shaped plates. 10~
100 um: and rutile as tiny, high relief grains readily identifiable
even in small amounts. No other phases were detected. Anal-
yses of the phlogopite were done with a MAC-400 automated
electron microprobe using 15 kV and a sample current of
150 pA.

REVERSAL EXPERIMENTS

The expeniments are believed to represent equitibrium,
based on isobarically reversed runs across the solubility line
using composition B (Table 1, Fig. 2). A run within the phlog-
opite + rutile + vapour field was kept at 20 kbar and 1080°C
for 6 hours before raising the temperature to 1150°C. After
a further 6 hours, the run gave single phase phlogopite con-
taining 6.3 wt.% Ti0O,. A further run was held at the same
pressure and 1150°C for 6 hours before the temperature was
lowered to 1080°C at the same pressure. After 6 hours this
run produced phlogopite + rutile + vapour: the phlogopite
containing 5.8 wi.% Ti0,. The TiO, contents of the phlogo-
pites in these reversal experniments were very comparable to
those in non-reversed runs (Table 1. Fig. 2).

Similar reversals were performed at 25 kbar between 1100°C
and 1150°C. These runs resulted in assemblages identical to
those of non-reversed runs at these temperatures and had
comparable TiO, contents in the phlogopites (Table 1).

RESULTS

Resuits of the experiments are plotted on Fig. 2 and
analyses of the phlogopites are given in Table 1. The
lines on Fig. 2 represent the P-T conditions separating
the single phase phlogopite and the three phase phlog-
opite + rutile + vapour fields. The positive -7 slopes
of these lines indicate that for cach bulk composition
the solubility of TiO, in phlogopite increases with tem-
perature and decreases with pressure. The analyses of
phlogopites coexisting with rutile + vapour indicate a
systematic increase in TiQ, content of phlogopite with
increasing temperature at constant pressure and with
decreasing pressure at constant temperature (Table }.
Fig, 2). Although the results are most complete for
composition B, the data for the other compositions
clearly exhibit the same tendencies (Fig. 2).

MASS BALANCE CALCULATIONS OF
RUN PRODUCTS

Based on the experimental results (Table 1, Fig. 2),
the incorporation of TiO, in phlogopites involves the
reaction:

phlogopite' = phlogopite!" + rutile + vapour (1}
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in which phlogopite' = single phase phlogopité con-
taining the same amounts of TiO, and other compo-
nents as the starting material (Table 1); phlogopite'’
= a phlogopite containing lower TiO; than phlogopite';
the amounts of TiO, depending on the P, 7 and wi.%
TiO, in the bulk composition used (Table 1). Assuming
phlogopite is the only H,O-bearing mineral present, a
vapour phase must coexist with phlogopite'' and rutile.

In theory, there are many reactions involving com-
binations of forsterite, enstatite, kalsilite, leucite. san-
idine, and geikielite (MgTiO;) along with phlogopite
and rutile which might explain the solubility of TiO,
in phlogopite. Although the products of all runs were
carefully examined optically and by electron micro-
probe, there was no indication of any of these solid
phases or of glass being present. The only indication
from the experiments of a vapour phase being present
is the presence of what may be fluid inclusions in
phlogopites coexisting with rutile.

Inability to identify solid phases other than phlog-
opite and rutile in the experiments does not preclude
their presence in very minor amounts, To determine
whether these minor phases were present and to es-
tablish the reaction involved in the incorporation of
TiO, in phlogopite, least squares mass balance calcu-
lations (STORMER and NICHOLLS, 1978) were done for
all the experiments using the averages of analyses of
single phase phlogopite (phlogopite') and of the phiog-
opite coexisting with rutile (phlogopite''). The general
equation can be written as:

100% phlogopite'

= x phlogopite!! + yTiO; + 7;K,0 + 2H,0. (2)
(rutile) {vapour)

Table 2 gives results of these calculations for runs on
each bulk composition with the minimum TiO; in
phlogopite!’ (Fig. 2) in experiments at highest pressures
and lowest temperatures. These calculations confirm
that the amount of vapour (2, + ;) is small. The small
residuals in all calculations probably reflect analytical
error. The absence of systematic relations in the resid-
uals strongly implies that no other mineral phases are
involved in the reaction. It is possible however that
the vapour phase may contain some K,O.

These calculations show that the mechanism of Ti
incorporation in phiogopites in our experiments is
controlled by H,O activity. The amount of H,0 added
represents the minimum required to produce this re-
action. Lower 4,0, would result in anhydrous phases
{e.g.. forsterite, etc.) coexisting with phlogopite’
whereas higher ¢,0, might change the positions of the
solubility lines (Fig. 2).

THE PROPORTIONS OF END-MEMBER
PHLOGOPITE COMPONENTS

The incorporation of TiO; in phlogopite can be rep-
resented in terms of end-member components calcu-
lated from the structural formula. Appendix | outlines
the procedure for this calculation. The following com-

2325

ponents are chosen to tepresent the compositions of
the experimentally produced phlogopites:

1. Phlogopite, K;Mgs(Al:Sig)O20{OH)4

2. Ti-OSD component (where OSD:octahedral site
deficiency), Ko(Mg TiLIXAl,Sig)02(OH), , representing
the substitution 2Mg = TiD

3. Ti-eastonite, K(MgsTi}AlsSis)O4(OH)4, rep-
resenting the substitution Mg2Si = Ti2Al

4. Eastonite, Ky(Mg;AI)}Al;Sis)Ox(OH),. repre-
senting the substitution MgSi = AllVEAV]

5. Taic (interlayer site deficiency) component,
[1,Mg SigO,(OH),, representing the substitution
KAI = 0OSi.

The starting compositions can be represented in
terms of only three of these end-member compo-
nents—phlogopite, Ti-OSD and Ti-eastonite. Asshown
in Fig. 1. each of these compositions contains equal
ratios of Ti-OSD and Ti-eastonite but varying pro-
portions of phiogopite. The single phase phlogopites
crystallized in the experiments are similar in compo-
sition to that of the starting material but have small
amounts of eastonite and talc components (Table |,
Fig. 3). Most of the discrepancies between the single
phase phlogopites and the starting compositions may
be due to systematic analytical errors.

As the TiO, content of the phlogopites coexisting
with rutile and vapour decreases. there is an increase
in eastonite and decrease in Ti-eastonite components
(Table 1, Figs. 3 and 4). The change in the Ti-OSD
component is much smaller. but appears to decrease
slightly with decreasing TiO; content of the phlogopite
(Figs. 3 and 4).

Table 1 indicates that the changes in the proportions
of the Ti-eastonite component between the single phase
phlogopite and the phlogopite coexisting with rutile
and vapour are negatively correlated with changes in
the proportions of the eastonite component. The Ti-
OSD component is generally lower in the phlogopites
coexisting with rutile and vapour than in the single
phase compositions.

REACTION INVOLVED IN TiO;, SOLUBILITY
IN PHLOGOPITE

Using these relationships and the results of the mass
balance calculations, the following reaction for the
complete breakdown of single phase phlogopite of
composition B to phlogopite + rutile + vapour is:

14 Ti-eastonite + 14 Ti-OSD + 14 phlogopite =

..

ph!ogopite‘ ss

16 eastonite + 17 phlogopite + 7 Ti-OSD

phlogoite'! ss

+ 21 TiO; +4H,0+2K,0. (3)
S

rutile vapour

Eqn. (3) can be reduced to:
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lable |. Experimental results and analyses of phiogopites.

Composition 3 & A A A A A B A A
Pressurelkbar) 10 15 20 30 15 3% 10 15 5 30
Temperature (94 ] TO00 1000 1000 1000 1100 1100 1150 1150 117% 1200
Run time (hrs) ¢.5 T3 3 5.5 [ ] Z 4 B 75
Coeristing phase Ru Ru Ay Ru Ru Ru - Ru - Ru
510, 37.4 38.1 ¥ 39.2 40.8 9.1 37.6 ELIE .9 w.n
AlaQ3 6.8 17,5 7.8 6.6 Y1 17.8 6.6 7.7 h.A 7.1
110, 6.7 .0 4.2 N A1 3.8 11 6.3 T3 &, 7
Mg 23.7 23.2 23.3 23.3 23.8 24.7 23.3 232 r2Y 23
Ka0) 11,1 10.7 10,5 10,7 1.0 11.1 1.0 10,7 lﬁé 0.8
Sum 957 95.7 9, 7 LN EEN:) 36.1 5.6 96,3 6. 5.0
5 o] 5.33% 5. 504 5.577 L6718 5.429 9. 264 5,322 50382 5,459
A} 759 2.666  2.496 2,423 311 2.571 2,738 2.878 2.618 2. 541

5 5
2 2
G.018  D.209  0.378  0.3% 10
Ti 0.705  0.629  0.662 0,383 0.62% 0.399  0.746  0.652  0.762
4 &
B 3
1 1

-y

01T 0,270 0.0 0,206 0.08R 6.?76
Q

497
Mg 953 4.806 4,857  4.93% 4,93  5.105  6.878  4.781 4. 716 4. 89S
050 676 5.64k__ 5.677  5.478 559 5,77k 5.634 5.839  5.56h  5.668
¢ 3T T30R TATTONNE I LS R I T A N .
11050 32.2 .6 0.8 0.8 44,1 219 36,6 3t w31 3.t
Ti~eastonite B 26.7 i 5.5 18,5 5.8 37.9 28.4 323 16.0
Phlogopite 26.4 e (R 22.% 36,5 29.9 2.1 8.k 8.8 8.7
tastonite(2] 2.1 23.0 40, & 38,4 fm21  29.3 1.5 b o4 30,0
Tale 1.2 4.5 5.8 2.6 2.8 2.2 1.8 S04 A1 3.2
TomposTtion ) ) ) ) ] 5} ;) Q] ) B R{r)
Pressure{kbar) 25 30 10 15 20 25 30 15 25 30 20
Temperature (5C) 1250 1275 1000 10001000 J000___ 1000 1070 1070 1070 1150- 1080
W‘u!nmtme hrs) [ g k) .3 i [ K 0.5 [ Z E+8
Coexisting phase - - Ru Ru Ru Ru Ru - Ru Ru Ru
$10; 37,9 384 37.7 38.2 39.0  39.7 9.8 3.9 37.8 9.5 38.5
Al203 17.0 16.3 16.5 16.5 16.% 17.2 16.9 6.7 16.2 17.5 16.4
110, 7.1 7.2 5.6 5.1 [ 4.5 3.0 6.1 5.2 6.1 5.8
MgO 23,3 23y 24,1 23,6 26.0 237 2.8 235 28,1 23.9 24,5
K30 10.5 10.5 10.6 10,8 111 10.9 1.2 11,0 10.7 10.7 11,5
Sum 95.8 95,7 54,5 J4.7 950  96.0 _ 9%5.3 _ 94.9 9u.n 55.7  98.7
St 5.279 5,367 5,331 5,813 5.476 5,500 5,557 5.349  5.37% 5.480 5, M4
AL 2.721 2,653 2.669 2,587 2,524 2,500  2.463 2,651 2.825 2.520  2.656
X . . N X N BEY M N 0,340 0.02
i 0.761  0.758 0,596 0.584 0.466 0.473  0.313  0.46% 0.55) 0.430 0.602
H 4.840  4.838  5.075 4,981 5,036 4.892 5.086  4.939  5.105 4.%2 5,074

IS L N AT I N

K 7.872  1.863  1.817  1.950  1.981  1.926 1.9  1.9A0  1.947  1.896  2.040

11-080 3.8 37,5 25.4  30.4 28,8 324 269 35,3 253 2.6 29.7

Ti-eastonite 38.8 38.0 33.7 23.3 16.6 13.2 5.1 331.6 9.2 13.6 29.1

Phiogopite i2.% 1.6 28.8 26,1 22.2 18.4 32.9 28,2 AR PN 7.1 38,9

fastonite[ 2} 7.6 3.1 8.0 17.8 3.4 32.5 36.8 3,9 9.8 36.7 2.3

iale 6.4 6.8 &.1 2.4 0.9 3.5 0.3 1.0 2.6 5.0 -
| sition ) 8ir) B Blr) " Alr) [ L) i) R R R
Tessureikpar) 20 3 20 20 33 i) 30 20 30 30 3% 30
Temperature(5C) TI00 1150-1160 1150 1080-1150 1130 TT00. 17501150 7200 1200 T215 1228 1225
RunErt e (hrs) [3 A3 3 (Y3 kd %8 g 7 5 5 ki Z
ToexIsting phase T - - - B T - B - - B
$10; 37.2 39.7 37.5 40,9 38.% 38,9 38,2 38.3 37.9 39.0 3%.0 38.1
Al,0y 17.7 17.6 17.0 5.3 16.5 16.3 15.8 16.4 16.3 16,4 16.1 16,7
1102 6.0 5.0 6.3 6.2 6.3 6.1 5.7 6.1 6,1 6.2 A2 a1
MgO 23.8 26.6 23.9 23.3 23.6 23.5 25.1 24.0 23.% 23.% 23.6 23.9
K20 0.7 10.9 10.8 10,6 11.0 __10.5 16.8 0.8 10.9 10,7 _ 10.6  10.7
Sum 5% 97.8  95.5  96.3  95.8 95,3 954  95.6  Ok.,J 955  93.5 ~ 5.5
si 5,200 5.402 5.2469  5.635 5.360 5.433  5.350 5.357  5.355  5.452  5.437  5.324
Al 2,79t 2.598  2.751 2.365 2.640 2,567 2.605 2.643 2.645 2.568 2,563 2,674

! 0.7 N N " 3 N X N A X

?}l ' 0628 0.515 0.666 O.642 0.663 0.641 0,556 0.641 0,649 0.646 0.656  0.646
Mg 4.987 4.99% 4,987 4,786 4,902 64,893 5,231 5.000 4.953 4.884 4.904 4,985
050 T 5T 5. 711 B 548 " 5.6h2  5.650 5.785  5.695  5.66k 5.628 5,680 5.701
4 ] . N . . . . .
11-08D 25.2 26.2 28.8 85,1 35.4 351 21.0 0.4 33,3 36.8 35.8 ?29.6
Ti-eastonite 36.6 23.9 37.5 192.1 30.2 29.0 34.8 33.3 311 271 29.2 3u.4
Phlogopite 18.4 19.9 4.3 17.0 23.3 17.9 39.7 26,4 26.4 20.4 20.8 23.6
Eastonitel 2} 15.3 24,3 6.9 12.0 8.6 11.6 {0.8]) 6.0 7.0 10.9 9.1 7.9
Tale 4.5 5.6 3.1 6.9 2.4 8.5 3.8 4.0 2.2 5.9 5.3 4.5
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Table 1. Cont.
Composition [§ £ C [d [y C D [ ] B ) [
Pressure(kbar) 0 10 10 15 20 30 15 20 25 30 15 30
emperature 23 823 22 825 TI ‘2
Run _time (hrs) [ 12 ) ] T 0 20 12_ H
Coexisting phase Ru Ru - Ry Ru Ru Ru Ru Ru Ru -~ Ru
510, 40.0 39.8 39.4% 39.7 40.0 40,1 a4 42.0 82,2 82.5 40.8 39.6
Alz03 15.7 15.7 15.1 15.5 15.5 16.5% th.0 13.7 13.8 13.7 13.9 15.8
110; 4.1 5.3 4.8 4.5 4.1 2.6 1.1 0.6 0.4 0.3 2.1 Q0.8
L) 24.3 25.1 25.1 24.7 24.% 25.3 271.2 27.4 27.6 21.6 27.6 26.8
K>0Q 11.2 11.1 10,8 11.2 10.9 10.8 10.0 10.8 11.0 10.8 11.0 10.3
Sum 35.3 36.0 95,2 95.6 95,1 95.3 93.7 Fh, S 93,2 94,9 95,4 93.3
St 5.595  5.529 5,521 5.543 5,604 5,583 5,832 5.891 5.89 5,927  5.697 5,629
Al 2.505 2.471 2,879 2.857  2.396 2.417 2,168 2.109 2,108 2,073 2.289 2.3
LY 0.9 N N . B N N . . N 3 N
11 0.436 0.447 0,501 _0.477 0.433 0,276 0,117 0.065 0.041 0.031  0.207 0.081
ggv 5.065 5.198 5.252 5.139 S5.128 5,250 5,724 5.733 5,738 5,736 5.754  5.676
3.681 5,793 O . . v . . . . . .
K 1.991 1.965 1.930 1.997 1.9%2 1,927 1,796 1.929 1.958 1,930 1.956  1.B64
11-0SD n.2 24.4 23.3 28.9 28.1 17.2 0.7 5.0 4,1 3.1 1:: 3'1
Ti-eastonite 1.4 19.7 26.7 18.2 1%.3 9.4 10.8 1.5 - - . "
Phlogopite 37.1 42.2 45,0 42.5 38.3 37.9 61.7 73.% 76.9 75.2 76.8 57.6
Eastonite{2] 19.8 11.9 15 10.1 16.8 32,0 16.8 16.6 16.9 18.2 [0.2] 271.%
Tale 0.4 1.8 3.5 0.2 2.4 3.5 10.0 3.% 2.1 15 2.3 6.8
Tomposition [} D ] ) where & is the activity of component i in phase j. If
kb, 15 15 20 30 o el .
f::;::::fm?'), ST T000———T000 the activities of solid phases are equal to the molar
Coes ety shase—~ £ LA proportions of the components in each of the phases
ng - b d . .
this expression reduces to:
5107 40.6 0.7 1.0 41.2
Aly03 13.6 .1 13.8 13,9 16, 3
116, 21 23 24 13 K=C (Xs-)‘ {Xpn) = Cek ®)
Mg0 27.3 26,7 26,5  28.1 N4y
K20 11.0 10.6 _ 10.8  11.4 (Xtiea)'*  (Xri08D)
Bum S4.6_ Ob.t__ 94.7 95,9
St 5,730 5.732  5.76% 5.733
Al ] 2.253] 2,268 2.231 2,267
ALLT] [0.017] 0,073 0.056 0.019 Com
1L 0.202 0,22 0,258 0,136 Lomo A o Comp & 1o
M 5,737 5.592  5.550 5,819 . 2 ’ ’ ?
Ug'ﬁ 5.93%  5.907 5. . I
['4 T.577 L B . 30038 038 047(!,’2 - 326 1
P
11-050 5.9 9.2 13.5 2.6 /
Ti-eastonite .3 14.8 2.2 10.8 2 /871 4 b
Phlogopite 78.0 62.8 64.6 84,4 ’
Eastonite[2] [0.3] 8.1 6.2 2.2 /
Taic 1.5 5.1 3.5 - 20k 942 /i 3 [« TR //.
I} //
The calculation of structural formuiae {7 O-atoms) 360 ¢ 3] 2 453 ¢ b
and end member molecules is given in the Appendix. 6/' 73 ’
[1]: Mumbers in brackets represent tetrahedral Ti ; K4
when no octahedral Al is present. [2]: Numbers in 10067 ;@71 3 B4 04.;3‘448 E
bracket represent the tetrahedral Ti molecule when
no eastonite is present. Coexisting phase: Rutile DE‘baa Wmm
{Ru}. Reversed experiments are indicated as {(r), 1 1
and both the initial and final temperatures are given, Co B Comp.D
BIWTL TIO, 24wt % TiO,
14 Ti-eastonite + 7 Ti-OSD = 30t ®30 041 O /@ 851 - 003 Q08 013
d ’
v
. ;
phlogopite’ ss L 345 00 ?? e62 L @04 P
52 () 1F ’
16 eastonite + 3 phlogopite S
20 o .?_?.6.1 R [ ; 241
. g T
phlogopite'! ss I
s - Osy #63 - 1 8219210237
+21 TiIO, +4H,0+2K,0. (4) ,/
Y ’
rutile vapour i - :

Fiie R 'y TS
TC]

FIG. 2. P-T relationships for each starting composition given
in Fig. 1. Continuous line indicates limit of solubility of TiO,
for composition B; dashed lines are approximate solubility
limits of TiO, for compositions A, C, and D. Half filled circles
represent phlogopite + rutile + vapour runs, filled circles are
single phase phlogopite. Numbers adjacent to each run are

wt.% TiO; in phlogopite. Reversed runs are indicated by (r)
{Table 1).

This is the general equation which links the end-mem- OO
ber components in the phlogopite solid solution and
is in agreement with the overall trend of the experi-
mental results (Table 1, Figs. 3 and 4).

The equilibrium constant for the reaction is:
@8- (@’

T (aTAy L (@)

1000 00 1000

7+ (aT0,) - (i) - (aB )

&)
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Table 2. Selected results from mass balance calculation Phi+<East+To FhitEast+Te
(FORTRAN-program by Stormer and Nicholls, 1978), Y ’
\ \
AN \\
/ % SN
100 wt. % Phlogopite! —4 X wt. % Phiogopite!! ~ kN / \
{single phase) ¢ ;
\ Ao
+ Y wt. % TH0p 4,77 wt. % K20 v Zp wt. % Ha0, » /
(rutile) vagour ) )
VAR )
2 # 2 0 N
All calculations for 30 kbar runs 30 A
4] / [¢ ] % N
Single phase phlogopite! ] % / *
(average composition) A B C 0 N
Phlogopite!l (Toc) 1000 1000 950 825 o \\
AN
X (wt, %) 95.91 96.46 97.60 97.32 COMP. A CompP B
Y (wt. %) 3.69 3.34 2,19 2.02
Iy (wt. %) 0.17 0.02 G.19 0.46
7; (wt. %) 0.24  0.18 0.02 0.20 Ti-08D Ti-OSD Treastonite
Residuals:
Phi+East+Tc Pht+East+Tc
5107 0.46 0.15 -0.31 0,50
A1;03 -0.46 -0.07 0.99 -0.55
T10, 0.07 0.02. -0.08 0.09
Mg0 ~0.22 -0.13 .0.44 -0.23
K20 0.07 0.02 -0.08 0.09
0 Q

H20

where C = ad,0)- @¥k0)- The K in Eqn. (6) is a function
of the P, T and bulk composition of the system. Since
the term C in Egn. (6) includes au,0y and aik,o in the
vapour phase, K cannot be determined and thermo-
dynamic parameters, AH, ASand AV for the reaction
cannot be estimated. However, the term kin thisequa- %533 455 S eaTonte

tiog may reflect the behavior of the term K. Using the FG. 4. Compositions of phlogonites plotted in the sys

limited data available, In k has been plotted against (phl(;gopitepi astonite i tal%: )-F(.Ti- O%D)-(Ti-eastonit{).
pressure for given bulk compositions and temperatures o ccac represent starting compositions (Fig. 1). Other symbols
in Fig. 5; Fig. 5 shows an increase in In k with increasing  as in Fig. 2.

pressure for all compositions. There is also a suggestion
that In k decreases with increasing temperature at con-
stant pressure. We cannot assess the effect of the bulk
TiO; in the system based on the In k values. However,
as shown in Fig. 2, the solubility of TiO, in phlogopites
is clearly a function of the bulk composition of the

COMP C COMP D

study makes TiQ, solubility in phlogopites in nature
a potential geothermobarometer. In this study the TiO,
solubility was controlled by the H,O content of the
vapour which is the minimum required to produce
single phase phlogopites. Under upper mantle and

system.
TiO, SOLUBILITY IN PHLOGOPITE AS A -
POTENTIAL GEOTHERMOBAROMETER ol A ]
The dependence of the solubility of TiO; in phlog- wh /
opites on pressure and temperature as shown by this . .
30} ol E
-
e "l . .
Ti-east | : hat l
(mol %) \ c + ]
aot \ 1 £o /
L'o g | -} / . |
20 \ b ~20 # 1
A
F \‘ 23\. o4 -~}
‘0" \;\ i ceob x
[ ] 30 o
I 30 ) -50
o . - . % —t— - T 10 15 20 25 30
East(mol %) P (kbar)
FIG. 3. Ti-eastonite vs. eastonite. Circles~——composition A, FIG. 5. In k vs. P for various constant T conditions. Filled

1000°C; squares—composition B, 1000°C; triangles—com- circles—composition A, 1000°C; +—-com‘p0sition B, 1000°C;
position C, 950°C. Pressures are indicated next to each data m—composition C, 950°C, X—composition B, 1080°C; a—
point. composition D, §25°C.



TiO, solubility in phlogopite

lower crustal conditions, the solubility of TiO; in
phlogopite is likely buffered by coexisting mineral
phases such as olivine. Based on our experiments and
on the postulated end-member components of the Ti-
bearing phlogopites, a simplified reaction controlling
TiO; solubility in rocks in the upper mantle and lower
crust may be:

KzMgsTiA]4Si4Ozo(OH)4 + K;ngTlAbSMO:o(OH)‘

Ti-eastonite Ti-OSD
+ Mg;SIO4 = KzM&sAleisto(OH)‘;
Forsterite phlogopite

+ KoMgsALSisO(OH)s + 2 TiO; .
rutile

)

eastonite

Other common upper mantle-lower crustal minerals
may control the TiO, solubility in phlogopites. Exper-
imental investigation of systems containing such min-
eral species are required before the potential of the
TiO; content of phlogopite can be quantitatively as-
sessed as a geothermobarometer. The present results
show that TiO, solubility in phlogopite may indeed
prove a useful geothermobarometer. The incorporation
of Ti in phlogopite by the substitution Mg2Si =
Ti2Al is pressure sensitive and therefore a potentially
valuable geobarometer.
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APPENDIX 1
Calculation of end-member components of phlogopites

The molecular proportions of the end-member components
were calculated from the structural formula (O = 22) in the
following sequence:

1. Octahedral Al was combined with K, Mg, and Si to form
eastonite [Ky(MgsA(ALSis)Oxn).

2. A talc component, [,MgeSiyO(OH),, was formed from
the interlayer site deficiency (ISD = 2-K).

3. Since both the Ti-OSD and the phlogopite components
have Al/Si ratios of 1/3, whereas the Ti-eastonite component
has an Al/Si ratio of 1, the following relations can be estab-
lished (N is the amount of cation { in component j):

Ti-cast — A7Tieant T-OSD Ti-OSD
Nsii —NA} vNSi _3NA‘I >

NEos = 3 pBtios (AD)
ZNg = NI + NP 4 NEes (A2)
TNy = Nipess 4 NJHOSD o Thiog (A3)
Combining equations (A1) and (A2) gives:
INg = NI + 3(NFOS0 4 NEyes
and inserting Eqn. (A3):
INsi = N™ + 3(ENy — NE==
NI==* = 1/2{3(ZN, — ZNg)). (Ad)

The Ti-eastonite molecule, K;MgsTiALSi,O%(OH),, was
formed from the amount of Al derived from Egn. (A4) along
with the required K, Mg, Ti and Si. This procedure adjusts
the Al/Si ratio to 1/3 for the remaining Ti-OSD and phlogopite
components.

4. The remaining Ti after step 3 is equal to the octahedral
site deficiency (6-sum of octahedral cations). The Ti-OSD
component, KzMg.TnAlzsnoozo(OH)‘ was formed by com-
bining the remammg Ti with the required K, Mg, Al and Si.

5. The remaining cations are now present in proportions
identical to the stoichiometric cation ratios of the phlogopite
component, K;MgALSisO5(0OH),.



