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Phase equilibria in the system MgO-MgF2-SiO2-H2O
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Abstract

Unit-cell parameters as functions of mole fraction fluoro-endmember have been deter-

mined for clinohumite, chondrodite, norbergite, brucite, and sellaite' In addition, the d spac-

ing for the (060) peak of talc was determined as a function of mole fraction fluoro-talc' Unit-

".il 
po."-"t"rs for the phase intermediate sellaite are

a : 10.123, b : 4.6861, c : 3.07804 when coexisting with periclase and

a : 10.097, b : 4.6812, c : 3.0738A when coexisting with sellaite'

From these X-ray data the compositions of coexisting phases have been determined in

forty hydrothermal experiments that yielded information on eighteen different chemical

.quhiUii". These data, combined with piut" equilibrium and calorimetric data from the liter-

atur", hune been treated by the method of least squares to produce a th€rmodynamic model

for the system. The derived endmember Gibbs energies of formation from the components

MgO, M!nr, SiOr, HrO at 1023 K and I bar are in cal mol-' AGft' : 15538' AGFB : 8466'

AGfis : 44092, LGfiN: 5333, AGFN : -15721' AGfi.n: -l2o3l, AGF.h: -3l16l' AGfl.r:

-41347,AG8.,: -58853, AGft'. I -8509, AGir.: -2086, AG8": -14249, AG8": -7566'

computed equilibria based upon these Gibbs energies and related excess parameters com-

bined with entropies and heai capacities are in good agreement with data on natural assem-

blages.

Introduction

The system MgO-MgFr-SiO'-H'O is in many re-

spects an ideal system for experimental study. High-
purity starting materials are readily available' There

ur" oo oxidation-reduction problems. Phase equilib-

rium and calorimetric data are abundant on impor-

tant subsystems. Synthesis experiments have been

carried out on the solid solution phases (Van Valken-

burg, 1955, 196l; Crane and Ehlers, 1969). A basis

for theoretical treatment of such systems has been
given by Thompson (196'7) and Muan (1967)-

This study combines new experimental data on

multiphase equilibria in the system with available

data to form an overdetermined system of equations

which describe experimentally-observed chemical

equilibria. The least-squares solution of these equa-

tions is presented as a model for chemical equilib-

rium in the system under a wide range of conditions'

Naturally-occurring equilibria that can be repre-

sented by the model have received little attention in

the literature. This is more probably due to the diffi-

culty of obtaining fluorine artalyses than to the scar-

city of suitable bulk compositions. What information

does exist agrees well with the model'

SYmbols and units

The symbols used in this paper follow as closely as

practicable the usage recommended by McGlashan

(19?0). Additional symbols are those in common use

in the geologic literature. A list of symbols and corre-

sponding units is given in Table 1' Table 2lists the

symbols and formula units used for the various

chemical comPounds encountered.

ExPerimental methods

Apparatus

Experiments were conducted by enclosing reagent-

grade chemicals in sealed noble-metal capsules and
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Qrant i t y Srbol Equiva len t  S I  UDi r Compound bymDol- Formula Unit

Thernodynan ic  tenpera ture

Molar  vo lume o f

s u b s t a n c e  B

Molar  enrha lpy  o f
s u b s t a n c e  B

Molar  en l ropy  o f
s u b s t a n c e  B

Molar  c ibbs  energy  o f
s r b s t a n c e  B

M o l a r  h e a r  c a p a c i t y  o f
s u b s t a n c e  B  a t  c o n -
s r a n E  p r e s s u r e

Number  o f  mo les  o f
subs tance B

MoIe  f rac t ion  o f
s u b s t a n c e  B :

Chemica l  po tenr ia l  o f
s u b s t a n c e  B

Fugac i ty  o f  subsEance B

A c E l v l t y  o f  s u b s E a n c e  B

A c t i v i t y  c o e f f i c i e n t  o f
s u b s c a n c e  B ,  m o l e
f r a c t i o n  b a s i s

S Eo ich iomet r ic  coef  f  i -
c ien t  o f  subs tance B

S i t e  p o p u l a E i o n  n u m b e r

Excess  paramerers  (c ibbs
energy)  o f  subsrance B

Excess  paranerer  (vo lune)

o f  s u b s t a n c e  B

c a t  n o t - ]  
,  4 . 1 8 4  J  m o 1 - 1

3 r

T

v^

G^

c_

. , I

un

{v. e

K

bar

.*3

K

10- Pa

.r3

4 . 1 8 4  J  n o l - 1

4.184 J mot-Irc- l

4 , 1 8 4  J  n o l - l

+ . 1 8 4  :  m o 1 - 1 f - 1

Per ic lase

Bruc i te

In te rned ia te  se l la i te

S e l l a i t e

Norberg iLe

Chondrod i te

Cllnohunite

F o r s t e r i t e

Ensta t i te

Q u a r t z

[,Jater

Hydrogen f luor ide

Mgo

M g ( 0 H , F ) ,

Ms (0H, F) 
2

M c ( F , o H ) 2

Mcrs i 0 *  ( 0H ,F )2

Mgrs i r 0U  (oH ,  F ) ,

Mc9Si40r6 (0H, F) 2

MerSi0O

MgSi0,

MSrSiO0aO (oH, F),

s i02

n2o

P

B

I S

S

N

ch

c 1

Fo

En

T c

Q t z

H ^ 0
2

HF

s-

u-

:B

c a l  n o l  
'

ca1  mol -1K- l

-  _  - t

ca l  mo1-11-1

_  - l

bar

4 . 1 8 4  J  n o 1  '

105 Pa

:  Pre f ixes  o f  H and F  are  used w i th  Ehe synbo ls
fo r  the  so l id  phases  in  o rder  to  denote  the  hy i roxy l
and f luor ine  endmembers  respec t ive ly ,  e .g .  HS re fe rs
Eo hydroxy l -se l la i te  and FCh to  f luoro-chondrod i te .

d s t i m a t e d  s t a n d a r d  e r r o r
o f  q u a o t i E y  C  

a C

Genera l  equat ion  fo r  a
chen ica i  reac t ion  

u=rB lBB

Gas cons lan t  R .ut  'o1-1K-l  4 t84 r  no1-1r-1

S u p e r s c r i p t s

t  

l : ^ i " - :U  
!o  c lenoEe a  proper ry  o f  a  pure  subsEance a t  a  temperarure  o f

1 0 2 3  K  a n d  a  p r e s s u r e  o f  1  b a r .

*  i s . rsed  to  denoCe a  proper ty  o f  a  pure  subsEance a !  sone tenperacure
a n d / o r  p r e s s u r e  o t h e r  r h a n  1 0 2 3  K  a n d  I  b a r .

oenoEes a  proper ty  aE tenpera ture  ?  and pressure  p ,

Pre f ix

A,  except  when subscr ip ted  by  R (see be low) ,  i s  usea l  !o  denote  a  quanc i_
t y  o f . f o m a r t u n  f r o m  t h e  c o n p o u n d s  M g O .  M g F , ,  S l O , ,  H . O ,  e . g . ,  A G  l s
t h e  C i b b s  e n e r g y  o f  f o r n a c i o n  f r o m  t h e  a b o v 6  . o r p 5 u n a 3 .

Subscr  ip  ts

*  spec i f ies  an  excess  quant l t y ,  i ,e . ,  the  a l i f fe rence be tween an  accua l
quanEi ty  fo r  a  g iven so lu t ion  phase anc l  the  va lue  o f  tha t  quant i t y  h
a  cor respond ing  1dea1 so lu t ion .

R  l n d i c a c e s _ t h a E  t h e  A - q u a n t i t y  r e f e r s  t o  t h e  d i f f e r e n c e  f o r  a  r e a c r l o n ,
i . e .  A G ^ = X . v . A G .

f  The s lnbo l  y  has  been used !o  represent  the  acClv i ty  coef f l c lenE on a
mole  f rac l ion  bas is  racher  than lhe  recomended syn to l  f  in  o rder  to
avo ld  confus ion  be lween acEiv iEy  coef f i c lenE and fugac i ty .

placing them in Stellite 25 or Rene 4l cold-seal pres-
sure vessels (Tuttle, 1949) and nichrome-wound cy-
Iindrical furnaces. Temperature was controlled by a
fully proportional controller with a platinum resis-
tance sensing element. Temperatures were constantly
monitored on a Texas Instruments twenty-four point
Multiwriter recorder, and were measured at intervals
of one to three days on a Leeds and Northrup K-3
potentiometer. Stainless steel sheathed chromel-alu-
mel thermocouples were used for all temperature
measurements. A standard thermocouple was cali-
brated against the melting points of NaCl (1073.5 K)
and CsCl (919 K). Working thermocouples were cali-
brated against the standard with the pressure vessel
in a position of minimum gradient in the furnace.
Calibration is considered accurate to +2 K. Temper-
ature variation over the bottom three centimeters of
the pressure vessels was found to be less than 2 K.

Pressures were measured on Ashcroft Maxisafe
Bourdon Tube gauges calibrated against a Heise
Bourdon Tube gauge having a range of 0-7000 bar
and an error of less than 7 bar. Individual pressure
measurements are considered to be accurate to +20
bar.
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Starting materials

The primary starting materials were Mallinckrodt
Reagent MgF, lot MRC, Baker and Adamson Re-

agent MgO lot W196, and Fisher Certffied Reagent
Silicic Acid lot 7309M. Before mixing, the MgF' was
fired at 673 K for one hour. MgO was fired fot 24

hours at 1300 K. Both the MgF, and MgO were al-

lowed to cool in a desiccator with anhydrous CaSOn
as the desiccant. The quantities of both materials re-

quired for the various mixes were then weighed out

immediately. The silicic acid was fired at 1500 K for
24 hours to produce cristobalite. This was then

crushed in an agate mortar and passed through a 100

mesh screen and stored in an oven at 423 K until

weighed. Bulk compositions made up from these

starting materials were ground in distilled water for

two hours in an agate mortar and dried under a heat
lamp before being loaded into run capsules.

Early attempts to use reagent-grade acetone as a
grinding medium resulted in contamination of the

mixes with a waxy residue, which resulted in the gen-

eration of CO, during the experiments and in some

cases in the crystallization of magnesite or graphite.

Fluorine buffers

The fluorine buffers of Munoz and Eugster (1969)

were examined for possible application to this sys-

tem. It was found that buffers involving quartz could
be used to buffer talc, but that other minerals in the
system reacted with quartz in the buffers. The graph-

ite-bearing buffers were generally found unsatisfac-
tory because their use resulted in the crystallization

Table 3. Thermodynamic data for the fluorine buffer

roP 298

-  a{ i ,  - . r " ' " . . "  q
c o m p o u n o  

( c a t  m o t - t )  1 " " t  " o t - l C r )

c= a+b - ro- 3 T+r . ro5 / rz

(ca1  no l  
-K  - )

of carbonates; or, as in the case of the humites, the

approach to equilibrium was extremely slow'
The (graphite-methane)-(wollastonite-fluorite-

quartz) buffer was successfully used to buffer the F/

OH ratio of talc. The fluid composition coexisting
with this buffer was calculated as outlined by Munoz

and Eugster (1969). Fugacity coefficients for H, were

taken from Shaw and Wones (1964), and for H'O

frone Burnham et al. (1969). The remaining fugacity

coefficients were obtained by use of the Redlich-

Kwong equation as described by Edminster (1968)'

Critical constants for methane were taken from

American Society for Testing and Materials com-

mittee D-2 on petroleum products and lubricants and

American Petroleum Institute research project 44 on

hydrocarbons and related compounds (1971). The re-

mainder of the critical constants were taken from

Mathews (1972).
The remaining thermodynamic data used in the

buffer calculations Lre listed, along with their

sources, in Table 3. This data base differs signifi-

cantly from that used by Munoz and Ludington
(1974) and Munoz and Eugster (1969) with respect to

ihe enthalpy of formation of fluorite from the ele-

ments. The value given by Stull and Prophet (1971)

was adopted here over that of Robie and Waldbaum
(1968) used by the above authors, because of its

larger data base and better agreement with the exper-

imental work of Bratland et al. (1970).

Solid Phases

S ynt he sis and i de ntific ation

Synthesis of the pure fluoro-humite endmembers
was achieved at approximately one atmosphere in

sealed platinum capsules. Attempts to synthesize

such materials hydrothermally resulted in hydroxyl-

bearing humites plus additional phases. All other

phases were crystallized hydrothermally in sealed

gold capsules.
Solid phases were identified primarily by means of

X-ray powder diflraction. Standard patterns pro-

duced from single-phase synthesis products were par-

ticularly useful in the analysis of products consisting

of mixtures of humites or of humites and forsterite,

since the patterns for these minerals are quite similar'

Oil immersion methods were used as a secondary

means of mineral identification, but positive optical

distinction between the various humite minerals is

extremely difficult in fine-grained run products' Opti-

cal techniques were used mainly to inspect for small

amounts of extraneous phases in the run products'

(cn- )

car2  -ZSS,OOd

caslo3 -lgO,l 'r&

s-s io2  -Z t l , lOP

B-sro2

HzO -s t , t s tP

Hr  -os ,  raF

f t . s f  1 4 . 3 0  i . 2 8

D . o &  2 6 . 6 4  3 . 9 s 2

g  . g t 1  1 0 . 4 9 5  g  . 2 7 i

14 .080 2  -  400

q t . n {  6 . 7 4 0  3 . 0 7 3

, , r .  sos4 6 .52g O -657

o.qi  L za.ssf

-e.st i9 lg gz 9

- z . r r f  z z .oe€

o.o 4 z l . l tg9

0 . 3 3 5

0 . 2 3 1 :

a stul1 and Prophet (1971)

q 
taylor (1945)

g Robie, BeEhke, and Bealds1Y (1967)

4 robi.  
" .d 

Waldbaun (1968)

9 Southard (1941)

4 p. i .d*.  and l laar (1954)
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Characterization and compositional yariation of phases
Cell dimensions were determined for all phases

with variable fluorine-hydroxyl content except talc,
for which onfy d(060) was determined. The bulk
composition of the solid phase was taken to be equal
to that of the solid starting material plus HrO. This is
a good assumption, based upon the high degree of
partitioning of fluorine into the solid phase and the
fact that extrapolation of cell parameters from inter-
mediate compositions to the fluorine endmembers
gives good agreement ,with cell parameters deter-
mined for the fluoro-endmembers of the humite
group when no fluid phase was present in the end-
member synthesis. X-ray patterns of the materials
used for the cell-dimension determinations showed
only peaks for the material in question. Optical ex-
amination in no case revealed more than 2Vo extra-
neous material. It should, however, be borne in mind
that a mixture of two humites could not reliably be
detected optically.

X-ray patterns were made at a scan speed of l/4
degree minute-'. Silicon metal (a : 5.43054) was
used as the internal standard. Unit-cell parameters
were refined using the program of Appleman and
Evans (1973). Expressions for unit-cell parameters as
a function of composition were then derived on the
basis of a least-squares approximation. The coefr-
cients for these equations are presented in Table 4,
and the data upon which they are based in Appendix
l. Table 4 also shows end-member unit-cell parame-
ters calculated from these relations and published
unit-cell parameters for comparison. Unit-cell pa-
rameters of talc were not determined, because of
overlap of the various peaks in the powder diffrac-
tion pattern.

Compositions of the phases in multiphase experi-
ments were determined from the dependence on
composition of interplanar spacing. These depend-
encies are based on measured d spacings in the case
of talc and on calculated d spacings based on unit-
cell refinements for the other phases. Coeftcients for
these equations appear in Table 5.

Peak positions were determined by oscillation
against peaks of either silicon (a: 5.4305A) or spinel
(a : 9.08334) internal standards. Four measure_
ments of 420 were made at a scan speed of l/4 de_
gree per minute using Cu radiation and Ni filter.

For the phases of variable fluorine-hydroxyl con-
tent, excepting talc, molar volume-composition ex-
pressions have been computed by least squares. With
the exception of brucite, all the volume functions are
linear in composition. For sellaite and the humite

Unit  cel1 parameter = e+b.x= Fluoro-endnenber

op".. . .q a. l . t t .Eed Publ lshed

Table 4. Unit-cell parameters (A)

Space group Param.

Se l la i te

S p .  g r '  ?

Norberg iEe

Pbm

Choodrod i te

P 2 7 / b

Cl1noh@i te

P2r/b

B r  u c i  t e

P 3nI

In te rned ia te

se11a i  le

Pbmn or  Pbn2,9
1

Se l la i te

-o .ggzg o . l . to -z  4 .626

O,zq l , ,  O. t r ' tO-3  4 .625

-o .oooo o .  s ' ro -4  3 .050

- o . o o 9 e  o . z . r o - a  4 . 7 o 7

-o .os+3 o . t . ro -2  ro ,265

- 0 . : z o o  o . s . t o - 5  a . 7 2 4

- O . O t O r ,  0 . t . r O - 2  4 , 7 2 6

-o .o :oe  o .3 . ro -2  ro .247

-o . ro rs  o .4 . ro -2  1 . i91 .

o . 3 7  o . e . r o - 2  1 0 9 . 2 r

- o . o o o o  o . z . r o - 2  4 . 7 4 0

-o .ozzg o . t . to -2  ro .226

- o . t : 4 2  o . t . t o - 2  1 3 . 5 8 2

0.35  o .  s . ro -1  100.94

b

b

b

q

b

5 . 6 1 8 5

4 , 3 7 7 4

3 . 0 5 0 7

4 . 7 1 6 4

1 0 . 3 1 8 8

9 . 0 4 4 0

4 . 7 3 5 9

7 0 . 2 7 7 4

7 . 9 5 2 6

1 0 8 . 8 4

4 . 7  4 6 9

1 0 . 2 4 8 1

L 3 . 7 1 6 3

1 0 0 . 5 9

+ .az f

a .oz f

l .osz9

,r .nf

70.277=

8 . ' l 2 F

,  - - - d , e

roo.ae 4 '9

Unlt  cel l  parameter = a+b.x+c.xz+d x3 
q

a b c

3 . 1 4 6 4  - 0 . J . 7 7 6  0 . 0 9 2 0

4 . 7 6 9 4  - 0 . 3 5 2 5  L 7 t 3 a

d d 4
paran.

o .  s . t o - 4

- 2 . 5 2 9 r  o . z . t o - 2

DescEip t lon
%

Calculared (x=O.ooe) 3.747

Swanson et a7. (1956) 3.747

4 . 7 7 0

4 . 7 6 9

Descript ion f
e - b :

C o e x l s t i n g  w i t h  r ^  r  r 1 l 1  \

c o e x l s t l n g  w i t h  
1 0 . 0 9 7 ( 6 )

se l la rEe

Crane and EhIers
( 1 9 6 9 ) 9  L U ' L L ' \ Z )

Ca lcu le rea l  (x=0.5F)  5 .722

4 . 6 8 6 1 ( 6 )  3 . 0 7 8 0 ( 8 )

4 . 6 8 1 2 ( 1 9 )  3 . 0 7 3 8 ( 2 s )

4 . 6 8 4 s ( 1 3 )  3 . 0 8 0 1 ( 4 )

4 . 5 0 1 1  3 . 0 5 0 4

Note :  ASTI1  Pwder  D l f f rac t ion  F i le  card  14-9  g lves  13 .68  as  a^  fo r  I .C l .
Th ls  apparenr ly  shoutd  be  rcd i f ied  to  read 13 .58 .  The lan
Va lkenburg  (1961)  FCh My we l l  be  a  n ix ru re  o f  phases  (p robab ly
tuo  hs l res) .  The d-spac ing  o f  3 .897 t i sEed by  Van Va lkenburg
(1961)  does  noE cor respond to  any  poss ib le  d -spac lng  fo r  a
chondrod iEe u i th  lhe  space group and ce l l  d inens ions  l i s ted
a b o v e ,

3 x = mole fraction fluoro-endnenber

I  the  es t tmated s tandatd  er ro rs  have reEher  la rge  uncer ta in t les  a lue  Eo
the  sMl1  n@ber  o f  da ta  po in ls  ava i lab le  (see append lx ) .

9  Swanson e t  a1 .  (1955)

:  Van Va lkenburg  (1961)

9  ce1 l  d inens ions  l i s te i l  were  ca lcu la ted  by  neans o f  lhe  progrm o f
Evans,  App lemn,  and t tan i l verker  (1953)  f ron  pub l lshed d-spac ings .

:  Nmbers  1n  parentheses  a le  one es t i@ted s tandard  e l ro r  ln  the  d ls l t
to  the i r  i@ed ia te  Le f t .

9  ze to  a td  f i rs t  leve l  c -ex is  we issenbutg  d i f f rac t lon  pa t le rns  are
cons ls ten t  w i th  an  or thorhonb ic  symet ry .  The obsef red  sys t@at ic
e x l i n c t l o n s  a r e  h  0  I ,  L +  l _ = 2 L +  I  a n d  4  L l r  k  =  2 h  +  f .
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Table 5. Variation of interplanar spacings with composition

d - s p a c i n g  ( 8 )  =  a + b ' " + c ' x 2  4

DUFFY AND GREENWOOD: PHASE EQUILIBRIA

a  b ' 1 0  c ' 1 0  o d
b -

0 . 3 . 1 0  
-

0 . 5 . 1 0  
-

0 . 5 . 1 0  
-

0 . 4 . 1 0  
-

0 . 8 . 1 0  
-

0 . 5 . 1 0  
-

0 - 9 . 1 0  
-

0 . 1 . 1 0  
-

0 . 7 . 1 0  
-

This evidence leads to description of sellaite and

intermediate sellaite by the same set of functions in

the thermodynamic modelling which follows. For

this reason special note should be made of the vol-

ume function for the sellaite. The function given in

Table 6 is based only on the data for sellaite' The

volume data for intermediate sellaite has not been in-

cluded, because the derivative of the volume with re-

spect to composition is not closely constrained by the

data at the intermediate sellaite composition' The

pressure effect upon equilibria involving intermedi-

ate sellaite is therefore somewhat uncertain.

Experimental phase equilibrium results

Results of the experiments involving two or more
phases for which the compositions have been deter-

mined are summarized in Table 7. With the ex-

ception of the data involving brucite, few of the equi-

libria depicted by these data are closely bracketed'
This fact, combined with the generally long run times

needed before apparent equilibrium was achieved,

creates some uncertainty as to the closeness of ap-

proach to equilibrium. Metastability may also be a

problem. In particular, experiment Chl00-C140-IR
produced clinohumite considerably more fluorine-

rich than is inferred to be truly stable. The experi-

mental evidence does not resolve whether or not

stable talc-clinohumite tie lines exist at 1023 K and

2000 bar. Experimental attempts to resolve this ques-

tion were unsuccessful.

t"tt" a. 
"".,"r,..

v="FA. v;A+"HA' 4e*5e' ""o' 
tu, a

B n L c i t e I  1  0  1 . 5 7 3 1 8

r . 7 6 0 8 5

3. Lr37 9

S e l l a i t e  2  2  O

N o r b e r g i t e  I  2  |

- 0 . 8 8 7 3  0 . 4 5 1 3

-1 .2555

- 0 .  5 9 2 2

- o  , 5 7  5 1

- 0 . 3 8 1 0

- o . L 1 2 4

-0 . t628

-0 .211 6

-  0 . 0 6 1 5

N o r b e r g i t e  1 4 1  2 . 0 0 0 7 2

c h o n d r o d i t e  1 1 2  3 . 0 4 1 3 3

C l i n o h u m i t e  5  1 I  2 . 3 6 8 1 5

C l i n o h u m i E e  9 0 0  1 ' 4 9 8 0 1

C l i o o h u m i t e  4 l L  2 . 5 5 5 8 0

T a l c  0 6 0  ) ' . 5 2 7 3 I

4 x = mole fract ion f luoro-endnember'

4 The est imated standard errots have ralhel large uncer-

taint ies due to the sM1l number of data Points avai lable

( s e e  a p p e n d i x )

minerals the difference in volume between the hy-

droxyl and fluoro-endmembers is 2.95-10.19 cm'

mol-' of (OH)r. The volume of hydroxyl-talc has

been taken from Robie et al. (1967) and that of

fluoro-talc has been estimated as this value minus

2.95. The volume data are presented in Table 6.

Intermediate sellaite, M gO H F

Crane and Ehlers (1969) synthesized a phase

which they regarded as stoichiometric with a compo-

sition of MgOHF. The existence of this phase has

been substantiated and its unit cell determined.

Peaks were indexed on an orthorhombic unit cell

from single-crystal Weissenberg radiographs. Final

cell refinements were done as described for the other

solid solution phases in the system. We suggest that

this compound has a structure similar to that of sell-

aite, with ordering of the fluorine and hydroxyl re-

sulting in a doubling of the a dimension of the unit

cell. It is therefore referred to here as intermediate

sellaite. Cell dimensions for intermediate sellaite co-

existing with sellaite and with periclase, and those

based on a refinement of the data of Crane and Eh-

lers (1969), are given in Table 4.

The inference that sellaite and intermediate sell-

aite are both members of a single structurally-contin-

uous solid solution series is based upon measurement

of cell parameters. Upon substitution of hydroxyl

into the sellaite structure, the symmetry changes

from tetragonal to a lower symmetry' suggesting or-

dering of fluorine and hydroxyl. Cell parameters for

sellaite (X." : 0'50) are given in Table 4 for com-

parison with those of intermediate sellaite.

Note :  A l1  numbers  are  expressed in  cub ic  cent i -

m e E e r s .

4 The estimated standard errors have rather large

uncertainties due to the small number of data points

ava i lab le  (see aPPend ix ) .

Phase A

,ro-FA
a

a v  -w,,  ̂

Bruc i te

Se l la i te

Norberg i te

chondrod i te

Clinohumite

Ta le

2 5 . 7 3 2  2 4 . 6 2 L  - 5 . 1 8 9 7

t 9 . 6 4 9  2 2 . 7 8 9

6 3 . 4 6 6  6 6 . 2 9 3

LO l .32  110 .32

L94 .64  L9 t . 49

1 3 3 . 3 0  L 3 6 . 2 5

0 . 8  1 0  
-

- 1
1 0 -

- ,
1 0 -

- t
1 0 -

1 0 *

0 . 1

0 . 4

0 . 4

0 . 5



The r€quirement that all the equilibrium data and
all the thermodynamic data be internally consistent
is a stringent one that can be tested in the form of a
number of simultaneous equations. In order to ana-
lyze the experimental data and to provide a basis for
calculating other equilibria in the system and to cal-
culate equilibria at conditions other than those of the
experiments, a thermodynamic model of the system
has been constructed based on such a svstem of
equations.

The thermodynamic model

Introduction

The experimentally-determined phase equihbria
represent a large number of constraints upon the
thermodynamic properties of the system. Appendix 2
and 3' describe the development of a model that is
consistent both with these data and with other phase
equilibria and calorimeiric data. Some parameters
are not closely constrained by the phase equilibrium
data. These have been evaluated from existing ther_
mochemical data. The remaining parameters have
been determined by means of a least-squares solution
of a system of equations defined by the available
phase equilibrium and thermochemical data.

The model is referenced to the components MgO,
MgFr, SiOr, and HrO, at 1023 K and I bar. The tem-
perature of 1023 K has been chosen because much of
the experimental evidence has been collected near
this temperature. This choice simplifies the form of
some of the equations to be used.

The method described in Appendix 3 evaluates 33
unknown thermodynamic parameters involved in the
description and calculation of equilibria in this sys-
tem. At a minimum, 33 equations would be needed
to solve for these parameters. To the extent that an
experiment reaches equilibrium, it represents at least
one and usually several equations of constraint in-
volving P, T, compositions, and free energy. Taken
together, the models tested here involve an array of
more than 70 equations, so that there are many more
equations than unknowns. Since all involve mea_
sured quantities, none will be exact. The best approx_
imation to satisfy all of the equations simultaneously
has been sought by the method of least squares. This
approach assumes that all of the measurements are
normally distributed about the equilibrium values.

DUFFY AND GREEN}I/OOD: PHASE EQUILIBRIA

This assumption will only be true if all the assem-
blages measured have reached equilibrium, so that
the only errors are those of measurement. Errors
caused by failure of the experiments to reach equilib-
rium are difficult to treat, since their error distribu-
tions will be asymmetrical. The asymmetry arises be-
cause the experinents approach equilibrium from a
particular direction and cannot pass through the
equilibrium value. If only one equilibrium was stud-
ied and it was approached from only one direction,
treatment by the method of least squares would re-
sult in an undetected bias in the results.

The data treated in this problem represent a large
number of different equilibria which have been ap-
proached from different starting compositions. While
lack of equilibrium may create problems in weight-
ing the data, the fact that all the data can be de-
scribed by a single model is strong evidence that all
experiments considered have closely approached
equilibrium. Preliminary experiments of short dura-
tion cannot be represented by any internally consis-
tent model and have been omitted both from Table 7
and the thermodynamic analysis.

Testing of the alternative models

A test of any thermodynamic model is that it re-
produce the experimental data within their uncer-
tainties. Consequently it is necessary to calculate the.
conditions of various equilibria from the thermo-
chemical quantities which constitute the model. The
simplest of these calculations involves finding the
composition of one solution phase in equilibrium
with another solution phase of specified composition.
This may be done at any pressure and temperature
by appropriate manipulation of equation (46) ot (47)
of Appendix 3 with addition of terms containing heat
capacities. Calculation of the equilibrium position of
a four-phase field is more complex. In general it is
necessary to solve a system of five equations simulta-
neously. Three independent equations, involving all
three solid phases and the fluid phase, ofthe form of
equation (46) or (47), with heat capacities, can be
written. A fourth equation of the form of equation
(48) can be written. Finally, since the fluid is present
as a phase the equation

f '/y'

where the i are the various species in the fluid phase,
may be written. Only three species, H2O, HF, and H,
are present in the fluid in appreciable amounts. H, is
not involved in any of the equilibria considered, and
therefore its only influence is as an inert component

I  l 6 l

( l )P: x

2 To obtain a copy of Appendices 2 and 3, order Document
AM-79-ll0 from the Business Office, Mineralogical Society of
America, 2000 Florida Avenue, N.W., Washington, D. C. 20009.
Please remit $1.00 in advance for the microfiche.
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Table 7. Experimental results

DuraE. ion  Star t ing  4 '9

(hour )  na ter ia ls

r roduc ts  -  - 2 'Ln ( t - -  ^1 t . . - )'+2u -r
Experiment
number (bar )

l =

(K)

Tc0-3R
Tc60-6F. d
N60-B25-L ;
N80-820-1=
N60-Ch l00-1R
N50-2
N80-Tc40-1R
N80-Tc20- lR
N80-Tc60- lR
N100-Tc40- IR
Nl00-Tc60- lR
Ch60-Tc40-1R
N60-Tc60-LR
c160-B0-2

ch100-cr40-1R
C140-Tc40-1R
C140-Tc20
-1R+C160

c110-r
C160-Tc0-1R
285-4
285-5
2BL5-5
lBl5-18
z b L ) -  I

2Bl5-8
1Bt5-1 7
z b L ) - +

rB30-2
1830-5
1830-6
rB30-3A
1830-1
1830-3
s  75 - l
b  / ) - )

s75-4
s 7 5 - 3
s70-4
s 75-44

Tc0
Tc60
N50+B25
N80+B20
N60+Ch100
N50 nix
N80+Tc40
N8O+Tc20
N80+Tc60
N100+Tc40
Nl0GrTc60
Ch6GFTc40
N60+Tc60
Ch6OlFo
*BO nix
ch100+c140
C14GfTc40
C140+Tc20
+Ch6OrFo
C1L0 mix
Ch6&fTcO+Fo
B17+P
B5
824+P
815
Bl5
B25+P
B15
B25+P

830 rr ix
822+rS
B 2 5+IS
825+IS
B30  n i x
b J U  m a x
S 7 5  m i x
S75 n ix
S 7 5  n i x
S75 mix
S 7 0  m i x
S 7 5  m i x

1023 (3 )  2000 (15 )
1020 (4 )  1990 (30 )
102 r (3 )  2000 (15 )
1021 (3 )  2000 (1s )
1023 (3 )  20oo (15 )
1024 (3 )  r 9eo (1s )
Lo22 (3 )  2000 (15 )
Lo22 (3 )  2ooo ( l s )
L022 (3 )  20oo ( r s )
Lo22 (5 )  2oo0 (20 )
L022 (3 )  2000 (15 )
ro22 (5 )  2ooo (20 )
LO22 (3 )  2000 (15 )
1023 (3 )  20oo (15 )

1023 (3 )  2000 (15 )
LO22 (3 )  20oo ( l s )
r o23  (3 )  2ooo  (15 )

ro24 (3 )  2oo0 (20 )
LO22 (3 )  2000 (15 )

970 (2 )  2000 (10 )
97O(2 )  2ooo (10 )

1023 (3 )  2ooo (15 )
r023 (3 )  2000 (15 )
r047  (3 )  l e90 (15 )
1047 (3 )  r 99o (15 )

9 t3 (2 )  1000 ( l s )
973 (2 )  1000 (15 )

802 (2 )  200s (10 )
970 (2 )  2000 ( r0 )
970 (2 )  2000 (10 )

ro22 (3 )  2000 ( r s )
1043 (2 )  1985 (10 )
1 0 4 7 ( 3 )  1 9 9 0 ( l s )

827  (2 )  1990 ( r0 )
97o (2 )  2ooo (10 )

7022 (3 )  2000 (15 )
104  7  (  3 )  1990 (  r s )
1070 (2 )  1990 (10 )
r070 (2 )  1990 ( r0 )

r c 4 3 . 3  ( 2 0 )
Ic44.8(22)
N63  . 4  ( 5 )+B21 .6  ( 2  )
N7L .6 (4 )+822  , 9  ( 4 )
N76  . 6  ( 8 )+ch73  . 9  ( 15 )
N63  . 4  ( r 5 )  +ch6 r  . 1  (  35  )
N83 .  9  ( 6 )+Tc46 .  4  ( 31 )+ch
N82 .  2  ( 3 )+ch  7  9 .  7  ( 37  )+Te43 ,  3 (55 )
N83  . 4  ( 18 )+ rc48  '  2  ( 68 )
N89 .  1 (15)+rc5o ,4 (34)
N 9 3 . 2  ( 6 ) + r c 5 9 . 5  ( 2 9 )
ch64 .7  ( 8 )+ r c34 .6 (23 )
Ch7 7 .  9 (26)+Tc47. 3 (  33)+N
ch39 .  s  (54)+cl  3L.7 (27 )+P

ch69 .  2 (37 )+cL67 .  8 (40)
cL57 .  4 (28)+rc30.  3 (40)
c154 .  3  ( 18 )+ rc22 .  1 (49 )

C128.9 (  35)+Fo+P
Tc35 .3 (23 )+Fo+En
RL2.7 (2)+P
8 1 3 . 5 ( 2 ) + P
822 .3 (4 )+P
8 2 3 . 1 ( 2 ) + P
824  . 6 (2 )+P
824 .3 (3 )+P
822 .4 (3)+P
R22 .2 (3 )+P

822 .1 ( z )+ r s
B 2 4 .  r ( 2 ) + 1 S
824 .5 (2 )+ rS
B 2 4 . 3 ( 2 ) + r S
824 .4 (2 )+ rS
B 2 5 . 6 ( 2 ) + r S
s89  .  1  ( 4 )+ r s
s 8 5 . 2 ( 4 ) + r S
s 8 4 . 3 ( 4 ) + r s
s 8 3 . 8 ( 4 ) + r S
s 8 3 . 3  ( 2 ) + r s
s 8 3 . 0  ( 2 ) + r s

1871
14 38

9s4
954

L462
984

131  5
1315
1315
r450
131 5
1450
1315
L665

1665
1 315
1665

742
LO l l
L07 6
r076
1459
L459
r352
r352
1086
1086

4 2 3
ro7 6
l o7  6
LO l  7

L46
1352

337
lo7  6
lo7 7
L352

L24
r24

14 .93
L4 .99

4 Nunbers  in  paren theses  are  one es t imated s tandard  er ro r  in  the  d ig i t  to  the i r  imed ia te  le f t '

! Th" .rrb".. which follow the mineral symbols are the mole percent f luoro-end.member. Al1 startlng materials

lnc lude l { ro '  A l l  p roducEs inc lude a  vapor  Phase '

9  Mix  re fe rs  to  a  mix tu re  o f  the  pr imary  s ta r t ing  mater ia ls  o f  the  bu lk  compos i t ion  ind lca ted '

4  th . t "  exper iments  a re  no t  fe l t

in  equ i l ib r ium wi th  b ruc i te  o f
to  have a t ta ined equ l l ib r iun ,  bu t  they  do  bracket  the  compos iE lon  o f  norberg i te

c o n p o s i t i o n  x ^ = 0 . 2 2 '

in the fluid phase. Simultaneous solution of this non-

linear set of equations provided the composition of

all four coexisting phases. Note that such calculations

may produce either stable or metastable assemblages.

The method used to assess stability or metastability

has been to inspect for four-phase fields which have a

compositional volume in common, and to calculate

which assemblage has the lower Gibbs energy for a

given composition within that compositional volume.

The assemblages having the lowest Gibbs energies

when this procedure is carried out for all the calcu-

lated assemblages are assumed to be stable' The suc-

cess of this procedure depends upon the set of stable

four-phase assemblages being a subset of the set of

assemblages being tested. The possibility that this

condition may not be fulfilled exists because the

method used to solve the system of equations out-

l ined above requir€s a good init ial estimate to

achieve convergence. If a solution cannot be

achieved for a given four-phase assemblage' it is not

always obvious whether this is because a solution

does not exist or because an unsuitable initial esti-
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mate has been made. Nevertheless, the correspon-
dence between the calculated assemblages and those
observed both in the laboratory and in nature pro-
vides some confidence that the most stable assem-
blages have been found.

In order to evaluate the coefficients of equation
(48) for those equilibria involving HrO it has been as-
sumed that the fluid phase is an ideal mixture of

H2O, HF, and Hr, and that the dilution of HrO by
HF has a trivial effect upon AGr,o. The model is con-
sistent with these assumptions. Figure I, which shows
the stable assemblages computed from the model at
2000 bar, shows that for all equilibria considered
here /". is less than 2bar. f ,, has been estimated as
14bar, based on the buffering effects ofthe pressure
vessels. For a fluid so dominated by a single species

M g o Mg Fz
Fig. l. The system MgO-MgF2-Si02-H2O projected from HrO onto MgO-MgF2-SiO2. Numbers shown are /". for each three-phase

f ie ld.  (A) T:  1023 K, P:2000bar.  (B) T:873 K,  p:2000bar
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Table 8. Comparison of experimental data with thermodynamic

models

Exper iment  So l id

number phases

Conpos iE lon  o f  tbe  so l id  so lu t ion  Phases
(noLe f  rac t ion  f  luoro-endnenber )

Table 8. (continued)

(K)

Expe! inenEa l  Pre fer red  SymeEr ic  Idea l

DUFFY AND GREENWOOD: PHASE EQUILIBRIA

Phases in  Pressure

equ i l ib r ium (ba t )

Exper inenta l

Pre fer red  Symet r ic  Idea l  P ,S, IS ,  f tu id  1000 1038(L5)  1042 918 957

^  - l

A G "  ( c a 1  n o l  
- )

N80-Tc40-1R

N50- 2

cl6c-80- 2

ch60-cI5G1R

c]10-1

c160-Tc0-1R

N60-825-1
+N8(FB 2 o- f

2R5- 4

2R75-5

1B15-18

2R75- 7

2 8 t 5 - 8

1B15-17

28T5-A

tB30-2

rB30-5

1B30-3A

1830-6

1830-1

1B30-3

s 7 5 - 1

s 7 5 - 5

s 7 5 -  4

s 7 5 - 3

s 7 0 - 4

s14-44

HB

F o

En

0 . 5 3 6
0 . 4 9 0

N

Tc

ch

N

c h

P

ch

c 1

P

C h
c 1

Fo

C I

Fo

P

Tc

Fo

En

0 .  8 2 2  ( 3 )
0 . 4 3 3 ( s 6 )
0  1  9 7  ( 3 7 )

0  6 3 4 ( 1 5 )
0 6r-1 (3s)

0 . 3 9 5 ( s 4 )
o 3r7 (27t

0 . 5 3 5 ( 2 6 )
0 . 4 8 3 ( 9 )

0 . 2 8 9 ( 3 5 )

0 . 3 5 3 ( 2 3 )

0 . 2 2 0 ( 0 )
0 .  6 7 0  ( 4 0  )

0 .  r 2 7  ( 2 '

0 . 1 3 s ( 2 )

0 . 2 2 3 ( 4 )

0  2 3 r ( 2 >

0 . 2 4 6 ( 2 )

0 . 2 4 3 ( 3 )

o . 2 2 4  ( 3 )

0  -  2 2 2  ( 3 )

o . 2 2 r ( 2 )
0  4 9 0 ( 2 0 )

0 . 2 4 r ( 2 )
0 .  4 9 0  ( 2 0 )

o . 2 4 3 ( 2 )
0 . 4 9 0 ( 2 0 )

o  2 4 5 ( r ' t
0  4 9 0 ( 2 0 )

0 244(2)
0 . 4 9 0 ( 2 0 )

o . 2 s 6 ( 2 )
0 . 4 9 0 ( 2 0 )

0 . 8 9 r ( 4 )
0 .  s 1 0 ( 2 0 )

0 . 8 s 2  ( 4 )
0  5 1 0 ( 2 0 )

0  8 4 3 ( 4 )
0 . 5 1 0 ( 2 0 )

0 . 8 3 8 ( 4 )
0  5 1 0 ( 2 0 )

0 . 8 3 3 ( 2 )
0 . 5 1 0 ( 2 0 )

0 . 8 3 0 ( 2 )
0 . 5 1 0 ( 2 0 )

0 . 8 1 9
o . 4 6 2
0 . 7 8 8

0 . 6 3 8
0 . 5 9 3

0 387
0 . 3 3 r

0 . a 2 2  0  8 5 7
o . 4 2 t  0 . 4 9 8
0 . 7 4 9  0  8 1 7

0 . 5 4 3  0  5 5 6
0 . 4 4 1  0 . 4 4 2

0 . 4 0 4  0 . 4 1 6
0 . 3 4 1  0 . 3 7 0

Calor imeEr ic Mode ls

Pre fer red Symet r ic  Idea l

t555O (226'

- 1 4 2 r 3  ( 3  3 8 )

- 7 8 1 9  ( 4 4 O )

15536 7523r

-72553 -11954

- 6 8 3 4  - 6 5 9 8

-74249

-7 566

B

N

B

P

B
P

B
P

B

P

B
P

B
P

B
P

B

P

B
l s

B
I S

B
I S

B
I S

B
I S

B
t s

S
I S

s
1 S

S
I S

S
1 S

S

I S

S
I S

o , 2 7 2

0 . 3 5 4

o . 2 2 0
o  6 6 2

0 .  r 3 0

0 . 1 3 0

0-214

o . 2 1 4

o . 2 4 9

o 249

0  . 2 2 8

o . 2 2 4

o  2 2 r
0 . 4 8 9

o  2 3 1
0 . 4 8 7

o - 2 4 3
0  4 8 7

o  2 3 7
o 447

o . 2 4 5
o . 4 8 1

o - 2 4 6
0 . 4 8 7

0 . 8 8 0
0 . 5 0 6

0 . 8 6 0
0 . 5 2 3

0 . 8 5 5
o . 5 2 7

o -852
o - 5 2 9

0  8 5 0
0 , 5 3 1

0 . 8 5 0
0  5 3 1

0 . 4 3 1
o - 3 1  3

0 . 3 3 8

0 . 3 3 9

o . 2 2 0
0 . 6 5 0

o 126

o  1 2 6

o 2r4

o - 2 r 4

0 . 2 4 4

0  2 4 8

0  2 3 1

o . 2 3 7

o  2 2 r
o . 4 9 3

0  2 3 8
0 . 4 8 6

o , 2 4 4
0 . 4 8 4

0 . 2 3 8
0 . 4 8 6

o -  2 4 6
0 . 4 8 3

0  - 2 4 6
0 . 4 8 3

0 868
0  4 6 8

0 . 8 4 5
0 .  4 8 9

0 . 8 3 6
0 . 4 9 6

0 . 8 3 2
0 .  5 0 1

0 . 8 2 8
0 . 5 0 4

0 . 8 2 8
0 . 5 0 4

0 . 5 1 8
o- 469

0  3 4 5

0- 325

o  2 2 0
o  6 4 1

0 .  0 8 9

0 .  0 8 9

0  - 2 2 9

o . 2 2 9

o . 2 8 1

0  . 2 8 1

0  2 5 8

0 . 2 5 8

0 . 2 2 2
o- 491

o- 238
0 . 4 8 7

o - 2 4 3
0 . 4 8 5

o - 2 3 8
o . 4 8 7

o - 2 4 4
0 . 4 8 4

o . 2 4 5
0  4 8 4

0 . 8 6 8
0 . 4 6 1

0  8 4 4
o- 482

0 . 8 3 5
0 . 4 9 0

0 . 8 2 9
0 . 4 9 5

0 . 8 2 5
o . 4 9 9

o . 8 2 5
o , 4 9 9

Note :  Nun$ers  in  pa len theses  are  one esEiMced s tandard  er ro r  1n  the

d i p i l  r o  t n e i r  i m m e d l d r e  I e f r .

the assumption of ideal mixing will be quite ade-
quate for the most abundant species, but may be leSs
satisfactory for the least abundant.

ln order to find the simplest model that will de-
scribe the data, additional equations were added to
represent linear combinations among the parameters.
These equations were given sufficient weight that
their residuals in no case exceed 0.1 cal mol-'.

Initiat solutions of the full least-squares problem
produced excess parameters for the different humite
phases which were equal within their uncertainties'
This fact coupled with the structural similarity of the
humites led to the addition of constraints that the ex-
cess parameters are identical for norbergite, chondro-
dite. and clinohumite. It has also been found possible
to set the excess parameter '2" equal to zero for all
phases except sellaite without detracting from the
quality of the model. Setting E equal to zero pro-
duces parameters that deny the stable existence of
intermediate sellaite and predict that the hydroxyl-
sellaite endmember is more stable than the hydroxyl-
brucite endmember, in contradiction of experimental
evidence and natural occurrences. A non-zero E" has
therefore been retained. Such a model produces an
acceptable description of the data, but suggests that

fu, and ltz." might be set equal. Such a model, witb
a symmetric solution for brucite, has been chosen as
the simplest acceptable description of the system.

Two simpler models have also been treated. In the
first all solid solutions other than sellaite are modeled
as symrrretric. In the second they are modeled as
ideal. The three models will be referred to as the pre-

ferred, symmetric, and ideal models. In Table 8 and
Figures 2 and 3 the models are compared to the ex-
perimental data. The experirrental data depicted in
Figure 2C and 2D (equilibria [16] and [17], X"'" : l)
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are largely from Chernosky (1976). These data were
not available at the tine the least-squares problem
was formulated. The data used in formulation of the
least-squares problem were from Chernosky (1974\.

Many of the experirnental data are nearly as well
reproduced by the symmetric and ideal models as by
the preferred. The major failures of the simpler mod-
els are in the prediction of the compositions of trip-
lets of coexisting solid phases and of the Gibbs
energies of forsterite and enstatite. In some of these
cases the calculated values based upon the simpler
models differ from the data by several estimated
standard errors ofthe data.

Table 9 lists the parameters that represent the solu-
tion vector for the least-squares problems based on

o.6

Xrcn

the preferred model. The values for these parameters
have been given to the nearest units place in spite of
their rather large estimated standard errors. This has
been done due to the high correlations between these
parameters which are evident from examination of
the matrix of correlation coefficients given in Table 10.

lt is extremely important to be aware of the role
played by the matrix of correlation coefficients. Pa-
rameters found by solution of the least-squares prob-
lem are not fully independent, being constrained to
follow one another through their respective correla-
tion coefficients. The important effect of this is that
one is not free to specify arbitrary values for each pa-
rameter within its uncertainty, because this will deny
the strong correlation that exists between the param-

B

t 4
,

,/z)
t

// Prr'arrcd
Symmclrlc
ldcol

o.o
o.o o.4 0.6

Xrct,

t.o

o.8

Xrr

o.4 0.6
Xrcr

o.8 r.o

Protcrrod
Symmofric
ld6ol

c

Tc En+ Ofz
Chernorky (1976) o 0
Skippen (1971) * +

900 950 tooo ro50
T/K

Fo*HTc En
o 0
* +

LO

E
Lz
N

t .5

o
o:
q ' r . o

oo o l -
850 900 950 rooo

T/K
Fig. 2. Comparison of the preferred, symmetric, and ideal models with experimental data. Rectangles in A and B represent points

within one o of the experimental data. Points in C and D represent the maximum uncertainty in the experimental bracket. Note: These
data are only a part ofthe total data. For a model to be acceptable it must conform to all the data.

Preforrcd
Symmotric
ldcol
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eters and will result in a much inferior set of com-
puted equilibrium conditions.

The parameters in Table 9 along with those listed
in Table I I may be used, within limils, to calculate
phase equilibria in the system under a wide range of
physical conditions. The most important limiting
condition is probably the possible appearanoe of ad-
ditional phases. If additional phases are stable, some
of the calculated equilibria will be metastable. This
may be a problem even at 1023 K and 2000 bar, due
to the possible stability of anthophyllite. Discretion
should also be exercised in using calculated equi-
fibria at conditions other than those of the experi-
ments. This is particularly true of other temperatures,
due to the estimated nature of ASo and C for many
of the endmember phases and because of the as-
sumption that AS"- : 0 for all solution phases.

The position of the quartz-talc-sellaite-fluid and

o.o
o.o

talc-norbergite-sellaite-fluid fields is in doubt. No
measurements of coexisting sellaite and talc composi-
tions were possible, due to the interference of sellaite
diffraction peaks with the (060) peak of talc. How-
ever, talc and norbergite more fluorine-rich (Xrr.:
0.64, X.. : 0.94) than predicted by the model (X.,.
: 0.50, Xn. : 0.84) have been crystallized at 1023 K
and 2000 bar. Several explanations for this discrep-
ancy are possible. There is some textural evidence to
suggest that a melt phase may have been present in
these fluorine-rich experiments. The melt hypothesis
offers an explanation only if the observed norbergite
and talc are quench phases, since if they coexisted
with the melt at the conditions of the experiment
they should be more hydroxyl-rich than if no melt
had been present. The textures are inconclusive re-
garding this possiblity.

Two more probable possibilities are that the model
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Fig. 3. Comparison of the preferred symmetric, and ideal models with experimental data. Rectangles represent poins within one o of
the experimental data. Note: These data are only a part of the total data. For a model to be acceptable it must conform to all the data.
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does not adequately describe this portion ofthe sys-
tem or that the high-fluorine norbergites and talcs are
metastable. Inadequacy of the rrodel in this region
may arise from the treatment of the fluid phase as an
ideal mixture of HrO and HF. The model predicts
that at 1023 K and 2000 bzr f* in a fluid coexisting
with norbergite with X.x : 0.94 will be approxi-
mately l0 bar. For a talc witl X.L :0.64f* is pre-
dicted to be about 70 bar. HrO at these conditions
has a specific volume of about 2 cm' gram-' (Burn-
ham et al., 1969). At this density there is a possibility
of polymerization in the HF-H,O fluid which would
lead to non-ideal mixing. With the increase h f^r,
SiFo may also become an important species in the
fluid, especially if it coexists with quartz.

Applications

The thermodynamic model presented here is
general enough to be of use in the analysis of a
variety of mineralogic problems. There follows a
small variety of applications to relatively simple
problems.

Frgure 4A is a 7-X section at 2000 bar of the
system MgO-MgFr-HrO projected from HrO. Such a
projection is not strictly legal (Greenwood, 1975),
since HrO is not present as a pure phase in this
system. However, HF is the only other fluid species
of importance; and, as may be seen from
examination of Figure 48, it makes up a very minor
proportion of the fluid, except at very fluorine-rich
bulk compositions. For this reason projections from
HrO on MgO-MgFr-SiO, constitute adequate
representations of the systerr MgO-MgF.-SiOr-
HrO.

The effect of fluorine on the upper stability of
bruci te is i l lustrated in Figure 4,{ .  Simi lar
information is presented in an alternative form in
Figure 5. Displacement of equilibria involving talc
and clinohumite are also presented in Figure 5. The
error limits shown in this figure represent 2o of the
error derived from the error estinates of the least-
squares parameters, accounting for covariance. These
should provide reasonably accurate estimates of
uncertainty within the range of the experimental
conditions, but may tend to underestimate errors
outside this range. If the model parameters are
chosen within their own limits, but without regard
for covariance, the errors in estimated positions are
generally many times larger.

The importance of these figures in the inter-
pretation of natural assemblages lies in the profound
efect of fluorine substitution on the stability of

Table 9. Thermodynamic properties determined by least squares
(preferred model)

Paraneter 3 Nunerical  Value Est lnated standard error
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:  Excess parareters have been constrained to be equal.

hydroxyl-bearing minerals. It is vital to know to what
extent the hydroxyl sites are occupied by fluorine.
With such knowledge, the assemblage can be as
informative as the equivalent assemblage involving
the hydroxyl endmember.

Fluorine not only shifts the stabilities of hydroxyl
minerals, but is also distributed between all the
available hydroxyl sites in an assemblage of phases.
Figure 48 illustrates the composition of the fluid that
coexists with solid solutions of definite compositions.
Since two solid solution phases in equilibrium with
the same fluid must also be in equilibrium, at least
metastably, with each other, this figure also provides
information on the equilibrium compositions of
coexisting solid solutions. The figure has been
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b
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Table 10. Matrix of correlation coefficients for properties in Table 9
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Table 10. (continued)
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Table 10. (continued)
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calculated for the specific conditions of 1023 K and
2000 bar. Numbers given for the fluid change
markedly with temperature, but only slightly with
pressure. In contrast, the compositions of coexisting
solid solutions are rather insensitive to changes in
temperature and pressure, rendering them
unsatisfactory as geothennometers or barometers,
but valuable as a test of equilibration between
natural mineral Pairs.

Bourne (1974) has analyzed coexisting pairs of
phlogopite and clinohumite or chondrodite from
natural assemblages. Error estimates of 0.05 in mole
fraction fluoro-endmember have been applied to
these data, which are compared in Figure 6 to the
calculated equilibrium distributions utilizing the
models presented here and an assumed ideal solution
model for phlogopite based on the data of Munoz
and Ludington (1974). The two curves presented for
each mineral pair reflect the different enthalpies of
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formation of fluorite discussed earlier and their effect
on the fluorine buffer calculation.

The good correspondence between observed and
calculated distributions indicates a close approach to
equilibrium in the natural assemblages, but, because
of the insensitivity of the distribution coefrcients to
pressure and temperature, it provides no information
on geothermometry or barometry.

Bourne (1974) found no humite in any of the
natural assemblages collected from a variety of
locations. This finding is in agreement with the
experimental results of this study. The compositions
of the one pair of coexisting norbergite and
chondrodite (X.* : 0.74, XFch : 0.72) agree well
with the model.

Stable assemblages in the system MgO-MgFr-
SiO,-H,O at 1023 and 873 K and 2000 bar are
presented in Figure l. These provide insight into the
limited compositional ranges of naturally-occurring
minerals of the humite group. The combined data of
Bourne (1974) and Jones et al. (1969) provide
analyses for 5 norbergites, 38 chondrodites, and 12
titanium-poor clinohumites. From these data the
most fluorine-rich norbergite reported is 98 mole
percent fluoro-norbergite. According to the model, at
temperatures less than 1300 K such a norbergite
would not be stable at a pressure of HrO greater than
100 bar. It should be born in mind, however, that this
prediction rests on the potentially unreliable portion
of the model. The most fluorine-rich natural chon-
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drodite (Xo.n : 0.82) corresponds closely to the
model prediction at 1100 K and 100 bar H,O
pressure. The insensitivity of maximum X".n to
temperature at constant pressure (2' t0-o 11-';
suggests that chondrodites with X..n ) 0.82 could
crystallize only with P,.o 1 1000 bar from very
fluorine-rich bulk compositions. The non-occurrence
of such chondrodites is probably due to the
combined rarity of these conditions and bulk
compositions. Such chondrodites could not coexist
with quartz, due to the stability of talc, nor with
magnesite or dolomite, due to the stability of
norbergite. The most fluorine-rich natural clino-
humite (X.. ,  :  0.61) corresponds wel l  to the
predicted upper limit of X.., for the assemblage
forsterite-chondrodite-clinohumite.

The lower limits of Xo for the humite minerals
predicted by the model are generally lower than
those of the observed natural  minerals.  For
norbergite and chondrodite the lower limit of
fluorine content is specified by the brucite-
norbergite-chondrodite and brucite-chondrodite-
clinohumite equilibria respectively. These do not
involve the fluid phase and are therefore relatively
insensitive to pressure and temperature variation.
They explain reasonably well the lower observed
limits of Xr* and X..n. The model predicts the stable
existence of hydroxyl-clinohumite, but this phase has
not been found in natural assemblages, nor has it
been crystallized experimentally. This discrepancy is
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probably a consequence of uncertainties in the least-
squares parameters. within the error limits of the
model, it is possible that the dehydration temperature
of hydroxyl-clinohumite is lower than that of
hydroxyl-brucite. If this is the case, the lower limit of
X.. ,  would be constrained by the bruci te-
cl inohumite-forster i te equi l ibr ium and pure
hydroxyl-clinohumite would be unstable.

Conclusions
A model has been constructed for the system

MgO-MgFr-SiOr-HrO which is in good agreement
with available experimental and field data, except
perhaps at the very fluorine-rich bulk compositions.
The correspondence between theoretical and natural
phase assemblages encourages confidence in the
model. The model, besides being of specific value to

c

Tc+Fo



Table I l. Thermodynamic data evaluated prior to solution of the
least-squares problem

Lompound 5 .

tca l  mo l  K  ,

C=a+b."+c/T 2 a
( iar mol-r  ?-11 ( c n ' )
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Table 12. Equilibria that simultan€ously constrain the thar-
modvnamic model
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1 5 ,  S ,  P ,  H 2 O

HTc, Fo, En, I l2O

H T c ,  E n ,  Q E z ,  U 2 O

1038(15)  1000(15)

890(5)  s00
911(s)  1000
935(5)  2000
952(s) 3000
969(5)  4000

933(5)  soo
970(5)  1000

1011(5)  2000

Crane and Ehlers (1969)

Chernosky (1974)

Cherf,osky (1974)

t t .z,*a 4

24 -26r 
q

2 5 . 7 3 2  
g

2 2  1 8 9  
g

19.649 s

6 6 . 2 3 g  L

$ . 4 6 6  
g

Lrc.32 !

t o 7 . 3 2  t

rg7 -49 L

r 9 4 . 6 4  
g

1 3 6 . 2 5  :

4 . 7 8 6  
d -

3 1 . 4 4 :

22.688 
q

2 3  7 t A  =

tzl HB+FN=FB+HN

[31 gN+Fch=FN+gch

t41 HN+FTc=FN+tlTc

t51 Hch+FTc=Fch+HTc

t5l nch+Fc1=rch+Hcl

t7l  HcI+FTC=Fc1#Tc

[8] HTd2Hr'=rrd2H20

[91 2lo]Hch=trcl

l lo l  Hc1=P+4Fo+H2o

[1r ] 2uch=P+Hc1+lt2o

U2'l 2HN=P+Hch+n2o

ll3l l4urHrc-9Hch+6fl2o

lr4l HB=P+fl2o

[15] Hrs=P+H2o

[16] HTc-3En+Qrz+H2o

[17] HTc+Fo=5En+H2o

II8] HB+Frs=FB+Hrs

t19l Hs+r'rs=Fs+Hrs

Table 13. Constraining phase equilibrium data from other sources

Phases in equl l lb l lu ? (K) C 
4 (bar) q 

Reference

ac'  (cal  mo1-])

4 Nrorb".r  in parentheses ale one e6t i@ted standari l  error in the
d i g i t  t o  t h e i r  i m e d i a t e  l e f L .

Table 14. Equations constraining single model parameters

!o7r 2,9'! 'L'L,g'a
Equat lon  

-
References

3 Where the experimental  alata eas avei lable in the I i teraEure,
a, b,  and c were derlved frofr  Ehat data by the nethod of least squares.

4  B . . . o . ,  B e r g ,  a n d  u o r r i s o n  ( I 9 5 9 )

9 Vtcror and Douglas (1953)

q 
nobie, Bethke, and Beardstey (1967)

q ci"uqu" and Archibatd (1937)

4 King, rert"nte, and pankrarz ( f975)

9 thi"  p.p..

4 lst imred as the approprlate sumacton ot 9fo, 9tn, 
grS,

and c

a  r o a a  l t s a s )

Z  n a y l o r  ( 1 9 4 5 )

!  EsEiMled as rhe appropriare sumrion 
"f  

qr?9 
+?g .^a CFts

with a volune correcl ion as descrlbed by Fyfe, Turner,  and Verhoogen
( 1 9 s 8 )

I  R o b t "  a n d  S t o u r  ( 1 9 6 3 )

A ns tima ted as q! 8-1,! 8+s"! s+ (IFrc-hrc+hB-gFs ) ( o. 6 )

?  K e t 1 e y  ( 1 9 4 3 ) ,  a , 3 8  e s t t m a t e d  a s  e q u a l  t o  s a 8  f o r  c t i n o -
e n s  t a t i t e .

9  o r r  ( 1 9 5 3 )

4 SEu11 and Propher (1971),  cEn est lmated as equal to that for
cl lnoens tat iEe.

9 P.t"dma' and Haa. (1954)

r 
LHnE'L of fomatioo from the elements equals -144,000 cal

- 1  T
nol 

- ,  personal comunica!1on B. S, Heningway (U,S. ceologicel  Survey,
R e s t o n ,  V i r g l n l a ) .

A q B  =  1 5 5 5 0 ( 2 2 5 )  c a l  n o 1 - l  r ,  2 ,  3 ,  4 ,  5 ,  6

A g i o  =  - 1 4 2 1 3 ( 3 3 8 )  c a t  m o l - 1  4 , 5 , 7 , 8 ,  g , 7 0

^ q ; n  =  - 7 8 7 9 ( 4 4 0 )  c " l  . o 1 - 1  4 ,  s ,  7 ,  E ,  7 0

- Nutr ibers i t r  parentheses are one esEiMEed standard error in Ehe
digl t  to rheir  imediate lef t .

1.  Taylor and we1ls (1938)

2. Glauque endArchlbald (1937)

3- Klng, Ferrante, and Pankratz (1975)

4. VicEor and Douglas (1963)

5. Barron, Berg, and Morr lsoD (1959)

6. Fr iedman and l taar (1954)

7. Charlu,  Newton, and Kleppa (1975)

8. Kel ley (1943)

9 .  O r r  ( 1 9 5 3 )

1 0 .  S t u l l  a n d  P r o p h e t  ( 1 9 7 1 ) '

understanding the system under study, should
provide an outline of a general approach suitable for
dealing with dehydration and exchange equilibria in
a variety of experimental and natural systems:

Several equilibria present themselves as being
fruitful areas for further study. In particular the
equilibria involving talc, norbergite, sellaite, and
quartz beg further study to clari$ the nature of the

t48  l
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o.8

o.6

Xrcn

o.4

o.2

o.o
oo o.2 0.4 0.6 0.8 r.o

Xrpnr

fluorine-rich portion of the system. This information
may not be of great immediate geologic interest, but
it may contribute indirectly to the improvement of
the model as a whole. The talc-enstatite-quartz-
fluid and talc-enstatite-forsterite-fluid equilibria
may contribute to refinement of the talc solid
solution model. Substantial improvements might be
made in the description of clinohumite through study

DUFFY AND GREENTIOOD: PHASE EQUILIBRIA

l .o

Xrcr
o.6

o.4

Fig. 6. Partitioning offluorine and hydroxyl between phlogopite and chondrodite and between phlogopite and clinohumite. Squares
represent points within 0.05 ofthe data for natural assemblages. The dashed lines are the relationships calculated using the data of Robie

and Waldbaum (1968) for the enthalpy of fluorite in the buffer calculation to characterize the phlogopite solid solution. The solid lines

have been calculated using the enthalpy of fluorite from Stull and Prophet (1971).

o.o
o.o o.2 0.4 0.6 0.8 l.o

Xrpn'

of the brucite-clinohumite-forsterite and periclase-
clinohumite-forsterite-fluid equilibria.
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Appendix l. Measured cell parameters of solid-solution phases

a r&l{ " b_ (A) c (ll{ ' c  ( " ) v 1"131

SeI Ia i te
s p .  g r .  ?

Bruc i te
P3nI

Norberg l te
Pbnm

Chondrodite
PZL lb

Clinohmlte
P27/b

4 . 6 2 4 e ( 4 )
4 . 7 2 7 O ( 7 )
4 . 7 7 3 L ( e )

3.7464(2)
3 .L377  (3 )
3  . 1218  (2 )
3  . 1218  (3 )
3  . 1145  (3 )
3  . L07  7  ( 2 )

4  . 7  0 7  2 ( 5 )
4 . 7 0 8 s ( 1 0 )
4 .  7108 (10)

4 . 7 2 4 7  ( 9 )
4 . 7 2 6 4 ( 8 )
4 . 7 2 6 3 ( 7 )
4 . 7 2 8 s ( L 4 )
4 .7287  (L3 )
4 .7293 (4 )

4,7396(L2)
4 ,7 450 (r9)
4 .7 428 (r7 )

4 .6249 (4)
4 . 5 e e 7  ( 6 )
4 . 5 8 7 9  ( 6 )

1 0 . 2 6 5 0 ( 9 )
LO.269L(2L)
10 .  2808  (15 )

10 .2490  (9 )
LO .2477  (8 )
ro .25L2 (9 )
L0.2542(L6)
10 .  2519  (15 )
LO .2727  (4 )

L0 .22s9 (33)
10 .23s6  (121 )
1 0 . 2 3 9 6 ( s 0 )

3 .0s02  (3 )
3 , 0 5 0 2 ( 4 )
3 .0s03  (3 )

4 . 7 6 9 s ( 7 )
4 . 7 s s 6 ( 6 )
4 . 7 4 6 6 ( 5 )
4 . 7 4 6 9 ( 6 )
4 .7469 (e )
4  . 7  49o  ( s )

8 .  7240  (10 )
8  . 7  5 6 2  ( 2 2 )
8 .  8200  (19 )

7 . 7 8 8 0 ( 1 8 )
7 .7907 (L3)
7.8279(L3)
7  , 8220 (27 )
7 .8398(22)
7  . 8s73  (15 )

r .3.  s819 (31)
L3.6497 (5O)
13 .6619  (34 )

ro9 .2 (2 )
LO9 .2 (2 )
1 0 9 . 1 ( 2 )
1 0 9 . 1 ( 3 )
1 0 9 . 1 ( 3 )
1 0 9 . 1  ( 2 )

100 .  e  ( s )
100 .8  ( 8 )
100 .  7  ( 5 )

L9 .646 (3 )
L9 .97 t (4 )
20 .115  (4 )

24 .627  (4 )
24 .4r9 (4)
2 4 . L 2 6 ( 3 )
24 .129  (4 )
24 .018  (  s )
23 .92 r (4 )

6 3 . 4 6 9  ( 8 )
63.7 46(L8)
64 .31s  ( l s )

L07 .232(23)
ro7  . 297  ( r 7 )
107  .  896  (18 )
107 .900 (37 )
108 .148  (30 )
108 .  620  (18 )

L94.630(74)
196 .099  (210 )
196 ,316 (92 )

1 . 0 0
0 . 9 0
0 . 8 5

0  . 00
0 . 0 5

0  . 15
o . 2 0
0 . 2 5

I  . 0 0
0  , 9 0
0 .  7 0

1  . 0 0
I  . 0 0
0 . 8 0
0 . 8 0
o . 7 0
0 .  60

I  . 00
0 . 5 0
0  . 4 0

Note: Nwbers in parentheses are one estimted standard error ln the diglt to their imedlate 1eft.

I x = mole fraction fluoro-endmember.
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