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NINERAL POLYMORPHISI'ANP ONE-COMPONENT SYSTEMS

Alen B. THOMPS(N

I - MINERAL POLYNORPHS IN NATURE

A number of minersls have several polymorphs which occur im rocks.
If they can be identified wasily snd their P-T stabilities are known, they can

be used as crude geobarometers and thermometers. Common examples include:

$i0, —quartz, tridymite, cristobslite, coesite, stishovite,
CaCOy =calcite, aragonmite.
8,0 —ice, (steam and water arc common non—minoral polymorphs)

KA1§i040g —microcline, sapidine (and other foldspaxs).
Al,5i0; -—andalusite, sillimanite, kyanite,

To better understand how their stebilities depend uwpon pressure and tempersture
we need to consider the variation of AGof {Gibbs emecgy (free enthalpy) of

formation) with P and T.
II ~ BQUILIBRIA AND THE CHANGE OF G WITH T AT CONSTANT PRESSURE

The corves 1o Fignre 1 show the variatiom of AGof {here simply G},
and entropy, 5, 4s a function of increpsing T st comstant P, The slopes (JGIGT)p
for solid, liquid and gas are sll negative, &3 S must be positive. (GGNT)P is
largest for the gas, as it has the largest wmolar entropy. Becaose the more
stable form bLas the lowest molar free-anthalpy, the stable segments of the G-T
curves are therefore shown with heavy lines. The intersection of the G-T curves
for solid-liquid is the melting point (T-), and that of liquid-gas is the
boiling point (Tb). Rosctions such as melting or boilimg are called *"first-
order reactions’', because the first derivatives of G, i.e, (astanp = -5 and
(3G/3P)y = +V, are discontinuous, with an sbrupt change in value st T, (P.),
Tb(Pb)- Because many minersl reactions show a grest dependence upon pressure, we
should consider bow M;°f varies with pressure for 1liquid, solid and gas
equilibria.
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11X - BQUILIBRIA AND THE CHANGE OF G ¥ITH P

Wo may comstruct polybaric G-T ourves if we know the change in free
enthalpy with pressure, (3G/0P)y = 4V. The relative positions of G-T curves, for
twvo pressures ( Py > P} are shown for each of gas, liquid end solid im Figure
2. The displacement of the imtersections causes the shift of the melting point
and boiling point ourves recorded in the P-T diagram beneath., Becamse the gus i
the most comprescible, the dP/dT of the liguid-gas curve is much less than the
4P/dT of the solid-liquid comrve.

It is mecessary to coasider how such two-phase curves im P-T space

terminate. Ome possibility is & triple point and snother iz a eritical point.
IV ~ THE CHANGE OF 6 WITH T AND P AND THE OCCURRENCE OF A CRITICAL POINT

Consider an isobaric G-T sectiom at P=P, for gas and ligmid. At
sufficiently high temperature the slope of the liq\lld.fro. onergy curve will
equsl that of the gas (Figure 3u), becanse the second derivative: “zGNTz)P -
—(38/3T)p = —-CPIT. and the hoat capacity, C’. of a liquid, is greater tham that
of & gas with which it iz in equilibrivm.

At a  temperature Tc for P = P,, because the G-T curves for liquid
and gas will have the seme slope, (iGNT)P = -5, they will have the same¢ mol'ar
eatropies (Figure 3a),

If the pressure is raised, G for the gas will increase faster than
for the 1liguid, becawse (IGHP)T = +V. At some pressure at temporature T;. the
molar volemes of gas and liquid will be squal ead both the slopes and absplute
valuss of the G-T ocurves will coinmcide (Figure 3b), At the critical point
{Figure J¢),at B,~Tgi 6: 8; V and H will be identical im gas and ligquid. Thus

the critical poimt is a termimatiom of the liquid-gas curve afterwhich (in P—T

space) asither phare is distinguishable and iharel‘orc' sppropriately we should
deal with a '‘supercritical fluid'",

¥ ~ FREE ENTHALFY-PRESSURE CURVES FOR A ONE~COMPONENT SYSTEN

To emphasize that (3G/IP) ia nature is just as important as (ag/aT),
schematic isothermal G-P diagrwms sre shown (Figure 4) for Ts)1‘4)'1‘3)'!'1)'l‘1.
Becawse  the phase with the lowest G in any P range is the stahlest owme, thasme
are shown by heavy lines. The resnlting P-T diagrams iz shown at the bottom
right, Note at '!" the three G-P curves inpterssct at a txiple poimt, Xa the BT
diagrem, full lines show stable equilibria asd deshed Llines show mstastable
equilibrie, This diegram sppliss for s system in which VI)v@) v aug glyghysge,

Flgure 1

Figure 2 :

: Variation of G {free enthalpy) amd § (entropy) with temperatare (T}

at comstant pressurs for these phases (gas, liquid, solid in s one-

component system, From Dickerson, (1969, p.224}.

Relation between G-T (free enthalpy-temperatures) curves at
Pb>Pa and the P-T diagrem (from Dickerson, 196%, p.226),
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Figure : 6-P (fres enthalpy-pressure) diagrams ot differsnt temperatures

(TOTOTOT T, ) and the formation of a triple point in the P-T
aiiprda Yecda bordon, 1968, p.33) .

Figera 3 : G-T (free sathalpy-temperature) diagrame at differeat prossures
(Pe)Pa) aad the explaastion for a liguid-gas eritical point (from
Pickerson. 1969, p.237), )
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That swck P-T disgrems are mot the sams in sl)] cases may bs sean by_ comparing

phase relatioms for '’mormal’’ substances und the *’common’’ ubn.uu—l!zo.

VI - PRESSURE-TEMPERATURE AND VOLUME-ENTROPY DIAGRAMS FOR ' ‘NORMAL'' SUBSTANCES
AND FOR H,0

The P-T dlagrem doduced from the G-P diagrams for the case vl P
and SL)S")S' is typical (normel) for most sobstances (Figere 5u,b). For 0,
becaune the ice-I strmcturs collapaes ou meltiag aad the molar volume decreases,
the solid-liquid 1ime has a negative dP/ET (Figure 5c,d). It shonld be noted
that the other ice polymorphs are deaser than liquid-H;0 and their wmelting
carves show positive 4P/AT (Figuze 6), )

V-3 diagrame show the same relations as P-T diagrems (Figere 5}, In
both cases, s'“m“‘,“)s“u,. For H;0, V‘“)V“'_I)Vn““, whereas for
sormal substances v'"n“““)v“l“.

VII - THE PHASE BULE AND ONE-COMPONENT SYSTEMS IN NATURE S

In a ome—component system, by defimition O=1, Some¢ oxide components
occur as phases im sature, B0, §i0,, stc. For other mimerals, s.g. Al,8i05, the
minsral formuls olesrly reprosents the best choice of component for the
polymorpkic reactious, Three polymerphic (two-phase) transformations meet at &
triple point in P-T space,

The nwmbar of coexistiag phases: @ = 3 at the triple point (imvariant),
may be determined by imspection: @ = 2 along the lines (ovnivariaat),

of the phase diagrmm. : ® =1 in the fields {divariant),

The mumber of isdependent t v= 0 at u;- triple point, P-T fized (inv.)
variables:

(variamce = v) may also be t v=1 along the lines, P or T fixed ({univ,)

evalmated from the equilibriom : v = 2 ia the fields, P and T varisble (div.)
phase disgram.

Thus an examisation of the equilibrium phase relstion for a one—
oomponent system, vhere P and T are the intensive vwariabies, reveals one
formulation for the *‘phase—rule’’,
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Figure 5 : Reletion batween P-T (pressure-tempersture) diagrams (from Dickersen,
1969, p.233) eand V5 {volume—entropy) disgrams at the triple points
for a ‘'’‘mormsl’’ substsnce (a.b) sud for H,0 (c,d, whers in fact
volume—antropy data for H,0 at 1 atmosphere and 298 K are plotted).
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Figure 6a : P-T diagran for H,0 (from G.C. Kenmsdy snd W.T. Holser, iu Clark,
1966, p.373). ‘ht’coz solidus is included ia the origimval figure but

is not discussed here,
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Figure 6b : P-T diagram for 8102 (from Ehlers, 1972, p,157).

v - ¢ - o .2

variance = number of compeneats - sumber of phases + 2
VIII - EXERCISE TO CALCULATE THE Al2810y PEASE DIAGRAN

4) From the following thernodymamic data determine the relative stability of
kyasjte—andalusite—sillimenite (datsa from Robie et al., U.8.6.,8 Bull,
1452, {(1978) p.339-343)

Eyanite (p.339) Asdalusite {p.341) Sillimsnite (p.343)

A6°¢(29g,1) -2441°'2764/-1920 -2439°892+/-2100 ~2438°908+/-1750 ¥ wo1™}

83,76+/-0.34 93.224/-0 .42 96.11+/-0.42 T mot"Ix71

$%98,1)

4.409+/-0,007 5.1534/-0,004 4.994/-0.004 T bar ?

VQ(ZBS.I)

b) Use the approximations As-r ~ +AVAP and AGp ~ —ASAT and ths Clapeyronm-
equation (dP/AT = AS/AV) to calculats & P-T diagrem. We will call this
" spproximation the ‘‘affisity-displacement’’ method.

n)rbtu schematic G-T dlur-l'for the 3 cases:
(1) & fized pressure higher than the triple point
(i1) at the pressmre of the triple point
(111) u fixed prezsure lower tham the triples point

4) To comsider how the preservation of mimarsl polymozphs may be influenced
by other ocompossats im mature, we vwill comsider a few rescticms ia the
system Al,03-Si0y-K,0,.1Is the presence of quartz and K0, the n,sio_.;
polymorphs cam  form the hydrates prrophyllite sad kaolimite at
temperatures below abowt 400°C, With the help of the mol. percent
triangle Al 0y + 510, + H;0 and the G-T disgrams tn (c) draw the phase—
rolationships betwesn pyrophyllite, kymunite or andalusite, quartz and nzo
ob the P-T disgrem:

u,n‘ow(an, = Al;810¢ + 3510y + B0
snd betwees keolimite, pyrophyllite, quartz and 5,0,

ALy 81,05(0H) , + 2540y = Alp81,0y0(0H), + K0,
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Figure 7 : Relstive P-T stability of nzsms polymorpks based on entropy and
volume data,
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Figure 8 : Culculated P-T stability diagrem for Al 8i0, polymorphs msing data

from two different thermodymamic tabulation: snd the ‘‘affimity
displacement'’ method.

I1 - SOLUTION OF TSR Al28i0; PHASE DIAGRAM PROBLEM

1) Because kyanite has the most megative AG""”. 1) it will bs the stable
phass  at (298,1) for thess waluss, The relative PT stabllities deduced
from V-5 valwes aze os shown ia Figure 7.

b) It is clear that we have maglected the srror limits on G, 8 and V dats

and not corrected for changing G and £ with T { L.e. assumed a.c’ =0).

The following values are obtaimed, megleoting errors:

8Gygy A8 AY 4p/aT

Apd—Kys  +1384 + 9.46 40.744 12.72
Sil-Amd  + 904 - +2.89 -0.163 -17.73
Sil-Eye  +2288 +12,35 +0,581 21,26

T mol™l 7 ma1”Ix 1 5 pas? var X1,

Using AG ~ —ASAT at 1 bar pressure we obtainm,

And—Kya AT ~ —1384/— 9,46 =~ 146 + 298 = 444 K : 4P = 146 x 12.72 = -1857
Sil-And AT ~ — $04/- 1,89 = 312 + 298 = 610 X : dP = 312 x 17,73 = +3531
S11-Kya AT ~ -2288/-12.35 = 185 + 198 = 483 K: dP = 185 x 21.26 = -3938,

Using AG ~ AVAP at 298 K we obtain,

And-Kys AP~ ~1384/40.T44 = ~1860 bar
Sil-And AP~ - S04/-0.163 = +554§ bar
Sil-Kys AP~ ~1188/+40.581 = -3938 bar.

It is uséful to comparse t.h' calculated dlunis {Figuze B) for two
sots of G data (5 and V the same), The differences primcipally arise from AR°,
values which ars very difficult to obtaim by calarimetric methods. They do not
dissolve essily ia BF for acid-solotion calorimetry sud the wmoertainties arse
large when they axe dissolved in nzn,o‘ melts in molten—sslt calocimetyxy. The
ssological isterpretatiom will be clearly differeat depending upom which valwmes
ares used. The choice is left to the reader as it is pecessary to consider the
#xxors and assumptions ia the calculations as well as the method used,

Figure 9 shows s variety of publishsd uzsio, phase relations {(Zen,
1969). More recemt studiss have shown much grester agrasemeats between EKya—S8il
and Kys~And phuse relations. Most of the discrepancies rezult from Amd-$§i1

od
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Figure & : A gsledtion of expsrimentsl data on nzsms phase relations (from

Zen, 1545, p.298),

Figure 10 : A schematic illmstration of hor Al/81 disorder
displace And-8il and Kys—Sil phass bousdariss.

in 8i1,

oould

: Schematic G~T disgrems for thres prassurss (PP )Pl) ahowing the
relative stability of .A.‘lill()s polymorphs. The act®al limes showld be -

slightly curved (Figure 1),

Figure 12 : The relationship of the stability fields of pycophyllite and

ksoliaite to the nzslo polymorphs, with szcess quartz sad MO,
Nesxr the tripls polst esch polymorph 1 showa stable with 0 and
quartx. At lcower T, the hydrate pyrophyllite will form pcrimitting
the assemblages 41,810, + Pyp + Qtz; Al’lios + Pyp + 0; Pyp +

Qtx + R0, At still lower T, Xauo + Qtx replaces Pyp + I O permiiting

-thess mismersl assemblages in the H O-deficient reglon; Kno + Pyp +
CALBIO.; Pyp + Al “05 + Qis; Kno + Pyp + Gtz. It will be moticed

that e threemineril assemblager srs stable without lzo at
temperaturas below ithe debydration boundaries,
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boundaries. In our BIICIllllionl we also neglected Al-Si disorder in
sillimanite; this could result in a diagram like Figure 10.

Pigore 11 shows 'th-p schematic G-P-T relations among Aly5i0g
polymorphs and Flgl;c 12 shows some lower—T tracsformatiocns with presence of

quarts and water, (Pigure 12, o, b, o).
I - USE OF MINERAL POLYMORPES IN GEODARONETRY-GEOTHERMOMETRY

It 1s common practice .h the geological literstnres to wvae the
relative stabllity of misaral polymorphs as pressure—temperature indicators, The
fiadiag of an ‘‘sboormel’’ polymorph means either that the minersl crystallized
outside of its stability field or that it crystallized within its stability
field but was preserved by kisstic factors.

The ooescrence of aragonite in some blueschists has been considered
disgnestic of Migh~F metamorphism. The fact that some marine orgsnisms build
their skeletoas from sragonite, and others from calcits, has besn sxplasined
»scanse of chemical impwrities (e,.g. s:ms has the aregomite structure at room P
sad T) or bescamas of kisstic factors. So clearly thers are .some chemical
coastraints for polymorphic reactions,

The fimding of stishovite and coesite in meteoritie impact craters
supports their high pressure origin, 'At low pressures, hovever, tridymite and
cristobalite ean grow in the quartz stability field,

) The preservation of saridine in volcanic rocks and in metasandstones
ia ocontect auwrecles around istrusions, is related to kinetic factors which
izhibit trassformation to microcline during cooling.

The regiomal distribation of the ;uzs:o, polymorphs, Kye,And, Sil is
often comsidered diagnostic of different metamorphic regimes following tectonic
processes, To wnderstand to what sxtent the Alzﬁﬂs polymorphs may be uzed to
sssign P-T copditions we will exmmine some aspects of the Al1,810¢ polymorpbs in
terms of stability, chemical impurities and minezral kivetics.

From the form of the Al;8i0; phaso dingram calenlated above, it is
clear that the occurrence of ome polymorph only limits P-T equilibration
conditions in & very broad way relstive to a triple point, If we find two— or
three Ju,s;os polymorphs ia a single specimen or across & laerge regiomal
Metamorphic terraia what does this tell ws about equilibration conditioms?

1 = AL, Bi0; phase diagrams
The , variatioms ia the available phase disgrems roflects the fact

thet because the AG"t differences are so small it is very hard to looats the
oquilibriom boundaries exzperimentally (Figure 9). Indirect oalculations are

squally as unrelinbls az the uncertainties om esch AG"‘ is greater tham the
maximum differemce betweez them over the whole P-T rangs of iaterest, It is
extremely difficult to measure Aﬂ"f for Aly8i0g by calorimetric methods ( see
above). Exzperimeatal studies based wpon growth or disappearences of polymorphs
are made difficolt by kimetic problems (see tbtelow) and the difficulties of
distinguishing them by I-ray powder msthods,

Chemical impurities such as Fl,’. wit, ot aife ke phase
boundarfes considersbly dus to umequal soletiom in the three pelymorphs, and
Al/Si disorder in sillimenite means that the And-5il aad Kye8il boundaries can

susily vary from experiment to experiment,

2 - Kinotics of Al,8i0¢ transformations

Becawse it s pot wicommon to find s coexistemce of Al; 810
polymorphs ia metamorphic rocks, it is mecessaxry to determime if maivarisat or
iaverisnt comditions are commoaly schieved nr whather kimetic factors eonmtrol
the astural ocosxistence? The kiaetic details of the AL, 3i0¢ tramsformtions are
sot well kmown, bat we cam illwstrate the problems with soms simple disgrmms.
Figure 13 shows a schematic isobaric Tir (TIT) diagram. Tempersturs (T) is
plotted against log t (time) relative to an squilibrimm bosadary {e.5. Kye-S$il)
whers the equilibrium tempsraturs is T,, The C-shaped curves below T, for the
S8il-Kya transformations show schematic valwes of v (amovat of tramsformatios, §
% just after the start of transformatiom amd 95 ';. closs to the fimish). The C-
shaps results from the different temparature dependence of mmclaation and
diffusioncontrolled growth (Putanis and McConmeil, (1980}, p, 145), The curves
sbove T, for the Kya-Sil transformetions show only the lower part of the Ttv
curve.

¥e will consider some OCT (constent coolimg rate itramsformation)
paths for the Kye—Sil trensformation. Begiaamiamg at 'l'., path 1 passes through the
Kys—8il transformatiocn such that all Kya is converted to 5il. Ou passing T,
because of slow micleation rates for S§il, the kysnite may remain slthoogh
unstable, 7 ’

Along path 1 the Kya—Sil transformation begins but does aot go to
completion. On passing through Te, ws with path 1 the Lkysaite may remsia
although sillimanite is stabls,

Along path 3, the Kya-8il transformations will mot start. If Sil was
present it would certaimly comvert to Kys oa cooliag.

Aloag path 4, no tramsformatioa occuors,

We may extend onr OCT disgrams to olevated predsuces and coasider
some schemstic PTt paths (Figure 14). The limes of constant transformation yate
(isokines) are as yst relatively schematic, The PTt paths rafer to the splift



segments. Begioning at poiat A along path ABCDE, Eya would begin to iransform to

SRUMSMITE MTAE ‘ ' 8il between BC, but the transformatiom could mot start satil the sguilibriem
Fgs =5l

hlp-u Frrailn ’ )
A s

bonadary had beea "'overstepped’’ snongh to permit sillimenite mmclestion., Evenm
if this path took several milliom yours both Kys and 8il could remals in this
sample, Even thowgh the transformatioa to Asd should begin at D, perkaps oaly
partial comversiom of 511 te Asd would oconr. Ia stush & rock all thzse n,uo,
pelymorphs might be fomad bat the PTt path passed novhere msar the tripls point.

; Alomg the path AFGEI, Zya may sever transform to $il betwesn FH or
to And alomg HI, becamss kimetics ars wmfavowrshbla. A path passing from A
directly throsgh the triple poimt could preserve Kya and pochaps Aad (formed
from Kya), but would 3ot be expacted to produce Sil. Taws the finding of all
thres M:Sios polymorphs in a rook sample must mean , om the basis of these
kinatic considerstioms, that the FT path passed to much higher temperatures than
the equilibrism triple point.,

T
ate man -

© 3 - The rogiomal metamorphic distribution of mineral polymorphisns sloms i1
Bigure 13 : Schematic isobaric Tex diagram for Kys—8il trassformstions.

Schematic T-t paths 1,2,3, and 4 are shown relative to the 5 of limited wse ia geothermometry -barometxyl 7
% (start) and 95 % (fimish) tramsformstion curves (drawm by smalogy The sbove discusion smphasises the cantios that should be sxsercised
with Putnis and NcComzell, 1980, Figures 6:13, 6:14). Allhough most
Ttr dlagrams are determined isothermally, ths curves shown here are
inteaded to represent contisuons coolimg transformstios (CCT) curves discussed slsovhers ia this volams should be ssed 1a addition whemever pousible.
detarminad st constant cooling rate.

wheo wuwsing minexal polymorphs for geothermonetry-barometry, Other methods
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Figura 14 : Sch tic P-T disgram showing A12310 squilibriem boundaries, uwplift
part of PTt paths ABCDE, AFGHI, aud liues of coastant transformation
rate’ (isckimes). Trausformations can omly start once the amueleation
barrier has besn passed and this canmot ensily oconr la the viclalty

of the squilibriwm bounmdsry.
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