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QUARTZ·COESITE STABILITY RELATIONS 
AT HIGH TEMPERATURES AND PUESSURES* 

GORDON J. F . MacDONALD 

ADSTRACf. Coesi te-quartz stability relations have bren investigated using the "simple 
squeezer" high-pressure apparatus. Samples of amorphous SiO. in the forlll of silicic 
acid (SiO.· nH.O) were subjected to pressures up to BO,OOO bars and tempera tures from 
400-BOO °C, The equ ation of the curve separating the fields of quartz and coesite is P = 
22.5 T + 9500 where P is in bars and T is in degrees Centigrade wjth eoesi te ~table in 
tbe hi gh-pressure region, The only phases produced were quartz and cocsite. The cquilih­
rjum curve plus estimated thermal !!radient in the Earth indicate that quartz should 
invert to coesite at a depth between 60 and 100 ki lo meters within th e Earth. 

The entropy of cocsite at 25°C and one bar is 8.6 ± 0.7 cal/dcg.l11ole as determined 
I.>y the f'qllilibrillm curvc. The hea t of transition of quartz to coesite is -225 ± 150 
cal/mole. The tbermal data on coesi te indicate that the approximate maximllm depths 
within the Earth at which Iayalite and Iorstc"ite are ' Lablc relativc to "FeO-' and 1\1 1;0 
plus c.()csitc are 200 and 1100 kill. 

INTRODUCTIOX 

Coes (1953), jn the first announcement of the very important hi gh­
pressure work carried on at the Norton Company, Worcester, Massachu~ell!', 
descr ibes the syntllesis of a new hi gh-pressure polymorph of Si0 2 • The new 
pol )'lIlorplt is characterized hy a densi ty of 3.0], 13.6 )lereent dense r than 
quartz. Susmall (1951J,) proposed that the new polymorph be called coesite. 
Since Ihis polymorph has not as yet been found in nature, Sosman also sug­
gested the alternative name "Silica C." In the present paper the new poly­
morph will 'be called eoesite. 

Coes synthesized coesite at pressures near 35,000 bars jn the tempera ture 
range 500-800DC from various mixes. At temperatures above SOODC and at 
about 35,000 bars quartz formed from the mixes rather than coesite. This 
result was then the ftrst indication of the posi tion of the equilibrium cun-e 
between eoesite and quartz. Gri ggs, Kennedy, and FyIe (1955) ill the course 
of investigatin g various reactions at high pressures, synthesized coesite at 
lower pressure and temperatures than those reported by Coes. Because of the 
geologic importance of quartz, it was thought desirable to obtain in greater 
detail the equilibrium curve between coesite and quartz. This eun-e would 
fix the maximum pressures at which quar lz could form and, together with 
the temperature gradient in the Earth, would fix the maximum depth \\-ith in 
the Earth at which quartz would be siable. 

The problem 01 the quartz-eoesi te equilibrium is part of Ihc more gelt· 
erill problem of the stab ility of mineral!; har ilt g a loosely }Jarked framewo rk 
structure. Minerals with such framework structures (feld,;pars, Icldspathoids, 
'" Publicution no. 63, Inst itute of Geoph.ysics, l ' n i l't't'~ity of Califomin, Lo;, J\II ~elcs 2 k 

A report of rc~cnrch currico Ollt lInder the [tll~pice$ oL the Of lice of Naval Research . 
Reproduction in whole 01' in t"lrt is pCl'll1iltcu for uny pllt'pO~C hy the United States 
GOl'cl'Ilment, 
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qU:lTtl.. ete.) m.tlu : up n major portion of the rocks exposed at or , near the 
Earth':; ~ llrfa ('(' . . \ n important que,;tion is; to what maximum depth within 
tlte Earth are f;udl millerals stable? lL appears ,"ery probable that high density 
phases IU1\-ing compositions of these framework minerals are stable at mod· 
erate drpths within the Earth. Robertson, Birch, and MacDonald (in press) 
have shown that nepheline plus albite might be expected to convert to the 
denser phnsl', jadeite, at depths of approximately 10 to 40 km within the 
Earth. Pure albite would invert to jadeite plus quarLz at somewhat greater 
depths. Sincc alkali ft'ldspar plus quartz are the dominant constituents of 
granites and granodiorites, it might be possible Lo have a 'rock equivalent in 
composition to a granite, but made up of denser, less compressible phases at 
a moderate depth within the Earth. The depth at which such a rock would 

, l)c stal;lc would depend on Lhe position of the quartz·coesitc equilibrium curve 
as well as on the position of the breakdown cur\"es for the alkali feldspars, and 
of the temperature gradient. 

The present study is ('oncernrd with the dircct experimentnl determina· 
tion of the qua rtz·eoe~i Ie <'qu ilibrium relations. Silicic acid (Si02 • nH20) and 
quartz have been converted to coesite at high pressures. From the position of 
the equilihrium curve and the thermodynamic proper Lies of quartz, approxi. 
mate thermodyn::II11ic properties of coesite have been obtained. These prop' 
erties allow an estimate of the lIpper pressure limit of stability of such minerals 
ns oliyinc ana pyro'\('I1<', long considered thc dominant constituents of the 
E:Hth's malltle. 

EXl'EHL\[ENTAL DETAILS 

The experimenlal work was carried out on the "simple squeezer" high­
pressure apparnlus desi gned by Professors Griggs and Kennedy and described 
by Griggs, Kennedy, and FyIe (1955). Since this high.pressu're system is 
being described in detail by Griggs and Kennedy elsewhere, only the basic 
features of the apparatus need be mentioned here. The confining pressure is 
produced by pressing t 11'0 pistons together. The piston faces that come in con· 
tact acrOSf; the specimen have a diamcter of 1,4 inch. The sample is placed 
between Ihe piston faces and is sepawted from each face by a layer of plati· 
num.10% rhodium foil. The pistons are prcs~<,d together by n commercial 
hydraulic jack, supported by a framc~vork of plates and tie rods. The sample 
is heated by an external furnace enclosing the pistons and sample. The tem­
perature is measured by a chromel·alumel thermocouple placed in a hole in 
one of the pistons. The tip of the thermocouple is about %, inch from the 
sample. 

In the simple squee?er th(' pressure is not directly measured but is cal· 
eulated from the force applied to the confining pistons. The sample between 
the pistolls may not be under a hydrostatic pressure, and the strain energy 
resulLing from shearing the sample might alTeet the position of the equilibrium 
curve. There is an uncertainty III l.he pressure acting on the sample and an 
uncertainty in the effect of shear on equilibrium relations. An attempt to 
evaluate these ullcertainties has becn made (MacDonald, in press). The cal· 
cite·aragonite equilibrium curve was determined, using the simple squeezer, 

Relations at HiglL Temperatures alld Pressures 715 

and the results were compared with those of Jamieson (1953) der'iyed from 
thermochemical considerations. The s imple squeezer gnve un equilibrjulll 

curve about 1500 bars lower in pressure at 10,000 bars than the eurve ob. 
tained by Jamieson. Tlle reasons for this discrepancy are as yet uueertniu but 
they do indicate perhaps that preSSllres cdculated for the simple squeezer may 
be ullcertain by as much as 15 percent. 

The starting material in all bllt a few exploratory runs was :\Iallinckrodt 
silicic acid, Si02

• nH20. Various other materials were tried but none gave as 
good reaction times as Si02 • nH2 0. As an illustration of this, quartz at 580

0 

and 30,000 bars showed about 10 percent conversion to coesite in a one.hour 
run. Silicic acid showed 100 percent conversion to coesite. Various mixtures 
of alkali silicates were also tried but not used because of the appearance of 
phases other than quartz and eoesite. Using SiO~ ' nH20, the only phases ob. 
served eit11er optically or by X·ray were quartz and eoesite. 

The products Were identified by comparing the X.ray paLLerus obtained 
on a Norelco high angle diITractometer with a standard quartz pallern and 
with the X·ray spacings of coesite given by Coes (1953). The pnttern of 
eoesite is quite distinctive, and there is no chance of eonfusillg Ihe pa([ern wjlh 
that of oLher phases of Si02 • The products were also examincd optically. Since 
coesite liaS a me~1l! index of refraction of 1.60, it is readily distinguishnble 
from quartz, and small amounts of eoesile can be detected. 

The sample to be exposed to high pressures is placed on the platinulll' 
10% rhodium foil in the form of a dry powder or admixed with a drop of 
water to form a paste. The presence of watl'r docs not appear to aITeet either 
the position of the ['quilibrium cun'e or the rate at which equilibrium is at. 
tained. An original thi ckness of powder of 0.02·0.03 inch results in a wafer 
about .005 inch thick in the center. The wafer is generally transparent, though 
in some cases milky in appenrance. 

' The sample is first heated to the desirccl telUperalure alld thcll the pres-
Sure is raised. The time required to bring the t.<llnple to temperature varied 
from 15 to 30 minules. The application of pres:e,re took ollly a feIV seconds. 
The order of raising the temperature and pressure is important. By first 
raising the temperature and then the pressure, the snmplc is at a high pressure 
only at the desired temperature. The high.pressure form, coesite, can form 
only at the required temperature and not at some lower temperature. After the 
sample is held at the required conditions of temperature and pressure for a 
suitable time, ranging from one to 24 hours, dependjng on the couditions of 
the experiment, the sample is quenched by releasing the pressure alld placing 
the sample in waler. In this way temperatu re and preSSlll'e nre reduced to 
room values in about 5 seconds. This quenching assures that coesitc formed at 
high pressures is not converted to quartz in the process of cooling the sample. 

HESULTS 

The results of 43 i'uns arc summarized in table 1. This table lists the 
temperature and pressure conditions of the experimCllt and results from X.ray 
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and optical examina ti on of the products. Almost all the runs were made in 
the temperature HlI1ge tWO-GOOoe. The lo",er limit in temperature was set by 
the rate of react ion . A t :3500 e rum of 24 hours did not produce coesite even 
though the rlln ~ were well inside the coesite field. At 4000 e eoesite formed 
in 24 hou r.~ or J('ss. The upper limit in temperature of 6000 e was set by the 
lise of hi gIHj1cl'd ~tecl pi stons. Thcse pistons do not deform appreciably at 
tcmperat lll'l '!; Iwlo\\' (Joooe and prei'sures below 30,000 bars but do deform 
rapidly at !ti~h('r tl·In])('rature;;. Olle important run at 815° and 31,000 bars 
wu" made u,;ill1!: Kl'nt a lliulll pi ~ tol1 s . This experiment, as well as three other 
runs at pressures ahout 50,000 bar;;, were made in collaboration with Professor 
David T. Cri~g;;;. 

The len gth of ti me the sUl1lpl e was held at the required temperature and 
]1r('s!;tlre deppnded 011 the tempe rature of the run. The runs at 4.000e were 
lIlaintained ul tcmpnalllfe and pressure for 10-24 hours, whereas runs near 
6000 e \\'pre onl y about an hour in duration . In this fashion an attempt was 
m ade to achil'v\' at [cast partial equilibrium at all temperatures. Repeat runs 
oI il1(,Tl'as('d durati on were made near the boundary curve. A run at 4800 e 
:ll1d 20,000 bars for one hour produced only quart? . Since this run is near 
the boundary, i l was rcpeated and held at pressure for 20 hours. The longer 
rUll al!a in produccd only quartz. Similarly, runs of one hour at 5000 e and 
22,000 bars produccd coesite, whil e an 8-hour run at soooe and 20,000 bars 
produepd only quartz. 

The poi nt s tlIat were u ~ed to c1etermine the equilibrium curve are shown 
in figure 1. Only those points npa r Lhe eurve are plotted. The solid black 
squnrrs indica te runs in whi ch coesite was formed. StJ'ictly speaking, the 
boundary line is a line separating runs in which a small amount of coesite 
formed from runs in which no coesite formed at all. The results of the runs 
arc consistt'nt, and reppat runs of longer duration do not alter this boundary. 
For these f(,:I"ons the boundary curve is thought to represent the equilibrium 
curve. Tn ordrr to demon~t ra tl' tha t this eurve is actually the equilibrium 
curve, a deta ilpd st udy should bc made using coesite as a starting matcrial 
and showin g tbat (;oe.;i te COnYCrt5 to quartz at pressures lower than those 
g iven by Lh e curve in fi gure 1. In the present sludy insufficient cocsite was 
made to carry out such a program. 

The size of the ~quares in figure 1 is approximalely proportional to the ' 
estima ted uncertainly in the conditions of the individual fun. The uncertainty 
in temperature is (,,, timated to be about + lOoe, due to the difficulty in 
placing the thermocouple in the identical posiLion relative to the sample in 
every run. The pressure unct'rtainty in <U1y given run is estimaled to b e ± 
500 baTS, clue to the scale of the pressure gauge on the jack and small chang-es 
in pressure durin[r a run r esulting from flu ctuations in room temperature. 
This cstimale of the uncertaiuty assumes that the tOlal force ncting on the 
piston gi\'es a good measure of the pressure [md that in addition the pressurp 
is uniform over the enlire sample. 

The equation represen ting tlte equilibrium line is P = 22.S(±8) T + 
9500(± 4000), where T is III degrees Centigrade and P is in bars. The csti· 
mated uncerlainties arc derived by examining' possible curves that could be 
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TAULE I 

Results of Subjectin g Si02 • JlHzO to High Temperatures and Pressures 
Tempe~ature Pressure Time 

C bars hrs 

382 
390 
396 
400 
408 
4·]'J. 
432 
tf40 
440 
442 
454 
'n5 
480 
480 
48,5 
4.90 
492 
493 
500 
500 
500 
500 
500 
500 
504-
524 . 

530 
5.)6 
540 
540 
550 
550 
550 
~54 
560 
573 
576 
580 
580 
51.12 
5!H 
590 
815 

62,000 1.5 
83,000 1.5 
28,000 16 
17,500 22 
19,500 14 
11.1,000 10 
16,000 13 
18,000 2 
18,000 11 
20,000 12 
18,000 
21,000 1 
20,000 2 
20,000 20 
56,000 1 
18,000 1 
16,000 1 
16,000 24 
19,000 18 
20,000 2 
20,000 8 
22,000 
23,000 1 
30,000 10 
19,000 2 
21,000 1 
24,000 
22,000 1 
22,000 1 
2.3,000 1 
19,000 1 
20,000 1 
21,000 6 
25,000 4 
23,000 1 
24,000 1 
2.3,000 1 
22,000 6 
30,000 1 
22,000 1 
26,000 1 
24,000 1 
31,000 1 

c: 

Results of X'fay and optica l 
examination of mat erials 

<'oesitc 
coesite 

coe",i te and llIinnr quartz 
quartz 

minor r;oe~itc and qUrlrtz 
quartz 

quartz 

quartz 
quartz 

coesi te nnd quartz 
quartz 

quartz 
quartz 
quartz 
C()esite 
quartz 

quart? 

qunrtz 

quart7. 

qua rtz 

quartz 

minor coesite /llld quartz 
coesite and qllartz 
cocsite 

quaftz 

millor corgi le and quartz 
cocsitc and qllarl? 
quartz 

quartz 

minor coeRitc and qllart? 
quartz 
quartz 

qUlll'lz 

cocsite and quartz 

minOI' coegile nnd quartz 
coesite nnd quartz 
qU:lttZ 

quartz 

coesite 

quurtz 

cocsilc anu quarlz 

minor cocsite and quart:>: 

minor coe.~ite nnd qunrtz 

, 
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Fig. 1. Plot of runs u~cd in Jetrnnining qunrt7fcoesite equilibrium curve. Size of 
square is approximalt.:iy proportional to t!stimaled uncertainty in the temperature and 
prcs~ure of the run. Olle square may represent two or more runs. (Sec table 1.) 

drawn without contradicting the experimental determinations, taking into 
accounl the ullcertainty in the individual poinls. The major reason for the 
large uncertainties is that the temperature interval in which the reaction has 
been studied is on1y 200°C. The run at 815°C and 31,000 bars reduced this 
ullcertainly somewhat, Lul more measu rements are needed at high tempera-

tures and pressures. 

OTn ER PUSS! 13T"E llIGll-l'ltESSUHE l'OLYII10HPIIS OF SiO~ 
Three runs were made at pressures greater lhan 50,000 bars in order 

to investigate possible higher·pressure forms of Si02 • A run at about 83,000 
bars and 390°C produced only coesite. The run was only an hour and a half 
long, so that equilibrium may not haye been reached at this Iowa tempera­
ture. It is considered very prohable that a £eries of higher density forms of 
Si0

2 
ean be synthesized . It is most improbable that coesile is the form of 

SiO
z 

lluving a mtile type of :;lrudttre with silicon ill six coorclinatioll, as sug­
gesled by Thompson (Birch, 1952, p. 234.) . Such a form should have a densilY 
of roughly 4.5 lo 5.0. Since coesite has a density of ollly 3.0, a number of 
intcrmeuiate forms of Si02 are po!'sible before a rUlile-like form of Si02 is 

reached at exlreme pressures. 
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THEIll\10DYXA:\UC DATA ON COES!TE 

The slope of the curve of uniyariant equilibrium shown in figure 1 and 
the intersection of the curve with the zero pressure axis, togelher with thermo­
dynamic data on quartz, allow an estimate of the entrop), and heat of forma­
tion of eoesite. The slope of the curve detcrmint's the entropy of coesite, 
provided the difference in volume between cosite and quartz is known, since 

AS 
dP/dT = r;:y-. The density of coesite is 3.01 as reported by Coes (1953) 

and Ramsdell (1955) . Using this density and the densily of quartz, the 
volume change for the transition 

quartz = cocsite 
is given by A V = -2.71 -+- 0.1 cc/mole. The determincd slope of the curve 
is 22.5 -+- 8 bars/degree, wh ich leads to a value of the change in entropy for 
thc transition of AS = -1.4 -+- 0.6 cal/deg.mole. Since quartz has an entropy 
at 25°C and 1 bar of 10.0 caljdeg.mole (Kellcy, 1950), cocsite has an entrop), 
of 8.6 -+- 0.7 eal/dcg.mole at 25°C and 1 har. In this calculation of the 
cntropy it is assumed that the difference in compressibility of quartz and 
coesite is less than 1 x 10-5 bars-1 and that the difference in thermal expansion 
is less than 1 x 10-4 degrees-t, since the entropy change is strictly valid only 
at 10,000 bars and should be corrected for the change of entropy with pres­
sure. This change is probably considerably smaller than the uncertainties in­
troduced by the uncertainty in slope of the transition curve. Furthermore it 
is assumed that the transition curve is a straight line, since the experimcnts 
are not of sufficient accuracy to detect any curvature. 

The heat of transition for the reaclion at 25°C and 1 bar is detcrmined 
by the intersection of the transition curvc with the 25° axis, provided that 
A V for the reaction is assumed constant, and the change of entropy for the 
reaction is known. Using an entropy change of -1.11. +- O.G cal/deg.mole and 
an intersection of 10,000 -+- 4000 bars, a hcat of tran!'iLion of -225 -+ 150 
cal/mole is obtained. 

quartz 
coesite 

TAnJ.F. 2 
Thermochemical Data on Quart? and Coesitc 

V S ATIr 
cc/molc cal/dcg.molc cal/mole 

22.64 
19.93 ± 0.1 

10;0 ± 0.1 
8.6 ± 0.7 

POSSIllLE NATURAL COESITE 

o 
-225 ± 150 

Cocsile has not as yet been found ill nature. The stability curve and esti­
mated temperature gtadients within the Earth (Birch, 1955) indicate that 
quartz should convert to coesilc at n depth between GO and 100 kilometers 
within the Earth. This indicates that any rock containing excess Si02 and 
originnting at 100 km within the Earth should contain coesite, provided the 
rock had not subsequently undergone lhermal metamorphism. In' addition, 
the quartz-coesile boundary lies some 20 to 30 km above the graphite-diamond 

. , 
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Irall~ill()1I IJl>lIIl<lary lIitltili tlte E:trth (MacDonald, m:>.), so IltaL any rock in 
'rhid, dianl< JIl(I" (' I'\'!'lallizl'd "hOllla ('onlain eoesi l!', pl'Oyidl'd Ihe ro ck lI'ere 
Cl\'l'I'slturalt"d II iLl! l'l·-;Pl'l·t 10 ~i01 ' The eclogite inclusions found within the 
kimberlile pipes o( South Afri ca might contain coesite, since they contain 
oiamond". hut Jllo~l or Ihe eclogi les are undersaLurated with respect to SiO~ . 

A prelilllillary ~l'ardl o[ thin SI't:liOIlS of eclogile ~amples from SOllth 
Africa_ All~lri:l : :11111 "\'lll'lI'a), ha" di"clo,:ed no eoc!'itc. The search for eOI'sile 
in rocks i~ 11I<ld,· dilTi (' uit by the fuet Ihal Ihe opLi cal prol'l'l'lies of eo('sitc arc 
Ilearly idl'l liit':d \I ill! 11111';1' uf apalite.1 

O. F . Tuttit-, at th(' SI'W Orlean,; meeting o[ the ecological Society: made 
the very inll'r(',,1 illg slIil'g('o'tion thallullIeliae found ill quartz g raiJls in slrongly 
deformed rocks mi ght H'pl'f'Sellt pbnes alo,n g which quartz has conycrted to 
coesiLe. The lamellue could then he intE'l'preted in terms of a shear lransforma­
tion in which the ~hl'arcd region contains a new phase, eoesite, and the bound­
ary of the LllllL·l1ae with tilL' quartz is a phase boundary. The quarlz lamellae 
are a Jlo;:s iblt: lIatural SOllrl'e uf coe~itc that should be investigated. 

COESI1'E .I:\,U 1'1[1-) ST ,IBILl1'Y OF OLlVJXES AND PYHOXENES AT DEPTH 

The thermo('hemical data on coegile can be used to obtain a rou gh esti­
mall' of the maximum depth wiLhin the Earth at which these minerals are 
>'table. Trallsitions o[ Ibe form 

:\Jg1 SiO , = 2:\JgO + SiO~ !' cot'~ite .t:;.V = - 1.4 ce 

Fr:cSiO, = 2"FeO" + Si02 ! coesite .t:;.V = -5.3 ee 

",how it Ilegati\'c vo lume changL', since the mixt\ll'e of the oxide and coesite 
has a lowt'l' voluml' than the corresponding olivine. At some high pressure 
the mix ture o[ the oxide,; ~hould become stable relative to the olivinE', pro\'ided 
thaL ItO intervenillg high-press1;lre forms of olivine occur. Using the data on 
cocsitc unci thermochemical dala 011 the olivines and oxides (MacDonald, 
ms.), it is [ound that (ol'steriLe 1V0uld break down to the oxides at a pressure 
o£ about 1J.50,000 burs, while faya!iLc would break down at about 60,000 bars/ 
assum ing the tl'n1jll'l'aLun: to be on the order o[ 1000-2000°C. These conditions 
would eorrespolld 10 a rUllge of depths o[ 200-1100 km within the Earth. The 
mineral oliville is thell probably ullslilble relative lo the oxides at depths in Lhe 
Earth belolV llOO kill. These l'alculations assume that no new phase of olivine 
appears with a den siLy less than the densily of the oxides and eoesite, and 

l l'ror(;~sor Harold Vair!,airn has lookcd Ior coesite in crlogitc. He reports: "An allcmpt 
to lind coe~ i te in UII rtlu~i te inclusion in kimberlite (Roberts Victor Mine, Transvaal) 
was IIn~lICCe~s rul. A :HO gll1 sllmple was separalcd into sized fractions_ A -400 ~creen 
frn Clion weigllinp; BO ~1l1 was c.ll'(·oJllPo~ed lIy lIF, Ullc.l heuted ~ucc('$sively in Hel and 
I !.SO,. Thc small r(,IIHlininp; I'<"ic.lue all JIo,lleJ in hromoform (D = 2.9), indicating no 
I:ocsitc (0 = 3.01.). Courser fructions were treated with heo\')' liquids and jJas.'ied throu ~h 
tI Fl'allL;r. soparutol'. A ~ llIall lIon-lIlagll l.! tic residue of density hetween 2.9 and 3.1 likewise 
[,dl rd to ~how any (;'Jt:~ite." 

" A ~i n gle ('xpcr illH:llt wa, made to t(>~ t this conclusion in which synthetic fayulitc pro­
vidC'd II)' I'rO(('';';;(J r Kennedy was held 'It 480°C and 56,000 hal'S for one hour. No change 
was oL<;cr\'cd in Ihc [uyulite. The rxpcritnent is not considered concln~ive since the run 
WlIS ollly Ollt: hour 10llll (l lld ul}uiliiJrillllt may 1I0t have bcen attained lit th is low tempera­
tlll·C. 

Helat ions (It lIigh ]'('11/ peratl/ res ([lid })ressli r('s 721 

furth ermore that no dCllsCT phases of FeO, :\IgO, and Si01 appear. Thc liJllil s 
proposed above arc then maximum limits; the njJjJcarance of still dellscl' forms 
would lower the pressure needed to transform olivinc_ Similar calc ula tions on 
pyroxenes indicate that the pyroxenes woilld also break clown at comparable 
depths. Thc calculalions are ,"cry aPJlro~iJl1ute Leeau!<e of th e high tCITljJC'ra­
tures and pressures involvrd and the ull crr lain ly of th c eompl'('::,,,iLility and 
thermal L':\pnllsioll o[ the phases under these cOllditions. fL is of illtercs tto Jlotc 
that the rall ge from 200 to 1)00 kill within the Eurtit includes th e region 
(200-900 km) sugg'f'stccl by Birch (1952) n::: a rcgion ill whi ch thcre is a 
gradual shift toward hi gh-pre,,;;ure modification o[ fl'rromagllcsian sijicates. 
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