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result was then the first indication of the position of the equilibrium curve
between coesite and quarlz. Griggs, Kennedy, and Fyfe (1955) in the course
‘ of investigaling various reactions at high pressures, synthesized coesile at
| lower pressure and temperatures than those reported by Coes. Because of the
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i the temperature gradient in the Earth, would fix the maximum depth within
i the Earth at which quartz would be stable,
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: : 2
quarlz. elc.) make up a major portion ?f li]e r(;icts;z[‘)i?:fmatd:;l,}r:e:li't;}iln
Farth’s sarface. An important qu‘oslion is: to w : ‘blc N h‘;gh S
the Earth are such minerals stable? Tt appears very proba po e

i itions rork minerals are stable a
phases having compositions of these frame\s.orh § MaeDoneld (in poome)
depths within the Earth. Robertson,. Birch, an' 4
;i;:ivf shclm-n that nepheline ph}lls al})ite mlgl.lt zc;l;x}l)gcl;d 4t8 ]tzi“:?::h:z e
denser phase, jadeite, at depths o approxim Sprpaig g
carth. Pure albite would invert to jadeite plus quar : g
fl:pllhs. Since alkali feldspar plus quartz are the ldomlllz}:c)tc ]:o;{sltlxit‘:xaelzm ¥
granites and granodiorites, it might be possible tol have a e B
:omposition to a granite, but made up of denser, esi1 'C(;:nsl;; e
a moderale depth within the Ear!ll.. The depth at w. xc}le ! uiiibrium -
- be stable would depend on the position of the qt'mr;z-c(tisl a]kgli e
as well as on the position of the breakdown curves for the
o th'Li'}lx((“m]))forilx:ltu;li?)tlliosnt‘.onccrm-d with the direct exp.orimc.lz)tul (%;:tg;mqr::ld
tion of mf-, quarlz-coesile oquilibriu.m relutfons. Silicic acx[.flro(,il t}:cr;o;ition -
uarlz have been converled lo coesile at lngh. I)rcssurcs..‘ el g 4+
:Ihc equilibrium curve and the l}u-mmdy.namlc pr}())].)?ruc}s)lgingd T]:CSC o,
mate thermodynamic properties of c)(:z;:z;chﬁ:;u (;,[uslm(;)ﬂity of.SUCh 2o Prop-
zftiglsi\z'lilllx(::wﬂ?::lc;l\]'lrl:)ﬂ\'l(("'n(:f lll(l)(t::pg;:s[idered the dominant constituents of the
Earth’s mantle.
EXPERIMENTAL DETAILS s L
The experimental work was carried O(l;l.(:: lh:d Eg}a:diq:zd descriﬁed
pressure apparatus designed by l’rofcsssors S'l;:i::sgﬁis high.pre'ssu're i
by Griggs, Kennedy, and I~yf(:.(195 )e i i ke 1 Bk
being described in detail by Griggs an.d Kennedy ’;‘h onﬁ;,in Ao
features of the apparatus need be mentioned hcr'e. ? ((::cs e gc*omc sl
produced by pressing two pistons t(?gclhcr. Th(; p1§tor}x] :'lrhc e &
tacl across the specimen have a diameter of 1/ Jr;lc {. i .a e
between the piston faces and is separated from c(;tcL u;},cr)i) syeL gl pov
num-10% rhodium foil. The pistons are prcssI(:l ot,ld X r();ds, Tho samale
451 g ey S L e e L S S
i heiltf—‘d .bY alzltsﬁiilmba; glrcr}llif;zzilume? thermocouple placec.l in a holeﬂilrt
gflleu(;lfwll:f ;:;Ztc;ns. The tip of the thermocouple is about 1/ inch from the
Samp}e- the simple squeezer the pressure is not di.reglly measured lbult) eltsw‘c:zezzl
lat :; from the force applied to the conﬁ.ning pistons, Thel san:pc.: e
i not be under a hydrostatic pressure, z.md the s rz).m.l.b ey
i _p{SlOl}S mazh(-arin'r the sample might affect the position of the cqlul i 1(r1xunn
rcsullm’i,:} romis an unocertainly in the pressure acting on the sample an tl:,o
el ltcrc'n' the effect of shear on equilibrium relntlo_ns. An att’;x}?p S
unccrtaml}; ; uncertainties has been made (MacDor'xald, in Eres?). e z;t
C};tlzi;i;nﬁs: equilibrium curve was determined, using the simple squeezer,
cite-arag

D e e e s A S i

Relations at High Temperatures and Pressures

and the results were compared with those of Jamieson
thermochemical considerations. The simple squeezer

curve about 1500 bars lower in pressure at 10,000 bars than the curve ob-

tained by Jamieson, The reasons for this discrepancy are as vet uncertain but

they do indicate perhaps that pressures caleulated for the simple squeezer may
be uncertain by as much as 15 percent.

The starting material in all but a few exploralory runs was Mallinckrodt
silicie acid, Si0,-nH.0. Various other materials were tried hut none gave as
good reaction times as Si0,-nH,0. As an illustration of this, quartz at 580°
and 30,000 bars showed about 10 percent conversion to coesite in a one-hour
run. Silicic acid showed 100 bercent conversion to coesite. Varjous mixtures
of alkali silicates were also tried but not used because of the appearance of
phases other than quartz and coesite, Using Si0,-nH,0, the only phases ob-
served either optically or by X-ray were quartz and coesite.

The products were identified Ly comparing the X-ray patterns obtained
on a Norelco high angle diffractometer with a standard quarlz pattern and
with the X.ray spacings of coesite given by Coes (1953). The pattern of
coesite is quite distinclive, and there is no chance of confusing the pattern with
that of other phases of Si0,. The products were also examined optically. Since
coesite has a mean index of refraction of 1.60, it is readily distinguishable
from quartz, and small amounts of coesite can be detected,

The sample 1o be exposed to high pressures is placed on the platinum-
10% rhodium foil in the form of a dry powder or admixed with a drop of
water to form a paste. The presence of water does not appear to affect either
the position of the equilibrium curve or the rate at which equilibrium s at-
tained. An original thickness of powder of 0.02-0.03 inch results in a wafer
about .005 inch thick in the center, The wafer js generally transparent, though
in some cases milky in appearance.

" The sample is first heated to the desired temperature
sure is raised, The time required to bring the sample 1o 1
from 15 to 30 minutes, The application of presgure took only a few seconds,
The order of raising the temperature and pressure is important. By first
raising the temperature and then the pressure, the sample is at a high pressure
only at the desired temperature, The high-pressure form, coesite, can form

(1953) derived from
gave an equilibrium

and then the pres-
emperature varied

room values in about 5 seconds, This quenching assures that coesiie formed at
high pressures is not converted to quartz in the process of cooling the sample,

RESULTS
The results of 43 runs are summarized in table 1. This table lists the
lemperature and pressure conditions of the experiment and resylts from X-ray
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and optical examination of the products. Almost all the runs were made in { ‘
the temperature range 400-600°C. The lower limit in temperature was set by g Resul o ; TasLe 1
the rate of reaction. At 350°C runs of 24 hours did not produce coesite even 7 ¢sults of Subjecting Si0. nH.0 to High Temperatures and Pressure
though the runs were well inside the coesite field. At 400°C coesite formed W
in 24 hours or less. The upper limit in temperature of 600°C was set by the ¢ bars hra ifr‘x’}i’:a:’iif'“f*y and optical
use of high-speed steel pistons. These pistons do not deform appreciably at W o Muterials
temperatures below 600°C and pressures below 30,000 bars but do deform , 390 83’000 ]lg coesite
rapidly at higher temperatures. One important run at 815° and 31,000 bars , 396 28:000 ey Hésiie
was made using Kentanium pistons. This experiment, as well as three other i 400 17,500 99 coesite and minor quartz
runs al pressures about 50,000 bars. were made in collaboration with Professor 408 19,500 14 ¥ o
David T. Griggs. 414 18,000 mior coesite and quarty
The length of time the sample was held at the required temperature and | 432 16,000 ]lg {uartz
pressure depended on the temperature of the run. The runs at 400°C were i 440 18,000 9 quarty
maintained at lemperature and pressure for 10-24 hours, whereas runs near , 440 18,000 1 Yhnita
600°C were only about an hour in duration. In this fashion an altempt was i 442 20,000 12 q"a'r,m
made to achieve al least partial equilibrium at all temperatures. Repeat runs 454 18,000 1 coesite and quartz
of increased duration were made near the boundary curve. A run at 480°C 475 21,000 1 L
and 20,000 bars for one hour produced only quartz. Since this run is near ! 430 20,000 9 q::::::
the boundary, it was repeated and held at pressure for 20 hours. The longer f Zg? 20,000 20 ;Iuam'
run again produced only quartz. Similarly, runs of one hour at 500°C and { 498 56,000 1 Sassite.
22.000 bars produced coesite, while an 8-hour run at 500°C and 20,000 bars ' 4'92 18,000 1 quartz
produced only quartz. i 493 16,000 1 quartz
The points that were used to determine the equilibrium curve are shown ‘ 500 150 24 quartz,
in figure 1. Only those points near the curve are plotted. The solid black , 500 ;9’000 18 quartz
squares indicate runs in which coesite was formed. Strictly speaking, the .‘ 500 23-380 2 "
boundary line is a line separating runs in which a small amount of coesite 500 ”‘003 8 quartz
formed from runs in which no coesite formed at &ll. The results of the runs } 500 ;;’000 1 minor coesite and quartz
are consistent, and repeat runs of longer duration do not alter this boundary. i 500 ‘3'0’000 1 coesite and quartz
For these reasons the boundary curve is thought to represent the equilibrium l 504 19’000 10 coesite
curve. In order lo demonsirate that this curve is actually the equilibrium | 524, 21’000 2 quartz
curve, a detailed study should be made using coesite as a starling material ! 530 24,00() _ 1 minor coesite and quartz
and showing that coesite converts lo quartz al pressures lower than those , 536 22’000 ! cocsite and quartz
given by the curve in figure 1. In the present study insuflicient coesite was [ 540 22:000 : quartz
made to carry out such a program. { 540 23,000 1 quartz
The size of the squares in figure 1 is approximately proportional to the | 550 © 19,000 1 minor coesite and quartz
estimaled uncertainty in the conditions of the individual run, The uncertainty 1 550 20,000 1 quarty
in temperature is eslimated to be about == 10°C, due to the difficulty in ! 550 21,000 6 quartz
placing the thermocouple in the identical position relative to the sample in ’ 554 25,000 4 hi-h
every run, The pressure uncertainly in any given run is estimated to be == 560 23,000 1 coesite and quartz
500 bars, due to the scale of the pressure gauge on the jack and small changes 573 24,000 1 m'"_'_’r coesite and quartz
in pressure during a run resulling from fluctuations in room temperature. 576 23,000 1 coesite and quartz
This estimate of the uncerlaiuly assumes that the total force acting on the 580 22,000 6 q:a"'z
piston gives a good measure of the pressure and that in addition the pressure 580 30,000 1 goiri:‘
is uniform over the enlire sample, g:i 22,000 1 qua.rt:
The equation representing the equilibrium line is P = 22,5(=%8) T + s00 52,000 1 s o1 i
r . . . - . . ¢ V.
9500(== 4000), where T is in degrees Centigrade and P is in bars. The esti- i 31:288 : minor coesite and quartz

mated uncerlainties are derived by examining possible curves that could be

minor coesite and quartz
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600 —
Quartz
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300 —
7 Coesile
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Fig. 1. Plot of runs used in determining quartz-coesite equilibrium curve. Size of

square is approximately proportional to estimated uncertainty in the temperature and
pressure of the run. One square may represent 1wo or more runs. (See table 1.)

drawn without contradicting the experimental determinations, taking into
account the uncertainty in the individual points. The major reason ‘for the
large uncertainties is that the temperature interval in which the reaction hzfs
been studied is only 200°C. The run at 815°C and 31,000 bars 'rcduccd this
uncertainly somewhat, but more measurements are needed at high tempera-
tures and pressures.
OTHER POSSIBLE HIGIT-PRESSURE POLYMORPHS OF Si0,

Three runs were made at pressures greater than 50,000 bars in order
to investigate possible higher-pressure forms of Si0,. 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 have been reached ‘nt this low. a tempera-
wure. It is considered very probable that a series of higher dc.ns:ty forms of
Si0, can be synthesized. It is most improbable that.cocsile is ll:lC form of
Si0, having a rutile type of structure with silicon in six coordination, as sug:-
gested by Thompson (Birch, 1952, p. 234). Such.a form shox;ld have a d}fnsxl};
of roughly 4.5 to 5.0. Since coesite has a density of.onl.y 3.0, a num er 0
intermediate forms of SiO, are possible before a rutiledike form of Si0, is

reached at extreme pressures.
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THERMODYNAMIC DATA ON COESITE
The slope of the curve of univariant equilibrium shown in figure 1 and
the intersection of the curve with the zero preseure axis, together with thermo-
dynamic data on quartz, allow an estimate of the entropy and heat of forma-
tion of coesite. The slope of the curve determines the entropy of coesite,
provided the difference in volume between cosite and quartz is known, since

AS
dP/dT = g The density of coesite is 3.01 as reported by Coes (1953)

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

quarlz = coesite

is given by AV = -2.71 = 0.1 cc/mole. The determined slope of the curve
is 22.5 == 8 bars/degree, which leads to a value of the change in entropy for
the transition of AS = ~1.4 == 0.6 cal/deg.mole. Since quartz has an entropy
at 25°C and 1 bar of 10.0 cal/deg.mole (Kelley, 1950), coesite has an entropy
of 8.6 == 0.7 cal/deg.mole at 25°C and 1 bar. In this calculation of the
entropy it is assumed that the difference in compressibility of quartz and
coesile is less than 1 x 10°° bars™ and that the difference in thermal expansion
is less than 1 x 10-* degrees™, 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 experiments
are not of sufficient accuracy to detect any curvature.

The heat of transition for the reaction at 25°C and 1 bar is determined
by the intersection of the transition curve with the 25° axis, provided that
AV for the reaction is assumed constant, and the change of entropy for the
reaction is known. Using an entropy change of ~1.4 == 0.6 cal/deg.mole and
an intersection of 10,000 == 4000 bars, a heat of transition of —225 == 150
cal/mole is obtained.

TABLE 2
Thermochemical Data on Quartz and Coesite
Al
ce/mole cal/deg.mole cal/mole
quartz 22,64 10:0 = 0.1 0
coesite 1993 + 0.1 8.6 = 0.7 -225 + 150

POSSIBLE NATURAL COESITE

Cocsile has not as yet been found in nature. The stability curve and esti-
mated temperature gradients within the Earth (Birch, 1955) indicate that
quartz should convert to coesite at a depth between 60 and 100 kilometers
within the Earth. This indicates that any rock containing cxcess Si0. and
originating at 100 km within the Earth should contain coesite, provided the
rock had not subscquently undergone thermal metamorphism. In’ addition,
the quartz-coesite boundary lies some 20 to 30 km above the graphite-diamond
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transition boundary within the Earth (MacDonald, ms.), 50 that any roclf' ].Il
which diamonds m"\'slullizvd should contain coesite, ])I"O\'ld(‘d the rt?ck' \\e}m
oversaluraled with 'l'(~_~'[u'('l lo Si0.. The cclogit.e iuclu.mons'founc}1 wvllhmtl-le
kimberlite pipes of South Afvica might contain coesite, since e:y co;gn
diamonds. but most of the cclogites are undersalurat.ed with respF(,t tosl lf_l»l
A preliminary scarch of thin sections of L'cl?glle sample.s] l}om : (:l.lc
Africa, Austria, and Norway has disclosed no coesite. The search Or.flo‘( .'.l.‘
in rocks is made diflicul by the [act that the optical properties of coesite are
arly identical with those of apatite.t .
mM](}).“l]"l.n'll‘ll(xl‘l[l(-, al the New ()lrl(-ans meeling of l‘h.c Geological -S(T(zxely,'nu‘l:;e
the very interesting sugeestion that lamellae Iound.m quarlz glufnb in vslllo‘n{,tz
deformed rocks might represent planes along .Whl(:h quarltz has cony (‘1; ed :
coesite. The lamellae could then be interpreted in terms of a shear tr;lstorm:;
tion in which the sheared region contains a new phase, cocsite, and.: L]’ o:]rlla(;
ary of the lamellae with the quartz is. a phase boundary.. I‘he'gutaldz am
are a possible natural source of coesite that should be investigated.

COESITE AND THE STABILITY OF OLIVINES AND PYROXENES. AT DEPTH ‘

The thermochemical data on coesite can be used to oblain a .I'Ol\lglll esti-
mate of the maximum depth within the Earth at which these minerals are
stable. Transitions of the form )

Mg.Si0; = 2MgO + SiO; | coesite AV = —14 ce
Fe.5i0, = 2"Fe0” + Si0, | coesite AV = —5.-3 ce .

show a negative volume change, since the mixlu.re of the 0x1de‘ a}nd c?isuc
has a lower volume than the corresponding olivm.c. At some 1’3!3’1 prcjc..:rg
the mixture of the oxides should become stable -rcilahvc to the o.hvm;, p(rloxtl en
that no intervening high-pressure forms of (fll-Vllle occur. I'Jsmg ltwe Da aa;)d
coesite and thermochemical data on the olivines and ox1'd(;:s (t 'ac r(c::uré
ms.), it is found that forsterite would break down to the 'oxli es go ‘(1)52) b;rg .
of about 450,000 bars, while [ayalite would break down aiéa ?L;t‘ 0, l.lio.n,s
assuming the temperature Lo be on the order of 1000-%000'.(;.. I‘:}Li( Ez:t(hl i
would correspond to a range of depths of 209—1100 km within 1d o i.n e
mineral olivine is then probably unstable relative to the oxides at. ep o <o
Earth below 1100 km, These calculations assume that no new p}(;asi :Qu(; l‘; e
appears with a densily less than the density of tbe' oxides an c“; :m‘m :
Y Professor Harold Fairbairn has looked .{or coesite in cr]og:tc._ 13'9 rep%{'tislie 'fr;a?xsvan{))
to find coesite in an eclogite inclusion in k:mbcrll;c_ (tRO:)igétds {r::ctg:;n_s. o Jinemsl
e 'unsucc«.:fsl:ul'.' ?4\0 31?1 ‘\:\:l:s S?l::f;l;ﬁfd Sﬁgali;i'g, u::‘doh;:atcd succes:sively. in HCl ang
{}:bcg?"l‘l‘:glzm;]ﬁ rvmtining: residue all floated in bromoform (D = 2.9), indicating n

i iquids ¢ hrough
coesite (D = 3.01), Coarser [ractions were !rpnted with h'eavi IIQIll‘dS .fgdaggsg?i! Itike\\'i.;c
a Frantz separator, A small non-muagnetic residue of density between 2,

g ) 50 ; mall .

failed to show any cocsite, : ot .
‘ i ion in w alite pro

* A single experiment wag made to test lhlsD c\onc]usxgrbox(r)\ ]“]r“c?o:{:xt:ixt;irml}\}o chalznge

i ];;' g e “ﬁ g o 480t(: alr::}lscc;nside)xij conclusive since the run

. i ayalite, experiment is S :

as observed in the [ayulite, The experit : red e

::L:: 3:;1; one hour long and equilibrivm may not have been attained at this lo I

ture,
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furthermore that no denser phases of FeO, Z\IgO,‘ and Si0. appear, The limits
proposed above are then maximum limits; the appearance of still denser forms
would lower the pressure needed to transform olivine. Similar calculations on
pyroxenes indicate that the pyroxenes would also break down at comparable
depths. The calculations are very approximate because of the high tempera-
tures and pressures involved and the uncertainty of the compressibility and
thermal expansion of (he phases under these conditions. It is of interest (o nole
that the range from 200 to 1100 km within the Earth includes the region
(200-900 km) suggesied by Birch (1952) as a region in which there s a
gradual shift toward high-pressure modification of ferromagnesian silicates.
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