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Density and Refractive Index Hysteresis III 
Compressed Silicate Glasses 

Physikali.sches Instill/ t, UniveTsitiil Bern 
Bern, 8lC'il zeTland 

The increased refractive index of diopside and albite gla~s, quenched from liquidus tem
peratures at preosu res to 50 kb, can be accurately calculated from compres~ibility data on the 
crystals at 25°C and the Lorentz-Lorenz refraction law. The results indicate tba t the pressur~ 
effect is locked in by 'configurational trapping' on cooling through thc glass point, but thermal 
relaxation takes place with the thermal expansion coefliciem characteristic of the applied 
pressure. The resulting permanent compression is therefore that predicted at 25°C and load 
pressure. Permanent compression of glasses at temperatures below the glass point should be 
that predicted at load pressure and (1) 25°C, if temperature is released before pressure, or 
(2) run temperature, if pressure is released before temperature, bec:1use thermal relaxation 
then takes place with the low-pressure thermal expansion coefficient. For Si02 the glass com
pressibilit~- is known as a func tion of temperature, and the o'-eriap field parameter (fJ = 1.37) 
can be established from other data . Refractive indices of Si02 gJa~s compressed at various P 
and 7' with varying quenching cycles are con~istenJ; with the ntlues calculated for permancnt 
("ompression whpn T > ~500 °C . At lower temperatures the compression is part ly elastic and 
the resultant indices are thus lower than expected. In all these glaoses, configur:1tional trap
ping of preosure deiormation is adequate to explain the permanent compression . The direcL 
relationship of permanent compre~sion with compressibili ty shows that the model of H. M. 
Cohen and R. Roy (1961, 1965) , based on sCl!ond-order structural changes at high P followed 
by elast ic dccompression, is not necessary to explain any of the exisLing data. 

INTRODUCTION 

Bridgman and Simon [1953] discoyered tbat 
glasses display imperfect volume ebsticity at 
large hydrostatic pressures and suffer perma
nent changes in density proportional, ",ithin 
limits, to the applied pre~5UJ'e. Brcause crystal
line inorganic solids exhibit perfect elasticity, 
this effect W[lS quite unexpecterl, and Bridgman 
and Simon established se, 'er[ll illlportant char
acteristics of the behayior of compressed glasses: 
(1) SiO. glass at room temperature has an 
elastic limit that. mllst be exceeded before 
permanent deform[ltion occurs; (2) both tile 
elastic limit and the permanent compressibility 
decrease progrco"ivc ly when ions sll ch !lS sodium 
are added to SiO. ; (3) the permanent COIll

pressibility of SiO, is greater at higher tem
perature; and (4) the density increase is 

IOn leflYc from Unh'ersity of C[llifornill at San 
Diego, La J olla, California, to which thc author 
has now returned. 

Copyright @ 1969 by the American Geophysical Union. 

acbieyed by folding up the vitreous network of 
the glass so tbat the Si-O bond angles are 
altered although the nearest neighbor Si-O dis
tances appe!lr to remain un changed. The folded 
structures are mechanically stable at room tem
perature, but the original density can be re
stored by annealing at bigh temperatures . Thl' 
annealing effect is simiinr, though opposite ill 
sign, to the increase of density observed ill 
annealing rapidly chilled glasses at ordinary 
preswre. Bridgman and Simon therefore sug
gested that there exists an equilibrium con
figu r!ltion for :t gbss at any t emperature and 
that both high- and low-density metast:I blr. 
states, ch:u!lcterized by the trapping of displaced 
atoms behind relati "ely strong potential bar
riers, C!l ll exist. 

Cohen and Roy [U)61] showed that the per
manent densification of SiO. and other glasses 
is accompanied by an incre!lsed refractive index, 
which they found to be continuously propor
tional to pressure at tempcr!ltures greater th:uI 
500°C_ At room temperature tbey found a 
threshold pressure of about 20 kb for SiO, gbss, 
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considerably lm\'er than ' the value reported by 
Bridgman and Simon. 

Boyd and England [1963] have observed 
similar increases in the refractive indices of 
glasses of albite (N aAISi.O. ) and diopside 
(Ca:'IgSi,O. ) quenched from above the liquidus 
at high pressures; their experiments were done 
with a solid pressure-medium apparatus in 
which samples could be rapidly quenched to low 
temppratures at pressure [Boyd and England, 
1960]. They found a. continuous increase of 
refractiye index \\"ith applied pressures of up 
to 50 kb. These experiments are similar to the 
experiments of l'ammann [1933, p. 66 ff.], who 
supercooled liquids at different pressures and 
obsen"ed glasses with different volumes when 
the pressures \\"ere released . That is, the ob
sen'ed increase in refractive index of a glass 
reflects, at least to some extent, the density 
increase due to the permanent compressibility. 
_\. large body of theoretical and experimental 
work on glasses has developed since Tammalln's 
work, but no quantitative discussion of the 
effects of permanent compression on density 
and reiractive index of glasses has been at
tempted. In this paper I describe a very simple 
model that reproduces the obser\'ations on 
albite, diopside, and quartz glass with remark
able success. 

THER:\IODY~A:-IIC CONSIDEllATlOXS 

In applying the normal thermal and mechani
cal coefficients to thermodynamic calculations 
0 0 glasses, it must be recognized that these 
coefficients are not uniquely defined , since a 
!!;bss, by defini tion, is not a stable thermo
dynamic phase in internal equilibrium. Rigor
ously defined, a glass is a supercooled disordered 
pha~c in which the configurational con tributions 
iO its properties have been frozen out at a 
higher temperature [Jon es and Simon, 1949; 
lJ(lvies alld JOlles , 1953 ; Ste ucls, 1902] . Thus 
".\'0 can describe \'olume ch:1TI~es by the usual 
"C}lIa tion 

d In \" = Ct d7.' - K dJ> (1) 

where IX is the thermal expansion coefficient and 
" is compressibility. The values of a and K will, 
hn\\'e\'Cr, normally \'ary somewhat with the 
hi,.tory of the glass e\'en at temperatures at 
\ hie h \'ibratiooal contributions dominate the 
'\lntlgurational etTects. At higher temperatures 

at which configurational changes can occur, e.g. 
during a thermal process, the coefficients will 
al50 \'::try with the rate at which the process is 
carried out. 

Tamrnann [1933] showed that the configura
tional quenching that produces a glass occurs 
at a viscosity of 1013 poises in all glass-forming 
su bstances; this yiscosity is encountered at a 
ch:Hacteristic transformation temperature or 
'glass point' at which the viscous relaxation time 
is of the order of minutes or less and second
order transitions occur. A schematic illustra
tion of the effects on compressibility and vol
ume, \.-hich are of particular concern in the 
c1iseu5sion to follow, is shO\m in Figure 1. In 
all glasses the compressibility and heat capa
city decrease rapidly on cooling through the 
gins;; point; the thermal expansion coefficient 
sho\\'s a similar discontinuity but can increase 
or decrease [Davies and Jones, 1953]. As the 
liquid supercools below '1'", however, the volume, 
entropy, and other state functions are contin
uous across T M and To; between these tem
peratures the liquid is a metastable, equilibrium 
phase, but below To the glass is an unstable 
phase because it retains the high-temperature 
configuration frozen in at To. The dashed lines 

i 
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Fig. 1. 'Variation of compre~sihility nnd volume 
with t"mrwraturc in (' ry~I!11. liqllid . nud super
cookd liquid (SCL) . Til is the lJIellinc; point and 
To is the glass point. 
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in Figure 1 show thc eq lilibrium paths of supcr
coolrd liquid bclow To; this liquid continues to 
maintain intrl'l1a l equilibrium :mel is metastable 
rebti\'c to the solid. :\ t nonnal pressure the 
volume of the gbss is greater th:l11 that of the 
supercooled liqu id, amI at constant· temperature 
:dl fillcll1:llions \"ill tend to decrease the volume 
(alld increase thc compre~sibility) to those of 
the supercooled liquid ph!:l.;;e !:It the samc tem
perature. On thc other hand, if the glass is 
rapidly compresscd, the volume c:m bc made 
less th:1.11 that of the supercooled liquid, and, 
on rr lease of pressure, fluctuations \vill tend to 
incrrase it irreversibly to\\-ard the IiquicI volume 
at a rate cIeprncIeut on temper,lture. The equi
libriulll configuration 511f!gesred by Bridgman 
alld Simon, \\'hich ('all be approached from both 
high- ancI lo\\--demity states, thus corresponds 
to the supercooled liqu id at the same tempera
ture. 

The temperature To is to some extent a, func
tion of the cooling rate, so that the compres
sibility, thcrmal expansion, and vollllnc of the 
glass \"ilI \-!:Iry ~ome\\-hat depending on the 
conditions uncleI' \\"hich the glass is formed ancI 
on the extent to \yhieh the gbss has been an
nealed_ }<'or borosilicate ancI lime gla~:<es and 
normal sili cntes, such as diopside und albite, To 
is about 550°C, but for SiO, gbS3 it is 1::!00°C. 
I n addition, To is a, function of pressure bc
ca,use it nctu:l lIy defincs a. \·iscosity. If the tell1-
pcr:1ture and prC~5t1l'e dependence of viocosity 
:Ire n,;slImed to be of the form exp (E/ R7') and 
exp (AP), respecti\'ely, and if the crude esti
rn:1te::l of E = 100 kcnl 'mole :tIld:1 = 10-' Ixu-' 
[Clark, 1900] are u~ed! then dTldP for con
stant vi!'cosity is abou t 1°C/ kb as the approxi-
111:1[e P-T slope of 7'0' Thus, in the me:1sure
mC' ll h of Boyd and England on diopsicle nnd 
albite at pressure::l up to 50 kb 7'0 remains \rell 
hplo\\' the liqllitil] .• at all pre:'5ures nncl increases 
h~- only :;oll1e 50°C !:It thc hi!.(hl'st PI'I '·"311I'C5 . 

The l'olllpre~"il,ililY nri:ltioll ,holl'n in Fip;me 
1 inliic:lte5 (hat K for the ~I:t~s is l1Iuch close r 
to the \· :t1ue for the eryst:t1 than to the equi
librium \'n lue of the supercooled liquid. This 
rrl:ltionship is ob;;crl'l'd for cr alld heat capacity 
[Davies olld JO lles, lO.:i3, PP_ 378-370]; it re
tlrets thr 105- of the confi~ur:ltion:t1 contrihution 
to' the liqu id coeflieil'nts alld the hct that the 
rellluining contribution is princiJl:.dl~- vibrational 
in both gl:t'iS and crystal. _-ilthough very few 

data are axnilable on compressibilities, it is a 
mil' guess thnt a simila r relationship is true for 
K. For natural silic:lte miner:lls ci!1t:l arc avnib
ble only for quartz, but the compressibility of 
SiO, glass is identical to that for a quartz (both 
at 25°C) and is onl~- 30% greater than that of 
(3 qu:utz (both at GOO°C); also, the compressi
bilities of cr~-stnIline nnd gla5s~- diab:lse nrc 
essentially identical at ~5°C [Birch, HlGG1. 0[0 

compressibility cl!:lt::J. nre aniInble fo r diop~idr 

ancl albite glass, so that in the following treat
ment it has been neces~ary to use the crystal 
compre5sibilities for these miner:J.ls unrler thr 
nssumption thnt they do not differ sign ific:J.ntl~

from the "alues for the gInsses . 

REFnACTlYE I:\DEx C.\LCt.'L.-\T!O:\c, 

According to dielectric theory, the refractive 
index (n) and moInr yolume (1') of a condensed 
phase ran be related by a Irenernl moInr refrac
tion function 

R = V/[fj + 47r/(n2 
- 1)] (2) 

where R is actually the sum of the incli\-icIual 
mobr pobrizabilities of the constituent ion~ 

multiplied by their mole frnctions allCl is con
stant for processes in which the pobrizabilities 
do not change [Ritland, 1955]. The 'QI-eri!1p 
fi eld' p:,ramctcr f3 is :1 mensure of the ne:lrest
neighbor interaction fIeld and must be detcl'
minrd expcrimentally : the limiting yaltles of (3 
:lI'e 0 and -17:'/ 3. In the C:l~e of point dipoles in a 
ra.ncIom or cubic lattice the nea rest-neighbor in
teraction Y;l1lishes anel only the 'distant-neigh
bor' or Lorrntz ficld is eiTecti\-e; (3 = 47:'/ 3 nnrl 
the m olal' l'cfmrtioll I:l\\" can he \nittrn 

RLL = r(n2 
- 1)/(n2 + 2) (3) 

which is the Lorentz-Lorenz refraction equatioll 
[Brnu'n_ Hl.jG]_ \Yhcn large deform:1ble ions an' 
con:<idered, thcre is an 'o\'erl:!\->' IIC:11'1'st-ncig;hhor 
ficld vi oppo:,ite si~n, \\'hich rerit lces the pol:Hi
zat ion interactioll; I\, hen t his Geld equals th l' 
Lorelltz fidd, (3 = 0, and the refraction 1:111 

bCCOIlH'S simpl.,-

RD = V(n 2 
- 1) (.1) 

whieh is thp Drude refraction equation. (R u. 
!lnel U o arc -k; 3 and -/7:' times the R defined 
in eqllation 2.) Equations;1 allti -1 arc di ~clI:':'I·d 
by .1[ott (llld Gurney [IP~OJ !lnd lWlan,[ 
[ 1955J, II'ho show that they are limiting bll, 
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lble on comprc5sibilil ies, it is a 
n similar rebtion.-hip is true for 
siticate mincr~ls data are a\'aila
lal'tz, but the compressibility of 
'Illical to th~t for a qU:Ht7. (hoth 
is onlv 30% grea1cr ihan that oi 
I at (i'OO°C); al:,o, the comprcs:'i

'stalline and gb~s ~' di:lbase ;11'(' 

)tic~l at 25°C \ Rirl'h, IflGG1· ~Il 
data are a\,;lilable for cliop"idi ' 

,8, so that in the follo\\'ing t re;lt
leen necessary to me the cry~la l 
es for these miner;lls under th" 
at they do not differ significantl ~' 
.es for the glasses. 

:Tln: I:"DEx C.\LCUL.\'1'I0:"s 

o dirlectrie theory, the refracti\'i' 
molar \'olnl11e (1') of a condensrd 

related by a general molar refra('-

, V/[.l3 + 4-rr/(n2 
- 1)] (2) 

.ctually tbe s\lm of the indi\'idu;11 
zabilities of the constituent iOIl:' 
. their mole fractions and is con
cesse- in which the polarizabi1itic~ 
ge [Ritiand, 1955]. The 'o\'erbp 
ter {3 is n. mea;:ure of the nearrst· 
~raction field and must be dell'!'
mentaliy: the limiting \'alues of {~ 
/3. In tile ca,e of point dipoles il: a 
Jbic lattice the nearest-ncighbor 111-

nishes and only the 'distant-neigh
ltz field i.;; efi'ccti\'e; (3 = 4.-:-/ 3 alld 
.fraction bw C;111 he \\Titteu 

J = F(n2 
- 1) /(n 2 + 2) (:1) 

Lorentz-Lorenz refractioll equati l1J1 

,tiJ. When brge deformable ions an ' 
here i5 an 'o\'erbp' llC'arest-llei!!hlH1r 

~ile sign, which reduces the pobri
aetion; \\·hen this field equal;; tl lf' 
d, f3 = 0, and the refraction 1:\11 

lply 

( -I) 

Ie Drllde refraction equation. (Nt.L 
• 4;;/ 3 and -1.-:- tiJ1le~ the R Jefilll·d 

F . " I' \'e ( l'I ~"II ~,, ' d ~.) '.quatlOllS 0) ant 't a "', -
and Gurney [19-10J ami Rill l!IL': 
o show that they are limiting 1:1'" 
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lor the refrncti\'e index-\'olume correlation for 
a given substance. A nderson and Schreiber 
[1965] ha\'e shown that a plot of mean re
fractive index vcr5US uncompressed density for 
~ilicates of difTerent composition also obeys 
('qua i ion 2, \\'ith n. value of {3 close to zero; 
this docs not require, however, that {3 have 
"liCit :1 value, or be the i:ame, for compression 
vI' t he individual silica te phases. 

Since the values of {3 for diopsicle and albitc 
u;lass are not knowll, calculations for these 
u;bls:ses \\'ere made by usinr; both equation 3 and 
pquation 4 as limiting laws for the n-V reb
f ion. For SiO. glass, hO\\'e\'er, the value of {3 
r:1I1 be f!\'aluatecl from the recent precise data, 
llf Arndt and Stof!ler [196S] on nand p 
(deusily) of permanently densified silica glass 
ohtained at pre:osures and temperatures to 60 kb 
an d 700°C. The~' observed an approximately 
liuear relationship o\-er th eir entire ranr;e of 
densities (p = 2.200 to 2.526); their datt1 on 
I~O samples give a least-squares relationship 
I/. = 0.19Gp + 1.026 (J .. 1.rndt, per~oDal com
lIlunication). (The older (bta of Cohen and 
Hoy [H)(i2] on elel'en !'amples gi\'e the same 
relationship.) Using their dab with equation 2 
u;i\'(~s the o\'erlap field parameter as 

/1(Si02 glass) = 1.37 

\\'h ich reproduces the index \':llues to four 
decimal pInces over the range p = 2.2 to 2.6. 
Ritland [H)55] obtained {3 = 0.5 for a borosili
tate glass, in changing the uensity by heat 
trC'atments. (It should be noted that literature 
sta(ement~ Ibn t the mol:u l'efr:lction of SiO, 
Q:i:tss changes with compre::sion [Cohen and 
Roy, 19G1, 19G2, 1%5; 'Fedam et ai ., 196G] 
are based on defining the molar refraction ac
('()rciing to equation 3 or 4, i.e . for all a priori 
:I:'sumptioll as to the value of {3, which, in fact, 
01"('5 not In:ltch the (1:1t3o at zero pre:;.-;me.) 

CO;'l[PflJo:SSln[LITY DATA 

The compressibility parameters ha\'e been 
(' \':;]lIa red in the usual fonn 

\\ here ~ l' = V-I". anu the eompre"sihility 
I rricrred to 1'. ) is K = a - 2bP. For diopsicie 
111i' data of Bridr:man 011 ~ 1/ 1'. at 25°C and 
I ) .. 10 kb [lJirch, 19GG] werc plotteu as (u F 11".) 

(1 tp) \'PI'SlIS P and found to be linear; a and b 
\\'ere obtained by the least-squares method. For 
albite the data of Yoder at 25°C and 2-10 kb , 
as tabuIn ted by Birch, \I'ere cOll\'erted to the 
a and b form in equation 4. 
~iO, data. are a\'aiInble for the glass o\,er a 

range of temperature. Both a and b were plotted 
\'ersus t (0C), and it \\'as found that the data 
fall into two groups, each of \\'hich gives a 
highly linear plot for each parameter. The first 
group includes the data of Birch and Law 
[1035] and BiTch and Dow [1936], who meas
ured linear compre"sion from 0 to 10 kb at 
temperatures up to 390°C. A least-squares fit 
to their data gins 

106a = 2.58 - 3 .8 X 1O-4 t (6) 

1012 b = -34.1 + 6.7 X 1O-2 t (7) 

\\'ith units of tOC and K in reciprocal bars and 
\I'itb the vcllues from the original references 
(the data from the;:e two papers are incorrectly 
referenced in Birch [1966J). Older data by 
Adams and Gib50n, and Bridgman, mea ' \Il'ed 
at room temperature (cited by Birch and Law 
fH)35]) agree with the more recent \'allle.'! of 
Reitzel et al. [1957J , who obtained similar linear 
relationships by linear compression in the range 
O---± kb, 22°-250°C. Reitzel et a1. obtained 
coefficients of 2.695 and -5.0 X 10-' for the a 
equntion, and -22.7 and +4.2 X 10-' for the b 
equation. Both sets of data show the parameter 
b changing sign \\'ith temperature, at. 510° 
(Birch) and 540°C (Reitzel); K increases \\'ith 
pre~5ure helow this temperature and ciecrca5es 
\\' ith pre~."; llre at hi!:;hcr temperatures. Also, both 
~ets of data show that the comrres:oibility de
creases \\'ith increajng temperature, in contrast 
to the normal effect. The ditTerences bet\reen 
the t\\'o sel5 of <1a(:1 are not sig nificant in the 
present calculations, and the datn. of Birch and 
co-workers, as gi\'en by equations G and 7, were 
\I~ed for extrapolation to hi((her (rmpcratures 
(GOO°C) to obtain the 0- to lO-kl) ran~c com
pressihili1y coeJTicients. 

To calculate ~ l'I V. at pressures aboye the 
measurement range, the quadratic equation (5) 
can be extrapolated . Generally, hO\\,e\'er, a better 
extrapolation for crY5talline compounds (e.g., 
quartz) :\IlcI metals is obtained from the 
:\[\lrn ~l ((han loga rithmic equation [Anderson, 
10GG], which can be written in terms of the 
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TABLE 1. Comprcssibility Parumeters (K = bar-I) and ClIlcul:tl!'u Volllnw find Rcfractive Index 
EfTccts at. 50 kb 

Substance 106a lOUb 

Diop5ide, 2.')°C 0.92 +3.0 
(0-40 kb, 25°C)* 

Albite, 2.')°C 2.11 +21.6 
(2-10 kb, 25°C)* 

Si0 2 glass, 2.jOC 
(0-98 kb, 25°C)* 

Si0 2 glass, GOO°C :l.35 +6.1 
(0-10 kb, 11-390°C)* 

• P and T rangc of compressibility measurements. 
• 1\1 urnaghan eq uation. 
b Quadratic equation. 
< Lorcntz-Lorenz equation. 
d :'Ieasured at 4.0 kb [Bridgll1an, 1945]. 
• Equation 2, {J = 1.37. 

measu red quadratic parameters as 

In (~) = - In [I + [(2
2
b/ a

2

) - 1 JaP) (8) 
Vo [(2b/a) - 1] 

Both equations were used to extrapolate the 
albite yolume compression above 10 kb. For 
diopside in the extrapolation range -10-50 kb, 
the volume compressions calculated from (5) 
and (8) do not differ significantly. 

At room temperature neither the quadratic 
nor the Murnagha n equation gives a correct 
extrapolation of the SiO, glass compression 
aboye 10 kb, as can be seen by c omparin~ the 
volumes extrapolated by using the quadratic 
parameters with the volume compression meas
ured by Bridgman [19-18] from 0 to 100 kb. 
The vol umcs extrapola ted wi til (.') and (8) 
go to zero at P = 140 and 36 kb. respecti,·C\y, 
whereas the yolume compre:3sion llll':l~ured by 
Bridgman is only 20.~% at D kb. That is, thc 
compressibility of SiO, gl!'lss at room tempera
ture il1creascs with pressure up to about 35 kb, 
and beyond this pressure it decrea5es as in a 
normal subst:1I1ce. This effrct was measured by 
Bridgman se\'eral times. For the calculations at 
room tempcrature, the volume compression data 
measured by Bridgman [19-1 ] from a to 100 kb 
were therefore used. For the high-temperature 
c:t!rnbtions, however, no data on SiO, glass are 

Calculated: 50 kb 

(6V IVo) 

(6VIV o), % (6nlno), % (!mlno) 

-4.0a .b 2.0< -2.0 

-7.2" 3.0' -2 .4 

-13.6d 4.7' -2.9 

-10.4" .b 3.4' -3.0 

available above 10 kb, and it was necessary to 
use the high-temperature quadratic parameters, 
extrapolated (to 600°C) from equations 6 and 
7, for extrapolation to pressures above 10 kb 
with equatiollS 5 and 8. Since the initial com
pressibility decreases with pressure in the 
normal manner abo,-e 5lOoC, as "hO\1'1l by (i) . 
the high-pressure e:-..irapolation at 600°C should 
be adequate, and, in fact, both the quadrati(' 
and the l\Iurnaghan equations giye essentially 
identical volume compression along the 600 0 e 
isotherm. 

The compressibility parameters used for tht' 
three minerals at the indicated temperatures !'Ire 
gi"en in Table 1, together with the magnitude 
of the calculated volume and refracti"e index 
variations at 50 kb. The fractional "olumr 
change is seen to be of the order of 3 to ;; 
times the fractional index change for all three 
substanccs and at both temperatures fo r SiC\. 

CALCULATIONS Fon Drops IDE AND ALlllTE 

The refractiYe index was calculated as a fUllC

tion of pressure by using the Lorentz-Lorenz 
equation (3) and the VI Vo .... alues from bOlh 
the quadratic and the l\lurnaghan equation:,. 
under the assumption of constant molar re
fra ctiv ity. (The quadratic and l\IUfl13gh:l ll 

equations gi,'e identical results for diop5iue O,'d 
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latrd Vn!1In1p. :lnt! RefrRct.ive Index 

CalculnLcd: 50 kb 

(6V/V o) 

(6n/nol, % ( t:.n / nol 

.b 2.0' -2.0 

3 .0' -2.4 

4.7' -2 .9 

.b 3.4' -3.0 

above 10 kb, and it was necessary to 
ITh-temperature quadratic parameters, 
r:d (to 600°C) from equations 6 and 
!rnpolation to pressures abo\'c 10 kb 
~tions 5 and 8. Since the initial com
y decreases with pressure in t~lC 
lanner abo\'c 510°C, as shown by (:). 
pn.'55ure extrapohtion at 600°C should 
ate, and, in fact, both the quadl?t \(' 
i\Iurnaahan equations give esscnt1 311y 
yolum: compression along the 600

e
l' 

mpressibility parameters used for tht' 
[lcral5 at the indicated temperatures !lr,· 
Table 1, togclher with the m3gn itud(' 

alculated volume and refracti\'e inde~ 
;; at 50 kb. The fraction31 \'oI UIl1l' 

IS seen to be of the order of 2 to ;; 
.c fractional indrx ch:'l n!!e for all tll n't' 

I· <;: : \) 'es and at both temperatures or '- ' ,. 

'ULATIO;-';S FOR DIOPSIDE AND ALnt'TE 

efracti\'e index was calculated as a fUll t" 

preo~ure bv usincr the Lorentz-Lorenz 
~~ • 0 1 

1 (3) and the l' / l'o \'alues from ~) l1 t ',1 
Idr3tic and the i\Iurna~han eqll:ltlOn,. 
the assumption of constant mohr P " 

ty. (The q\l3dratic a.nd .l\Iu~n:lgh:ll. 
115 \!i\'e iuentic:ll rc~ults tor dlOpslde on I 
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the small extrapolation range above 40 kb but 
deviate considerably for albite at high pres- ' 
su res. ) 

It should be noted that the only input data 
are the compressibility parameters a and b 
(Table 1) and the values of no (the index of 
the original un compressed glass). The values of 
II. measured by Boyd and England on the glass 
used for their compres3ion runs are 1.48 for 
albite glass and 1.604 for diopside glass (they 
give 1.603 in text and 1.605 in their Figure 7; 
the a\'erage has been used). The calculated values 
of nLL from 0 to 50 kb are shown in Figure 2, 
together with all measured \'alues by Boyd and 
England [1963J. The errors shown on the meas
ured data are their uncertainty limits of ±O.002 
on the indices and ±5% on (load) pressure. 

The fit of the calculated indices to the meas
urements is remarkabl~' good, even for albite for 
\\'hich the compressibility parameter are meas
ured only to 10 kb (solid part of the cal
culated curve). Although both compressibility 
equations (equations 5 and 8) fit the albite 
data. surprisingly well, the Murnaghan equation 
is clearly superior, as would be expected from 
the comparisons given by Anderson [1966J. The 
average deviation of the measured points from 
the calculated eur\'es is ±O.OOlO for diopside 
and ±0.0018 for albite, and some of the devia
tion is clearly due to scatter in the observations, 
('specially for the albite elata, which \yill not 
fit any smooth cun'e exactly. The indices cal
culated from the Drude equation are lower fo r 
both substances; the differences increase with 
pressure and reach 0.01 at 50 kb. Indices 
r.1 lculated for the empirical refract ion laws of 
Glads tone and Dale and of Allen [Anderson and 
. 'c/tl'eiber, 1965J were found to be the same fo r 
I'oth laws and to be close to the mean of n,.L 

and n" at euch prcssure, in agreement with the 
iact that the latter t\\'o indiccs are calculated 
(I'n m the limiting refraction laws. It is possihle 
tha t f3 is aetu:'Illy somewhat less than the 
l.orentz-Lorenz yalue 01 .. 1:;,/ 3, as the compres
,: bdity data uscd arc for the crystallinc ph:U':e 
:llIU are thus close to, but lower limits for, the 
r:lass compressibilities (Figure 1). If the glass 
l'ompressibilities are si!!nifieantly greater, the 
'';llcll!ated indices would be increased so that 
IIII' curve from the Drnde equation would ap
,lfll{ICh the obsernltions. To raisr the calculated 
I )rllde Cllf\'e to match the Lorentz-Lorenz 

'f 4 , , 

curve for diopside in Figure 1, the compressi
bility must be increased by 50%. Howe\,er, this 
question cannot be decided until compressibility 
and dcnsity data for the glasses are actually 
measured o\,er a range of pres5ure. What is 
important is that the crystal eompressibilities 
are lower limits and the n LL cun'e is an upper 
limit for any compressibility, so that impro\'e
ments in the data will not change the fact that 
the obsen'ations can be fit by a molar refrac
tion law (always under the assumption tbat the 
refraction itself remains constant, "'hich is rea
sonable on the basis of the structural observa
tions of Bridgman and Simon) , 

INTE!l.PRETATIO)< OF DIOPSIDE-_,hBITE RESULTS 

The diopside-albite glass measurements are by 
far the most carefully controlled experimental 
data available, According to Boyd and England 
[1963J, the albite glas;; samples \I'ere prepared 
chemically by two different methods and care
fully dried at high temperatures; the diopside 
glass used was also synthetic and was dried 
e\'en more stringently. The albite samples were 

16S0r--,--.--,-----,-----r-- ---, 
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Fig. 2, Hcfractive indices of albite !l1\d diopside 
g la~ queuched from IifJuidus tcmpernture3 nt the 
indicated pre5SlII'CS. The data. of Boyd and Eng
lalld [I!)(j3J are shown bv rect:l11des with dimen
sious according to their 'estimated prrl'ision . The 
CUf\'CS afe calculated from cOlllprc:;sibililics th[lt 
have been measured o\'cr the prc;;su rc rnnp:e cor
respond ing to the solid P:1 t!s of curve nlln extra
polat ed into the dashed parts. 
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brought to prcss\Il'e and temperature throll!!h 
uoth the ;3olid and the liquid fields, alld diopsidc 
~:l1np !('s \yere hrought up to temperature at 
prc~:;ure through the crystalline field. AU 
~amples \yere temperature-quenched at pres
s\Il'('s: \yi th their apparatus. which has \\"ater 
('oolin!!, the furnace temperature can be dropped 
to less than 500 0 e within 5 ~econds [Boyd alld 
Ell g/alld, 1800]. The glasses arc quenched under 
Jlres~ure fl'Om abo\'e the liquidus (temperatures 
of 1100°-] .'iOoe in their experiments), and the 
uniform relationships obtained [rom glas5es at 
different hi.3tory show that a highly reproducible 
efl'rct is being observed. 

If \\'e assume that the agreement of calculated 
and measured effects shown ill Figure :2 is not 
a coincidence, we must then :1~k why the 
quenched glasses are matchcd b\' the cUl'\'e cal
culat ed for 25°C. The st raiglniorwanl answer 
is that the total pressure effect is 'Jocked' intv 
the ghss, but the thermal effect is rclic\'ed during 
temperature release at load pressure. \Ve know 
from equation 1 that (DCt/ DP) = - (DK/ DT) , 
sO th:1t the yolume chanl!e in taking an equi
librillm ph:1se from temper:nure and pressure 
1', 1', to ~:jO, P, is the same as that along the 
path (T, P), (T, 1 bar), (2.5°,1 ba r) , (::!5°, 1'). 
This means that, if the pressure efiect at 1', P, 
is locked in, the pre5sure dependence of a is 

'" '" 

155 

1.54 

1.53 

1.52 

:3 151 -

'" o en 150 
c 

14 <.? -

148 -

Fi1!. 3. Hcfractil'c incii('l':' of :3iO, ~ I:t~.~ CO lll

pn''''I'd ~t. tilr inriicat<'C1 l,'mpcr:ll\ll'P~ ~nd prrs
':lIrrs. 

such that samples quenched from a series of 
T, 1', st:1tes will, in a 1'-1' diagram, plot on a 
CUITe \rith an origin corresponding to 1'. (~,'jo, 

1 bar) and a slope proportional to the COI1l' 

pres~ibiliiy at 25°. The pressure effect is pre
sum:1bl~' locked in ",hen the glass cools throl1!!h 
the glass point: below this tempera ture thr 
!!lass is no longer all equilibrium phase, hilt 
the appro:1rh to configurational equilibrium i, 
so slo\\' that \'olume e!Tects can be discus"ed in 
terms of the usual parameters. HOI\'eyer, sm:lIl 
de\'iatiolls dlle to slight \'ariations of a and ~ 

",ith cooling rate should oceur, so that till' 
relationship cannot be expected to be as exae! 
:1S for an equilibriulll phase. 

It is \I'orth noting that the fit obsen'cd in 
Figure 2 requires that not only the compres<i
hility, but also its pressure depenrience, hI' 
approximately correct . In fact, one sees tIt:lt, 
although the CUl'\'es fit the points \\'ith \'cry 
"mall mean c!e\'iations, the slope in the diopsirk 
cun'e is not quite correct, especially at hi .~h 

pressures. With the same assumptions uscd 
previously, the calculation could be re\'ersed to 
calculate the compressibility parameters frol11 
the obseryed indices. Carrying this throu!!!1 
8ho\\'s that a plot of [fen) - f(11o)) //(n)1' 
versus P, where I(n) is the Lorentz-Lorenz in
dex function (n' - l)/(n' + 2), is linear except 
for a large deviation of the point at 10.8 kb. 
The intercept and slope of the plot give elJec
ti\'e values of 10"a = 1.0S, lO"'b = 7.4, nnd :I 

calculated curve with a mean deviation of only 
0.0005 in 11, which indicates an e/Tecti\'e com
pressibility very similar to that of the crystal 
but with a somewhat higher initial value :l1Id 
a greater pre~sure dependence. Both the:;c dif
ferences are in the direction expected, but, more 
importantly, the improved fit sho\l's that th,' 
observed indices are very consistent with tlw 
type of pressure dependence shown by nOrtll 11 
substances, i.c. compre3sibility decreasing wi th 
increasing pressure: 

~ Note added in press. F. R. Boyd has pointe.\ 
ou~ to me thn~ in his experiment::; the qUPIll'h i· 
not absolu tely isobaric; the actual 10:ld prCS;IIf1' 
a~ the glass point is somewhat lower than (h.' 
nominal run pressure because of the rapid therlJl .oJ 
contraction. He suggcsts that It fluid liquid. ,wio 
as diop~idc at liOO· C, might record this prl --lIr.' 
rhang(\ which would abo account for thc ~Ii~h l 
dev iations of the 40- to 50-kb diopsidc poinrs ill 
Figure 2. 
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mple~ quenched from [t, ~eri es of 
\rill, in a P-V ui a~ r:lln , plot on a 
:1 ori~in correspond ing to 1"0 (:2,)', 

a slope proportional to the ('om

t ~5°. The pre<':' llre effect is J1I'I'
rel in wllt'11 thr glass cools throll!.!h 
liut : helO\,· this temprrat llH' thl ' 
longer an equilibrillm pha5e, bill 
I t~ configllrat ionnl rl[ttilibriu1l1 i
volume effects can b e di:::ctts:'ed ill 
usual p:nameters. IIo,,-ever, sl1I:dl 

Ie to ;;I ight varintions of ('( nud " 
rate JlOuld occur, 0 that t h, ' 

c:mnot be exprcted to be 0.5 eX:1,'t 
Jilibri lllll phase. 
h noting that the fi t ob~ef\'ed ill 
luires that 110t only the comprr;:~ i
al~o it~ pressure deprndence, 1)(' 
ly correct. In inct, one sees that. 
~ cun'es fit the points " ' ith \"Crv 
leviations, the "lope in the diopsidt, 
t quite correct, especilllly at high 
Villi the ~ame assumptions u~ed 
.be calculation could be re\-ersed to 
e compressibility parameters from 
d indice:'. Carrying this through 
a plot of [I(n) - f(no)] /f(n) P 
here f (n) is the Lorentz-Lorenz in
t (n' - l)/(n' + 2), is linea r excepl 
deviation of the point at 10.8 kb. 

pL and slope of the p lot ~i"e cfTcc
of lO"a = 1.0S, 101!!b = 7.4, and a 
urve wi th a mean dC"iation of onl~' 

which indicates an effective C01l1-

'very similar to that of the cry:::t:11 
so~e\\"hnt higher ini tial value all, 1 

resSlIre dependence. Both the~e dif
: in the direction expected, but, mo rt' 
" the imll rO\-ed fit shows tha t ti ll' 
)dic€'5 are YCIT cOJlsistent wi th th ' 
'~sure dependence J'; ho,vn bv nOrJn;li 
i .e . COlllll rei'sibili ty dec rc:t~in~ wil ! 

lressure: 

tln l i n press. F . It. Boyd has plJ in k.J 
that in his experiments thr qlu'nt'h 1-

eh' i>ob:uic ; the aClual 10:lci p;·c,;.-ttr l 

:; -poin t is >o ll1c'wil !t1 lower l h:ln ill 
1 prcs<ufl' becallse of t he rapid t hcrtll :~ 1 

11e ;:UI!:I!:('sts that Il. titud Itqutd. ,11< I, 

at. I;OO ' C, mi~ht record this prl' ''l1 i' 
il'h wou ld :II. 0 a('count for the ,h..:lc' 
of ih r 10- to iiO-kb di"l'~id (' point:; I" 
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CALCULATlOXS FOR SiO, GLASS 

The refracti,-e indices were calculated at 25° 

~nd 600°C for compression to 100 kb, for com

Jl:t rison with the me:tsurements of Coh ell alld 
Hoy [1961, 1965J and Roy alld Collen [1961J, 
which were made along these two isotherms. 

The resulting n-P curves are sho\\"n ill Figure 3 

lng-ether with the measured dnta; additional 
menwrements reported by Cohen and Roy 
fl9G 1, Figure 2] at a few tem peratures bebwen 
i heir two iootherms are also plotted. The ~.j ° C 

(' \l I'\'e is bned on the direct 0- to 100-kb volume 
cOlllpression measurements of Bridgman [ l £1-4S], 
:tllci the 600 0 e curve is based 011 the high-
1!'lllper:tture quad ratic parameters as described 
e:lrlier, extrapolated above 10 kb by means of 
lite :'Iurnaghan equ at ion. Th e quadr:ttic 
equat ion gi\'es essentially identical results. In 
hOl h cases the high-pressure index is calculated 
Irom the index of the ullcomp l'cssed glass, 
II "~ = 1.458 given by Cohen and Roy, by using 
t' fjll:1tio n ~ with f3 = 1.37. It should he noted 
lit:lt the SiO, glaES compressibility decreases 
II it h increa,ing tempera ture, so tlut the 6000e 
f"u n'C falls below the 25 °e curve, in contrast to 
ill(' relat ionship in normal glasses . At the glass 
point, hO"'e' -cr, K must increase mnrkedly with 
1t'lltpernture, and 1:'0 there is a minimum com
I'rc'-~ihility at something like 000-900"e and 
Ihtl "e l~OOoe the curves will lie abo\'e the 25° 

"( II" -e in Figllfe 3. 

(':t!culations were also made for the limiting 
(' 'illat ions (equations 3 and 4) . An inc!i c:1tion of 
lit" l11 ;lXimllll1 range cnn be seen from the yalues 
;n .'i0 kb. GOO°C; n r.L = 1.521 , n" = 1.502, 
\I ht'l"eas n = 1.508 for f3 = l.37 and is thus 
in[ermediate with a \-alue proportional to the 
r;llio of f3 to the maximum ,-n lue L·,-/3 . 

The ,'iO, results show sm"eral m:uked fea
titl'CS : (1) snmp!cs compressed at .5000-700 oe 
:'!" t gene rally in the ranp;e of the hHl i"o[ hermal 

\ "l trI'r ,, ; (2) s:1mples compressed at ::?5°C h:we 
Ill rii('es far lower than expecter! from the com
;I\'t'~;; il>ilit~ - d:lta: (3 ) samples cOlllpre~sed at in
'p rl1leciiate temperatures haye indices between 
I It!' ~5° and GOO oe data :1l1el arc eon;:iderably 

lWe I' thnn the pred icted values (which would 
:;" I'c tween the 25° and GOO oe isotherms). 

The 10w-temper:1 ture data in Fi~\lre 3 are 
"tl~ i" tent with the obsen 'at ion of Bridgman 
-'Il l Simon [1953] that SiO, glass has a. thresh-

old pressure or clastic limit that mu~t be 
exceeded for permanent compre5sion: the data 
of Cohen and R oy indicate this limit is about 
::'0 kb at room temperature, anc!,' ns they noted, 
it disappears at temperatures of 500°C or 
higher. Anderson [1956J studied the compres
sion of borosilicnte glnss in the range 4-7 kb, 
100°-300°C, nnc! showed that iJOth reversible 
and irre\-ersible volume changes, \\'hich he called 
densifica tion and compaction, occur at these 
lempera tures. SiO, glass showed no permanent 
compression at these pressures and tempera
tures. The data in Figure 3 are quite consisten t 
" 'ilh his results and indicate that at t empcm
tu res of 200 0 e and less SiO. g!ass is almost 
totn lly ela~tic at a ll pressures, so that e,'en 
aboye the thre;;holcl pressure the permanent 
compression obtained is only !1 fra ct ion of the 
actual volume change given by the compres
sibili ty. At 300 o- ,100°C, the glass is partly 
elastic, so that at 40 kb the permanent com
pression is about half the total volume change 
corresponding to the compressibility. Both the 
('bstic limit and the fraction of the deformation 
that is elnstic or re,'ersible decrease ,yi th in
creasi ng temperature and vanish at about 
500°C. :\eeordingly, the discus -ion of the tem
peraturc-refractiye index relationship is limited 
to temperatures abO\'e 5000e in the range ill 
which the elasticity e[eets have yanished. 

HIGH-TE~IPERATunE SiO. DATA (500- 700°C) 

All data points in F igure 3 were picked off 
the plots of Cohen and Roy [1961] anc! Roy 
alld Cohen [1961] and Figure 1 of Cohen and 
R oy [1965] ns no tabulations ha\-e been pub
lished; the indicated precision is about ±0.005 
in the index and is es timated to be ±1O kb in 
pressure [Cohen and Roy, 1965]. Some of the 
sratter in the index data is e\'idently due to 
their usc of powclered gla;:s samples wilh snb
~c Clll ent inItotl1l,!!eneily. The large uncert :linties 
in the (bta, coupled with the relnti"ely cIo:;e 
spacing of the byo isotherms, makes it impos
"iiJle to match the dat!1 to one or the other of 
the two isotherms, and, in fact, it appears that 
a scatter of points bet\reen the two isotherms 
should be expected because of variations in the 
qtlenchill<' procedures. The quen ching tech
niques used b~- Cohen alld Roy [I Q(; 11 are not 
desc ribed in their paprr, but .l/acl:l'lde [1!163, 
footnote 5J refe rs lo a preprint of ('ohen and 
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Hoy which states that their H)61 datu wcre 
obtained by releasing the presslIl'e before lower
ing the temperature. On the other hanel , Cohen 
and Roy [H)65, p, 150J state that the data 
showu in their Figure 1 were obtained by 
pressure relense after temperature quenching. 
R. Roy (personal communication) states that 
'every combination of heating, pressing, and 
cooling de-pressurizing cycles possible' was used 
throughout thei r \york. Although it is not possi
ble to match the plotted points with one or the 
other quenching techniques because of lack of 
information and the scatter of the data, accord
ing to the present interpretation samI)les 
quenched under pressure should follow the 25°C 
isotherm ; samples that were temperature
quenched after release of pressure should plot 
along the high-temperature isotherm, and thus 
the total array of data should scatter bet\yeen 
the two calculated curves. These rela tionships 
are demonstrated in the following section, 

DrSCUSSIO:-l 

Figure 4 summarizes the trajectories of the 
glasses iu a density-pressure or rcfractiye-index
pressure plot, as interpreted in the preyious 
sections. Asterisks refer to equilibrium phases, 
and we first consider a liquid at A * on or above 
the liquidus at pressure P. 11'f.·_B·:·:·_Cif is the equi-
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librium trajeclory to room tr mperature and 
atmospheric pre::" ure vi:l the equilibrium :>u pr r
cooled liquid phase, and A+> can be returned to 
by this route or by heating the liqu id yia D':" at 
1 bar and then compressing it. The density 
variations with pressure and temperature arc 
proportional to the equilibrium-phase " and c\' 

yalues at 25 °C and T, ancl at 1 bar and I'. 
k':·-B-C-D*-A.ii· is a reversible cycle invoking 
forma tion of a glass instead of the supercooleu 
liquid (the points Band C wiII scatter some
\\'hat on the ordinate during a number of cycle~ 
because of variat ions in rates of cooling or heat
in~). This cycle is drawn for a 'normal' silicate 
glass (diopside-albite). 

,,-e fi rst consider the diopside-albite experi
ments, in \"hich temperatu re is quenched at 
pressure, The liquid is at A ii· (T, P) and is 
quenched to point B (25 °, P) with Ci V propor
tional to lI'p the thermal expansion coefficient at 
P. T he temperatu re drops through tbe gbs~ 

point ancl the volume (density, refractive index) 
corresponding to 25°C and pressure P is at
tained at point B, via the reversible thermal 
contract ion. The potential ene rgy barrier is no\\' 
too hio;h for pressure relaxation at low tem
perature, so that pressure release is irreversib!e 
and the properties at point B are locked in to 
the glass . Thus, any point ou allY trajectory 
D*-A ~:', for any T and P, will, in this proce5:', 
moye nrticaily to the 25° trajec tory CoB and 
plot along CoB at the pressure at which tern· 
perature was quenched. As discussed in the 
section on the diopside-albite resuits, this fol· 
lows from the equality (aaj ap) = -(aKjaT). 
(The loop _1 ~:·-B-C-D*-:J. ~> is drawn for norm:)1 
silicate glasses in which (I'p < IX. and Kr > "".) 

Pressure rele:lse from above the glass poillt 
would simply result in an equilibrium tmjectof" 
such as A *_D ii' cIO\m the isotherm, with Sill,· 

sequcnt thermal relaxation to point C, tilt' 
original uncompressed glass. If the pres:;urc i, 
released at a high temperature below t hL' gl:l '" 
point, the pressure effect may be locked ill lI'iill 
subsequent thermal contraction at 1 ba r. T ill> 
sequence is shown in Figu re 4 by the area c·n· 
E-F for SiOo glass, in which CoB is now as~ul1l l'.j 
to be the 25°C compression slope for the gl:t~, 
The compre.;:;;ed glass sample at 600°C is :11 

point E, below the glass point To (as, fo r c\' 
ample, reachecI by cooling at p ressure froll1 
the liquidus). When the pressure is rcIe:1srd, 
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the preosure deformation is trapped by viscosity, 
as configurational changes are required for pres
sure relaxation. HO\\'eyer, thermal relaxation is 
dominantly a "ibrational effect and occurs with 
the C/ value characteristic of ambient pressure, 
in this case a.. The trajectory is E-F, this differ
pnce being equal to D-C, and the points from 
compression along an isotherm D-E will plot on 
the isotherm C-F with a slope gil-en by K at the 
isotherm temperature. (At 600°C, however, the 
di/Terence C-D is only O.l % on density, so that 
the difference bet"-een the two lines cannot 
actually be ob.sen-ed.) For normal silicates, the 
trajectory C-F would, of course, lie above C-B 
because of the higher compressibility at higher 
temperature. 

At still lower temperatures it is evident from 
Figure 3 that SiO, glass is partly elastic, with 
some rebound along D-E on decompression; 
subsequent cooling then produces a trajectory 
from C belo,,- C-F as is observed. Although 
shear effects may be involved in the degree 
of e\:1sticity observed, Cohen and Roy [11)65, 
Figure 6 and Table 2] observed quite similar 
e/Tects in hydrostatic compression in argon up 
to 10 kb. Samples compre;::sed at 600 0 e and 
above scatter between the 25° and 600°C 
i ~otherms in Figure 3 (the quenching cycle is 
not described), whereas partial or total elas ticity 
was obseryed at lower temperatures.' 

Cohen and Roy [1961, Hl65] have proposed 
that the densification of glass is independent of 
the compre:::sibility and in\'olves an irreversible, 
5econd-order structural change at high pressure, 
followed by completely elastic volume relaxa
lion of the new phase" It is evident, hO\\'ever, 
that the relationships between densification and 
compre5sibility shown in Figures 2 and 3 are 
incompatible with such a. model. Configurational 

3 N ole added in press. G. J. W.ls>erburg has 
dr:1 \\"n my attention to two papers by Kennedy 
... nl. [HlGl, 19G2 ) in which pcrm:ll1ent increases in 
r, fmcti \'e index were obsen'cd in SiO, glass 
r'j\lrnched under hydrostatic pre~sures up to 10 kb 
' 11 :l h~'drotherm:ll s~"stem. [(ennedll et aZ. [19621 
howf'd that the rrir:Jct ive index of the flllenched 
~h." · was approximately ~i\'en b~- the Lorcntz
f.ll n' l1Z eflllation Hnd attributed this to a pCTlna
II ' llt 'SC'l' in the hidl-presSllrc dcns it~-. Their data. 
o- ]() kb) fit the 25'C, f3 = 1.37, calculated curve 

in Figure 3 yery closely . 

. ~--

trapping of pressure deformation is clearly ade
quate to explain the permanent compression of 
the glasses studied here. 

Reccn t work dealing with pressure etf ects on 
refracti\'e index in elastic compression [Traxler 
and Trcir, 1965, and references therein] has 
dealt with some substances in which the molar 
poIarizabilities actually change with pressure, 
so that R in (2) cannot be considered constant . 
Discussions of possible effects of this type in 
glasses [Jraxler and Weir, 1965; Vedam et aZ ., 
1966] have, so far, been confined to models 
ba:::ed on the Lorentz-Lorenz or Drude law, 
rather than on equation 2, which allows an 
intermediate overlap field. It is clear that the 
more general refraction model given by equation 
2 should be used as the basis for further studies 
of polarizability changes" Fortunately, pressure 
effects on polarizability do not seem to be im
portant in the glasses studied here. 

This study was originally undertaken in the 
hope that meteoritic glasses might yield some 
information on conditions under which they were 
quenched. Although the resu lts inclicate this is 
unlikely, it should be of interest to study the 
quenching conditions in tektites. By simply 
heating tektite samples above the glass point 
and cooling, and comparing the refractive index 
before and after, it ~-ould be possible to see if 
a pressure deformation has been trapped in the 
glass; if so, measurement of the compressibility 
as a function of temperature might yield some 
interesting information. 

Note added in press. In the Allnual Report 
of the Geophysical Laboratory for 1967-68, 
E. C. Chao and P. 11. Bell have recently re
ported data on refracti\'e index as a function of 
pressure to 50 kb, for three feldspar gbsses 
quenched at pre!Osure. The n-P relat ion for 
oligoclase (An",,) is given exactly by the Lorentz
Lorenz law, using the crystal compressil.Jility, 
and the relation -hip for orlhoclase is givcn ex
nctly by the Drude law; compressihility data 
for their third glass were not a\"nilablc. The 
oligoclase cun-e is essentially linC'ar, and it 
seems clear that with very precise data. a 
plagioclase glass of some composition cnn be 
found that will gi\-c a. precisely linear cun'e and 
should be most u"eful for an experimrnt:ll 
barometer. J\[C'nsUl'cment of thc actual feldspar 
gbss cornpr('ssil.Jilit i('s, together wi th the n-P 
eun"es, would provide very interesting data on 
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the efIect of composition on the overlap field in 
feldspars. 
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