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I'li~nal '" ro •• ,ional origin may iDteroe' ... ith Ih. deg,·n ... ,. funda
m~ntal. to p,odu« a ,!,lilling or doubling. Ther "burn a rtrcrsiblo 
.[lliuing of I h, 'J an,l a \"", "1'1""0"' spl; Hin~ 011 h. " h,ndamrnl.l. M 
l'rc'S$u,,, 1"$$ ,han JO khaT. J\l Ihl.'St ]>"'$$"""'. lhe., fundaonentnl i. 
om«,""l "n,1 in"ca .... in inlon.i')'"' I"""""'. i. 'PI,lk-d. Thi. sUU'"'' a 
devi"'on of the V. , ite .)'mmClr) ...,I,,,.ion ruk'.; allhaugh. optically a 
<hang. of ph ... i. not ubscrvcJ. 

A,"toni/ •. lis eaTI><m ... ions have a G, ,j", 'lmmt.,y. lI enco •• i. in'er· 
ulfr"'l"tnci<s of 'he ion nrc now permi(1<-d in ,h. inlm."I: ,hed.grner. 
aey i ... moved from ... and '".., 1,.,.,0",'" ae,ive. and .. ,bQuld ,emain 
unchangM. I, il .. ·.11 ", nole Iba' no ~h.ng .. arc 0~,,·,,1 in "r"~Onil' 
hy Woir. ,I 01 .. b"low.l(l khar. 

Val"'I,. Thi, rol)·mo'ph i. '''1,'''I«.lI<> ha vI! a hexagonal unil coil con· 
laini"g ''''0 or m",e mul~ul .. 1"" uni, cell. fl ow",· ..... ru<,ural d.,.il, 
oflh~ uni, .ell ha," nOI hen eslablished 0(> f., ao can [,., ... c",'aint~t. 
Th"r<lorr, 'he .'I>t<IN .1 .... 1 rum ca nnol I", l"<-dicIM. 

,\11 valeTi .. '"""lra ohtain .. 1 'hu. fa. ag''''' with ,h..,... l"~"iousl) 
puhti,h«.l ( \\' .ir an,1 l.il'l~nCOll, 1%1 ; Baron. 1%9; S"'zel and Chorin. 
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lI'.i, and Lil'1~n<oll (1961 ) ""U'" 'his tna,kNl ohangt in Ih~ ,n . 
1>1.n. [,.,nding Coutan, i. indica,i,·. of " pulsion b<''''«>n 0-')"80n a'om. 
in Ih. plane of lh. ion if ,h. an.ly.i. ol'ht ell«:," of diffe,.nt 'YI ..... of 
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(ono in ooIu.i"" b." H~IUOD aDd () rid,anL<:' (1951) i. conoid •• ...:! '0 ap
ph " .. ~_ 
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The <.ki.c...w ,n .hi, .Iud)· ••• Ih" « rlud SI"" '-ari~.)·, It _ .. 
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puri.)· .a. fllablithfdl»' an emi~"" fl'«"_0I"C .nal., .... 
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.,.r u,ili.l.inM a 5X be-am condcn ..... 'I"il'l,od wi.h f1(1,a .. ium b'<>miM 
l.n .... Sample P''''u,,, ...... elT..,l«I by m •• n. ur • Jl I~h 1' .... ,,,. 
I) i.nlond Oplico diamond-an"il roll " 1"il'(I«I wi.h ',I'" II di.nlom"- 1\ 
'ou~h 1"''Stu'e c. lib.ation "'as ob",in<~1 "'ilh 1" .. ~.i.l, having ,.·<11 
.. ,.blid,...:! ... noition., ~:rro .. in ".tuur. ral"," .. ion, .. jot due to in_ 
h ... nt inCII",bili'i, .. 01 'he: c.IL A uniform (>fro.ut. canno, "" ."pli...:! '0 
.he .an,pI. due '0 an 011«. 01 conccn, riull, ·d"", .. <inK IH"OMu" "' 110" 
di.mo"d f.co" Th i. i. 10 "'Y Ihat Ih hi,h.,t 1><.,.... •• " .. t...:! ... ill "" 
at 'he ccn, •• of 1 h. cdl .Itd d""",ax loward iu outer ...:!K"'-

The , .. ,~ri .. pOl)·mo.ph "oed in ,hil,um) ..... I),n,h..a..l b, 110. 
m<lhod 01 \1«·""",,11 (1959). An X U) (1O.d~. po"~.n (OtIf"m~ ,b~ 
"","",IIC~ of n .. ri,. in brv qunli.i.,. Imino. amDUn" (10 1., perunt) 
01 calcil ...... ~ olIO foundr. 

" .•• , pott ...... 01 'he comp'ess«I c.k;um e •• bonal~ in Ib~ diamond 
<tU ••• P<""ur~ 01 bI kha .... o.$ obt.in...:! 10)-. Bat (amc ..... ilh .... mplt 
'0 film di.ta"". of ~5 mm UJin~ muL)'bdonum .arlialion and .~f'OS"'l for 
<illh' .. n hou"" In 110'1 this wo.k i, an ;nln.<d .. ud)·, .ho X ,a)' da •• 
wo.$ u,od onl) '0 .UI,pl.",en. Ih~ i"I .. ,,-<1 rvid~nc. 01 • hi~h 1"""'u,. 
I""l mo'ph. 

R"~I '" o. I 'ltus~ .. ' ~:"n~"" '" 60 ~~~. O~ .,'" S"")I,n, 
o. THr. C'.""~AT" lo~ I~ ("MUTt 

1'.dOU'. '0 apprn,imald) JO kha •• (>fOO"<" .«''''tlsim;!a', ,hough 
siKnilkan,I)' dilT~ .. nl,'o 110 __ ... ~ ... h, \\ ti •. " 41 .. and S<:h",,1r, and 
K •• a ( 1\108) in •• ptri ..... n ... o ... ring I hi. (>f ...... , .. nonKe, " ""., .••. dUt 
10 poor "a",mi..;od of .b~ diamQDd pr,..... .. (dl in .b. " '''IIion (ap
(>fo<ima,.I, 10100 (m-'), eonb ...... lion 01 dtjtene ... ,· of .hit mod. 1nJ 

nol .11~",pl.d. T he , .. uho 01 Writ, <I .1 .. <o"".rniDK 11011 modr a.~ 
pL ..... bL. and han bnon ,"e,,"pl«l,.. .. oJid 

\ .plillin, o( I h. doubl)' d"l!t'''''''. " "'00. is "'-,>"\"<1 •• I" ........ i. 
inntut.1. In .'i .... 01 .h. I ... 1100' wnlr. b.nd, a •• "m..,,·...:! on bolh .id .. 
of ,hi. mod. (nl'I"O,;,,,a,oI), il5 em' 'J.' UI'I><o,illla .. I)· H5 ("'--, and 
"PI"o,in'o,.I) M'lJ em " ... illnmon, 0/ Ih. d.~ent .... ,. co"'I>o"e"" 0/ 
Ihi. m",l~ i, 1(f'mi,lablc. 

S,'h",k and K., .... ign the ;I ~ (m-'a"d 6'15 em 'hand ... 'he com· I 
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fIOn,nlA of the t, 'plil "'hieh .esult. in • .l. •• ~1 9 cm-'; a ,(a..,nable u· 
SUOIpt;on. Woir,.1 dr., rail 10 ol>ot,,·~ lhe 695 ~rn-I hand and tentatinl)" 
~ign lh. r, Iplil ,<> lh~ 714 cm- ' and 7.1() em \ band. A large • .:. I, 
(er26 em ") 'nul15. Sch<><k and Katz off..,- no aosignmenl 01 the 7-10 
cm-' bond and unl)" nole 'ho, ;1 innuors "'ilh prolOn ••. We favor the 
<ltg.ncro,c .JIIIl of lhe I, m<HIe .t i 14 cm-' ~nd 6')() cm-' for C. ,ile lyrn
me")" of aragoni,. and propose tho 740 crn-' band. ",hich we .1.., ob
.. "." 10 incrt."" with I""",n", a5 h"in~ due 10 a change in 'he inplane 
I>tn<ling Con,lonl indirali," 01 r~pul.ion .... 'wttn o'r~<" alums in th. 
1'1>".01 ,h. carOOna,. ion. l\ .hould be nole<! that the en.,.., of <GnCcn_ 
lricall)" dtt,cuing p' .... urr inherent in 1 he p .... ure etll c.on produce 'hi' 
change duClo • mi.!u,e of poI)"m<>'f'h 'p<'Cies. 

Duc!o ,h. fac, 'hO! ,h. r, fund3men ,al i$ no. a 'riple d<'g.n~"'!C band 
i. i$ b.lievn! !o spli' du. !o • mi .. ",. 01 ''''0 polymo'phic forms producn!: 
on. ,,,,ulting in a )"40 <01-' baml I~, an .. ret uon.m«l polymorph and 
the o.he, ,,,,uhing in a 690 cm-' land due '0 produclion 01 an ~,agoni!C 
poI)'n'o'ph. (Th. pouibilily of pol l'morphic mi. 'm", due 10 uneven pr ... 
• u,. h .. been pr,,;ou.lr deK,ibe<l.J It ha~ bc<n oboe,vW.ha. Ih.)o4Q 
cm-' band i. 'he r. ... , to fo,m; 'he 690 cm-' b.nd lo,m. almosl im· 
mn!i~.ely .It .. Rnd remain, stable,""'. shaU I"t< .how, unde' 1""
.u' .. f,om 25 kha' '0 60 \;I", .. The 7-10 cm-' band chang .. con.id.",blr 
undor high pr ... ure; ,hi. i. to b. "Ioec'n! if ,h. causal interpre'.'ion 01 
,h. b.nd i. CO"""" 

Th. " l"n,lamen •• 1 i, ae,i"a,,,,[ a' high pr ... ur<:s and i. , .. · ... ibl. 
below 2S kbo' in 'hi' work an,[ ,h., 01 Wd" Tl ~I. and i. ;ndica,i,·. 01. 
d.,-iation 01 .h. 0. .it. 'ymmetry rulO!!. Schock and Katz lound th.t 10' 
ev",)" op«imcn , .. ,<d. o4Q f>"rctn l '060 1""«0' 01 'he prn!!U" induced 
abOO'lllion 01 I h. " lundamen.al r~m.inn! ul",n .. !to", 01 p'O$Sur~. The 
o.igni6canco 01 .htu , ... uh5 _.-iii II.: dl""" .. l"tl sho"ly. 

It i. 0'" beliof ,h., ,h. p, ... ur .. induced chang'" in .he I"nd.m~ntal. 
oln''''n! bcio ... 20 kha, M. raldl .. I- II 0' ll_ lll ltan.i'ions, "'hkh 
many work ... h.,·. sugg .. t«l ",c m<la .. abl. ~·ith , .. ptel t<> aragoni' •. 
Th. p, .... u ... of 0'" tr.nsi.ion. com par. fa vo,ably "'l'h ,h".., P'Ol'os<d 
by B,idgman (L9!5): coleitc I-J I ., H.6 kba, ~nd 11 _ 111 ., I j,1 kb.r. 
Jam'...,n (1957) lal., d.moo.,,,,,«1 tha' •• Ih. I""''''' is incrraud 
calrite .ho"', a dintinui,ion in Ih. inlen,ili .. of th. high-angle X-ro)" 
,.A"",ion. and. d« .... e in ,he roIA.i,·. in'en.i,)" 01 Ih. 112.1 .. nce!ion. 
Tbi. ph~nom"na wa! ""tima,..d I<>,(a,' a' app,o.ima,d)" 15 kbaT. 1I~· 

'01'"",n 20 kba, aud n kbar, Ih. 1113 became c>tingu.,hod , po5'>ibl." ;n_ 
dka'in~ a hah'iog 01 the (,a,i~ Their ",p,,,i,,,.nul .,·id"nr< suU"''' 
Ihal r.ki.e 1 I is an .nion·,liw,dc.l"tl lo.m of no'm,,1 caldte. 

n ""i, (19tH) ho"·c'·,'. dilT .... wi,h th. ' UH8<'Stod me",hnnisnl of '<>'3_ 

, 
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tional anion disorder for the production of calcite polymorphs. He sites 
experimental evidence to show that such disorder results in c-axis ex
pansion, not contraction, and hence is doubtful that anion rotation can 
be the mechanism of transformation of calcite I to calcite II. 

Recalling that Schock and Katz found their pressure induced Vl 

fundamental irreversible, a plot of carbonate Vl absorbance vs. central 
pressure of the cell was provided by them to show that the effect of a 
calcite I-II or II- III transition is inconsistent with the above inter
preted reversibility of this transformation. In that the VI mode in our 
study is not preserved when pressure is released, we cannot comment on 
the validity of this conclusion but only suggest the remote possibility 
that the irreversible aragonite polymorph may have been produced even 
though their X-ray data show no evidence of aragonite. In this study, 
and that of Weir, et al., a shift in the Vl band to a higher wavenumber as 
pressure is increased is observed suggesting a change in the orientation 
or center of gravity of the carbonate ion. Weir, et al., go on to interpret 
this shift as a result of a decrease in the C- O bond distance in the car
bonate ion under pressure. This is not to say that the C- O bond is 
easily compressed but only that the calculated parameter of compres
sibility compares favorably with that of Bridgman. [( -1 / R) (~RI ~P) 1 
=2.8XlO-7 atm.; calculated by use of the internuclear potential func
tion (Lippincott and Schroeder, 1956). The increase of the 740 cm- l 

band with pressure, previously interpreted as a repulsion between 
oxygen atoms in the plane of the carbonate ion, further confirms a change 
in the ion orientation . The change in the V4 (740 cm- l ) mode, however, 
does not appear to be due entirely to repulsion of oxygen atoms in the 
plane of the carbonate ion. If the 740 cm- 1 band is due entirely to repul
sion of the oxygen atoms resulting from a decrease of the carbon-oxygen 
bond distance, the VI mode (symmetric stretching) should also shift to a 
much larger wavenumber. This is not observed to be the case. At a pres
sure of 61 kbar the VI mode has shifted from 1087 cm-1 to 1105 cm-I , 

whereas the V4 mode has shifted from 715 cm- l to 747 cm- I . The V4 mode 
(an in-plane bend) may interact with the calcium by intraionic bonding 
with the oxygen of the carbonate, resulting in a change of only the in
plane bending constant. The Vl mode will be essentially unaffected by 
this bond. It is, therefore, necessary to consider the position of the cal
cium atoms in the crystal lattice and their effect on the carbonate ion. 
Investigation of these lattice modes under pressure in the region below 
400 cm-1 will be attempted later. At the present, the mid-infrared data 
suggests ample evidence of a change in the ion orientation for our 
purposes. 

The above observations have shown themselves to be reversible below 
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approximately 20 kbar of pressure. On the basis of the infrared evidence 
an irreversible aragonite structure or C. symmetry is not produced 
until pressures above 20 kbar are attained. It is our belief that pressure 
induced spectral changes below this pressure are calcite I~II or II~III 
transitions. Interpretation of the spectral data suggests anion-disorder 
and the reversibility of this transition is consistent with the findings of 
Bridgman and Jamieson. 

As the pressure exerted is increased above 20 kbar (Fig. 1), the 690 
cm- l band becomes stable and does not increase in intensity or shift. The 
VI mode shifts to a higher wavenumber as expected when pressure is 
increased. The striking feature produced by pressures above 2S kbar is 
the change resulting in the 740 cm-l band relative to the 71S cm-l 

fundamental. The 740 cm-l band increases in intensity, indicative of a 
higher concentration of the polymorph producing this band, and shifts 
to a higher wavenumber with increasing pressure. The 71S cm- l funda
mental decreases with increasing pressure; at the end point of our ex
periment, 60 kbar, it is the weakest band in the spectrum (Fig. 1) . 

Recalling the stability of 690 cm-1 band, we have interpreted this 
band to be indicative of a constant volume of aragonite since it is unique 
to only the aragonite structure. The increasing ratio of the 740 cm-l to 
690 cm-l band has been interpreted as being indicative of an increasingly 
higher concentration of the polymorph that produces the 740 cm-l 

band. This unknown polymorph has been observed by its infrared spec
trum to be reversible to the aragonite structure upon release of the pres
sure. 

This is not to imply that the new polymorph is derived from aragonite 
although this is a possibility. It seems more likely that all the calcite 
has not been converted to aragonite, that which has not is converted to an 
unstable polymorph. The detection of calcite in aragonite would be dif
ficult due to overlap of concurrent bands. The above results perhaps can 
be more easily visualized by the graph in Figure 2. 

The observed forward reflection (transmission) powdered diffraction 
pattern of the compressed calcium carbonate is consistent with the high 
pressure infrared data. A "vateritelike" structure is the principal poly
morph at 61 kbar; calcite and aragonite are also present but in lesser 
quantities. Table 2 lists the observed d A of the pattern for the high pres
sure polymorph, giving their assignments and appropriate ASTM powder 
data file value correlation for calcite, aragonite and vaterite. 

CONCLUSION 

It is obvious that the frequency trends observed in this study are 
attributable to changes in the carbonate ion; specifically, arising from 
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FIG. 2. Relative Intensity Changes in the v. fundamental as a Function 
of Pressure [- - - -, 715 em- I; . .. ,690 em- I; - 740 cm- 1 . 

repulsion of oxygen atoms in the plane of the ion resulting from both a 
decrease in the carbon-oxygen bond distance and intraionic bonding 
with calcium as a function of increasing pressure. The new polymorph 
exhibits infrared bands having frequencies similar to those of known 
"vaterite-type" polymorphs (Table 1); the X-ray powder pattern also 
confirms the existence of a "vaterite-type" structure (Table 2). The re
pulsive force explanation is consistent with Weir and Lippincott's in
terpretation of the calcium carbonate vaterite spectrum. The theory of 
intraionic bonding of oxygen and calcium supplies the mechanism neces-

TABLE 1. KNOWN VATERITES AS COMPARED TO TUE HIGH PRESSURE 
(61 kbar) POLYMORPU 

Sterzel and Chorinsky Weir and Lippincott This work, This work, calcite 
(1968) (1961) synthetic at 61 kbar 

V, 1089 1090 1089 1100 
V2 877 850-878 877 878 
Va 1450 1450 1450 N .A. 
v. 744 741- 747 746 (715) 747 (715) (690) 

Frequencies in parentheses are believed to be due to calcite and/or aragonite. 
N.A. = not available. 

( 

. 
~ 
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TABLE 2. X-RAY DIFFRACTION PATTERN OF CALCITE AT 61 KBAR 

High-pressure polymorph 
(d A) 

4.26 
3.87 
3.64 
3.35 
3.04 
2.72 
2.32 

Assignment 
(d A- I II ASTM value) 

vaterite (4.26--75) 
calcite (3.86--12) 
vaterite (3.58-100) 
vaterite (3.30-100) and aragonite (3.40-100) (?) 
calcite (3.04-100) 
vaterite (2.73- 100) and aragonite (2.70-46) (?) 

vaterite (; :;~-50) and calcite (2.285-18) (?) 

sary to Imtlate a repulsive force for an in-plane bending mode (V4) of 
this nature without considerably affecting the symmetric stretching 
(Vl) mode. The production of a new polymorphic transition produced by 
a change in pressure is extremely complex in that kinetic as well as po
tential energies are involved . A complete structural picture of the new 
polymorphic transition will require consideration of these energies. Hope
fully, this will be accomplished when all the infrared data below 400 cm- l 

has been collected. Due to the correlative features of the high pressure 
polymorph with known vaterite as evidenced by both infrared and x
ray data, it is believed that "vaterite-type" structure is a stable poly
morph of calcium carbonate under pressure of 60 kbar to 65 kbar. High 
pressure experiments on the vaterite polymorph indicate that it is very 
stable under high pressure. Only minor frequency shifts of the bands are 
noted, with no evidence of new band production. 

However, to even remotely suggest that calcium carbonate vaterite is 
a high pressure polymorph of calcite is precarious, McConnel's (1962) 
density of 2.60 for vaterite makes it thermodynamically impossible for 
vaterite to form from calcite I, II, or III at high pressure as a reversible 
equilibrium product unless it is suf!iciently compressible so as to over
come the density difference and thus Gibb's Free Energy differences 
among these phases. Bridgman's compression data give an increase in 
density of 10 percent at 50-60 kbar for CaCOa• Jamison (1957) has also 
shown that vaterite is less compressible than calcite at about 20 kbar. 

As suggested by Davis (1964), many calcite polymorph structures 
may be isostructural with various nitrate structures. Confirmation of 
these suggestions are beyond the scope of data collected in the mid-in
frared spectral region (5000 to 400 cm-I ). Studies in the far-infrared 
spectral region (750- 33 cm- I ) will be attempted to obtain insight into the 
lattice vibrations of this high-pressure polymorph. 
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