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PRESSURE-INDUCED PHASE
TRANSITIONS IN GYPSUM

EUGENE HUANG®**, JI-AN XU*, JUNG-FU LIN®
and JING-ZHU HU*®

*Iustitute of Earth Sciences, Academia Sinica, P.O. Box 1-55, Nankang,
Taipei, ROC;®Depr. Geophysical Sciences, University of Chicago,
Chicago, IL, 60637, USA; “Geophysical Laboratory. Carnegie Institure
of Washington, Washington D.C., 20015, USA

{ Received 5 April 1999; In final form & August 1999)

We report high-pressure Raman scattering spectroscopy and energy dispersive X-ray
diffraction investigations on gypsum, CaSO; - 2H-0, at room temperature in a diamond
cell. With increasing pressure, measurements indicate that CaS0,- 2H,0 undergoes two
stages of crystalline-state phase transitions at 5 and 9 GPa, and then converts to a dis-
ordered phase above 11 GPa. The structures of the three high-pressure phases of gypsum
have not been determined vet. These phases are tentatively named as “post-gypsum-1
(PG-1), “'post-gypsum-II" (PG-IT) and “disordered"’ according lo the sequence of their

appearance with pressure.

Gypsum shows anisotropic compressibility along three crystaliographic axes with
b > ¢ > g below 5GPa. The difference in the behavior of the two OH stretching modes
in gypsum is atiributed to the different reduction rate in the hydrogen bonding distances

by the anisotropic axial compressibility.

Keywords: Gypsum; disordered; OH stretching modes; anisotropic compressibility

1. INTRODUCTION

Hydrous phases are important mineral specics for the investigation
of the dynamics in the Earth’s mantle. For instance, dehydration,
amorphization and other phase transitions in hydrous minerals are
linked to the mechanisms of the generation of deep-focus earthquakes
[1,2]. In the past few years, we have put much effort into investigating

*Corresponding author, Fax: 886-2-2783-9871, e-mail: eugenefgearth.sinica.edu.iw
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the high-pressure b .
: ehavior of com .
in order to pounds in the Al,O4—
of the EQ,MMMS_:&@ effect of OH bonding on e . M% system
measure the sol vv.m.mam in general [3,4]. Recently, in an at ynamics
we found that ﬁw tity o.ﬁ gypsum, CaS0,-2H,0 wu o &mBM:ME to
sure up to 1 Hoﬂoﬁwm& of gypsum in water increases s:_w %M_.
1 ’ ’ IS water convert: X -
phases, ice VI. rts to one of its !
in gypsum smwwwown”“ to better quantify the role that OH mwwwwm”“ ¥
sure, we have fi : v
Raman s . . e further carried o ;
media mMMH%wnow_n investigations of gypsum in &m.“w mﬁ series of
CaS0,-2H,0 wwﬁmwmm of phase transitions were then H.no.w ﬁ.:wmwcm.n
brational Ewomnm mm,g“sfhwnrngsmo in the patterns of the WMH”HMQ: ‘.“u
i . ave undertaken in si : -
cxperiment en in situ X- )
ocour in g 8 Mo reveal _,.:m.quoﬁE.m_ identity of the nwwmww anﬁmomos
tant ma%wmmha was high pressure. The results might ha ich may
haviors of the Mvw or understanding the effect of pressure ve impor-
groups in the hosting hydrous phases in on .EJ be-
general,

-2
EXPERIMENTAL METHODS AND RESULTS
2.1. Raman Spectroscopy

Natural single-cr;
- v«mﬁm._ of gypsum (C
startin : (CaS0;-2H0) wa
Giion o oo . The observed Raman spectrum o the ombicnt con.
[5]. A piston w. ent agreement with that reported by Bere m_nE ol
orator. Tho QMM a“_nana type diamond anvii cell was used as nw ut et al
250 um-thick di Mﬁna of the culet face of the diamonds EM MMMR oA
i isk of T301 stainl § 350 pm. A
gasket was i ess steel was used as
was az.zmw “Mamo“”% Mmmw“nnu the diamond anvils and a wﬂ_mmwwwﬁu“oﬂg
with the . P mber. The cha
and E_.Emwmﬁa Mm_ummn-oémﬂa of about 80 um x 80 Em_ﬁ Mnm.msmm ~ omnna
pressure trans M_ E.mH %Q:mno_fn%mnom mixture or liquid MHB i size)
Stre meaSueG r. The ruby fluorescence method was used wos as a
more than three M_.Mwu [6]. In each pressure measurement, we qu b
compressed sampl ¥ grains to estimate the pressure &mﬂ.mw:mommmw.ﬁmm
and an Ar-ion mMmM, M\n :mma a Renishaw 2000 Raman %answw .Mrn
. eam (514.5 .. eter
light (about o nm) as excitation sou
Eo_aﬁ no::mw %E in diameter) was focused on the sam ﬂnn.. The Hmmﬂ
the back-scattered Raman signal was MM:E :Mw dia-
ected and
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with a CCD detector. The power for the laser source used was
ach Raman spectrum was 200

longer period of time up to 2

analyzed
100 to S00mW and recording time of €

to 600 seconds. On 2 few occasions, 4
maximum of 1800 seconds was required 0 obtain better statistics for
the results. Pressure was also measured after each Raman spectra was
collected. Although several ruby chips were measured, only the ruby
the Raman spectrum of the sample was collected was

signal at which
re reading to avoid pressure gradient which became

taken as the pressu
significant when the pressure medium was solidified.

Two different pressure (ransmitting media, ie., 4:1 mixture of
methanol —ethanol solution and liquid argon, were used in the ex-
periments. The results in using methanol —ethano! solution and argon
as pressure medium are essentially the same. We will only report the
results using argon as pressure medinm because this run was carried
cut to much higher pressure. 1n the experiments with argon as pres-
gure Lransmitting medium, the pressure was gradually increased up
to 24 GPa and then decreased to the ambient condition. Therefore, the
Raman spectra of the sample in both the loading and unloading pro-
cesses were collecied.

The wavenumber range of the Raman spectrum covered is divided
into two parts. The low-wavenumber (LW) region ranges from 200 to
1300cm ™. The high-wavenumber (HW) region ranges from 2800 to
3700 cm™ . At high pressure, six Raman modes (listed as vy 1O e in
Tab. 1) showed up in the LW region. The most intense mode (i.e., ¥s
at ~ 1000 cm™), although it shows discontinuities and mode splittings
with pressure, can be tracked up to 24 GPa (Fig. 1). The other LW
modes were relatively weak and were not observed above 20 GPa. The
modes in the HW regions (v7and vgin Tab. I) showed a drastic change
to three new modes between 4 and 5GPa and the new modes were n0
longer observed above g GPa (Fig. 2). The variations of the wave-
number of cach Raman mode of the sample with pressure arc listed
in Table 1. The wavenumber versus pressure plots are shown in Figures
3 and 4 for various modes in the LW and HW region, respectively.

2.2. X-ray Diffraction

tal of gypsum used in the present Raman
ground to powder with an average grain size
as the starting material in the diffraction

The natural single-crys
spectroscopic study was
of 2um and then used



TABLE 1 Variation of the wavenumber {inem”

') of various Raman-active vibrational modes of gypsum with pressure

P(GPa) 7y vy iy V3 ¥y | Vst s s b Vg Ve vy b vy
0 416 - 495 - 619 672 - 1009 - 1141 - - - 404 3492
2.04 420 - 504 604 625 680 - 1020 - 1155 - - - 3400 3463
219 421 - 505 607 625 682 - 1022 - 1157 - - - 3390 3460
3.09 422 - 507 609 627 682 - 1026 - 1164 - - - 3397 3436
3.54 423 - 509 612 629 684 - 1028 - 1164 - - - 3397 3448
4.01 a3 - 509 611 628 683 - 1030 - 1167 - - - 3394 3444
4.60 420 - 520 - 625 689 1026 1034 - 1176 1156 - 3257 3312 3399
5.51 416 - 523 602 624 - 08 1027 - 17 s - 3242 3193 3386
6.70 420 - 528 - 627 691 022 1032 - 18 116 - 27 3261 1342
.12 426 508 531 - 630 696 1027 1037 - 1192 1168 - 3183 3220 3306
8.94 433 510 533 - 626 - 1027 1034 - 1185 - 112 - - -
10.51 437 515 54] - 626 - 1026 [040 - 1191 - 1116 - - -
11.37 436 520 549 608 632 - 1033 1043 - 1194 - 1119 - - -
12.68 438 531 551 610 633 - 1033 1042 1050 1194 - 1119 - - -
14.15 445 536 553 615 634 - 1036 1044 1056 - - 1127 - - -
[5.19 448 530 - 616 639 - 1040 1049 106] - - 1129 - - -
15.92 450 531 - - - - 040 1050 1062 - - 1130 - - -
18.02 455 535 - - - - 1044 1055 1070 - - 1137 - - -
18.51 458 516 - - - - 1045 1058 1075 - - 1141 - - -
18.96 458 542 - - - - 1042 1060 1076 - - 1148 - - -
19,72 461 545 - - - - 1047 1063 108] - - 1149 - - -
20.99 - - - - - - 1055 1068 1085 - - 1156 - - -
21.48 - - - - - - 1055 1068 1083 - - - - - -
2245 - - - - - - 1057 1073 1091 - - - - - -
2347 - - - - - - 1069 1076 1094 - - - - - -
21.30 - - - - - - - 1058 1076 - - - - - -
17.60 - - - - - - - 1051 1067 - - - - - -
16.04 - - - - - - - 1045 1061 - - - - - -
1434 - - - - - - - 1039 1057 - - - - - -
_ - 1044 - - - - - - -
- - - - - - 1042 - - - - - -
- S
7.03 - - - — - - -l - - - - i ‘ -
6.44 - - - - - - - 1029 B . - = - _ #
5.60 - - - - - - - 1024 - - - - - - o
4.62 - = - . B . — 1022 - 1 ;40 B " — 3405 3323
3.94 Al . 496 . 62 67 - }g[']é - 1y - - - e 3
A2 - -
(l) ! 415 - 495 - 0 ¢
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FIGURE 1 A series of Raman spectra of gypsum showing the

1GL ) effect of pressu
WMHMMWB&M& in the LW range. .E:.w mode at ~ mccooalm is the most _ﬂngmm a%mﬁwm
T gypsum (note the difference in the scale on the right and left side of the spectra)
u%Wh stages of changes (between 4.1 -4.6 GPa, 8.1 -8.9 GPa, 10.5~ 1.4 GPa and 15 ml.
18 .Ow& in the number as well as the wavenumber shift with pressure can be ocmm...ﬁm
in this mode. The gypsum phase was recovered during the unloading process.

experiment, ”E.o sample was mechanically mixed with Au powder (Alfa
vﬂoacﬁ.v which served as pressure calibrant [7). The mixture was then
loaded in the hole (200 pm in diameter) of a T-301 stainless steel gasket
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FIGURE2 Raman spectra of gypsum collected in the HW range showing the changesin
the OH strerching modes of gypsum with pressure, The two OH modes convert to 3 modes
above 4 GPa and all the modes were no longer observed above 8 GPa. The OH stretching
mades of gypsum were not recovered unti! 1.1 GPa during the unloading process.

and compressed in a diamond cell for high-pressure investigation by
the X-ray diffraction method. A 4:1 mixture of methanol-ethanol
solution was used as pressure transmitting medium in the experiments.

The X-ray diffraction experiment was carried out at the Brookhaven
National Laboratory using the white radiation from the X17C beam-
line. The size of the synchrotron beam was collimated to 30 x 30um
and the beam was centered on the sample chamber to reduce the ef-
fect of pressure gradient. Pressure was gradually increased up to
15GPa and then decreased back to the ambient conditions. An energy
dispersive X-ray diffraction (EDXRD) pattern was recorded after
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FIGURE 3 The variation

i s of the wavenumber of e

FICUR i of each Raman mod -

i “z_n“w\awwwmw.‘”“%,mﬂmmﬁ? Data _,o.a E.n leading process are mmoﬁmm.mmwwnaum Mwwo
e meacng proce nw M..M Mhﬂis Wm selid circles. Four stages of change in the slope Mw
ball Hooms o of o e 1 er of modes can be observed. The solid lines are the eye-

MM_Mr n‘_ﬂwmmmﬂm m&:mﬁﬁou.ﬁ with a typical data acquisition time of 5 min-
! n_m. h.n aw.o.am assoclated with the EDXRD method are of the
rder of 0.2% in d-spacing and the pressure derived from the molar

volume of gold has a .
20GPa. n error of 0.5 GPa in the pressure range below

U

g

e
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3600
Couty et al., 1983 This study e loading

o unloading

Wavenumber (cm™)

3000 r T _ ; r T : _
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Pressure {(GPa)

avenumber versus pressure for the OH stretching

FIGURE 4 The variation of the w
d circles are obtained in this study during

modes of CaS0,- 2H,0. Open circles and soli
the loading and unloading processes, respectively, The data obtained by Couty ¢r al. [9]

are shown as crosses which do not significantly deviate from our measurements. Three
modes replacing the original OH modes show up above 5GPa. The variation trends of
these modes with pressure are similar to those of the ice V11 shown as dashed curves. The
data for ice-VII (solid triangles and dashed curves) and from Lin et al. {3}

A series of EDXRD patterns which summarize the structural
changes in gypsum are shown in Figure 5. With the increasc ol pres-
sure, CaS0,4-2H,0 shows two consecutive crystalline-state phase
changes at about 5 and 9 GPa. The diffraction peaks of CaSQy- 2H,0
can hardly be recognized when the sample was compressed to 11 GPa
at which only a broad hump was observed among the diffraction peaks
of gold powder. The diffraction patterns of the sample above 11 GPa
did not show any obvious change up to the maximum pressure at-
ternpted of 15 GPa. During the unloading process, the general shape of
the diffraction pattern remained until 3 GPa where the conversion to a
crystaliine phase took place. This crystalline phase persisted to room
pressure without undergoing further phase transition. The variations
of the d-spacing of the diffraction peaks for the various phases as a
function of pressure are plotted in Figure 6 from which the pressure at
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FIGURE i

in mwvmcamaswnmnﬂwm M:, mmuvﬂau patterns showing the sequences of phase transitio

erystline stan w . & omn_.__..hm and .E__oma_:m processes. Gypsum shows tw ns

1 (PG-11 mp m M ase transttions to its post-gypsurn-1 (PG-1 at 5 GPa) and o_ Sages of

during the _n”m&smmmnwwwwu .MWn%. EMGnM noménzm to a disordered ﬁrmmw nmwn.ﬂvm_w”w
. - isordere ; ; d

until 3GPa where the conversion to the —UOW WMmﬂnMMwmahM%nm the unloading process

which each phase transition occurs can be pinned do

accurately. The lattice parameters (a, b and ¢) and the Bo_“s m_do_.m
E, gypsum can be caleulated from the various diffraction anm,,McEn
in Figure 6. Table II lists the compression data of gypsum ﬂﬁ to M%Hﬂs
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gf200){2%7 .- m\lﬁl\‘

§(24%2)

O 4(373)
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T T T ]

1.5

Pressure (GPa)

FIGURE 6 The variations of d-spacing of each diffiraction peak in various phases of
CaS0,- 2H,0 as a function of pressure. The solid and open symbols represent the data
obtained during the loading and unloading processes, respectively. The pressure at which
each phase transition occurs can be pinned down more accurately in this plot. Gypsum
(solid circle) remains stable up to 4.3 GPa and then converts to PG-1 phase at 5.5GPa.
The PG-I phase (triangle) converts to PG-II phase (star) between 7.5 GPa and 9.7 GPa.
The diffraction peaks in the crystalline state disappear above 11 GPa where disorder-
ing {solid square) takes place. he disordered phase (open square) persists during the
unloading process at least to 7.4GPa and then converts to PG-I phase (open circle)

below 3 GPa.

The calculation was based on the program reported by Novak and
Coville [8]. The variations of three lattice parameters and molar
volume of gypsum with pressurc are plotted and shown in Figure 7.



TABLE Il The compression dzta of gypsum below 5 GPa

Pre, f )
: essure (GPa) a(A) b(A} e(A) 8 Molar volume (4%
2

0 memmw IS20IE) - S6670) 1139503 495.1(0.6)

166 m.mmw:% 055(47)  4.626(14)  11438(20) 4824034

185 m.mu:sw 150447 5614 1146109) bm?o.uw

26: e2100) 986(39)  5.593(18)  11491(36)  473.7(4.0

I 62152 14920064)  5.579(19)  115.12040) N_a.,_,a.uv

359 S21604) 1490%72)  S568(22) 115344 46,2039
199(28) 14851(99)  5.55738)  115.94(70) go.qm.w

The numbers in the parenthesis indica

(0.6) means the error is + 0.6,

FIGURE 7 The compressibilit
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te the error, for instance, (16} means the etror is £ 0.016; and

cley

VIVyKy=52GPa

compressibility increases in the

the equation P = K{] —

2 3
Pressure (GPa)

y of the lattice parameters of gypsum up to 5GPa, The

or § i
der of 4, £ and b. The compression data was fitted to

¥{Vo) and obtained a bulk modulus, X, of 52 GPa
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Anisotropic compressibility in three axial directions with & being the
most compressible and ¢ being the most incompressible axis is found
in this plot. Since gypsum is relatively compressible, a linear fit of
{he molar volume compression data yields a bulk modulus value of
52 4+ 4 GPa for gypsum.

3. DISCUSSION

3.1. Effect of Pressure on Raman Modes
of ONMO.— . Nmno

At room pressure, gypsum shows a total of 6 modes in the LW range
and 2 modes in the HW range (Figs. 1 and 2). The modes in the LW
range correspond to the A4, and By modes which are related to the
internal bending and stretching modes of SO, tetrahedra in the lattice
[5]. In our measurements, we did not observe modes other than the
bending and stretching modes of the $ —O bond in the LW range. The
water groups in gypsum show their stretching modes at 3400 and
3500 e~ but their translational modes at 530 and 557 cm™! [5] were
not observed at room pressure. Therefore, the vibrational modes of
gypsum observed at high-pressure are all related to the internal vibra-
tions of the sulfate groups and the internal modes of the water groups.
Upon compression, the Raman modes show several stages of discon-
tinuities in the wavenumber versus pressure plot (Figs. 3 and 4). The
discontinuities occur at between 4.1-4.6GPa, 81-89GPa, 10.5-
11.4GPa and 15.9-18.2GPa. Additional modes appear when the
discontinuities take place. The four stages of discontinuities with
the change in the number of modes can be observed more clearly on
the most intense mode at around 1100cm™". The most drastic change
in the pressure-dependent wavenumber shift (dv/dP) is observed in the
two modes in the HW range. The wavenumber of the 3500cm ™' mode
decreases more rapidly with pressure while that of the 3400 cm ™' mode
remains nearly invariant. The difference in the slope of du/dP results
in the gradual approach of the two modes at high pressure. The trend
in the dv/dP of these OH modes is similar to that reported by Couty
et al. [9] who have studied the pressure effect of the Raman modes of
gypsum up to 0.7 GPa. Their reported values of dvjdP for 3400 and
3500 cm™' modes are 21 cm™~!/GPa and 1 cm™'/GPa, respectively (9],
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which :mMo somewhat different from the values of 12¢m™'/GPa and
2.5cm™'/GPa determined in this study. However, their data do Nzﬁ
mmm:q much aaswaoww from our data when plotted m,n the same &mmwmwn
M mMM.cMM.oﬁ.m believe that our measurements are more representative
measurements were carried out to much higher pressure
At 4 to 5GPa, both the v, and g modes disappeared and three :ns.‘
modes appeared instead. Unfortunately, these new modes were
_onm.ﬁ observable above 8 GPa due to the weakness of the si d_o
During the unloading process, only the modes at Zhoooﬂal_m:m.
H@mo?na.g: these modes do not fall on the trends of the modes acn.m:w
the _om&nm process. Instead, they seem to form two separate ::Mﬁ
trends which converge at room pressure. Other modes are resol mm.
when the pressure was decreased to less than 2 GPa. In general Mm.w
Wmmwmw modes of the quenched phase are similar to gypsum but moEn
modes such as s and vg may also represent the modes of the quenched
high-pressure phase. Moreover, the recovered OH bands also su
that gypsum is the most predominant quenched phase. Bt

3.2. Lattice Distortion in Gypsum

Cole and Lancuchi [10] reported that the water molecules in ]
form two parallel sheets which are perpendicular to the @-Emwv%%u
hydrogen atoms lie on the O—O line, forming hydrogen woam.w GM
Mémnu sulphate and EB.Q groups [11]. The two hydrogen sites are
ermed as external and internal with the latter located between the
Mﬂgzn layer of oxygens whereas the former lies outside of these layers.
) mwmmMmM“Mmﬁ_w s«aqomg atoms have a hydrogen-bond distance of
cw N e ES.EE hydrogen atom has a hydrogen-bond distance
° a. . According 8. Nakamoto ez al. [12], the difference in the
y nommﬁcosa length will result in vibrational modes at 3400 and
3500 cm for the H>O groups. Couty ez al. [9] interpreted the diffe
gn.M in the @an.mmcnn-anmmmawﬂ behavior of the OH stretching Boam
MM baﬂm N H.WDQWQMWMM wwogamﬁ_vmwn Mos&nm of the less hydrogen-
2., cm and). Their i ion i
ported by the quantitative Enmmﬁnu..avﬁm MMJ%SMHHW%M@% o
gypsum in this study. et
The moanmmmmucEQ of the three lattice parameters of gypsum below
5GPa is shown in Figure 7. Gypsum demonstrates anisotropic axial
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compressibility with & being the most compressible axis while a being
the least compressible axis. In the lattice of gypsum, the SOy tetra-
hedron and H,O groups both form relatively rigid entities which are
less affected during the compression process. The reduction in molar
volume at high pressure results mostly from the decrease in the
bonding lengths of Ca-—O and hydrogen bonds. The decrease in
tength between the Ca—O bonds may cause the distortion of the 504
tetrahedron as detected by the splitting in the Raman modes. The b-
axis is the most compressible direction where both hydrogen bonds
and ionic bonds coexist while ionic bonding predominates along the
a and ¢ directions. As the volume decreases with pressure, the bond-
ing distance between the SO4 tetrahedron and H.O groups decreases
and therefore results in the enhancement of the hydrogen bond.
This results in the lowering of the vibrational frequency of the OH
stretching modes in the H>O groups [13]. The hydrogen bond distance
between the oxygen of SO, and the internal hydrogen, H(2), decreases
drastically while that of the external hydrogen bond remains nearly
constant because the most compressed direction is along the b-axis.
This mechanism accounts for the difference in the pressure dependence

of the two OH stretching modes in gypsum.

3.3. Phase Transitions in CaSQ,- 2H.0

Structural evidence of the phase transition of gypsum is seen In
Figures 5 and 6. Gypsum remains stable up to 4.3 GPa and then con-
verts to its high-pressure phase at 5.5 GPa. This high-pressure phase
converts to another phase between 8 GPa and 9.5 GPa. The diffraction
peaks in the crystaliine state persist to 10.3GPa and then disappear
above 11.2GPa where disordering of the phase takes place. The
anomalous behavior that d-spacing increases with pressure above
11 GPa where disordering takes place may be due to the artifact results
from the curve fitting program because the peak was too broad to be
located. The structures of the two high-pressure phases of gypsum
have not been resolved yet. These two phases are tentatively named as
“post-gypsum-1"" (PG-I) and “post-gypsum-1I"" (PG-11) phase accord-
ing to the sequence of their appearance with increasing pressure.
The pressures at which phase transitions take place in gypsum based
on structural evidence were conformable with those observed by the



72
E. HUANG er al.

W”Emw spectroscopic method. The transition pressures fall in the inter-
m.m m% me MH.OS gypsum to PG-I at 4.3 to 4.6 GPa, (2) from PG-I to
-11 at 8.1 to 8.9 GPa, and (3) from PG-]I i i
. . -II to the disordered ph
at 10.5 and 11.2 GPa. Taking i e

. . g into account of the uncertainty in pres-
w“,.o Hw._nmmsnnﬁmnﬁm. the pressure values for these :.msmaonmw manﬁﬁmh_.
. O.:mn WDQWMHME@Q as: from gypsum to PG-I at 4.4+ 0.3 GPa, from
- -I1 at 8.5::0.5GPa and PG-I] to di :
10.8 £ 0.4 GPa. Althou i s o e &
. gh evidence of another phase transiti
found in Raman modes at 16 it lacks the stractul oo
. . to 18 GPa, it lacks the structural iden-
:m%wsom msa,. therefore, is not considered in this discussion el vlen
. mm wn_omﬂum process was carried out in a more rapid way and only
ata could be collected. The disordered ph i i
unloading process at least 1o 7.4 G ben et 1o o e
4 GPa and then con
below 3 GPa. The diffraction ool ie o oo
iPa. pattern of the quenched sample is i
eral consistent with the startin i Joser xamnn.
: g material. However, a close i
tion of the diffraction peaks of th u feates thar
e quenched phase indicates th
MMM.HM of the unmwm may be wnhmﬁmn_ to the quenched PG-I phase @cnmm
e MMMWM. WM kw m_wa M.M >uu~umm. 6). Although the existence of the
! -1 phase has been ruled out by the R
scopic observation as discussed above, it i i 2t some of the
» 1t 18 possible that s f
PG-1 phase was recovered duri i he amoun.
mg the unloading process. The amou
wa . nt
M.w HWn remaining PG-I phase was only detectable by the X-ray dif-
. MHM MMM HME %Mm som detected by the Raman spectroscopic method
e medes were relatively weak. It is
i . not clear whether
PG-I1 phase has been bypassed while the relatively large pressure

adjustment was performed duri i
T Cba o 3 Cre uning the unloading process (i.e., from

3.4. Nature of the Phase Transitions in CaS0Q,-2H,0

M.wm:aw 6 m.u_wosm that the number of the OH bands of gypsum changes
m 2o 3 modes at 5 GPa. A compari
. . . parison of the wavenumber of th
modes with those of the ice-VII [3] indi have vory
noc - | indicates that the
. vy behave ve
M_sﬁ,m_“w M?m. 4). The OH bands of PG-I phase, especially the v; EMM
tm mmmm. _nv are very close to the By and E, mode of ice-VII and the
71 ystematically higher than the 4. of i i
. g Of 1ce-VIl in wavenumbe
M,ra_.n_aoﬂn, on the basis of Raman observation, one might infer EMH.
pressure-induced dehydration reaction is taking place in gypsum

e
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above 4 GPa where gypsum converts to anhydrite and ice-VI1I. Never-
theless, none of the phase transitions observed in this study is related
to the dehydration of gypsum, because the Raman modes do not
agree with those of bassanite and anhydrite which are the candidate
de-hydrated phases of gypsum [14]. In addition, no sign of the prod-
uct phases of dehydration reaction of gypsum was observed in both
Raman and X-ray diffraction patterns. We have observed from both
Raman and X-ray data that the gypsum phase was recovered during
the unloading process. If the dehydration reaction should have taken
place, the kinetics of the re-hydrating reaction would have slowed
the formation of the original hydrous phase.

The changes in the diffraction patterns during these phase tran-
sitions are very drastic and without an intermediate stage. Therefore,
the process of transition is very rapid, This implies that the transition
is displacive which might be related to the distortion of the lattice
instead of reconstructive arrangement of constituting atoms. The
Raman modes observed in the LW range are all related to the stretch-
ing and bending of the S04 groups [5]. The SO4 group forms
a tetrahedron in the lattice of gypsum and has apparently under-
gone several stages of changes in stretching modes upon compression
(Fig. 3). The effect of pressure not only results in the increase in the
wavenumber of the S—O stretching modes but also causes the dis-
tortion of the SO, tetrahedra. For instance, the shortening of the
Ca—O bond may cause the degeneracy and splitting of the §—O
stretching modes due to the effect of the electrostatic force between Ca
and oxygens. The lattice was distorted gradually until at the transi-
tion pressure where the rearrangement of the Ca-ions, SO, tetrahedra
and H,O molecules causes the structural change of the lattice. The
transition from gypsum to PG-I is related to the distortion of the 50,
tetrahedra and the change in bonding style in HO molecules as in-
dicated by the appearance of three ice-V1l-like OH modes. Further dis-

tortion in the SO, tetrahedra and possibly random rearrangements
of the Ca-ions, SO, tetrahedra and H,O molecules in the CaSO,-
2H,0 lattice result in the transitions to PG-II and finally to the dis-
ordered phase. Upon decompression, the conversion from disordered
phase to the crystalline phases would normally require sufficient
driving force. Therefore, the by-pass of the PG-I and PG-I1 phases
during the unloading process might be caused by the kinetics in the
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reshuffling of the constituting molecules to their particular sites. Since
the structural identities of the post-gypsum phases are not yet re-
solved, the transformation mechanism proposed needs to be justified
by the results of single-crystal diffraction experimenis.

4, SUMMARY

Gypsum was compressed in diamond cells and subjected to Raman
spectroscopic study and X-ray diffraction investigation up to 24 GPa
and 15GPa, respectively. The results indicate that:

(1) Both Raman spectroscopy and X-ray diffraction observations
support that gypsum undergoes several stages of pressure-induced
phase transitions from gypsum to PG-I and then to PG-1I and fi-
nally to a disordered phase. The pressures phases at which phase
transitions take place are: from gypsum to PG-I at 4.4 +£0.3GPa,
from PG-I to PG-II at 8.5:+0.5GPa and PG-II to disordered
phase at 10.8 £0.4 GPa.

(2) None of the pressure-induced phase transitions observed is related
to the dehydration of gypsum. The structure of the three high-
pressure phases of gypsum has not been resolved yet. The dis-
ordered phase of CaSO, - 2H,0 remains up to 15 GPa and persists
during the unloading process until 3GPa at which it converts
back to the gypsum phase.

(3) Anisotropic compressibility along three crystallographic axes of
gypsum with b > ¢ > g, causes a different reduction rate in the
hydrogen bonding distances in two different sites, which results in
a difference in the behavior of two OH stretching modes in gypsum
below 5 GPa.

(4) The mechanism of the pressure-induced transitions in gypsum is
associated with the gradual change in the bonding style of H,0
molecules, the distortion of the S0, tetrahedra and the random-
ization of the constituting molecules in the lattice during com-
pression. Justification of the transition mechanism requires

detailed investigation on the structures of the post-gypsum
phases.

s e

75
PHASE TRANSITIONS IN GYPSUM

Acknowledgments

This project was supported by the NSC research grant mm,goﬁ% -o_,mwmm
011 and 86-2613-M213-015. We sincerely mBmQ,E. to the mS. o
Brookhaven National Laboratory for their assistance during our
working period at the X17C beamline.

References

i e5., 92, 13789,
11 Kirby, S. H. (1987). J. Geophys. x?ﬂ_. .
T“ Enmwn C. and Jeanloz, R. (1991), Science, 252, 68. e 17
3 Lin, I. F., Xu, 1. and Huang, E, (1995). Geol. Soc. China, 38,37
mw Huane, B Li, A Xu, 1, Chen, R. 1. and Yamanaka, T. (1996). Geophys. Res.
Ui y Aaey s "y + S 1
Len., 23, 3083.
[5] Beremblut, B. J., Dawson, P. an

6] WNW _mh.ﬁw._ Xu, 1. and Bell, P. M. (1986). J. Geophys. Res., 91, 4673.

i : . . Appl. Phys., 55, 885.

Heinz, D. L. and Jeanloz, R. (1984). /. 4p, S-s
ﬂ ZM_,_aMr G. A. and Colville, A, A. (1989). Am. Mineral., 74, AMMMEE? 10 89,
[9] Couty. _—w Velde, B. and Besson, J. M. Qcmuvwwﬁm.hﬁ%ﬁm:wﬂ. e L 10,

W. F ] i Acta Crystaliogr.. 30, .

Cole, W. F. and Lancucki, C. J. (1974). )
mwﬁ >wow M. and Rundle, R. E. (1958). J. Chem. Phys., 29, mu.wm\.a Chom. Soc.. 7.
Twu Zmrm.éo”o K., Margoshes, M. and Rundle, R. E. {1935). J. Am. . R

6480, )
[13} Velde, B. and Martinez, G. (1981). dm. Mineral., 66, 194,
{14] Huoang, E. and Huang, T. {£999). in prep.

d Wilkinson, G. R. (1971). Spectrachim. Acia,



