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In Situ Observation of Gypsum-Anhydrite Transition at High Pressure and
High Temperature *

LIU Chuan-Jiang(X])I[VT.)}, ZHENG Hai-Fei (& €)%**
! Key Laboratory of Orogenic Belts and Crustal Evolution (Ministry of Education), Peking University, Beijing 100871
2 Institute of Geochemistry, Peking University, Beijing 100871

(Received 9 December 2011)

An in-situ Raman spectroscopic study of gypsum-anhydrite transition under a saturated water condition at high
pressure and high temperature is performed using a hydrothermal diamond anvil cell (HDAC). The experimen-
tal results show that gypsum dissolvs in water at ambient temperature and above 496 MPa. With increasing
temperature, the anhydrite (CaSO.) phase precipitates at 250-320°C' in the pressure range of 1.0-1.5 GPa, in-
dicating that under a saturated water condition, both stable conditions of pressure and temperature and high
levels of Ca and SO4 ion concentrations in aqueous solution are essential for the formation of anhydrite. A
linear relationship between the pressure and temperature for the precipitation of anhydrite is established as
P(GPa) = 0.00687" — 0.7126 (250°C<T<320°C). Anhydrite remained stable during rapid cooling of the sample
chamber, showing that the gypsum-anhydrite transition involving both dissolution and precipitation processes is

irreversible at high pressure and high temperature.

PACS: 91.67.Fh, 91.65.Rg

Among the hundreds of minerals existing natu-
rally on Earth and other planetary bodies, many are
hydrous minerals that contain molecular HoO, OH
groups, or both in their crystal structures.!') In the in-
terior of the Earth, the dehydration of these hydrous
minerals controls some geodynamic processes of great
importance, for example, magmatism in the subduc-
tion zone, palintectic earthquakes in the mantle and
interactions between the plate boundary.!”!

Calcium sulfate occurs naturally as the mineral
gypsum (CaSO4-2H50) and is the most common hy-
drous sulfate mineral in the Earth’s crust. Gyp-
sum often occurs in sedimentary deposits associated
with limestone, shales, marls and clays," °/ mas-
sive anhydrite beds.l’) In recent years, with the de-
velopment of high-temperature and high-pressure ex-
perimental techniques and the applications of an-
alytical instruments such as x-ray diffraction, nu-
clear magnetic resonance, infrared spectroscopy, Ra-
man spectroscopy and neutron diffraction, many in-
vestigations on gypsum in relation to its phase tran-
sition and thermal behavior have been extensively
carried out. Zhou et all”l observed the dehydra-
tion process of gypsum to anhydrite in aqueous so-
lution at 16-200°C and pressures to 840 MPa. Sarma
et all®) and conducted a study of phase transitions
in natural gypsum up to 550K at ambient pressure
using Raman spectroscopy, indicating the tempera-
tures for the appearance of bassanite (CaSO4-0.5H50)
and anhydrite(CaSO,4) were at around 388 + 5K and
448+ 5K, respectively. A recent powder x-ray diffrac-
tion and Raman study has revealed polymorphic tran-
sitions of gypsum in the pressure range of 5-10 GPa.l"!
Knittle et al!'"! confirmed discontinuities in the be-
havior of gypsum at high pressure through infrared
and Raman spectroscopy, suggesting that a pressure-
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induced phase transition in gypsum occurred in the
vicinity of 5-6 GPa. Mirwald!'!] determined the dehy-
dration boundaries in the gypsum-bassanite-anhydrite
system by differential pressure analysis (DPA). Also,
the stabilities of gypsum, bassanite and anhydrite
up to 3 GPa have been studied by Yamamoto and
Kennedy!'” and Kennedy.['’]

Although the stability and behavior of gypsum un-
der high pressure and high temperature conditions
have been widely studied, the dissolution and precip-
itation behaviors of gypsum in saturated water under
high pressure and high temperature have not been re-
ported since they are important for understanding of
geologic processes in the presence of water. In this
Letter, we present the studies on gypsum by using
Raman spectroscopic measurements in a hydrother-
mal diamond anvil cell (HDAC). A gypsum-anhydrite
transition relating to both dissolution and precipita-
tion is observed under high pressure and high temper-
ature.

All experiments were conducted using a Bassett-
type hydrothermal diamond anvil cell.l'*) The dia-
mond anvils were supported by tungsten carbide seats
which housed the heating components of the cell. The
transparency of the diamonds to light allows direct
observations of the sample and the aqueous medium
under a microscope. Inconel alloy wires were wrapped
around the seats and externally heated the diamonds
by applying electrical current. The temperature in-
side the sample chamber, accurate to within +1°C,
was measured by a K-type (NiCr-NiSi) thermocouple
attached to the diamond anvil. Temperature calibra-
tion was achieved by the melting points of stearic acid
(T,, = 69°C) and phenothalin (7, = 262°C) inside
the HDAC.

The diamond anvils have a culet diameter of
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0.8mm. The stainless steel gasket, which separated
the anvils, has a thickness of 250 pm and with a
300 um hole in the center. A natural gypsum sam-
ple was used in this study. Heavy oxygen water with
a concentration of 98% served as the solvent and the
pressure-transmitting medium. The internal pressure
of the system was determined by the relationship be-
tween the pressure and the 464 cm™! Raman shift of
quartz,['” as described in Eq. (1).

P(MPa) = 0.36079 - [(Avp)464]* + 110.86 - (Av,) 464,

(1)
where (Avp)aes is the difference of Raman shifts at
high pressure and ambient pressure (0<(Av,)44<
20cm~!). The pressure determined by this method
is within an uncertainty of £50 MPa. With respect to
the determination of pressure in the case of heating,
the Raman shift needed to be calibrated according to
the following expression:

(Avp)aea =2.50136 - 1071 - 7% +1.46454 - 1078 . T3
—1.801-107° - 7% — 0.01216 - T + 0.29
(—=196°C < T < 560°C). (2)
The solid sample gypsum, together with quartz single
crystal, was loaded into the chamber, and then the

fluid injected into the sample chamber was quickly
sealed by compressing the gasket with screws.

Fig.1. (a)-(e) The progression of dissolution of gypsum
at different pressures and room temperature. (f)—(j) The
progression of precipitation of anhydrite at different pres-
sures and temperatures.

Raman spectra were recorded using a confocal
micro-Raman system Renishaw 1000. The excitation
was performed using an Ar™ laser with a wavelength

of 514.5nm and a power of 50 mW. The spectra in the
range 50-4000cm~! were collected with a counting
time of 10s, 1 accumulation, a slit of 50 pm and a Leica
20x long working distance objective. The spectral res-
olution was +1 cm~!. The Raman peak positions were
determined by fitting the spectra using the JANDEL
SCIENTIFIC PEAKFIT V4.04 computer program.
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Fig.2. Raman spectra of the v1(SO4) mode of gypsum
and the vgo, mode of CaSOg4-bearing solution measured
at 25°C and different pressures.
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Fig. 3. (a) and (b) Raman spectra of the new phase mea-
sured at 310°C and 350°C, respectively. (c) Raman spec-
trum measured at 769 MPa and room temperature. (d)
Raman spectrum measured at 25°C and ambient pressure.

Six experiments were performed with the HDAC
at high pressure and high temperature. During each
experiment, the pressure of the sample was first ap-
plied at room temperature and maintained for 5min
before the Raman spectrum was collected in order to
attain an equilibrium condition for the system. Then,
the sample in the chamber was heated after the gyp-
sum completely dissolved in aqueous solution with in-
creasing pressure, and the Raman measurement was
carried out at a stable P-T condition during heating.
The digital images were taken at various P-T condi-
tions throughout the experiment.

Gypsum is a mineral with a layered struc-
ture, which can completely dissolve in water un-
der high pressure and recrystallize with decreasing
pressure.!'%] Pressure-induced variations of gypsum in

049101-2


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 29, No.4(2012) 049101

aqueous solution at room temperature are displayed
in Figs. 1(a)-1(e). The initial pressure of the exper-
iment was 83 MPa and there was no obvious change
in the pressure below 334 MPa. It was noticed that,
at a pressure of about 496 MPa, the gypsum began
to partly dissolve. The degree of solubility showed
a strong increase at around 660 MPa, as proposed by
Wang et al.,['%) simultaneously leading to a continuous
rise in the concentration of sulfate solution. Finally,
the solid sample disappeared in aqueous solution at
a pressure up to 866 MPa. Figures 1(f)-1(j) show a
progression of new mineral precipitation at different
pressures and temperatures. In the initial stage of
heating, no precipitations appeared at a temperature
of 100°C and 200°C. However, needle-shaped crystals

ambient conditions and well documented values are
listed in Table 1. In this study, the most intense 14
Raman mode is devoted to probing the phase transi-
tion. Figure 2 clearly indicates the presence of spec-
trum characteristic of SO4 ion in aqueous solution
even though the vgp, mode appears to be relatively
weak at a pressure of 496 MPa. In particular, the
spectrum at 866 MPa is quite different from those at
lower pressures, showing that the 1y mode of gypsum
abruptly disappears, whereas the vgo, Raman mode
indicating sulfate solution concentration strengthens.
Table 1. Wave numbers (V) of Raman bands in gypsum recorded
under ambient conditions.
U(em™ 1) v(em )T (cm™ 1) T (cm™ 1) T (cm ! .

(T}Eis wor)k) (F({ef. [x])) (R(ef. [m])) (R(ef. [1 7])) (R(ef. [18 )) Assignment

began to precipitate from CaSQO4-bearing supersatu- 1008 1008 1008 1008 1007 v1(SO4)
rated solution at approximately 310°C. As the tem- 415 420 415 415 416 v2(SO0y4)
perature was increased to 350°C, the crystals grew up 494 494 495 495 491 v2(SO4)
gradually (Fig.1(i)). Then, the sample chamber was 1139 1139 1136 1140 1136 v5(S04)
rapidly cooled to the ambient temperature (Fig. 1(j)) 619 623 619 623 618 — v4(S04)
R . ’ 3406 3345 3405 3405 3406 v1(H20)
and the crystals retained the preceding state. 3484 3459 3489 3490 3492 13(H20)
The observed vibrational bands of gypsum under
Table 2. Wavenumbers () of Raman bands in anhydrite recorded under ambient conditions.
v(cm™1) v(em™Y)  v(em™Y)  v(cm™1) v(cm™1) v(em™')  v(em™!) .
(This work)  (Ref.[8])  (Ref.[19]) (Ref.[20]) (Ref.[21]) (Ref.[22]) (Ref.[23]) ‘rssignment

416 417 416 416 12(S04)

498 490 498 490 498 498 12(S04)

608 608 608 615 608 v4(S04)

627 627 627 626 14(SOy)

675 670 675 673 675 676 674 v4(S04)

1017 1016 1018 1023 1016 1014 1016 v1(S04)

1110 1110 1111 v3(SOy)

1128 1129 1128 1124 1128 v3(S04)

1159 1163 1160 1159 1159 1157 1159 v3(S04)
Table 3. The onset temperature and pressure of the precipita- 627, 675, 1017, 1110, 1128 and 1159 cm™! are

tion of anhydrite at each experiment.

Nol No2 No3 No4 Nob5 Nobé6

Temperature (°C) 280 260 310 250 320 290

Pressure (MPa) 1145 1038 1414 1019 1462 1256
Raman spectra of the new mineral phase obtained
under various conditions are shown in Fig.3. Fig-
ure 3(a) displays the Raman spectrum of the new
phase at 310°C, of which the v1(SO4) mode centers
at 1019cm~!. In Fig.3(c), we achieve the Raman
spectrum of the new mineral phase after the sample
was cooled to room temperature. As can be seen,
the 11(SO4) mode at about 1020cm™! persists all
through the cooling cycle, although the peak intensity
becomes weaker compared to those in Figs. 3(a) and
3(b). Moreover, strong diamond fluorescence appears
at high temperatures so that the detection of other
Raman modes including vs, v3 and v, fails, as shown
in Figs. 3(a)-3(c). We kept the new crystal inside the
sample chamber after the pressure was completely re-
leased. It is clear from Fig.3(d) that a Raman spec-
trum corresponding to anhydrite becomes prominent

under ambient conditions.

Under ambient conditions the observed Raman
bands belonging to anhydrite at 416, 498, 608,

in good agreement with those reported in the
literature,!®'9~>% as listed in Table 2. In addition,
gypsum is not recoverable by rapidly cooling the sam-
ple system and releasing the pressure, suggesting that
the gypsum-anhydrite transition under high P and T'
conditions is irreversible. It is concluded that all these
observations indicate structural changes involving the
rearrangement of sulphate ions during the transition
process at the onset temperature of around 310°C.

Figure 4 shows the phase relations of
gypsum-bassanite-anhydrite determined by previous
studies,'’ '] and the data points obtained in our
study are also included. We can see that the new min-
eral existing in our experiments is in the stability field
of anhydrite, which convincingly demonstrates that
the mineral phase coincides with previous studies.
Furthermore, the onset temperature for the formation
of anhydrite in Mirwald’s study is about 85-110°C
lower than that acquired by dissolution and precipi-
tation processes. Taking into account this case, it is
likely that the SO4 ion has undergone considerable
changes in its crystallographic environment during
the two disparate transition processes.

In this series of experiments, the pressure increases
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with increasing temperature due to the enclosed en-
vironment inside the sample chamber. Also, it can
be seen that the higher the pressure of gypsum disso-
lution, the higher the temperature of anhydrite pre-
cipitation. Table 3 lists the P and T conditions for
the precipitation of anhydrite obtained in the pressure
and temperature ranges of 1.0-1.5 GPa and 250-320°C,
respectively. It is important to note, however, that
there is a good linear relationship between the onset
temperature and pressure for the precipitation of an-
hydrite phase (Fig.4). By the linear fitting method,
the dissolution-precipitation boundary of CaSOq4(1)-
anhydrite transition yields a positive dP/dT slope of
6.8 MPa/K, as expressed by

P(GPa) = 0.00687 — 0.7126 (250°C < T < 320°C),
R% =0.9787. (3)

Kinsman!*!! proposed the dissolution-precipitation
mechanism controlling the genesis of several anhydrite
deposits in geological environments. It was thought
that the early formed gypsum was first dissolved in
fluid, and that Ca and SOy ions were carried and pre-
cipitated to form anhydrite. For the formation of the
anhydrite phase under high P and T conditions, a sta-
ble range of pressure and temperature conditions is in-
dispensable. On the other hand, the Ca and SO4 ion
concentrations in aqueous solution must reach super-
saturation. More importantly, the change in dielectric
constant of water has a positive effect on the precip-
itation of anhydrite. It is known that the dielectric
constant will decrease with increasing temperature,
causing a decreasing solubility of mineral in water.
Thus, the precipitation of anhydrite occurs with the
rise of temperature.

TTTT ‘ TTTT LU ‘ TTTT ‘ TTTT ‘ TTTT { TTTT {T TTT
C /) ] ®) ]
3.0 High-press —| CaSO4 (1)
- Gypsum/ Bassanite / anhydrite { © Run 1
— - 4 o Run2
@ L - :
o L J  Triple point 7 o %ﬁ::i
0 20 V "] a Ruus
~ L Y (c) 1 v Runé6
I L / / (d) | .
2 F CaSOy (1) yz 1 Anhydrite
% ~ o o 8 3 * B e Runl
o 1,07c> ° o E./ < v — = Run2
A F o 8 §/ g g Anhydrite | < Run3
-3 8 g d . . o K -4 & Run4
L g e Dissolution—precipitation ] a1 Runbj
0 0; _~ Triple point boundary 4 v Run6
Tl s b b b b b Luaa 1
0 50 100 150 200 250 300 350 400
Temperature (°C)
Fig.4. Phase relations of gypsum-bassanite-anhydrite

(from Mirwald''] and Kennedy et al.12:13]) The dashed
lines (a) and (b) are the phase boundaries of gypsum-
bassanite and bassanite-anhydrite. The dashed line (c) is
the stable and metastable high pressure transition bound-
ary of CaSO4. The empty and solid symbols represent the
CaSO4(l) and anhydrite phase in this study, respectively.
The solid line (d) is the boundary line of CaSO4(l) and
anhydrite.

As seen in Fig.4, anhydrite exists on the right
region of the dissolution-precipitation boundary, and
it would precipitate at higher temperature or lower
pressure. In addition, the different pressures for gyp-
sum dissolution prove that the water-mineral ratios

are different for each experimental run, thus leading
to different precipitation temperatures of anhydrite.
This inconsistency of water-mineral ratio is predomi-
nately caused by the initial nonuniformity of systems
or various reaction kinetic mechanisms.!*’! In our opin-
ion, the precipitation of anhydrite phase from CaSOy-
bearing supersaturated solution is likely to take place
so long as the P-T conditions in the system corre-
spond to the dissolution-precipitation boundary ob-
tained in our experiments (Eq. (3)). Further work is
still needed to establish whether this conclusion is ap-
propriate for a wider P-T range.

In summary, we have discussed the dissolution and
precipitation behaviors of gypsum-anhydrite transi-
tion through hydrothermal diamond anvil cell and Ra-
man spectroscopy. It is shown that the solubility of
gypsum strongly increases with pressure, and the gyp-
sum entirely dissolves in aqueous solution at a pressure
of around 866 MPa. The precipitation of anhydrite
occurs at 250-320°C and the pressure range of 1.0—
1.5 GPa, respectively. A linear relationship between
the onset pressure and temperature for the precipi-
tation of anhydrite phase has also been established
as P(GPa) = 0.00687 — 0.7126 (250°C< T <320°C).
Both a stable range of pressure and temperature con-
ditions and supersaturation of Ca and SO, ion con-
centrations in aqueous solution are essential for the
formation of anhydrite. In addition, the gypsum-
anhydrite transition involving both dissolution and
precipitation processes is irreversible.
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