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Abstract. An improved single-crystal high-pressure anvil
cell with beryllium-gaskets was used for the investigations
of structure and lattice parameters of cordierite which had
been heated in an Ar stream at about 1,000° C to remove
natural water from its structural channels. The influences
of pressure transmitting media were studied by using water
as a pressure medium at pressures of 0.3, 0.9, 1.2, and 2.3
GPa and fluorcarbon, a liquid consisting of large molecules,
at 2.2 GPa. Water, but not fluorcarbon, is able to enter
the channels in the cordierite structure. Large variations
in the lattice constants resulted from changing the pressure
medium used. A previously supposed discontinuity of the
b lattice constant at nearly 0.3 GPa could not be established
by the measurements taken so that there is no evidence
for a phase transition at this pressure. Possibly the observed
tilting of two tetrahedra against each other in this structure
could have led to this misinterpretion. When water, but
not fluorcarbon, is used as a pressure medium at 2.3 GPa,
an additional electron density peak, presumably a water
oxygen atom, appears in the channels. The water prevents
the channels from shrinking and fixes their width at a value
comparable to that of a naturally hydrated cordierite. In
one of the silicate-tetrahedra the Si-O bond lengths are
compressed almost 1 percent (2.3 GPa). This process may
initiate a phase transition at higher pressures.

Introduction

Structural studies on cordierite have been carried out with
neutron- and x-rays at normal conditions to study its chan-
nel constituents and Si/Al order/disorder (Cohen et al.
1977), and at high temperatures, to determine the orgin
of cordierite’s unusually low rate of thermal expansion (Ho-
chella et al. 1979). Furthermore, cordierites with different
Fe/Mg compositions were investigated (Wallace and Wenk
1980). Work at high pressure has only been carried out
by Mirwald et al. (1984), who determined the lattice con-
stants of a cordierite from Soto/Argentina at different pres-
sures. The results seemed to indicate the existence of two
phase transitions as previously postulated by Mirwald
(1982). Mirwald et al. stated that cordierite, forms two high
pressure phases; one stable between 0.2 and 0.9 GPa and
the other stable above 0.9 GPa. Both transitions were de-
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Fig. 1. Improved high-pressure diamond-anvil cell mounted on a
Philips PW-1100 diffractometer (y-circle with a diameter of
150 mm)

tected only as discontinuities of the compressibility, which
suggests that they are second order. Structural studies at
high pressure have never been undertaken for cordierite.
The aim of the present study is to fill this omission with
emphasis on the investigation of the purported phase transi-
tions.

Only a small part of reciprocal space is accessible when
using most high-pressure diamond anvil cells (Merrill and
Basset 1974, Keller and Holzapfel 1977). Therefore, most
structural studies on minerals have been limited to crystals
with high symmetry and small unit cells (Hazen and Finger
1982). Several attempts have been made to improve these
limitations (Schifer] et al. 1978, Ahsbahs 1984). All these
new high-pressure cells as well as the cell used here (Dieter-
ich et al. 1984, Koepke et al. 1985) have a new x-ray path
in common. With our improved cell we are able to measure
up to 95% of all non-Friedel reflections in a sufficient 2.9-
range. This device, when mounted on a four-circle diffrac-
tometer (Fig. 1), enables us to investigate structures as com-
plicated as orthorhombic cordierite. To overcome the effect
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Table 1. Lattice constants and relative lattice constants for White Well and Zabargad cordierites

0.1 MPa 0.3 GPa 0.9 GPa 1.2 GPa 2.3 GPa 2.2 GPa
a(A)® 17.079 (3) 17.071 (2) 17.058  (6) 17.040 (3) 17013 (2) 16.990 (4) 16.975 (7)®
b (A) 9.730 (2) 9.715 (1) 9.724 (3) 9.702 (2) 9.680 (1) 9.680 (2) 9.647 (4)
c(A) 9.356 (2) 9.344 (1) 9.336 (3) 9.320 (2) 9.3035 (7) 9.293 (2) 9274 (3)
V (A%) 1,558 (5) 1,549.7 (3) 1,548.6  (9) 1,5408 (5 11,5322 (3) 1,584 (6) 1,5187 (10)
a/a, - 1 0.9992 (4) 0.9982 (2) 0.9966 (2) 0.9953 (3) 0.9944 (4)
b/bo - 1 1.0009 (3) 0.9987 (2) 0.9964 (1) 0.9964 (2) 0.9930 (4)
¢/co - 1 0.9991 (3) 0.9974 (2) 0.9957 (1) 0.9945 (2) 0.9925 (3)
VIV, - 1 0.9993 (6) 0.9943 (4) 0.9887 (3) 0.9863 (4) 0.9800 (7)

2 Cohen et al.
b Measurements with fluorcarbon

of x-ray absorption by the gasket, especially at low Bragg
angles, we used beryllium gaskets. This limited our maxi-
mum pressure to about 3 GPa.

Experimental

We used crystals from the island Zabargad/Red Sea (Kurat
et al. 1982) that were kindly supplied by P.W. Mirwald,
who heated the crystals in an Ar stream at about 1,000° C
to remove the water from the channels in the structure.
The chemical formula of this cordierite, the average from
17 microprobe analyses, is:

Nag.013Mg3.057A14 062F€0.002514.02015

Thus we used a nearly pure Mg-cordierite, which is known
to have an orthorombic space group (Cecm).

The crystals had the shape of flat cylinders (about
100 pm in diameter and 60 pm in height), which allowed
the application of a simple gasket-absorption algorithm.
No absorption correction due to the crystal shape itself
was made: with an absorption coefficient of only 8.724 em ™!
for the Zabargad cordierite, intensity differences resulting
from the different paths of the beams inside the crystal
do not exceed about 3%.

The pressure was measured by the fluorescence of a
small ruby splinter lying beside the sample in the gasket
hole (Piermarini et al. 1975). An interferometer described
by Keller and Holzapfel (1977) was used for measuring
the shift of the ruby-fluorescence line. This system allowed
pressure measurements with a standard deviation of +0.07
GPa. This apparatus also had a systematic error of about
+2%. We therefore assumed an overall error of +0.1 GPa.

Two different pressure transmitting media were used:
(1) water, of which the molecules fit into the channels of
the cordierite structure, and (2) fluorcarbon, a completely
fluorinated cyclic ether, with molecules so large that they
cannot enter the channels. The low solubility of water in
fluorcarbon (13 ppm) ensures that the water contamination
of fluorcarbon is negligible. Both media behave as liquids
within the investigated pressure range (Piermarini et al.
1973 and own measurements). We applied pressures of 0.3,
0.9, 1.2, and 2.3 GPa with water as the pressure transmitting
medium and of only 2.2 GPa with fluorcarbon.

Atomic positions of the cordierite structure are denoted
with the nomenclature suggested by Cohen et al. (1977) and
by Meagher and Gibbs (1977), with the exception that in-
stead of T" and M, the cations are labeled according to
the atoms really found in a low-cordierite at these positions.

With respect to the values measured at pressures on
the Zabargad cordierite, linear or quadratic regression lines,
respectively, were calculated. In order to obtain comparable
fluorcarbon curves we used all the values measured with
water, except for the ones measured at the highest pressure
reached (2.3 GPa), together with the only measurement at
fluorcarbon pressure (2.2 GPa) in similar calculations. This
must be allowed because, as is shown below, water is only
found in the structure at 2.3 GPa. The curves in Figures
24, 6, and 8-10 calculated from measurements with water
as a pressure transmitting medium are labeled by solid lines
whereas fluorcarbon curves are indicated by dashed lines.

Lattice Parameters

The lattice parameters, under ambient conditions and at
the five different pressures, at which the structural investiga-
tions were carried out, were refined from the diffraction
angles of about 50 reflections. The results are listed in Ta-
ble 1. For comparison, the data of Cohen et al. (1977) for
a White-Well cordierite/Australia are also shown.

The relative lattice constants and the unit cell volume
are ploted against pressure in Figures 2 and 3, respectively.
The bulk compressibility was computed between the two
measurements at 0.3 and 0.9 and between 1.2 and the high-
est pressures reached: 2.3 GPa with water, and 2.2 GPa
with fluorcarbon (Figure 4). According to Mirwald (1982),
no phase transitions are to be expected in these two pres-
sure-ranges.

Structure Investigations

Diffraction intensities were collected on a Philips PW-1100
diffractometer for half the Ewald sphere with MoK ,-radia-
tion up to sin 9/ =0.8 for ambient conditions, sin 3/1=0.6
for 0.3 GPa and sin 3/4=0.7 for higher pressures. Data
collection under high pressure was carried out using a spe-
cial high-pressure control program executed on an external
computer, that communicates with the Philips control com-
puter via a serial interface (Koepke 1985). The scans with
60 steps for each reflection were analyzed with the Leh-
mann-Larsen algorithm (Lehmann and Larsen 1974) inte-
grated into the Prometheus program-system (Zucker et al.
1983). Symmetrical equivalent reflections were averaged by
another part of the Prometheus system. For structure re-
finements we used the X-ray 72 program system (Stewart
et al. 1972), with weights calculated according to

w=1//6%(1,) + (n1,/100)
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Table 2. Results of refinements for White-Well and Zabargad cor-
dierites
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[0 noeasurements with water as : A
- pressure transmitting medium medium reflections
1 1000 [®] reasurements with fluorcarbon
' N —— el et sl White-Well 0.1 MPa  air 1,057 33 51
iy : (Cohen
© 0998 et al.)
5 Zabargad 0.1 MPa air 1,080 58 1.5
2 0.3 GPa water 492 10.2 11.6
£ 0996 0.9 GPa water 941 9.2 5.6
: 1.2 GPa water 934 79 22
o 0994 2.3 GPa water 829 9.7 6.9
% O 2.2 GPa fluorcarbon 495 11.0 7.7
N
~ ~ NN i
Q>) 0992 = -\\fluorcarbon
a \,.\\
% b MelOH/EIOH ™ A factor n between 0.5 and 1.5 helped to avoid overweight-
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Fig. 2a—c. Relative (a) a-, (b) b-, and (c) c-lattice constants vs.

pressure

pressure [GPa} —

weighted with unit weights. Only reflections with intensities
larger than 2 or 3 o(I,), respectively, were allowed for the
refinements, except for the data collected at 2.2 GPa with
fluorcarbon, where reflections with I, = Sa(1,) were allowed.
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Table 3. Final fractional coordinates and isotropic thermal parameters U (x 100) for White Well and Zabargad cordierites at various
pressures

Atom 0.1 MPa 0.3 GPa 0.9 GPa 1.2 GPa 2.3 GPa 2.2 GPa
Al 11 X 0.25° 0.25 0.25 0.25 0.25 0.25 0.25°

v 0.25 0.25 0.25 0.25 0.25 0.25 0.25

z 0.2501 (1) 0.2505 (3) 0.2493 (11) 0.2500 (3) 0.2503 (3) 0.2503 (5) 0.2473 (10)

ge 0.66 0.75 (©)] 1.38  (20) 0.74 (6) 0.72 (5 075 (10) 0.76 (16)
Si 16 X 0.0 0.0 0.0 0.0 0.0 0.0 0.0

y 0.5 0.5 0.5 0.5 0.5 0.5 0.5

z 0.25 0.25 0.25 0.25 0.25 0.25 0.25

U 0.57 0.67 %) 1.33  (26) 0.63 (8) 061 (7 081 (13) 032 (20)
Si 2t X 0.1926 (1) 0.19281 (9) 0.1938 (5) 0.1930 (1) 0.1930 (1) 0.1932 (2) 0.1938 (4)

y 0.0778 (1) 0.0782 (2) 0.0778 (8) 0.0780 (3) 0.0779 (2) 0.0769 4) 0.0770 (8)

z 0.0 0.0 0.0 0.0 0.0 0.0 0.0

U 0.49 0.53 @) 1.33 (21 055  (6) 042 (5 0.60 (10) 0.63 (17)
Al 26 X 0.0508 (1) 0.0506 (1) 0.0501 (5) 0.0509 (2) 0.0506 (1) 0.0514 (2) 0.0520 (%)

y 0.3079 (1) 0.3085 (2) 0.3073 (9) 0.3077 (3) 0.3083 (3) 0.3076 (5) 0.3055 (9)

z 0.0 0.0 0.0 0.0 0.0 0.0 0.0

U 0.55 0.62 4) 096 (21 0.58 (6) 0.51  (6) 0.63 (11 069 (19)
Si23 X —0.1352 (1) —0.13544 (9) —0.1354 (5) —0.1352 (1) —0.4351 (1) —0.1350 (2) —0.1348

y 0.2375 (1) 0.2376 (2) 0.2376 (8) 0.2378 (3) 0.2374 (2) 0.2368 (4) 0.2369 (8)

z 0.0 0.0 0.0 0.0 0.0 0.0 0.0

U 0.49 0.60 “) 117 (20) 0.64 (6) 057 (%) 0.62 (10) 011  (15)
011 X 0.2474 (1) 0.2468 (1) 0.2483 (8) 0.2473 (2) 0.2474 (2) 0.2476 (3) 0.2473 (7)

y 0.1029 (1) 0.1029 (2) 0.1038 (12) 0.1032 (4) 0.1031 (3) 0.1022 (6) 0.1033 (10)

z 0.1410 (2) 0.1407 (3) 0.1416 (15) 0.1416 (4) 0.1421 (3) 0.1420 (6) 0.1426 (12)

U 0.87 0.83 6) 1.25 (31 0.71 (10) 0.68 (8) 092 (16) 0.58 (26)
016 X 0.0620 (1) 0.0625 (1) 0.0611 (8) 0.0618 (2) 0.0624 (2) 0.0625 (3) 0.0625 (1)

y 0.4160 (2) 0.4156 (2) 0.4167 (13) 0.4158 (4) 0.4154 (3) 04157 (6) 0.4152 (11)

z 0.1512 (2) 0.1506 (3) 0.1509 (17) 0.1511 (5) 0.1506 (4) 0.1503 (7) 0.1502 (12)

U 0.87 0.84 ) 1.72 (35 0.84 (10) 0.78 (9) 0.75 UDN 065 (27
013 X —0.1732 (1) -0.1733 (1) —=0.4737 (10) —-0.1733 (2) —0.1733 () —-0.1734 (3) —-0.1734 (6)

y 0.3101 (2) 0.3100 (2) 0.3088 (14) 0.3110 (4) 0.3116 (3) 0.3138 (1) 0.3127 (10)

z 0.1416 (2) 0.1413 (3) 0.1424 (16) 0.1410 (5) 0.1423 (3) 0.1415 (1) 0.1414 (13)

U 0.89 0.77 6) 209 (37 0.67 (10) 078 (9 122 (18) 055 (27
021 X 0.1223 (1) 0.1226 (2) 0.1223 (15) 0.1228 (3) 0.1228 (2) 0.1239 (5) 0.1227 (9)

y 0.1839 (2) 0.1846 (3) 0.1880 (21) 0.1842 (7) 0.1851 (5) 0.1825 (10) 0.1833 (16)

Z 0.0 0.0 0.0 0.0 0.0 0.0 0.0

U 1.32 112 (10) 217 (52) 1.00 (14) 112 (13) 099 (24) 0.50 (37
026 X —0.0430 (1) ~0.0433 (2) —0.0440 (11) —0.0431 (3) —0.0428 (3) —0.0424 (5) —0.0430 (10)

y 0.2476 (2) 0.2491 (3) 0.2515 (21) 0.2485 (7) 0.2480 (5) 0.2462 (11) 0.2441 (19)

Z 0.0 0.0 0.0 0.0 0.0 0.0 0.0

U 1.23 1.17  (10) 092 (42) 1.16 (13) 0.82 (12) 1.29 (25 1.82 (45
023 X —0.1645 (1) ~0.1638 (2) —0.1646 (13) ~—0.1650 (4) —-0.1647 (3) ~0.1656 (5) —0.1646 (11)

y 0.0792 (2) 0.0803 (4) 0.0793 (20) 0.0795 (7) 0.0806 (5) 0.0778 (10) 0.0812 (19)

z 0.0 0.0 0.0 0.0 0.0 0.0 0.0

U 1.22 1.35  (10) 1.53 (@47 099 (15) 1.06 (13) 1.32  (26) 098 (41
Mg X 0.1625 (1) 0.16248 (9) 0.1629 (6) 0.1626 (2) 0.1622 (1) 0.1624 (2) 0.1622 (5)

y 0.5 0.5 0.5 0.5 0.5 0.5 0.5

z 0.25 0.25 0.25 0.25 0.25 0.25 0.25

U 0.74 0.88 ) 1.46 (23) 069 (D 0.69 (6) 084 (11) 0.74 (18)

2 Cohen et al.
b measurements with fluorcarbon
¢ multiplicated with factor 100

The refinements were conducted by minimizing the value of The final positional parameters and isotropic tempera-
Y w(F,| —IF])? ture factors are listed together with the corresponding
hkl values from Cohen et al. (1977) in Table 3. Bond lengths
Final R,, or R values are listed in Table 2. Values of Cohen and bond angles are given in Tables 4 and 5. Selected inter-
et al. (1977) are also listed for comparison. The experimen- tetrahedral or octahedral angles that show the tiltings of

tal procedures were detailed by Koepke (1985). the adjacent polyhedra are listed in Table 6.



169

Table 4. Bondlengths (A) for White-Well and Zabargad cordierites at various pressures

Bonding Mult. 0.1 MPa 0.3 GPa 0.9 GPa 1.2 GPa 2.3 GPa 2.2 GPa
Al11-0 11 2 1.760 (2*  1.760 (3) 1.741 (14) 1.747 (4) 1.742 (3) 1750 (6) 1.717 (12)®
~013 2 1757 ) 1.755 (3) 1.745 (17) 1.759 (4) 1.749 (3) 1757 (6) 1.768 (12)
mean 1759 (1) 1758 (2) 1.743 (9) 1.753 (2) 1.746 (2) 1754 (4) 1743 (7)
Si16—0 16 4 1.626 2)  1.635 (2) 1.612 (14) 1.621 (4) 1.628 (3) 1.629 (6) 1.629 (6)
Si21-0 11 2 1.636 2)  1.623 (3) 1.637 (15) 1.630 (4) 1.632 (3) 1.629 (6) 1.624 (12)
—02% 1 1.601 (2)  1.617 (4) 1.606 (22) 1.601 (7) 1.607 (6) 1.569 (11) 1.604 (19)°
-02 1 1583 (2)  1.583 (3) 1.623 (25) 1.580 (7) 1.583 (3) 1.558 (10) 1.584 (17)
mean 1.614 (1)  1.612 (2) 1.626 (11) 1.610 (3) 1.614 (3) 1.596 (5) 1.609 (9)
Al26—0 16 2 1773 ) 1.762 3) 1.776 (16) 1.766 (5) 1.755 (4) 1755 (1) 1759 (12)
—021 1 1716 2)  1.720 (4) 1.691 (25) 1.713 (7) 1.712 (5) 1.729 (10) 1.682 (18)
—026 1 1706 2)  1.704 (4) 1.694 (21) 1.701 (7) 1.693 (5) 1701 (9) 1.718 (20)
mean 1.742 (1)  1.737 (2) 1.734 (12) 1.737 4) 1.729 (3) 1.735 (5) 1730 (9)
Si23-013 2 1.634 ()  1.629 (3) 1.635 (16) 1.629 (5) 1.640 (3) 1.646 (7) 1.638 (12)
~023 1 1.619 2)  1.603 (4) 1.618 (22) 1.617 (7) 1.600 (6) 1.625 (11) 1.585 (19)
—026 1 1.578 (2)  1.577 (&) 1.567 (20) 1.573 (6) 1.574 (5) 1.576  (9) 1.561 (19)
mean 1.616 (1)  1.610 (2) 1.614 (11) 1.612 (3) 1.614 (3) 1.623 (5) 1.606 (9)
Mg —O 16 2 2113 (2) 2109 (3) 2.128 (16) 2.114 (5) 2.101 (4) 2.098 (6) 2.094 (13)
~011 2 2100 (2)  2.108 (3) 2.082 (15) 2.093 (5) 2.090 (3) 2.080 (6) 2.085 (13)
—01% 2 2415 (2) 2115 (2) 2121 (14) 2.104 (4) 2.090 (3) 2074 (7) 2.077 (10)
mean 2109 (1) 2111 (1) 2110 (7) 2.104 (2) 2.093 (2) 2.085 (3) 2.085 (5)

2 Cohen et al.
5 .
measurements with fluorcarbon

Table 5. Bondangles (°) for White Well and Zabargad cordierites at various pressures

Cation Anions Mult. 0.1 MPa 0.3 GPa 0.9 GPa 1.2 GPa 2.3 GPa 2.2 GPa
Al1l 013"-0137"1 109.6 (1)*  109.6 (2) 109.2 (9) 109.4 (2) 1103 () 1102 4 108.5 (7)°
o1t -0137 2 94.7 (1) 95.1 (1) 94.5 (6) 94.5 (2) 94.1 (1) 934 (3) 939 (5
011 -0137 2 1259 (1) 125.6 (1) 126.2 (7) 126.1 (2) 126.1 (1) 126.8 (3) 126.3 (5)
o111 -011" 1 109.0 (1) 108.7 (2) 109.5 (8) 109.5 (8) 109.3 (2) 109.4 (2) 109.8 @)
Sité 016 —016" 2 110.7 (1) 110.8 (1) 110.0 (8) 110.7 (2) 110.8 (2) 110.6 (3) 110.7 (6)
016 —-016” 2 119.7 (1) 119.8 (1) 119.6 (7) 119.4 (2) 119.6 (2) 119.9 (3) 119.7 (5)
016 -0167'2 98.7 (1) 98.5 (1) 99.5 (7) 98.9 (2) 98.7 (2) 98.6 (3) 98.6 (6)
Si2zt O11 -021 2 109.7 (1) 109.4 (1) 109.0 (7)) 109.4 (2) 109.3 (2) 109.2 (3) 108.9 (6)
011 -023 2 108.3 (1) 108.4 (1) 108.8 (7) 108.2 (2) 108.2 (2) 108.2 (3) 108.8 (6)
o111 —O11™ 1 107.4 (1) 108.2 (1) 107.7 (9) 108.1 (2) 108.2 (2) 108.2 (3) 109.1 (D)
021 -023 1 113.3 (1) 112.9 (2) 113.3 (12) 113.4 4 113.5 3) 113.6 (5) 112.4 (10)
Al26 016 —021 2 109.9 (1) 109.4 (1) 109.5 (1) 109.9 (2) 109.3 (2) 109.9 (3) 110.4 (6)
016 —026 2 107.8 (1) 107.9 (1) 106.9 (7) 107.5 (2) 108.2 (2) 108.0 (3) 107.6 (6)
016 -016™ 1 105.8 (1) 106.0 (1) 105.1 (8) 105.8 (3) 106.0 (2) 105.4 (4 1047 (7)
021 -026 1 115.2 (1) 115.8 (2) 118.0 (11) 115.9 (4) 1157 (3) 115.0 (5) 1154 (9)
Si23 013 -02 2 111.6 (1) 1114 (1) 111.2 (7) 111.6 (2) 111.5 (2) 111.7 (3) 1123 (6)
013 -023 2 106.8 (1) 107.0 (1) 106.3 (7) 106.8 (2) 106.9 (2) 107.6 (3) 107.2  (6)
013 —-013™ 1 108.2 (1) 108.2 (1) 108.8 (9) 107.6 (3) 107.7 (2) 106.1 (4) 106.4 (7)
02 —023 1 111.5 (1) 111.6 (2) 112.9 (12) 1121 4) 112.1 (3) 111.9 (6) 111.1 (10)
Mg o111 -013 2 96.9 (1) 96.7 (1) 97.6 (6) 96.9 (2) 96.9 (1) 96.5 (2) 96.7 (5)
016 —-O11 2 101.4 (1) 101.4 (1) 101.4 (5 101.6 (2) 101.4 (1) 101.4 () 101.4 (4
013 -016 2 101.4 (1) 101.4 (1) 101.5 (6) 101.3 (2) 101.6 (1) 101.3 (2) 101.5 (5)
o11 —-011" 1 858 (1) 85.4 (1) 86.7 (6) 85.7 @ 853 (1) 853 (3) 85.0 (5
016 —-0137'2 86.7 (1) 86.7 (1) 86.7 (6) 86.8 (2) 86.8 (1) 87.1 (2) 87.0 4

2 Cohen et al.
® measurements with fluorcarbon
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Table 6. Selected inter-tetrahedral or octahedral angles respectively for White Well and Zabargad cordierites

Anjon  Cations Mult. 0.1 MPa 0.3 GPa 0.9 GPa 1.2 GPa 2.3 GPa 2.2 GPa
Six-membered ring

021 Si21—Al26" 2 176.0 (2)* 176.4 (2) 178.0 (16) 176.4 (5) 176.8 (4) 176.5 (7) 175.9 (12)°
023 Si21—Si23 2 179.5 (2) 179.7 (3) 179.9 (9) 181.0 (5) 1809 (4) 182.2 (6) 180.6 (13)
026 Si23—Al26 2 163.5 (2) 164.3 (2) 166.3 (15) 164.1 (5) 163.6 (4) 162.9 (8) 162.4 (13)
Six-membered ring against octahedron

o011 Si 21 —Mg 2 137.7 (1) 137.7 (1) 137.0 (8) 137.4 (3) 137.3 (2) 1374 4) 136.6 (7)
013 Si 23—Mg 2 137.0 (1) 137.0 (1) 1362 (9) 137.4 (3) 1372 (2) 138.3 (4) 1377 (7)
0O 16 Al 26—Mg 2 131.8 (1) 132.4 (1) 1312 (8) 131.5 (2) 132.4 (2) 1321 (3) 131.9 (1)
Four-membered ring against octahedron

011 Al 11—Mg 2 95.0 (1) 94.6 (1) 959 (1) 95.2 (2) 954 (1) 95.4 (3) 96.0 (5
013 Al11—Mg 2 94.5 (1) 94.5 (1) 94.5 (1) 94.5 (2) 95.2 (2) 95.4 (3) 94.7 (5)
016 Si 16—Mg 2 94.9 (1) 94.8 (1) 95.0 (7 94.9 (2) 94.7 (2) 94.7 (3) 94.6 (5)
Four-membered against six-membered ring

0O 16 St 16 —Al26 2 1329 (1) 1324 (1) 133.6 (9) 133.2 (3) 132.6 (2) 132.9 (3) 1333 (7)
O 11 Al11 -Si2t 2 127.2 (1) 127.6 (1) 127.0 (9) 127.3 (3) 127.2 (2) 127.0 (4) 1272 (1)
o013 Al11'-Si23 2 1282 (1) 128.3 (1) 129.1 (9) 128.0 (3) 127.4 (2) 126.3 (4) 127.5 (1)

2 Cohen et al.
® measurements with fluorcarbon

Discussion

The structure of cordierite is built up of (Si, Al)O, tetrahe-
dra and MgOg octahedra. Figure 5 shows an ideal cordierite
structure projected onto (001). Rings composed of six
corner-linked tetrahedra are superimposed along the ¢ axis
to form the channels in the structure. The rings are included
in a frame of edge-sharing octahedra and tetrahedra, with
the octahedra located between the ring planes. Because of
the higher compressibility of the octahedra compared to
the tetrahedra (comp. Fig. 6a with b and c) this frame con-
tracts more with pressure than the six-membered rings.
Consequently, the six-membered rings are constrained by
this frame so long as the symmetry of the structure is pre-
served. We were therefore able to simulate this pressure
effect in the two-dimensional model shown in Figure 5 by
giving the ring-tetrahedron projections a somewhat larger
size, while keeping the frame size constant. Thus, the two-
fold symmetry of the rings, perpendicular to the mirror-
planes on which they lie, require that at least two tetrahedra
of the ring shown in Figure 5 have to shrink in their projec-
tion onto (001). Our structure investigations verified this
simple model.

When water is the pressure medium at 2.3 GPa, the
weighted difference Fourier map shows a significant elec-
tron density (Fig. 7a) in the channel, whereas when fluor-
carbon is the pressure medium, no such electron density
(Fig. 7b) is observed at comparable pressures. The addi-
tional electron density can be refined as water oxygen (O,,)
with a population of 0.10(2) and a mean square displace-
ment of U=0.03 at x= +£0.053(2), y=0, and z=1/4. This
indicates that water molecules really penetrate into the
structure.

The cross section of the six-membered ring approaches
a constant value above 1.2 GPa water pressure as shown
by the O-0O distances directly across the channel (Fig. 8).
The O-0 distances reached are comparable to these of cor-
dierite bearing a natural water (Cohen et al. 1977). Probab-

f luorcarbon

Fig. 5. Detail of an ideal cordierite structure projected onto (001).
The triangles and squares are tetrahedra projected along their
threefold or fourfold axes, respectively, on a plane perpendicular
to this axis, while hexagons are octahedra projected along their
threefold axes. Shaded areas symbolize ambient conditions. Solid
lines indicate changes in the structural projection with the pressure
transmitting mediurh (left side: fluorcarbon, right side: water)

ly hydrogen bonds are formed. Only O(23) seems to be
too far away to be involved. With fluorcarbon as the pres-
sure medium, however, the O-O distances decrease further
(Fig. 8).

The different behavior of the structure due to the pres-
sure medium is also reflected in the lattice parameters. The
curves of all three lattice constants and the unit cell volume
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Fig. 8. 0-0O distances directly across the six-membered ring in the
structural channels vs. pressure

vs. pressure show a different trends above 1 GPa according
to the pressure medium used (Figs. 2 and 3). The curves
from Mirwald et al. (1984) lic between the above curves,
except for these of the ¢ lattice constant (Fig. 2¢). Since
water molecules are pressed into the channels, it is not sur-
prising that for the highest pressure the calculated compres-
sibility when water is the pressure medium is much smaller
than that when fluorcarbon is the pressure medium (Fig. 4).
Yet, unexpectedly, the water molecules are unable to enter
the channels in significant amounts for pressures lower than
about 1 GPa, as indicated by the coincidence of the fluor-
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Fig. 9. T-O-T angles vs. pressure indicating the tilting of the tetra-
hedra belonging to the six-membered ring against each other

carbon curves and the corresponding water curves up to
this pressure (Figs.2 and 3). Mirwald et al. (1984) used
an alcohol-mixture (methanol/ethanol) as their pressure
transmitting medium. The position of their curves just be-
tween the curves we found may be explained by assuming
that methanol, but not ethanol, is small enough to penetrate
the cordierite channels.

The cordierite structure reacts to pressure, as is expected
from the simple model described above (Fig. 5). With water
as a pressure medium, the projections of the Si(21) tetrahe-
dron onto (001) are reduced in size, while the size of the
Si(23) tetrahedron remains constant. The converse is true
for fluorcarbon: the projections of the Si(21) tetrahedron
remain nearly unchanged, while the Si(23) tetrahedron pro-
jections shrink.

The Si-O bond lengths of the two tetrahedra in Figures
6b and ¢ corroborate this statement. With water as the
pressure medium, the bond lengths Si(21) — O(23) and Si(21)
— O(21) (Fig. 6b), which lie in the plane of the above men-
tioned projection, decrease, while the corresponding bonds
Si(23) — O(23) and Si(23) ~ O(26) (Fig. 6¢) remain nearly
constant or grow even larger. With fluorcarbon, on the
other hand, the respective bond lengths related to the Si(23)
tetrahedron decrease and those to the Si(21) tetrahedron
remain constant.

According to our model (Fig. 5), the pressure transmit-
ting medium also influences the tilting of the two tetrahe-
dra, Si(21) and Si(23), against each other. When water is
the pressure medium (right side Fig. 5), the tetrahedra have
to tilt towards the frame; with fluorcarbon (left side Fig. 5)
these tetraedra tilt towards the middle of the six-membered
ring.
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Fig. 10. Mean bond length of the Si(21) tetrahedron vs. pressure

This is reflected in the measurements of the angle Si(21)
— 0(23) — Si(23) (Fig. 9), which increases with the amount
of water present in the channel, while it remains nearly
constant with fluorcarbon as the pressure transmitting me-
dium. In the latter case the curve decreases at even higher
pressures. Remarkably, when water is the pressure medium
this angle varies through the extreme value of 180° where
the three atoms are linearly arranged. This value is reached
at about 0.3 GPa.

Because the above line must be nearly parallel to the
b axis, it is plausible that this structural change influences
the b lattice constant. In fact, the b lattice constant (Fig. 2b)
and the volume (Fig. 3) vary with water pressures in curves
that do not extrapolate to unity at ambient conditions. A
comparable observation for the b lattice constant apparent-
ly led Mirwald (1982) to the assumption that cordierite
undergoes a first phase transition at 0.2 GPa. However,
because the change of the angle Si(21) — O(23) — Si(23),
which in our opinion is mainly responsible for this observa-
tion, seems to proceed continously, and since we did not
find any other significant structural change at 0.3 GPa,
we cannot support the existence of the phase transition
postulated by Mirwald.

A second phase transition postulated by Mirwald (1982)
and assumed to occur at about 1 GPa was not observed
either. With water as pressure medium, not only is the pro-
jection of the Si(21) tetrahedron onto (001) reduced, but
its mean bond length (Fig. 10) indicates that the entire tetra-
hedron significantly shrinks with pressure (it is reduced by
about 1 percent at 2.3 GPa). Perhaps a phase transition,
comparable to the second phase transition postulated by
Mirwald (1982), is introduced by this process. Unfortunate-



ly, the beryllium-gaskets we used, however, did not permit
us to increase the pressure to values at which this hypothesis
could be tested.
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