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ABSTRACT

The crystal structure of Ca,Al,(O,D,), was refined from time-of-flight neutron powder
data collected at 300, 200, and 100 K. The D atom is located 0.906(1) A (300 K) from
oxygens surrounding the vacant 4 tetrahedral site. With the complete replacement of Si**
by 4H* in the grossular structure, the tetrahedral d—O distance increases from 1.645 to
1.950 A. Structural adjustments in response to tetrahedral expansion include a decrease
in the length of the shared octahedral edge relative to the unshared edge and a correspond-
ing increase in the Ca(1)-O(4) distance in the dodecahedron. At low temperatures, the D
tetrahedron rotates ~1° about the 4 axis relative to the rigid oxygen tetrahedron and
becomes slightly more regular. The O-D distances at 300 and 100 K are within one
standard deviation. Single-crystal X-ray intensity data were also obtained at 300 K from
the same sample used in the neutron-diffraction experiments. The short O-H distance
(0.65 A) determined from the X-ray data is characteristic of mineral structures with non-

H-bonded OH groups and OH groups with weak O-H- - -O interactions.

INTRODUCTION

The compound Ca,Al,(O,H,), is the Si-free end member
of the hydrogrossular series. Its structure was examined
by Weiss et al. (1964) using X-ray powder methods and
by Cohen-Addad et al. (1967) using neutron powder dif-
fraction and NMR techniques. They concluded that Ca,-
Al(O,H,); was isostructural with grossular in space group
Ia3d and that the hydrogarnet structure results from the
replacement of (Si0,)*~ by (OH);. It was suggested that
H substitutes for Si in such a way that each oxygen around
the tetrahedral void is bonded to one H (O-H distance
~0.95 A). The H has no additional oxygen neighbor
within a 2.5-A radius; thus it was classified as a “free”
OH group without H bonds. A neutron powder refine-
ment of a deuterated sample (Foreman, 1968) confirmed
the existence of (OD); as a structural entity. Bartl (1969)
subsequently reported a single-crystal X-ray refinement,
but no information on the H position was given.

The powder studies by Cohen-Addad et al. (1967) and
Foreman (1968) were completed prior to the introduction
of the Rietveld (1967) refinement procedure. The powder
data were reduced in a manner analogous to single-crystal
data, i.e., individual peaks were integrated to yield struc-
ture factors. As a result, only a few data were usable in
these refinements (because of peak overlap), and these
were in the high 4 range so that a certain amount of ac-
curacy in the atomic parameters was lost. In the Rietveld
method, the entire diffraction profile is fit point by point
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(e.g., at each 26 step or time channel depending on wheth-
er a constant- or variable-wavelength source is used), and
then the contribution of each Bragg reflection to the pro-
file is determined. In addition to the limitations associ-
ated with the method of analysis, the accuracy of the
above experiments may have been reduced by several
other factors: (1) the sample used by Cohen-Addad et al.
(1967) was not deuterated, i.e., the spin incoherent scat-
tering from H would make a large contribution to back-
ground, effectively reducing signal-to-noise ratio and (2)
the D position determined by Foreman was based on
only nine neutron-diffraction reflections.

The present study reports neutron powder refinements
of synthetic Ca,Al,(0,D,); at 300, 200, and 100 K. The
low-temperature refinements were included as part of the
study for two reasons: (1) Reduced thermal vibrations at
low temperatures should localize the D position and per-
mit a more accurate determination of its position. (2)
Renewed interest among mineralogists and petrologists in
this mineral group has stemmed from the fact that hy-
drogarnets are potential storage sites for water in the
Earth’s mantle (Aines and Rossman, 1984). The temper-
ature dependence of the Ca,Al(O,D,), structure could
provide important information on the stability of natu-
rally occurring hydrogarnets.

A single-crystal X-ray refinement at 300 K was also
carried out to examine differences between the structures
determined by X-ray and neutron diffraction (e.g., the

756



LAGER ET AL.: NEUTRON AND xrp STUDY OF HYDROGARNET

757

TABLE 2. Unit-cell and positional parameters and agreement factors (R) for neutron and X-ray refinements of Ca,Al;(O,H,),
300 K (X-ray 1) 300 K (X-ray 2)
100 K 200 K 300 K (with H) (without H)

a 12.5389(1) 12.5530(1) 12.5695(1) 12.565(3) 12.565(3)
o X 0.0284(1) 0.0284(1) 0.0288(2) 0.02797(6) 0.0286(1)

y 0.0525(1) 0.0523(1) 0.0522(1) 0.05260(5) 0.0528(1)

z 0.6401(1) 0.6399(1) 0.6402(1) 0.63958(5) 0.6398(1)
D(H) x 0.1521(1) 0.1523(1) 0.1517(1) 0.1723(11)

y 0.0899(1) 0.0904(1) 0.0913(1) 0.0931(11)

z 0.7995(1) 0.7986(2) 0.7985(2) 0.7989(11)

R. = expected R 1.38 1.34 1.61

R, = profile R 223 2.11 2.05

R,, = weighted profile R 3.09 2.95 3.01

(R, = weighted R, X-ray) 1.32 3.69

R = unweighted R, X-ray 0.96 2.07

R. = Reitveld A 6.90 7.38 13.66

Note: Numbers in parentheses are esds and refer to the last decimal place. All R values are expressed as percentages.

Rs = ﬂlz/(zi‘”iY%obs)

Ry = (2| Yiows = Yicacl V(Zi] Yions|)

RWP = {[Eiwr( Yrobs - Yl,calc)z]/ (EiWiY%obs)}"z
Ro = IZWiFobs — FeacPI(ZWiF2e)} 2
R = (2] Fops = Feac W(ZFors)

Ra = (] Yiers = Yicolel V(Zi| Yioos — Bil),

where fis the number of degrees of freedom in the refinement, Y, .., Y., and B, are the observed and calculated intensity and the background
at the ith time channel, w; is the weight, and F,, and F_, are the observed and calculated structure factors,

non-H-bonded OH group) and as a point of comparison
with recent X-ray refinements of katoite Ca,Al,-
(S8i0,)06:(0OH,), 55 (Sacerdoti and Passaglia, 1985) and
plazolite Ca,Al(Si0,), 53(O,H,), +» (Basso et al., 1983), two
members of the hydrogrossular series. These authors have
reported different H positions that cannot be rationalized
in terms of the hydrogarnet defect structure.

EXPERIMENTAL METHOD

A major problem in the preparation of Ca,Al,(O,D,); involved
the synthesis of tricalcium aluminate (Ca;Al,O,), which reacts
with D,O at 473 K to form Ca,Al,(O,D,);. Initial attempts pro-
duced Ca,AlL O together with Caj,Al,,O;,(OH),. Even if very
small amounts of Ca ,Al ,0,(OH), are present in the charge, it
is impossible to obtain pure Ca,Al,(O,D,), following hydrother-
mal treatment. In addition, since Ca,,Al,,0,,(OH), contains hy-
droxyl groups, fully deuterated hydrogarnet cannot be prepared
if this impurity is present. A pure sample of Ca;Al,O, was finally
synthesized from a mixture of CaCO; and AL, O, held at 1623 K
for approximately one month. During the synthesis, the sample
was reground at regular intervals (4 d) and then pressed into
discs before reheating. Following each of the homogenization
cycles, high-resolution Guinier X-ray photographs (A = 1.9359
A) were recorded to check for additional phases. Normally CaO
was present in excess (in order to avoid formation of
Ca,,Al,,0,,(OH),; see Figure 1 from Nurse et al., 1965) so that
a small amount of Al,O, had to be added at each stage until a
pure product was obtained. The final product showed only one
very weak CaQO reflection after a 15-h exposure. The
Ca,Al(O,D,), powder (~5 cm?) used in the neutron-diffraction
experiments was prepared from Ca,AL QO treated at 473 K and
Pr,,o = 200 bars for a period of 8 d.

Time-of-flight neutron-diffraction data were collected at 300,
200, and 100 K for Ca,Al(O,D,); on the general-purpose pow-
der diffractometer (Gppp) at the TPNS facility at Argonne Na-

tional Laboratory. The data (Table 1)! were refined using a Riet-
veld (1967) profile analysis modified for spallation pulsed neutron
sources (von Dreele et al., 1982). The D position was determined
from difference Fourier analysis of the 100-K data. After refine-
ment of positional parameters and anisotropic-temperature-fac-
tor coefficients for the non-D atoms [R,, = 16.97%], a AF map
revealed the D position at x = 0.15, y = 0.09, z = 0.80. Residual
neutron density (~30% of D atom) was also observed at the
oxygen position. The magnitude of the oxygen residual is not
unusual for Rietveld analyses of pulsed neutron data (e.g., Ro-
tella et al., 1982) and is probably due to systematic errors in
fitting background or measuring the incident neutron spectrum.
Inclusion of the D position in the least-squares refinement to-
gether with anisotropic-temperature-factor coefficients reduced
the agreement factor to R,, = 3.09% and produced an essentially
featureless AF map (the largest peak was ~5% of an O atom).
Refinement of the H/D site population indicated the presence of
~5% H (0.5 H per formula unit). The refinement model at each
temperature included 621 allowed reflections in the d range 0.530—
2.269 A and 25 variable parameters, two of which defined the
functional dependence of the background. Final agreement fac-
tors together with atom positional parameters are reported in
Table 2. Anisotropic-temperature-factor coefficients are given in
Table 3. The final refinement profile at 100 K is shown in Fig-
ure 1.

An equant dodecahedron (~125 um in diameter) was picked
from the same powder used in the neutron-diffraction experi-
ment. After verifying space-group assignment with the preces-
sion method, the crystal was transferred t0 an ENRAF NONIUS
caD4 diffractometer (graphite-monochromated MoK, radiation)
for intensity measurements. The unit-cell parameter was deter-

! To obtain copies of Tables 1 and 4, order Document AM-
87-344 from the Business Office, Mineralogical Society of Amer-
ica, 1625 I Street, N.W., Suite 414, Washington, D.C. 20006,
U.S.A. Please remit $5.00 in advance for the microfiche.



758 LAGER ET AL.: NEUTRON AND xrp STUDY OF HYDROGARNET
m‘Q g
o]
] a
3] $
%
= ‘
Z <
S w0
O L
O “
i |
o- : \
~
1
1
q E
[= I
R0 T AT 0 0 R AT SRERINDPEREDET NG TEPELTNA R T 1
| L OLEL S 1o SRRMLCE (O (LY (B o IR LB o (2 et T v i e e L/ | VL T o et (D ANLLO i 2= S =l
0.530 0.597 0.664 0.731 0.798 0.865 0,932 0.999 1.066 1.133
d—SPACING (A)
mg 8
bl
_ b
o
-
n
[y
Z ©
S o
o
O
° ]‘ j't
i
| B I
3] % w;va
I O O O B O [ o |
e v - = - o, s
1098 1165 1232 1299 1366 '1.‘{3;:3 " 1500 1.567 1634 1.701
d—SPACING (A)
Fig. 1. Rietveld refinement profile for Ca,Al,(O,D,), at 100 K (160° detectors). Plus marks are the raw data. Solid line is the

best-fit profile. Tick marks below the profile indicate the positions of all allowed reflections. A difference curve (observed minus
calculated) appears at the bottom. Background was fit as part of the refinement but has been subtracted before plotting.

mined from least-squares refinement of 25 automatically cen-
tered reflections (25° > 6 > 10°). Intensity data for all reflections
(except those systematically absent from the I-centering opera-
tion) in one octant of the reciprocal space [6,,., = 30°] were mea-
sured in an w scan mode. Three standard reflections, measured
in 5-h intervals to monitor X-ray intensity, showed a maximum
variation of 3% throughout data collection. Data reduction, in-
cluding background and Lorentz-polarization corrections, and
least-squares refinements were carried out with the spp (Enraf
Nonius, 1983) program library. Intensity measurements (2329)
were averaged to 327 unique observations, yielding an agree-

ment factor on intensity of 2.3%. No absorption correction was
applied because of crystal shape. Reflections (142) with F,
6¢ F,,, were flagged as weak.

Structure-factor amplitudes (185) were weighted on the basis
of counting statistics (Table 4; see footnote one). Neutral-atom
scattering factors as supplied by the program were used. Exclud-
ing H, the refinement converged to R = 2.07%, R, = 3.69% with
anisotropic-temperature-factor coefficients and a correction for
secondary extinction (Tables 2 and 3). A difference Fourier sec-
tion was then computed to determine the H position. Electron
density, ellipsoidal in shape (0.4 ¢ A-%) and initially attributed
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Fig. 1—Continued.

to H, was located ~0.7 A from oxygen (background noise in the
AF map was ~0.05 e A-%). Positional parameters derived from
the AF map and an isotropic thermal parameter for H were
varied in the following cycles of refinement (R = 1.05%, R,
1.45%). The electron density near the oxygen position (assumed
H position) was so well defined that an anisotropic-temperature-
factor refinement for H was attempted (R = 0.96%, R, = 1.32%).
Structural information relating to the X-ray refinements is in-
cluded in Tables 2 and 3.

To verify the unusual H position (short O-H distance) ob-
tained from the X-ray refinement, intensity data were collected

for a second crystal picked from the same sample (212 unique
reflections). All refined positional and anisotropic thermal pa-
rameters were identical within 1 esd for both crystals.

RESULTS

The hydrogrossular defect structure can be represented
in terms of the formula V™Ca,V'AL("VSiO,);_.(O,H,), where
x = 0 refers to anhydrous grossular garnet and x = 3 the
silica-free hydrogarnet end member. Superscripts in ro-
man numerals refer to the three different types of cation

TABLE 3. Anisotropic-temperature-factor coefficients for neutron and X-ray refinements of Ca,Al,(O,H,)s

1811 BZZ ﬁsa 612 ﬁvs ﬁZG
100 K o} 82(4) 121(5) 84(4) —-10(3) —23(3) —24(3)
D 2118 497(11) 820(14) —196(6) —175(7) 262(8)
Ca 134(12) 88(6) 88 0 0 —1(6)
Al 50(5) 50 50 -13(6) ~13 -13
200 K 0O 10505) 144(5) 107(5) -8(3) -19(3) —20(3)
D 222(9) 519(2) 890(15) —215(6) —149(7) 235(9)
Ca 142(2) 117(6) 117 0 0 1(7)
Al 74(6) 74 74 —16(7) —16 ~16
300 K o 197(8) 183(9) 120(8) —19(6) —4(5) —63(5)
D 2935) 635(9) 1098(24) —268(10) —165(11) 249(13)
Ca 172(9) 149(10) 149 0 0 —29(10)
Al 94(10) 94 94 —80(10) -80 -80
300 K 0  166(3) 193(3) 139(3) —25(6) —42(6) —37(6)
(with H* 3.3(3)
H) H  522(103) 421(104) 717(109) 355(154) 413(211) 490(201)
Ca 169(2) 115(1) 114 0 0 23(3)
Al 103(2) 103 103 —16(3) —16 -16
300 K O  18509) 181(9) 129(9) —30(16) —12(16) —45(16)
(without  Ca  171(4) 114(3) 114 0 0 32(8)
H) Al 106(4) 106 106 -8(9) -8 -8

Note: Values reported are x10° The coefficients are of the form (8,,h2 + --- + 2 B,hk + ---).

* Isotropic temperature factor,
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Fig. 2. A portion of the garnet structure showing the three
different polyhedra and the numbering scheme for the atoms
(Novak and Gibbs, 1971). In the grossular series, X(1) and X(2)
refer to Ca?* and Y represents Al**.
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environments in the structure: the eight-coordinated tri-
angular dodecahedral site, the six-coordinated octahedral
site, and the tetrahedral site (Fig. 2). As indicated by the
formula, H is incorporated in the structure via the iso-
morphic substitution (OH); = (Si0,)*". This results in
an expansion of the tetrahedra and a corresponding in-
crease in the unit-cell parameter (Cohen-Addad et al.,
1967). Interatomic distances and angles from this study
are compared with previous work in Table 5. Although
there are significant differences among the studies, the
structure originally proposed by Cohen-Addad et al.
(1967) is confirmed.

Oxygen and D tetrahedra

Figures 3a and 3b, based on the neutron powder re-
finements at 100 and 300 K, illustrate the atomic envi-
ronment around the 4 site (d position). D atoms are lo-
cated slightly above the face of the oxygen tetrahedron at
a distance of 0.906 A from oxygen. This distance is short
compared to previous studies (Table 5) and short com-
pared to other O-D distances determined by neutron-
diffraction methods, where a mean value of 0.969(1) A

TaBLE 5. Comparison of interatomic distances and angles for Ca,Al,(O,H,); studies

1 2 3 4 5 6
Tetrahedron
d-0* 1.97(2) 1.924(2) 1.948(4) 1.950(2) 1.962(1) 1.956(2)
2 O(1)-0(2) 3.16(2) 3.022(6) 3.066(5) 3.058(2) 3.076(1) 3.070(3)
4 O(1)-0(3) 3.26(2) 3.200(6) 3.237(5) 3.245(2) 3.267(1) 3.255(2)
Mean 3.23 3.140 3.180 3.183 3.203 3.193
2 O(1)-Si-0(2) 105.6(6) 103.5(1) 103.8(1) 103.3(2) 103.19(4) 103.40(8)
4 O(1)-Si-0(3) 111.4(6) 112.5(1) 112.4(1) 112.7(2) 112.70(3) 112.59(7)
Octahedron
Al-O 1.89(2) 1.963(4) 1.920(4) 1.916(2) 1.906(1) 1.911(2)
6 O(1)-0(4) 2.57(2) 2.669(6) 2.612(5) 2.604(2) 2.578(1) 2.590(3)
6 O(1)-0(5) 2.77(2) 2.878(6) 2.813(5) 2.811(2) 2.810(1) 2.811(3)
Mean 2.67 2.774 2.713 2.708 2.695 2.701
6 O(1)-Al-O(4) 85.8(6) 85.6(1) 85.8(1) 85.6(2) 85.80(3) 85.31(6)
6 O(1)}-AI-0O(5) 94.2(6) 94.3(1) 94.3(1) 94.4(2) 94.92(3) 94.69(6)
Dodecahedron
4 Ca(1)-0(4) 2.50(2) 2.469(4) 2.474(4) 2.464(2) 2.462(1) 2.465(2)
4 Ca(2)-0(4) 2.50(2) 2.496(5) 2.514(4) 2.521(2) 2.511(1) 2.511(1)
Mean 2.51 2.483 2.494 2.493 2.487 2.488
2 O(1)-0(2) 3.15(2) 3.022(6) 3.066(5) 3.058(2) 3.076(1) 3.070(3)
4 O(1)-0(4) 2.57(2) 2.669(6) 2.612(5) 2.604(2) 2.578(1) 2.590(3)
4 O(1)-0(7) 3.712) 3.714(6) 3.739(5) 3.736(2) 3.738(1) 3.736(2)
4 O(4)-0(6) 3.11( 3.015(6) 3.072(5) 3.071(2) 3.059(1) 3.060(3)
2 O(4)-0(7) 2.97(2) 2.969(6) 3.007(5) 3.030(2) 3.031(1) 3.020(2)
2 O(7)-0(8) 4.03(2) 4.038(6) 4.048(5) 4.048(2) 4.023(1) 4.027(2)
Mean 3.23 3.203 3.219 3.218 3.213 3.210
2 O(1)-Ca(2)-0(2) 77.9(5) 75.4(1) 76.6(1) 76.7(1) 77.33(1) 77.04(7)
4 O(1)-Ca(2)~-0(4) 61.9(5) 65.0(1) 63.1(1) 62.9(1) 62.45(2) 62.74(7)
4 0(1)-Ca(2)-0(7) 97.7(5) 96.8(1) 97.1(1) 97.1(1) 97.46(2) 97.33(6)
4 O(4)-Ca(2)-0(6) 76.8(5) 74.7(1) 76.0(1) 76.0(1) 75.91(2) 75.91(6)
2 O(4)-Ca(2)-0(7) 72.9(5) 73.0(1) 73.5(1) 73.9(1) 74.27(2) 73.97(4)
2 O(7)-Ca(2)-0(8) 107.6(5) 107.9(1) 107.2(1) 106.8(1) 106.36(2) 106.98(5)
O-H 0.95(3) 0.94(1) 0.904(2) 0.65(1)
d-H 1.30(3) 1.24(1) 1.335(2) 1.43(1)
Al-H 2.48(3) 2.47(1) 2.426(2) 2.29(1)
Ca(1)-H 3.11(3) 3.08(1) 3.088(2) 2.86(1)
Ca(2)-H 2.87(3) 2.94(1) 2.855(2) 2.75(1)

Note: Columns are 1, Cohen-Addad et al. (1967);

2, Foreman (1968); 3, Bartl (1969); 4, present study,

neutron powder refinement; 5, present study, single-crystal X-ray refinement with H; 6, present study, single-

crystal X-ray refinement without H.

* dis Wyckoff notation for site with point symmetry 4 in space group /a3d (occupied by Siin silicate garnets).
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Fig. 3. Stereo orTEP plots of atomic environment about the 4 site (d position) showing the oxygen tetrahedron with associated
hydrogens (deuteriums). (a) Neutron refinement, 100 K; open circles along the O-D vector represent the position of displaced
electrons as refined with X-rays. (b) Neutron refinement, 300 K [open circles as in (a)]. (¢) X-ray refinement, 300 K; open circles
at the end of the O-H vector represent the D position as refined with neutrons.

was observed (Ceccarelli et al., 1981). Although the O-D
distance has not been corrected for thermal displace-
ments (librational effects), it should be noted that the O—
D distances at 300 and 100 K are within one standard
deviation (Table 6). The displacement ellipsoids of D

(Figs. 3a and 3b), which are oriented perpendicular to the
O-D bond, show only minor differences between 100 and
300 K. Thus, a small amount of static (structure-aver-
aged) positional disorder of the D seems more likely than
dynamic (time-averaged) disorder.
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Fig. 4. Stereo orTEP plots of atomic environment about the 4 site (¢ position) showing the oxygen tetrahedron with associated
H positions. A constant diameter for oxygen and H spheres is used. (a) Katoite Ca;AL(Si0,),¢.(0,H,), 1 (Sacerdoti and Passaglia,
1985). (b) Plazolite Ca,Al,(Si0,), s3(O,H.), ., (Basso et al., 1983). (c) Synthetic Ca;Al,(Si0,), 16(0.H.)o 5. (Cohen-Addad et al., 1967).

In most previous studies, O-D(H) distances were ana- fraction become significantly shorter as the H bond
lyzed in compounds with rather strong O-D(H)---O H D(H)---O becomes weaker (longer). Also, protons in
bonds that do not exist in hydrogarnets. Ceccarelli et al. OD(H) groups without additional oxygen neighbors, as
(1981) and Ferraris and Franchini-Angela (1972) have in hydrogarnets, may not be rigidly bound. Therefore,
observed that O-D distances determined by neutron dif- static and/or dynamic disorder of the proton can be ex-
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pected, which in turn can lead to an apparent shortening
in the O-D(H) distance. Systematic studies of O-D(H)
distances in isolated (“free”) OD(H) groups have not been
reported.

The O-H distance refined from X-ray data is only 0.65
A (Fig. 3c). Although some shortening can be expected
relative to the neutron determination, this value is anom-
alously short. However, the same results were obtained
for both crystals investigated in this study, and compa-
rable distances have also been reported for the Sr ana-
logues of Ca,AlL(O,D,), (0.78 A—Sr,AL(O,H,),; 0.68 A—
Sr;Fe,(O,H.);) (Nevskii et al., 1982). In vesuvianite, which
has a structure closely related to garnet, Yoshiasa and
Matsumoto (1986) reported a distance of only 0.6 A for
the non-H-bonded OH group (X-ray structure). In other
structure types—e.g., datolite CaBSiO,(OH) (Foit et al.,
1973), rosenhahnite Ca,Si;Ox(OH), (Wan et al., 1977),
and tinaksite Ca,K,NaTi[Si,O,,(OH)] (Bissert, 1980)—
short O-H distances of ~0.75 A have been observed for
non-H-bonded OH groups (datolite) and OH groups with
only weak O-H---O interactions (rosenhahnite, tinak-
site). Therefore, we assume that for non-H-bonded OH
groups, the residual density located near oxygen reflects
the position of the displaced (bonding) electron between
O and H and not the proton position. The orientation of
the OH vector is very similar in the neutron and X-ray
structures of Ca,Al(O,H,), (Fig. 3).

Sacerdoti and Passaglia (1985) have rationalized the
short O-H distance of 0.68 A in katoite Ca,AL(Si0.); s
(O,H,), 56 in terms of the hydrogarnet defect structure.
When Si** occupies all tetrahedral sites (as in grossular),
the d-O distance is 1.645 A (Novak and Gibbs, 1971).
In Ca,Al,(O,H,), where all tetrahedral sites are vacant,
the tetrahedra expand, and this distance lengthens to 1.950
A (Table 5). The structure of katoite is intermediate: 80%
of tetrahedral Si** is replaced by 4H*. The oxygen posi-
tion refined from the X-ray data will therefore be an av-
erage position because two different oxygen sites can be
occupied, i.e., one when Si*+ occupies the tetrahedral site,
the other when this site is vacant. Sacerdoti and Passaglia
(1985) have contended that the positional disorder as-
sociated with the oxygen atom obscures the H electron
density and makes it very difficult to localize the H po-
sition with X-ray methods.

If the model proposed by Sacerdoti and Passaglia (1985)
is correct, a similar result should have been obtained for
plazolite, Ca,Al(S10,), s3(O,H,), ., (Basso et al., 1983). In
both studies the H position was located by difference
Fourier analysis and was not refined. However, Basso et
al. (1983) reported a much longer O-H distance of 0.93 A.

Figure 4 illustrates positions of the H atoms around
the dO, tetrahedron (centered at 4) for katoite Ca,Al-
(810,)064(0,H,), 5 (Sacerdoti and Passaglia, 1985), pla-
zolite Ca,Al(Si0,), s5(0,H,),,, (Basso et al., 1983) and
synthetic Ca,Al,(Si0,), s(0,H,),5. (Cohen-Addad et al.,
1967). The OH vector in katoite points toward the center
of the oxygen tetrahedron. The OH vectors in the other
two members of the hydrogrossular series are located out-
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TaBLe 6. Interatomic distances and angles for
Ca,Al,{O,H.), at three temperatures

100 K 200 K 300 K
Tetrahedron
a-0* 1.948(1) 1.952(1) 1.950(2)
2 0(1)-0(2) 3.052(2) 3.060(2) 3.058(2)
4 O(1)-0(3) 3.244(2) 3.250(2) 3.245(2)
Mean 3.180 3.187 3.183
2 O(1)-8i-0(2) 103.1(1) 103.2(1) 103.3(2)
4 O(1)-Si-0(3) 112.7(1) 112.7(1) 112.7(2)
Octahedron
Al-O 1.911(1) 1.908(1) 1.916(2)
6 0(1)-0(4) 2.590(2) 2.588(2) 2.604(2)
6 O(1)-0(5) 2.809(2) 2.805(2) 2.811(2)
Mean 2.700 2.697 2.706
6 O(1)-Al-O(4) 85.4(1) 85.4(1) 85.6(2)
6 O(1)-Al-O(5) 94.7(1) 94.6(1) 94.4(2)
Dodecahedron
4 Ca(1)-0(4) 2.456(1) 2.460(1) 2.464(2)
4 Ca(2)-0(4) 2.509(1) 2.514(1) 2.521(2)
Mean 2.483 2.487 2.493
2 0(1)-0(2) 3.052(2) 3.060(2) 3.058(2)
4 O(1)-0(4) 2.590(2) 2.588(2) 2.604(2)
4 O(1)-0O(7) 3.725(2) 3.731(2) 3.736(2)
4 O(4)-0(6) 3.052(2) 3.060(2) 3.071(2)
2 O(4)-0(7) 3.022(2) 3.029(2) 3.030(2)
2 O(7)-0(8) 4.024(2) 4.031(2) 4.048(2)
Mean 3.204 3.209 3.218
2 O(1)-Ca(2)-0(2) 76.9(1) 76.9(1) 76.7(1)
4 O(1)-Ca(2)-0(4) 62.9(1) 62.7(1) 62.9(1)
4 O(1)-Ca(2)-0(7) 97.2(1) 97.2(1) 97.1(1)
4 O(4)-Ca(2)-0(6) 75.9(1) 76.0(1) 76.0(1)
2 O(4)-Ca(2)-0(7) 74.1(1) 74.1(1) 73.9(1)
2 O(7)-Ca(2)-0(8)  106.6(1) 106.6(1) 106.8(1)
O-D 0.905(1) 0.905(1) 0.906(2)
d-D 1.331(1) 1.333(1) 1.343(2)
Al-D 2.433(1) 2.427(1) 2.425(2)
Ca(1)-D 3.075(1) 3.078(1) 3.094(2)
Ca(2)-D 2.831(1) 2.843(1) 2.851(2)

* dis Wyckoff notation for site with point symmetry 4 in space
group /a3d.

side the tetrahedral faces as in Ca,Al,(O,D,);. Unfortu-
nately, it is difficult to evaluate the accuracy of the H
positions in the above structures. As mentioned previ-
ously, the H position in plazolite and katoite is based on
difference Fourier analysis of X-ray diffraction data. The
H position in synthetic hydrogrossular was determined
from a protonated sample using a limited number of neu-
tron powder data (20 reflections).

Oxygen positions determined by neutron and X-ray dif-
fraction are significantly different (Table 2). If H is not
considered in the X-ray refinement, this discrepancy be-
comes less pronounced. At this point, it is not understood
whether these differences represent real effects, related to
the electron polarization of oxygen, or whether the esds
in the X-ray or neutron refinement are underestimated.

Al octahedron

Although the d-O distance in grossular (1.645 A)
lengthens to 1.950 A with the complete replacement of
Si*+ by 4H*, the Al-O distances in the two structures are
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TABLE 7. Variation in octahedral distances and angles for four
garnets in hydrogrossular series

CazAl~
Grossular*  Plazolitet Katoitet (OHy)$
AI-O 1.924(1) 1.927(1) 1.902(2) 1.916(2)
6 O(1)-0(4) 2.756(2) 2.701(2) 2.607(2) 2.604(2)
6 O(1)-0(5) 2.686(2) 2.750(2) 2.769(3) 2.811(2)
Mean 2,721 2.725 2.688 2.708
6 O(1)-Al-O(4) 91.5(1) 89.0(1) 86.6(1) 85.6(2)
6 O(1)-Al-O(5) 88.5(1) 91.0(1) 93.4(1) 94.4(2)

*Novak and Gibbs (1971).

t Basso et al. (1983).

t Sacerdoti and Passaglia (1985).
§ This study, neutron refinement.

very similar (1.924 vs. 1.916 A). The major effect of the
(OH); = (SiO,)* substitution is observed in the octa-
hedral edges. In grossular, the shared edge (2.756 A) is
longer than the unshared edge (2.686 A). An inverse re-
lationship exists in Ca,;Al,(O,H,); (neutron refinement)
where the shared edge (2.604 A) is much shorter than the
unshared edge (2.811 A). The mean O-O edge actually
decreases from 2.721 A in grossular to 2.708 A in
Ca,Al(O,H,), i.e., the octahedron changes dramatically
in shape but not size.

Table 7 compares octahedral distances and angles in
grossular and Ca,Al,(O,H,); with those in two other
members of the hydrogrossular series, plazolite (Basso et
al.,, 1983) and katoite (Sacerdoti and Passaglia, 1985).
With increasing OH content in the series, the shared edge
decreases in length whereas the unshared edge increases.
These changes apparently reflect adjustments in the struc-
ture as the tetrahedral edge expands. The tetrahedra share
two edges with triangular dodecahedra, which, in turn,
share four edges with octahedra.

Sacerdoti and Passaglia (1985) have suggested a cor-
relation between the degree of hydration in garnets and
the relative lengths of the shared and unshared octahedral
edges. Garnets, like grossular, could effectively incorpo-
rate large amounts of OH by decreasing the shared oc-
tahedral edge. If however, the shared edge is shorter than
the unshared edge., e.g., as in pyrope, the degree of hy-
dration possible would be much less because the length
of the shared edge (2.618 A) would soon approach the
lower limit for an O-O distance. This line of reasoning
is consistent with the occurrence of hydrogarnets in na-
ture, i.e., garnets with substantiated high water contents
(>1 wt% H,0) also have high grossular and/or andradite
components (Basso et al., 1984).

Because of their high 7-P stability and occurrence in
ultramafic rocks (e.g., peridotite and eclogite xenoliths)
garnets are thought to be important constituents of the
Earth’s mantle. The degree of hydration in pyrope-rich
garnets is an important question with regard to the avail-
ability of water at these depths. Assuming the proposal
by Sacerdoti and Passaglia (1985) has some validity, the
length of the shared octahedral edge at 300 K would seem
to preclude the occurrence of water-rich pyropes at the
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Earth’s surface. A knowledge of the relative lengths of the
octahedral edges at mantle conditions requires informa-
tion on the 7-P dependence of the structure. Variations
in the octahedral edges as a function of 7" (Meagher, 1975)
and P (Hazen and Finger, 1978) show an inverse rela-
tionship in pyrope. The shared octahedral edge exhibits
a greater thermal expansion and a larger compression rel-
ative to the unshared edge. One might speculate that the
combined effect of 7" and P would be to produce only
small changes in the lengths of the octahedral edges. In
this case, the pyrope structure could only incorporate very
limited amounts of water at mantle temperatures and
pressures.

Triangular dodecahedron

The increase in the shared tetrahedral edge (and cor-
responding decrease in the shared octahedral edge) in
Ca,Al,(O,H,), relative to grossular results in a lengthen-
ing of the Ca(1)-O(4) distance from 2.319 (in grossular)
to 2.464 A (Fig. 2). By contrast, the Ca(2)-O(4) distance
increases by only 0.03 A. In anhydrous garnets, as the
size of the dodecahedron increases, the shared octahedral
edge increases relative to the unshared edge (Novak and
Gibbs, 1971). A similar trend does not exist in the hy-
drogrossular series because the tetrahedron does not be-
have as a rigid structural element. In addition to an in-
crease in size, the tetrahedron undergoes a rigid body
rotation (y = 25.4°) about the 4 axis. Rotation to larger
v values relative to grossular (y = 24.5°) lengthens the
unshared octahedral edge and shortens the shared edge
(Meagher, 1975, Fig. 6).

Temperature dependence of the Ca,Al(O,H,), structure

Only small structural changes occur in Ca,Al,(O,H,),
as the temperature is decreased from 300 to 100 K (Table
6). The oxygen tetrahedron remains essentially rigid with
the possible exception of the shared edge O(1)-O(2). The
D tetrahedron rotates ~ 1° about the 4 axis relative to the
oxygen tetrahedron and becomes slightly more regular at
lower temperature. Distances between D atoms are 2.599
and 1.956 A at 300 K vs. 2.574 and 1.943 A at 100 K.
The O-D distance at 100 K is within one standard de-
viation of its value at room temperature. The major
change in the structure occurs in the dodecahedron where
the mean Ca-O distance decreases from 2.493 to 2.483
A. Both the shared tetrahedral edge O(1)-O(2) and the
shared octahedral edge O(1)-O(4) decrease at lower tem-
peratures, in contrast to their inverse relationship in the
hydrogrossular series.
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