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ABSTRACT

Members of the grossular-hydrogrossular series
vr rr 6urvr4lr1rvsiod3-lb4Hdr (x --- 0, o.r, 0.37 5, 0.4, 0.6,
0.75, 0.8, 1.0) have been synthesized from oxide mixtures
at temperatures between 270 and 745'C and pressures
between I and 4 kbars. Products consist of a single phase
over a narrow range oftemperature and over a wide range
of pressure. The unit-cel dimension increases with increas-
ing (OaH) content. The d-value of the (420) plane (da2s)
is related to mole fraction of hydrogrossular (416r) by the
regression equation d^czo = 2.651 + 0.0289x116, -
0.01801Hcr + 0.041 hfHcr. The excess volume of mixing
can be described approximately as a symmetric solution
using lzo = -6.7l8xnrrc. cm3mol-l, or more completely
using an asymmetric irodelwhere Z*, = -9.700x6.rs6r2
+ -3.507x6r"416, (cm'mol-t). Analyses by X-ray photoe-
Iectron spectroscopy (XPS) show that the binding energies
of the Si and O core electrons are reduced with increasing
(OaHa) content. Correlations between average chemical
shift and the composition of hydrogrossular (x116r) are, for
O'S1r2 and Si'P312:. S16y : 0.98 - 1.28{Hcr + 0.361s6.,
and S1r;1 : 4.77 - l.l3xs6. + 0.07xzHcr. There is no
measurable difference in the XPS binding energies of Al
core electrons for the solid solutions studied.

Keywords: grossular, hydrogrossular, )GS, XRD, nonideal
solution, molar volume.

SoMMAIRE

Nous avons synthetis6 des membres de la sdrie grossu-
laire-hydrogrossulaire vIII6urvl4lrllvsiot3_l04Hrr
(x = 0, 4.2,0.375,0.4, 0.6, 0.75, 0.8, 1.0) i  part ir  de
m6langes d'oxydes entre 270 et 745"C et entre I et 4
kbars. Le produit est monophasd quelle que soit la pres-
sion, mais sur un intervalle restreint de temp€rature. Le
parambtre rdticulaire augmente avec une augmentation en
proportion de (O4Hf. La valeur de da2s ddpend de la frac-
tion molaire d'hydrogrossulaire selon Ia relation do16 =
2.651 + 0.0289xs6. - 0.01801Ha, + 0.Ml l.fso.. l-'ex-
c0s en volume de m6lange conespond approximativement
d un moddle de solution sym6rique dans lequel trz* =
-6.718xs6.ro. cm'mol-r, ou plus prdcis6ment e un modele
assym€trigue dans lequel Vxs : -9.700xapHcr2 +
-3.507x1r'x16, cm'mol-t. Les analyses par spectroscopie
des photo€lectrons X montrent que l'6nergie des liaisons
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des dlectrons du noyau des atomes de Si et de o diminue
avec une augmentation en proportion de (oaH). Les
corr6lations entre deplacement chimique moyen S et la
teneur en hydrogrossulaire (xHcr), pour O I S 1 1 2 et Si2P 3 1 2,
sont: S1e; = 0.98 -^1.28xg6, + 0.361s61, et S(si) = 4'77
- l l3xs6, + 0.07lHcr. Il n'y a pas de diffdrence impor-
tante entre les €nergies de liaison des dlectrons du noyau
des atomes d'aluminium dans cette solution solide.

(Traduit par la Rddaction)

Mots-clds: etrossulaire, hydrogrossulaire, spectroscopie des
photo€leclrons X, diffraction X, solution non iddale,
volume molaire.

INTRODUcTIoN

Hydrogrossular, which conforms to the formula
Ca3Al2(SiO)3-r(H4O4L, exists as a continuous solid-
solution between Ca3Al2Si3O12 (grossular) and
Ca3Alr(HoO)r. In rodingites, hydrogrossular with x
= 1 is commonly the most abundant mineral present
(Coleman 1966), in association with fine-grained
mixtures of other hydrous silicates, such as prehnite,
vesuvianite and clinozoisite.

Numerous structural studies of the hydrogrossu-
Iar series have been published (Weiss el al. 1964,
Cohen-Addad et al. 1967, Foreman 1968, Novak &
Gibbs 1971, Ba.sso et al. 1983, Sacerdoti & Passaglia
1985, and Lager et al.1987). Sacerdoti & Passaglia
(1985) demonstrated a correlation between the degree
of hydration in garnet and the relative lengths of the
shared and unshared edges of octahedra. Shoji (1974)
and Kobayashi & Shoji (1983) found that the d-value
of the (420) plane may be used to determine the
(H.OJ content in the hydrogrossular series.
Infrared (IR) studies of the series (Zabinski 1966,
Cohen-Addad et ol. 1967, Moore et al. l97l,Har-
mon et al, 1982, Kobayashi & Shoji 1983) addressed
the correlation between the position of the H-
absorption band and the (OaH) content of the
hydrous garnet.

The work reported here provides a quantitative
relation between the unit-cell dimension and com-
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position, and uses X-ray photoelectron spectroscopy
analysis to examine the correlation between compo-
sition and binding energy of the core electrons of Si,
O, and Al.

ExprnttrasNTs

Members of the solid-solution series of
Ca3Al2(SiO)3-lHaOaL (x:0, 0.2, 0.375, 0.4, 0.6,
0.75, 0.8, 1.0) were synthesized from oxide mixtures
of CaO, Al2O3, SiO2 and HrO. Five-gram batches
of an oxide mixture were prepared for each solid
solution, then ground by hand under alcohol for at
least 2 hours. For each synthesis, a sealed gold
capsule sqntaining between l0 and 30 r4g of oxide
mixture and excess distilled water (30 to 50 wt.9o)
was held at a temperature between 2i70 and745"C
and a pressure between I and 4 kbars for 14 to 40
days (Table l).

The product of each synthesis experiment was
examined with the optical microscope and X-ray
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powder diffraction (XRD). Some product$ were exa-
mined with a scanning electron microscope and elec-
tron microprobe. Only products consisting of a single
homogeneous phase were used for further analysis
by XRD and XPS (X-fay photoelectron spec-
troscopy).

The d-value of the (420) plane was measured by
&r.u XRD using CuKo radiation. The silicon peak at
v'{o'm) 28.47 20" was used as an internal standard. with a

scanning rate of Vz degree 2d per minute, the mean
of three scans with increasing 20 and three with

ffiorl decreasing 20 was taken to yield the recorded meas-
urement for each product.

For XPS analysis, the photoelectron $pectra of
f{hl ors%, Si2P3/2 and Al2Pr72 were measrued with a

Varian IEE-15 spectrometer using MgKcr X rays as
the exciting radiation. Fine powders of the samples

ffl"o were thinly dusted onto 3M tape (see Jorgensen 1971,
for techniques). The carbon rS line at 284.0 eY
(Jorgensen 1971) was used as the reference for the

tns scale ofbinding energies, which are reproducible to
vd'r30) within t 0.1 eV. Sample scans were averaged over

7 scans for OlSr, 100 scans for APP32and 50 scans

WS.*, for Si2P372.
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FIc. l. Relation between da2sand composition of the gros-
sular - hydrogrossular solid solution. Vertical line seg-
ments show the range of measured values. The curve
represents a least-squares fit to the weighted means of
the measurements with d420= 2.651 + 0.0289x116. -
0,0l80x2Hcr + 0.041 lx3r1or.
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Ftc. 3. The excess volume of mixing of the grossular -
hydrogrossular series. Two regression fits have been
made to the data. The dashed represents the symmet-
ric model, and the solid curve, the asymmetric model.
See caption for Fig. 2 and text for details.

TABI,IB2. CHEMICALSSIFn; INBIIOINGENERGIBSOFO,AI"ANDSI

o.2 0.4 0.0 0.8 1.O
HGr

Mole Fractlon Hydrogrossular

Fto. 2. Relation between molar volume and composition
of the grossular - hydrogrossular solid solution. Two
fits to the data are presented, The symmetric solution
model with Wv : -6.718 cm3mol-r is shown dashed.
and the asymmetric frt:w,tth Wvp = -3.507 and Wv2,
= -9.700 cm3mol-l is shown as a solid curve. See text
for equations and discussion.

RESULTS AND DISCUSSIoN

The conditions of synthesis and physical proper-
ties of the synthesized hydrogrossular series are listed
in Table 1. There is an approximate upper-
temperature limit to the production of single-phase
hydrogrossular solid-solution at each composition.
For a given starting composition, additional phases
formed with the hydrogrossular at the higher
temperatures. There appears to be no effect due to
pressure of synthesis. Single-phase hydrogrossular
solid-solutions were obtained at temperatures below
300oC for xHG. : l, below 370'C for xg6, : 0.8,
below 430'C for x"o, : 0.6, below 470oC for xs,r,
: 0.4, and below 520oC for JrHc, : 0.2. End-
member grossular can be synthesized over a temper-
ature range from 600 to 795oc.

o
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The value of da2e (Table l) increases with increas-
ing (OaH) content, expressed by a least-squares fit:

doo:
i.ay + 0.0289xso,-0.01801HG. + O.o4ll.t'Hcr

(Fig. l). In this expression, xs6, is the mole fraction
of the hydrogrossular end-member
[Ca3Al2(SiO)z(OeHd] defined by the structural
formula vrllca3vlAl2(rvsior3-lo4H4L. This expres-
sion mav be used to derive the volume of the unit
ceil in A3 and the molar volume in cm3 per mole
(Fie. 2).

The relationship between molar volume and
composition (Table l, Figs. 2, 3) is nontinear'
indicating that the hydrogrossular series is a nonideal
solid-solution. The excess volume (Z$ may be

")

{



90 THE CANADIAN MINERALOGIST

I
o

t
I
o
o

h
o
z
UJ
F
z

lrj
4.0

E 4-4
o

4.2
6
o
E 1-o
o
5 s-B

3.6

>  1 .O
lrj

.  o.a
=
t, o'o

E o.4s
5 o.,
.c
oFrc.

u'o 
T- srr= 4J7 - 1'13x + o'o7x2

o.2 0.4 0.e 0.8

Mole Fractlon Hydrogrossular

= 0.98 - 1.28x + 0.38x2

1.0

t o

t
f
o()

F
6z
ul
Fz

BINDINO ENERAY (ev,

4. Chemical shift of the OlS,2 with (O4H, contenr.

109 99 Ag

BINDING ENERGY (eV)

Frc. 5. Chemical shift of Si2P3r2 with (OaH/ content.

t
I

t
IL
--l

Mole Fractlon Hydrogrossular

Frc. 6. Relation between chemical shifts and mole fraction
hydrogrossular tCa3Al2(SiO/2(OaHdl. (a) Si2P372; @)
OIS'2.

defined by Zxs : Zss - Vo, + xs6r(Vo, - Vuc,)'
where rHo, is the mole fraction of the
Ca3AI2(SiO)t(OaHe) component, and Vo, and l/ro,
are the molar volumes of the end members of the
series. The values of Zrr and Zlqs calculated from
experimental measurements are shown in Table l.
For the regular-solution model, Vys = x6rxs6rWv.
The volume term in the symmetric excess function,
Wv, is -6.718. cm3 per mole on the basis of a least-
squares fit to the excess-volume data of Table l.
Figure 3 illustrates the symmetric model (dashed
curve). Alternatively, the volume data may be fit-
ted more closely with an asymmetric model, where
Vxs : xa{nalWv21 + x6fxs6,Wvp,with Wvr, =
-9.700 and Wvn: -3.507 cm3mol-t. This model is
illustrated in Figure 3 (solid curve). Because the sym-
metric (regular) solution model produces residuals
that are well outside the precision of measurement,
we favor the asymmetric model, which gives residuals
approximately equal to the experimental precision
of measurement.

XPS measurements show that the binding energies

t s.rrr.



of the core electrons of Si and O decrease with
increasing hydroxyl content (Table 2, Figs. 4, 5).
Regression equations describing the chemical shifts
are plotted in Figure 6. Quadratic expressions have
been fitted because of the quadratic behavior of the
volumetric properties, although the XPS data do not
warrant more than a linear fit. There is no measura-
ble shift of binding energies of the Al core electrons
in the solid solutions studied.

In interpreting the XPS results it is important to
note that both the XRD and the XPS peak shifts are
averages over a very large number of unit cells. The
enlargement of the unit cell due to hydroxyl substi-
tution (Fig. 2) can be correlated mainly with the
larger size of the OH-bearing "tetrahedral" groups
(Lager et ol.l987). Similarly, the shifts in XPS peaks
reflect a change in the proportions of SiOa and
O*Ha groups.

Because the shift of the XPS OrS, photoelectron
peak is an average over all the oxygen atoms in the
structure, the decrease in the binding energy of
OrS, with increase in (OaH) content may be
correlated with the increasing average distance
between oxygen and other atoms as reflected by the
measured expansion of the unit cell. The minimal
change in fhe Al-O distance in tlp octahedra wilh
the cf,ange in compositio n (1.92a A versus 1.916 4,,
Lager et ol. 1987) corresponds with the small change
in the binding energies of the core electrons of the
Al atoms.

CoNcr-usroNs

The results of XRD and XPS analyses show
parallel monotonic changes in the d-value of the (41CI
plane, the molar volume and the binding energies of
Si and O core electrons with (OaHJ content in the
hydrogrossular series. These effects are what might
be expected with the progressive loss of average
bonding energy as fewer tetrahedral sites are
occupied by Sia*. The compositions and molar
volumes of members of the hydrogrossular series
may be calculated from XRD measurements using
regression equations given in the text, with a preci-
sion of approximately 3 mole 9o HGr wjer d(420)
is measured with a precision of 0.001 A.
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