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Crystal Chemistry of a Natural Schorlomite 
and Ti-Andradites Synthesized at Different Oxygen Fugacities 
A. Kiihberger 1, T. Fehr 1, H.G. Huckenholz 1, and G. Amthauer  2 
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2 Institut ffir Geowissenschaften der Universit/it Salzburg, Abteilung Mineralogie, Petrographie und Lagerstfittenkunde, 
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Abstract. Ti-andradites were synthesized at a pressure of 
P ( H 2 0  ) = 3 kbar and temperatures of 700-800 ~ C. Oxygen 
fugacities were controlled by solid state buffers (Ni/NiO; 
SiO2 +Fe/Fe2SiO4). The Fe 2+- and Fe3+-distribution was 
determined by low temperature M6ssbauer spectroscopy. 
The water content was measured by a solid's moisture ana- 
lyzer. The chemical composition of the synthetic and the 
natural sample has been determined by electron micro- 
probe. Ti-andradites from runs at high oxygen fugacities 
have Fe 3§ on octahedral and tetrahedral sites; Ti-andra- 
dites from runs at low oxygen fugacities have tetrahedrally 
and octahedrally coordinated Fe 2§ as well. These "re- 
duced" garnets must also contain Ti 3§ on octahedral sites. 
Charge balance is maintained due to substitution of 0 2-  
by (OH)-  by two mechanisms: (SiO,) 4 -  ~ (O4H4)*- and 
(Fe 3 + O 6 ) 9 - ~ -  ~ (Fe2+OsOH) 9-.  F T I R  spectra of the syn- 
thetic samples do show the presence of structurally bound 
(OH)-.  In a natural sample tetrahedrally and octahedrally 
coordinated Fe 3 + are observed together with Fe 2 + on all 
three cation sites of the garnet structure. 

Introduction 

The crystal chemistry of synthetic and natural Ti-rich an- 
dradites (melanites and schorlomites) has been the subject 
of many studies to determine (1) the relative site preferences 
of A1, Fe and Ti for the octahedral and tetrahedral sites 
and (2) the oxidation states of Fe and Ti. To resolve these 
problems various methods were used such as chemical anal- 
yses (Zedlitz 1933; Howie and Woolley 1968; Whipple 1973; 
Huggins et al. 1977b) infrared spectroscopy (Tarte 1960, 
1965), optical absorption spectroscopy (Manning and Har- 
ris 1970; Moore  and White 1971; Burns 1972), M6ssbauer 
spectroscopy (Dowty 1971; Burns 1972; Huggins etal .  
1977a, b; Amthauer  etal.  1977; Koritnig etal.  1978; 
Schwartz et al. 1980; Gongbao  and Baolei 1986), and crystal 
structure refinements (Weber et al. 1975; Bi et al. 1983). Sta- 
bility relations of Ti-andradites were determined by Huck- 
enholz (1969) and Huckenholz et al. (1976). The results of 
all these studies show that in the case of silicon deficiency 
other cations such as Fe 3 +, A1 a +, Ti 4+ are allocated over 
octahedral and tetrahedral positions as well. The tetrahed- 
ral site preference is Si 4+ A13+ > F e  3+ > T i  e+. Ti-rich an- 
dradites always contain various amounts of(OH) . Titanium 
as well as iron can exist in two different oxidation states. 

Natural  Ti-rich andradites exhibit up to five different 
quadrupole patterns in their M6ssbauer spectra, which must 
be assigned to ferric iron in four- and six-fold coordinations 
and to ferrous iron in four-, six- and eight-fold coordina- 
tions as well. There is still a controversy about  the interpre- 
tation of the fifth quadrupole pattern in the M6ssbauer 
spectra of natural Ti-andradites, which is assigned to Fe 2 + 
in tetrahedrally coordinated positions (Huggins et al. 
1977b; Amthauer  et al. 1977) or to a Fe-species, which is 
incorporated into a fast electron hopping process between 
Fe 2 + on dodecahedral and Fe 3 § on tetrahedral coordinated 
sites: Fe z +(dod) ~ Fe 3 +(tet) (Schwartz et al. 1980). Recent- 
ly, Gongbao  and Baolei (1986) evaluated the same resonant 
absorption feature by two doublets, which they assigned 
to two different electron delocalization processes: 
Fe2+(dod) ~- Fe3+(tet) and FeZ+(oct) ~ Fe3+(tet), respec- 
tively. 

During the course of the present study we will put focus 
on the existence of tetrahedrally coordinated Fe 2+, the 
problem of charge balance, and the role of (OH) - in Ti-rich 
andradite. To resolve these problems Ti-rich andradites de- 
ficient in silicon were synthesized in the system 
Ca - Fe - S i -  Ti - O - H at oxygen fugacities controlled by 
solid state buffers (Ni/NiO; SiO2 + Fe/Fe2SiO4) in the pres- 
ence of a hydrous vapor phase (cf. Figure 1). In these garnets 
all the dodecahedral sites are completely filled by Ca 2+ 
and therefore no electron hopping with participation of do- 
decahedral Fe 2 § can occur. Because of the silicon deficiency 
a distribution of Fe 3 § over the octahedral and tetrahedral 
sites is expected. Therefore at low oxygen fugacities also 
tetrahedral and octahedral Fe 2 + may occur and their occur- 
rence could be checked easily by M6ssbauer spectroscopy. 
In addition, the M6ssbauer parameters obtained from the 
spectra of the synthetic samples taken at different tempera- 
tures could be compared with those of a natural schorlomite 
from the Kaiserstuhl, which has been studied earlier by 
Huggins et al. (1977b) and Amthauer  et al. (1977). The new 
data of the natural sample are evaluated by fitting 5 quadru- 
pole doublets in contradiction to Huggins et al. (1977b) and 
Amthauer  et al. (1977), who fitted their data by six lines. 
This simplified six line fit has been critized by Schwartz 
et al. (1980), because the area ratios and therefore the site 
distribution are not correctly evaluated. 

Experimental 

The compositions of starting materials are shown in Table 1 
and plotted in Fig. 1. Starting material for the TA 3 com- 



Table 1. Chemical composition (wt.%) of the samples 

Sample SiO2 TiOz Ti203 A1203 FezO3 MgO MnO CaO 

735 

TA 3 a 32.54 3.51 0.71 - 30.40 - - 32.84 
TA 13 a 27.79 9.43 6.68 - 23.53 - - 32.57 
TA 3/23/1 b 32.51 4.29 -- -- 30.38 -- -- 32.82 
TA 13/4/1 b 27.61 16.71 - - 23.33 - - 32.34 
Schorlomite ~ 28.70 12.72 - 2.24 22.19 0.89 0.41 31.43 

a Composition of initial oxide mixture (in weight percent) 
b Electron microprobe analyses of synthetic Ti-garnets (run conditions see Table 2). Analytical conditions were 15 keV accelerating voltage, 
20 gA beam current. Andradite standard was used for Ca, Fe and Si, MnTiO3 was used for Ti 

Electron microprobe analysis of a natural schorlomite from a phonolite dike from Oberrotweil, Kaiserstuhl, FRG (Huggins et al. 
1977b) 

Table 2. Experimental results 

Run Initial a p T Duration Buffer b Results c H20 d 
material (Kbar) (~ (days) 

TA 3/23/1 o.m. 3 800 4 NNO gar(a0 = 12.091 ~_) 0.12 
TA 3/ 5/1 o.m. 3 400 114 NNO gar(ao = 12.108 ,~) + m t + t i t + p v  
TA 3/27/1 o.m. 3 850 3 NNO gar(ao = 12.094 ~ ) + w o + m t  +tit 
TA 3/39/1 5/1 3 800 3 NNO gar(a o= 12.087 o~) 
TA 3/40/1 27/1 3 800 3 NNO gar(ao = 12.093 A) 0.11 

TA 13/4/1 o.m. 3 750 7 IQF gar(a o = 12.166 Ao) 0.22 
TA 13/4/2 4/1 3 750 15 IQF gar(ao = 12.169 oA) 
TA 13/4/3 4/2 3 750 7 IQF gar(a o = 12.167 A) 

a o.m. = oxide mixture 
b NNO = Nickel/Nickeloxide buffer; IQF = Iron + Quartz/Fayalite buffer 
c abbreviations: gar (Ti-garnet solid solution), mt (magnetite), wo (wollastonite), pv (perovskite), tit (sphene) 
d Structurally bound water in weight percent, measured by means of a solid's moisture analyzer (Wilkins and Sabine 1973) 

3Ca:Fe:Ti:3Si 
(Fe-Me[onife} 

3Ca:2Fe : 3Si 3Ca: 2Fe: 1.5Si:1.5Ti 
(Andradite) (Ti-Andradite) 

Fig. L Chemical composition of the synthetic Ti-andradites TA 
3 and TA 13 and the schorlomite from Kaiserstuhl (K) within 
the system 3Ca: 2Fe: 3 S i - 3 C a :  2Fe: 1.5Ti: 1.5 Si--3 Ca: Fe: 
Ti: 3 Si + O + H (in tool per cent) 

position was a mixture made of reagent grade chemicals 
sintered at 1050~ and 1 arm for 78 days with inter- 
mittent grindings. Ti20 3 had been added after the sinter- 
ing period to prevent oxidation of Ti 3 +. Starting material 
of TA 13 composition was prepared by mixing pure an- 

dradite (Ca3Fe32+Si3012, synthesized at 1050~ and 
1 atm for 7 days, ao=12 .054~) ,  sample AS 12 
(Ca3Fe~+Sil ssTil 4201~, synthesized at 1050 ~ C and 1 atm 
for 20 days, ao = 12".252 A Huckenholz (1969)), and Fe-mela- 
nite (Ca3Fe 3 +Ti 3 +SiaO12-bulk composition, crystallized at 
1050 ~ C and 1 atm for 30 days) in appropriate proportions 
to yield the desired composition. 

Hydrous experiments were conducted by means of an 
internally-heated gas media apparatus (Yoder 1950) and 
in addition conventional cold-seal pressure vessels (Luth 
and Tuttle 1963). Run  conditions are given in Table 2. Tem- 
perature and pressure fluctuations were usually _ 5 ~ C and 
_+ 20 bar, respectively. The technique of all these methods 
has been described elsewhere (Huckenholz et al. 1976). The 
oxygen fugacity was controlled employing solid state oxy- 
gen buffers (Eugster and Wones 1962). 

Equilibrium was demonstrated either by long durat ion 
runs with intermittent grindings at same p, T and 
fOz-condi t ions  (see Table 2: TA 13/4/1 to 4/3) or by experi- 
ments using poly-phase assemblages of a given bulk compo- 
sition revealing different p, T and fOz-condi t ions  (see Table 
2: TA 3/23/1, 39/1, 40/1). After the experiments the run 
products were examined by means of oil immersion micros- 
copy and X-ray diffraction. Refined unit  cell parameters 
of Ti-garnets are obtained by using the procedure described 
by Huckenholz and Fehr (1982). Ti-garnets synthesized at 
low oxygen fugacities have been analyzed by electron micro- 
probe (Table 1). The water content of Ti-garnets was mea- 
sured by means of a solid's moisture analyzer according 
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Fig. 2. M6ssbauer spectrum of Ti-andradite TA 3 taken at 80 K 
absorber temperature. The spectrum has been evaluated by 2 doub- 
lets 

Fig. 3. MSssbauer spectrum of Ti-andradite TA 13 taken at 80 K 
absorber temperature. The spectrum has been evaluated by 4 doub- 
lets 

to the procedure described by Wilkins and Sabine (1973). 
Infrared spectra were taken from synthetic single crystals 
using an infrared-microscope attached to a FTIR spectrom- 
eter (Perkin-Elmer 1760-X) and 5000 scans were performed 
with a spectral resolution of 8 cm-  t. 

M6ssbauer spectra were taken from the synthetic and 
the natural samples using a multichannel analyzer (1024 
channels) operating in conjunction with an electromechani- 
ca1 drive system with symmetric triangular velocity shape. 
The two simultaneously obtained spectra (512 channels 
each) were folded and evaluated assuming Lorentzian line 
shape. During the experiments the source (57Co/Rh, 
50 mCi) was always kept at room temperature whereas the 
absorber temperature was varied between 20 K and 400 K 
using a refrigerator cryostat with a heating device. Isomer 
shifts are reported relative to alpha-iron at room tempera- 
ture. 

Results 

Sample TA 3 crystallized as a homogeneous phase at 
800 ~ C, 3 kbar and at oxygen fugacities controlled by the 
Ni/NiO buffer. Sample TA 13 crystallized as a homoge- 
neous phase at 750 ~ C, 3 kbar and at the low oxygen fugaci- 
ties of the SiO/+ Fe/FezSiOr buffer (Table 2). In both sam- 
ples the dodecahedral positions are completely filled by Ca 
(Table 1). Electron microprobe analysis of sample TA 13 
corresponds to the composition of the starting material ITa- 
hle 1). The unit cell parameter increases from 12.091 A in 
TA 3 to 12.167 ,~ in TA 13, respectively. This can be ex- 
plained by the increased substitution of Si by Fe and Ti 
in TA 13. The HaO-content increases from 0.11 in TA 3 
to 0.22 in TA 13. The Ca-, Fe- Ti- and Si-contents of the 
natural sample are depicted in Table 1 for comparison. In 
the natural schorlomite the dodecahedral positions are not 
completely occupied by Ca, because Mg, Mn and A1 are 
also present�9 

In agreement with the conditions of synthesis the 
M6ssbauer spectrum of TA 3 in Fig. 2 reveals only the reso- 
nant absorption peaks of Fe 3+ whereas the MSssbauer 
spectrum of TA 13 in Fig. 3 shows resonant absorption 
peaks of Fe z+ in addition�9 Both spectra in Figs. 2 and 3 
were taken at 80 K, because at low temperatures possible 
differences of the recoil-free fractions of Fe a+ and Fe 3+ 
at different lattice positions should be minimized. A 
M6ssbauer spectrum of TA 13 taken at 20 K absorber tem- 
perature revealed no differences of the area ratios between 
80 K and 20 K and this shows that the recoil free fractions 
of Fe 2 + and Fe 3 + in octahedral and tetrahedral sites are 
equal at low temperatures in agreement with earlier obser- 
vations (Amthauer et al. 1977). At temperatures below 20 K 
the M6ssbauer spectra of both samples exhibit magnetic 
ordering. The evaluation and the parameters of the compli- 
cated MSssbauer spectra of the garnet TA 13 and the schor- 
lomite from Kaiserstuhl should be consistent with those 
of simpler garnet spectra exhibiting only one or two Fe- 
doublets. Some reference data are reported in Table 4. The 
results of the fitted spectra are reported in Table 3. 

In the 80 K-spectrum of TA 3 in Fig. 2 the doublet with 
the larger isomer shift IS = 0.49 mm/s is assigned to Fe 3 + 
in octahedral positions and the doublet with the smaller 
isomer shift IS = 0.30 mm/s to Fe 3 + in the tetrahedral sites 
in agreement with earlier results (Table 4). From the area 
ratios it can be concluded that in TA 3 90% of Fe 3 + is 
in the octahedral sites and 10% of Fe 3+ is in tetrahedral 
sites. The small half-widths especially in the 80 K spectrum 
show that we studied a homogeneous and well crystallized 
sample in agreement with the X-ray powder diffraction pat- 
tern. The 80 K spectrum of the TA 13 garnet in Fig. 3 could 
be evaluated by four doublets. Again, the comparatively 
small half-widths demonstrate the good crystallinity of this 
sample. Two of these doublets exhibit isomer shifts and 
quadrupole splittings identical to those measured in the 
spectrum of TA 3 and are therefore also assigned to Fe 3 + 
in octahedral and tetrahedral sites. There is about 66% 



Table 3. M6ssbauer parameters of 57Fe in synthetic Ti-andradites (TA 3, TA 13) and a natural schorlomite (Kaiserstuhl) at different 
temperatures 

737 

Sample T chi 2 Fetae + 
(I() 

QS IS HW 

(ram/s) 

Fe3c+t Feint + Fe2~ + Fe]o~ 

A QS IS HW A QS IS HW A QS IS HW A QS IS HW A 

(%) (mm/s) (%) (mm/s) (%) (mm/s) (%) (mm/s) (%) 

TA 3 295 0.56 1.31 0.22 0.36 9.4 0.59 0.39 0.30 90.6 
TA 3 80 1.36 1.33 0.30 0.26 10.2 0.59 0.49 0.28 89.8 
TA13 375 0 .67 1.18 0.20 0.33 15.3 0.59 0.37 0.34 73.5 1.54 0.64 0.22 6.6 3.06 1.01 0.29 4.6 
TA13 295 0.59 1.21 0.25 0.38 15.4 0.61 0.40 0.34 74.3 1.62 0.71 0.26 4.9 3.15 1.09 0.28 5.4 
TA13 80 0.74 1.19 0.34 0.33 20.5 0.60 0.49 0.28 64.4 2.09 1.03 0.27 8.5 3.23 1.21 0.29 6.7 
TA 13 42 0.38 1.15 0.33 0.39 17.5 0.62 0.48 0.23 67.6 2.03 0.98 0.32 7.7 3.29 1.24 0.29 7.2 
TA 13 20 0.59 1.20 0.35 0.33 18.9 0.60 0.50 0.30 66.4 2.09 1.05 0.29 8.2 3.26 1.21 0.27 6.5 
schor- 295 0.63 1.26 0.26 0.37 17.5 0.65 0.42 0.35 70.4 1.75 0.76 0.37 4.8 3.13 1.10 0.31 4.9 
lomite 
schor- 80 0.57 1.28 0.37 0.43 21.9 0.64 0.51 0.38 61.3 2.11 1.03 0.48 8.6 3.26 1.22 0.33 4.7 
lomite 
schor- 20 0 .74 1.27 0.37 0.40 23.9 0.63 0.52 0.33 58.3 2.18 1.09 0.42 8.1 3 .24 1.24 0.29 5.7 
lomite 

3.52 1.26 0.20 2.4 

3.64 1.39 0.24 3.4 

3.65 1.41 0.25 4.1 

chi2=per channel; QS=quadrupole splitting (_+0.01 mm/s); IS=isomer shift relative to alpha-iron at 295 K (_+0.01 mm/s); HW=full 
line width at half peak height (_+ 0.01 ram/s); A = area referred to the full resonant absorption area = 100% (_+ 1%) 

Table 4. M6ssbauer parameters of 57Fe in different garnets at 295 and 80 K absorber temperature 

Sample T Fe~ 3+ Feo 3+ Feo~ + Fed2o + 
(K) 

QS IS HW A QS IS HW A QS IS HW A 

(ram/s) (%) (ram/s) (%) (mm/s) (%) 

Ref. 

QS IS HW A 

(mm/s) (%) 

(1) grossular 295 0.58 0 .39 0 .27 83.2 3.52 1.28 0 .29  16.8 1 
80 0.57 0 .50 0 .26  80.5 3.64 1.42 0 .29 19.6 1 

(2) andradite 80 0.54 0 .50 0 .28  88 .2  2 .86 1.25 0 .35  11.8 2 

(3) andradite 295 0.58 0 .40 0 .26  93 .9  2 .66 1.12 0.28 3.3 3.61 1.24 0.25 2.8 3 
80 0.57 0.48 0 .25  93.5  2 .87 1.23 0.20 3.0 3 .66 1.40 0.25 3.5 3 

(4) Ti-andradite 295 1.15 0 .20 0 .31 56.9  0.75 0 .40 0 .36 43.1 1 
80 1.15 0 .30 0 .32  57.1 0.75 0 .50 0 .37 42.9 1 

QS=quadrupole splitting (±0.01 mm/s); IS=isomer shift relative to alpha-iron at 295 K (+0.01 ram/s); HW=full line width at half 
peak height (6_+ 0.01 ram/s); A = area referred to the full resonant absorption area = 100% (_+ 1%). 

References: l=Amthauer et al. (1976); 2= Amthauer and Grammenopolou, unpublished results; 3 =Amthauer and Basso, unpublished 
results 

octahedral Fe 3+ and about  19% tetrahedral Fe 3+. The 
other two doublets with the smaller intensities cannot  be 
assigned to Fe a +. One of these doublets has IS = 1.21 mm/s 
and QS = 3.23 ram/s, characteristic of Fe z + in octahedral 
sites, especially the isomer shift (Table 4). 

The interpretation of the fourth doublet appears to be 
problematical. On the one hand its isomer shift 
IS -- 1.03 mm/s and its quadrupole splittings QS = 2.09 ram/ 
s are typical for tetrahedral Fe z + at 80 K, with an isomer 
shift too small for the dodecahedral site. On the other hand 
from crystal chemical reasons the substitution of Si 4+ on 
the tetrahedral site by Fe z + seems to be difficult to explain 
(see discussion below). The same doublet of tetrahedral 
Fe 2+ with nearly the same parameters is observed in the 
spectra of the natural  sample in Fig. 4 in addition to four 
other doublets, which are assigned to Fe 2 + on the dodeca- 
hedral and octahedral sites, respectively and to Fe 3+ on 
the octahedral and tetrahedral sites, respectively (Table 4). 

The temperature dependence of the parameters do agree 
with this assignment. The site distribution can at best be 
evaluated from the low temperature spectra because ( i )  the 
resolution of the spectra is much better at low temperatures 
and ( i i )  the recoil free fractions become smaller at higher 
temperatures. Thus, it is difficult to fit the doublets of low 
intensities exactly. This explains the discrepancies between 
the area ratios of the high and low temperature spectra 
(Table 3), respectively. 

Discussion 

Tetrahedrally Coordinated Fe 2 + 

In the synthetic samples the dodecahedral positions are 
completely occupied by Ca 2 +. Thus Fe 2+ can enter only 
the octahedral and tetrahedral sites as shown by the 
M6ssbauer parameters. In silicate structures Fe 2 + generally 
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Table 5. Crystal chemical formulas of synthetic and natural Ti- 
andradites, based on chemical and M6ssbauer-data 

TA 3 TA 13 K 

a* b* a* b* a* b* 

Cations 

Dod. Ca 2.994 3 .000  2 .983  3 .000  2 .891  2.898 
Mg . . . .  0.066 0.059 
Fe e + - - - 0.043 0.043 

Oct. Fe 3 + 1 . 7 5 0  1 .753 0 .969  0 .973  0 .875  0.875 
Fe e + - - 0.106 0 .106  0.072 0.072 
Ti 3+ 0 . 0 6 9  0 .116  0 .273  0 .377  0 .033  0.081 
Ti 4+ 0 . 1 8 1  0 .131  0 .652  0 .544  0 .719  0.660 
A1 - - - 0.227 0.228 
Mg - - - 0.044 0.054 
Mn - - - 0.030 0.030 

Tet. Si 2.770 2 .775  2 .380  2 .391  2 .46 4  2.472 
Fe 3+ 0 . 1 9 4  0 .195  0 .318  0 .319  0 .315  0.316 
Fe e+ - 0.121 0 .122  0 .129  0.129 
Ti 4+ 0 . 0 2 5  0 .029  0 .159  0 .168  0 .07 2  0.081 
(Ha) 0.017 - 0.032 - 0.020 - 

Anions 

O 12.000 11.932 12.000 11.874 12.000 11.922 
(OH) - 0.068 - 0.126 - 0.078 

a* : H20 + calculated as hydrograndite-component 
= (04H4) 4 
b*: H2 O+ calculated as anion, according Eq. (1) and (2) 

(Si04)4- 

o 

o " ' 

I 
CkJ 

c~ -  

c ~  
0 

80 K 
L �9 
0 ~ 
O3 

('-) 

CIZ~ 
C } -  

0 

(DO 
(Z }  

( ~  I I 

- 4 . 0 0  

Fe 3. 0cf 

dod 
cf 

I I I I I I 

-z.oo o.oo z.oo 4.0o 
U e l o c i . L  U [ r n m / ' s ]  

Fig. 4. M6ssbauer spectrum of a natural schorlomite from Kaiser- 
stuhI taken at 80 K absorber temperature. The spectrum has been 
evaluated by 5 doublets 

occupies octahedral sites. However, Fe 2 + is known to occur 
on fourfold coordinated positions in synthetic melilites 
SrzFeSizO 7 and BazFeSizOT, natural melilites (Ca2(A1, Fe, Mg) 
(Si, Al)zO7) and staurolite (A14Fe(O/(OH)/SiO4)2). At 77 K 
absorber temperature the isomer shift of tetrahedral Fe z + 

is 1.08 mm/s in synthetic melilite (Ito and Hafner 1974), 
1.09 mm/s in natural  melilite (Seifert and Federico 1987), 
and 1.06 mm/s in staurolite (Regnard 1976). The isomer 
shift IS--  1.03 mm/s of tetrahedral Fe / + in the garnets of 
this study deviates slightly from these values and indicates 
a slightly smaller tetrahedron in Ti-garnet, compared to 
staurolites and melilites. This supports the substitution of 
Si 4 + by Fe z + in garnets, as initially suggested by Huggins 
et al. (1977b) and Amthauer  et al. (1977) on the basis of 
M6ssbauer data. 

Classical ionic radius criteria, however, argue against 
the substitution of large Fe z +-ions (rte t = 0.63 A, Shannon 
and Prewitt 1969) for small Si 4 +-ions (rt~t = 0.26 ,~, Shannon 
and Prewitt 1969) (Schwartz et al. 1980). Substitution of 
Si 4+ by Fe 3+ (rt~t=0.49 A, Shannon and Prewitt 1969) and 
by Ti 4+ increases the average cat ion-anion distance in the 
tetrahedron from 1.643 * in garnets with exclusively Si 4+ 
in the tetrahedron (Novak and Gibbs 1971) to 1.744 A in 
the garnet Ca3Fe/Til.4/Six.ssO12 (Weber et al. 1975). Tetra- 
hedral boncl distances are averaged by X-ray diffraction, 
so individual Fe 3 + - -O  and Ti 4 + - O  distances may be even 
longer. In  hydrogarnets (SiO4) 4-  is formally replaced by 
(O4H4)~- and the mean tetrahedral cat ion-anion distance 
is 1.92 A in hydrogrossular Ca3Alz(OH)lz (Cohen-Addad 
et al. 1967; Lager et al. 1987). This value approaches those 
generally observed for mean tetrahedral Fe 2 + -- O distances, 
e.g. 2.020 A for staurolite (Smith 1968) or 1.876 A in Fe- 
bearing melilite (Smith 1953). This means that the garnet 
structure is still stable, even if Si 4+ is substituted by larger 
cations such as Fe z+. Within a SiO4-tetrahedral chain or 
strip this substitution may be more difficult, but a structure 
with isolated SiO4-tetrahedra may compensate local geo- 
metrical misfits of the tetrahedral sites more easily. 

Schwartz et al. (1980) do not accept Fe 2+ on fourfold 
coordinated positions in garnets and they assigned the cor- 
responding doublet  alternatively to Fe z +(dod) ~ Fe 3 + (tet) 
electron delocalization. In the garnet structure dodecahedra 
and tetrahedra share edges and the shortest cation-cation 
distance of 3.034 A (Bi et al. 1983) is within the range found 
for known Fe 2+ --7 Fe 3 +-charge transfer systems (Loeffler 
et al. 1975). Orbital overlap of the neighboured Fe 2+- and 
Fe3+-ions occupying both sites is possible and from this 
point  of view the electron delocalization process 
Fe 2 +(dod) ~-  Fe 3 +(tet) can occur. However, all garnets syn- 
thesized during the course of this study have dodecahedral 
sites fully occupied by Ca 2+ and an electron delocalization 
process, which requires dodecahedral Fe 2 +, is positively not 
in operation. 

Because of its comparatively large half-widths, Gongbao  
and Baolei (1986) evaluated the Fe2+(tet)-doublet by two 
doublets which they assigned to two different electron delo- 
calization processes: (i) Fe2+(dod) ~=- Fe3+(tet), and 
(ii) Fe2+(oct) ~ Fe 3+(tet). In  our synthetic Ti-andradite 
(i) is not  valid as discussed above. In the garnet structure 
octahedra and tetrahedra share common corners and the 
distance between cations in the octahedral and tetrahedral 
sites is 3.392 * (Bi et al. 1983). There is no confirmed exam- 
ple for a mineral, in which thermally activated electron delo- 
calization occurs between Fe z+ and Fe 3 + via a common 
corner (Amthauer and Rossman 1984) and therefore such 
a process (ii) is also not  likely in garnets. 

Considering all the arguments, the assignment of the 
critical doublet to tetrahedral Fe 2 +, especially at low tem- 
peratures ( < 8 0  K), seems to be the best solution. Due to 



similar parameters this holds also true for the natural sam- 
ple investigated. This is of special importance for the calcu- 
lation of the site distribution. At room temperature and 
at higher temperatures the chemical bonding of tetrahedral 
Fe 2 + may become more covalent as indicated by the small 
isomer shift IS = 0.71 mm/s (295 K) compared to the isomer 
shift IS --0.96 mm/s (295 K) of Fe z + at the tetrahedral sites 
in staurolite (Regnard 1976). 

Charge Balance 

Another  problem to be considered is the charge balance 
when a divalent cation such as Fe e § replaces a tetravalent 
cation such as Si 4 § in the tetrahedral positions or a trivalent 
cation such as Fe 3 + on the octahedral sites. In the presence 
of an oxyhydrous vapor phase charge balance is mainly 
achieved by the substitution of 0 2 - by (OH)-  and there 
are coupled substitutions such as 

Fe  3 + +  0 2 -  ~ F e  2 + +  ( O H ) -  (1) 

H20 
Si 4+ + 2 0 2 -  ~ Fe  2+ + 2 ( O H ) - .  (2) 

This is confirmed by the higher water content (0.22 wt.%) 
in the synthetic sample TA 13, which exhibits Fe 2+ in the 
M6ssbauer spectra, compared to the sample TA 3 with 
0.12 wt.% HzO. Also the natural schorlomite studied has 
Fe z+ and a water content of 0.14 wt.% H20.  The classical 
way to incorporate H 2 0  or (OH)-  into the garnet structure 
is substituting Si 4+ by 4 H  + or (SiO4) 4-  by 4(OH)-  as for 
instance shown by neutron diffraction (Cohen-Addad et al. 
1967; Lager et al. 1987). This means a vacant Si 4+ site has 
to be occupied by 4H + in order to maintain charge balance 
(hydrogarnet substitution). Basso et al. (1984) assumed a 
similar mechanism for the dodecahedral and octahedral 
sites of hydrogarnets. In the garnet structure only one crys- 
tallographicaUy equivalent oxygen atom is present and the 
hydrogen may be also linked to oxygen atoms, which do 
not belong to the tetrahedron but to the octahedron or 
the dodecahedron as well. By this mechanism the oxygen 
atom receives a fraction of a positive charge from the hydro- 
gen that balances the loss due to incomplete occupancy 
of the c-, a-, and d-sites (Basso et al. 1984). We suppose 
that a completely vacant site can not only be occupied by 
several H + but also by a cation with lower valency and 
one or two H +, respectively, which are not located in the 
center of the polyhedron. The H + are strongly bound to 
the O 2-  and located very close to the face of a polyhedron 
as was demonstrated for the tetrahedra in hydrogrossular  
(Cohen-Addad et al. 1967; Lager et al. 1987). Therefore, en- 
ough space is available for another cation in the center 
of the polyhedron. These various mechanisms of the incor- 
poration of H + or of the substitution of O z-  by (OH)- 
are confirmed by recent IR  studies of garnet, which indicate 
by several absorption bands in the IR  spectra the presence 
of other structural forms of the hydrogen defects in addition 
to the hydrogarnet  substitution in the garnet structure 
(Aines and Rossman 1984). A distinct assignment of the 
various absorptions (up to 16) to distinct lattice sites is 
not  possible and therefore it is difficult to decide what kind 
of substitution is the most  important  one. However, the 
1R spectrum of TA 13 shows by the presence of two absorp- 
tion bands at 3568 and 3533 c m -  ~ the existence of structur- 
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Fig. 5. FTIR-spectrum of sample TA 13. The two absorption bands 
at 3568 cm-1 and 3533 cm-1 show the presence of structurally 
bound (OH)- 

ally bound (OH)-  in our samples (Fig. 5). This assignment 
is based on published IR-spectra of garnets (Aines and 
Rossman 1984). 

Cation Distribution 

On the basis of the chemical compositions of the starting 
material and the microprobe analysis a high concentration 
of cation vacancies can be excluded and the formula of 
the investigated garnets is based on 8 cations with 24 posi- 
tive charges. Considering the H20 content of the garnets 
two extreme methods (a) and (b) were used to calculate 
the formula. On the one hand (a) the hydro-garnet substitu- 
tion, e.g. the substitution of Si 4+ by 4 H  +, was considered, 
on the other hand (b) a substitution of 0 2- by (OH)-  
was assumed similar to the substitutions 1 and 2 discussed 
in the preceeding section. It is suggested that the true situa- 
tion corresponds to a mixture of substitutions (a) and (b). 
Regarding the M6ssbauer results and overall charge bal- 
ance the two different mineral formulas of each sample are 
reported in Table 5 as a and b. 

Both kinds of formula calculations result in a distinct 
amount  of Ti 3+ in samples TA 3, TA 13, and schorlomite 
from Kaiserstuhl. For  ligand field reasons it is most prob- 
able that Ti 3 + preferentially occupies the octahedral sites. 
Therefore all the tetrahedral titanium is assumed to be Ti 4 +. 
The amount  of Ti 3 + is distinctly larger assuming substitu- 
tion (b) of O z -  by (OH)-.  As a result of the four or five 
doublets fit respectively, in all samples the amount  of tetra- 
hedral Fe z + is distinctly smaller than the amount  of tetra- 
hedral Fe 3 +. 
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