
thus does not provide a test of the 

hypothesis of extralunar origin. A selec- 
tive study of the more deeply seated 

gases produced in solar flares might, 
however, provide such a test. By leach- 

ing away the surfaces of specific sili- 
cate grains, one might be able to study 
the solar flare gas content of the in- 
terior portions. However, because of 

possible diffusion effects, a rare gas 
study would be more difficult to in- 

terpret than our track evidence. 

Spallogenic nuclides are produced by 
cosmic-ray bombardment down to a 

depth of - 1 m. From analysis of 
stable spallogenic rare gases, various 
groups have inferred an exposure age 
of 5 X 108 years for the soil (13- 
15). This is not its absolute age but 
refers to the time spent within - 1 m 
of the surface. Provided deep stirring 
has occurred, this age can be com- 

patible either with an early origin of 
the soil or with continuing production. 

An extralunar origin of the grains 
with high track densities is consistent 
with Gold's dust model (16) of the 

origin of the lunar surface. We believe 
that the attractive features of his model 
outweigh the difficulties. An important 
and testable consequence of the model 
is that the grains with high track den- 
sities should also occur at much greater 
depths than 60 cm, perhaps orders of 

magnitude deeper. The desirability of 
a 4-m core sample such as had been 

planned on Apollo 13 is obvious. 
The most popular model of the origin 

of the soil is that a regolith accumulates 
on a solid bedrock by comminution of 
chips of the bedrock resulting from 
meteorite impacts (17). Our explana- 
tion for the high track densities could 
be compatible with this impact model 
only if the extralunar infall had con- 
tinued over several billion years, so 
as to maintain a large fraction of infall- 
en grains with very high track den- 
sities. We believe that the simplest ex- 
planation of our results is that much 
of the soil developed from infall of 
extralunar particles (18). 

Note added in proof: We have now 
directly measured the energy spectrum 
of Fe nuclei over a 2.5-year period 
by analyzing tracks recorded in a glass 
filter in the Surveyor 3 camera that 
was brought back from the moon by 
the Apollo 12 astronauts. We have 
found that the Fe/H ratio in low- 
energy solar particles is much higher 
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difficulty of accounting for the grains 
with high track density. An extralunar 

origin of part of the soil is still con- 
sistent with our observations. 
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Table 1. Spin Hamiltonian parameters in zoisite. 

Angle* between 
Ion |] |ID E Average A Mirror principal and Io 

(cm-l) (cm-l) (cm-l) ym-r plane crystallographic metry axes 

Mn2+ 2.003 ?0005, (103 ?5) (34 2) (85?2) X 10-4, m (010) 5? 10 
isotropic X 10-4 X 10-4 isotropic 

V,2- 1.940 ? 0.007, <0.014 < 0.005 (88 ? 4) X 10-4, n (010) 7? 0 2? 
isotropic anisotropic 

V.22 1.940 0.007, < 0.014 <0.005 (100 + 6) X 10-4, 1 None 
isotropic anisotropic 

Fea+ gz = 1.96 0.14 << ID] None m (010) 440? 1? 
? 0.01 ? 0.03 

* The two coordinate systems are related to each other by a rotation about the b-axis. 
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Ordering of V2+, Mn2+, and Fe3+ Ions in 

Zoisite, Ca2AlaSi3OI 2(OH) 

Abstract. The presence of very small amounts of Mn2+, V2+, and Fe3+ ions 
in zoisite can be easily detected by the electron paramagnetic resonance technique 
at room temperature. The Mn2+ and Fe3+ ions are completely ordered and are 

probably located in the Ca(l)- and Al(II)-sites, respectively, whereas the V2+ ions 

probably occupy both Ca(l)- and Ca(2)-sites, with a preference for the Ca(1)-site. 
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magnetic field, the local site symmetry 
of these ions may be determined. If the 
crystal structure is known, a knowledge 
of the local symmetry of these ions can 
be used to assign them to various crys- 
tallographic sites. Hence the EPR tech- 
nique is a powerful tool for the study 
of the distribution of trace amounts of 
transition metal ions within various 
structural sites in a diamagnetic min- 
eral. Furthermore, from the spin Ham- 
iltonian parameters we may learn about 
the nature of the crystalline electric 
field (or ligand field) acting on these 
ions. The hyperfine interaction of the 
electrons with the nucleus or the super- 
hyperfine interaction of the electrons 
with surrounding ligands gives us a 
measure of the covalent participation in 
the bonding of the transition ions with 
their surrounding ligands. The general 
theory and application have been re- 
viewed by Abragam and Bleaney (1) 
and the applications in mineralogy have 
been reviewed by Ghose (2). 

Recently, Ghose and Schindler (3, 
4) and Wildeman (5) have described 
the distribution of Mn2+ between the 
Ca- and Mg-sites in diopsides, CaMg- 
Si2O6, and dolomites, CaMg(CO3)2. 
Three types of Mn2+ distributions have 
been found in natural diopsides: (i) 
most Mn2+ in the Ca-site; (ii) most 
Mn2+ in the Mg-site; and (iii) all 
Mn2+ in the Mg-site. Natural and syn- 
thetic diopsides known to have crystal- 
lized above 900?C and containing 10 
ppm of Mn2+ or less invariably showed 
all Mn2+ in the Mg-site. After a Cali- 
fornian diopside with 50 ppm Mn2+ 
initially located mostly on the Ca-site 
had been heated above 900?C, there 
was a migration of Mn2+ ions from 
the Ca-site to the Mg-site (3). In nat- 
ural dolomites, on the other hand, only 
two types of Mn2+ distributions have 
been found: (i) most Mn2+ in the 
Mg-site; and (ii) almost all Mn2+ in 
the Mg-site. Heating at 700?C, under 
1 kb CO2 pressure, did not induce any 
Mn2+ migration (4, 5). 

We report here the ordering of 
Mn2+, V2+, and Fe3+ ions in zoisite, 
Ca2A13Si3Ol2(OH), a common rock- 
forming silicate. The zoisite structure 
is orthorhombic, space group Pnma, 
with ao= 16.212 A, bo=5.559 A, and 
Co- 10.036 A. The structure consists 
of octahedral chains made up of AI(I)- 
O and A1(II)-O octahedra, sharing 
edges, running parallel to the b-axis; 
these chains are held together by iso- 
lated SiO4 and Si2O7 groups and two 
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types of CaO7 polyhedra (6, 7). The 
structure of zoisite is shown in Fig. 1. 

An EPR spectrometer (Varian E-9) 
has been used to record the paramag- 
netic resonance spectra in zoisite at 
room temperature near 9.3 Ghz with 
the magnetic field, H, at various angles 
in the (100), (010), and (001) planes. 
For H parallel to the a-axis, four dif- 
ferent sets of resonance lines have been 
observed in a blue, gem-quality zoisite 
crystal from Tanzania. In Fig. 2 the 
single intense line at the left is due to 
Fe +. The intense six-line central 
(- 1/2- 1/2) transitions with the weak 
inner satellite pair (? 1/2-> ?3/2) 
marked m' and m" (Fig. 2, A and B) 
are from Mn2+; the two nonequivalent 
eight-line central transitions marked 
V1 and V2 are from V2+. The V1 lines 
are more intense than the V2 lines, an 
indication that the V2+ ions of type 1 
are more abundant than the V2+ ions 
of type 2. Strong Fe3 + and weak Mn2+ 
lines have also been observed in zoisites 
from Ducktown, Tennessee; Goschen, 
Massachusetts; Buck County, North 

Carolina; and Baja California, Mexico. 
Pink zoisite (thulite) from Fanny 
Gouge Mine, Yancey County, North 
Carolina, also showed the presence of 
a considerable amount (- 0.1 percent) 
of Mn2+. No V2+ lines have been de- 
tected in any other zoisite sample. 

The paramagnetic resonance spectra 
may be described by the spin Hamilton- 
ian, Ce, in the principal coordinate 
system x, y, z: 

53C - (g,H,:Sz + g.rHrS., + g,I,,Syx) + 
D [S, - /S(S + 1)] 4- E(S2 + Sy2) 

+ ASJzI, + ASmI.I + AySyly 

where p is the Bohr magneton, g is 
the spectroscopic splitting factor, S and 
I are the electronic and nuclear spins, 
respectively, H is the magnetic field, 
A is the hyperfine interaction constant, 
and D and E are the crystal field 
parameters (1). The spin Hamiltonian 
parameters and the orientation of the 
principal axes x, y, z with reference to 
the crystallographic axes a, b, c mea- 
sured in the gem-quality zoisite crystal; 
from Tanzania are listed in Table 1. 

Fig. 1. Schematic diagram of the zoisite structure along the b-axis [modeled after the 
diagram of Dollase (7)]. 
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Fig. 2. Electron paramagnetic resonance spectra of the blue gem-quality zoisite crystal 
from Tanzania at 9.40 Ghz. (A) H parallel to a; (B) H in the (001) plane, 18? 
from the a-axis; and (C) H in the (010) plane, 30? away from the a-axis. 

For H in the (100) and (001) planes 
at various angles, sharp six-line pat- 
terns due to the central (- 1/2 -> 1/2) 
transition of Mn2+ were observed. 
However, for H in the (010) plane away 
from either the a- or the c-axis the 
six-line pattern splits up and broadens 
out, an indication that the point- 
group symmetry of Mn2+ is m, the 

(010) plane being the mirror plane. 
Two types of V2+ central (- 1/2 - 

1/2) transitions giving rise to eight-line 
patterns, denoted as V1 and V2 (Fig. 2), 
were also observed. Hyperfine splittings 
of both types of V2+ resonances are 
highly anisotropic. The angular varia- 
tion of the V1 hyperfine splitting indi- 
cates a site symmetry m, with (010) as 
the mirror plane. The system of princi- 
pal axes of the V1 spin Hamiltonian is 
identical with that of Mn2+. Thus V2+ 
ions of type 1 probably occupy the 
same site as Mn2+. The V2 resonance 
lines are often obscured, and hence 
only a partial analysis can be made. 
Angular variation of the spectra indi- 
cated that the (010) plane is not a mir- 
ror plane at the V2 site. 

The single intense resonance line 
(Fig. 2) has been identified as the cen- 
tral transition in Fe3+, since the chemi- 
cal analysis of this crystal showed a 
considerable amount of Fe3+ [0.03 per- 
cent (by weight)]. Unfortunately, the 
satellites are too broad to be observable. 
The position of the central line of Fe3 + 
is strongly anisotropic. The angular 
variation of the line position indicates 
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that the Fe3+ ions must occupy a site 
with symmetry m, (010) being the mir- 
ror plane. 

In the zoisite structure there are two 
nonequivalent seven-coordinated Ca- 
sites, Ca(l) and Ca(2), both with site 
symmetry m, (010) being the mirror 
plane (7). The Ca(2)-07 polyhedron 
is considerably distorted, the average 
Ca(2)-0 distance being 2.55 A. Since 
Mn2+ is a 6S5/2 type ion, it has no 
crystal-field stabilization in a distorted 
site. Furthermore, the average octa- 
hedral Mn2+-O distance, 2.20 A, indi- 
cates that the Ca(2)-07 polyhedron is 
too large for the Mn2+ ion. Hence all 
the Mn2+ ions are most likely located 
on the Ca(l)-site. 

Since the V2+ ions of type 1 follow 
the Mn2+ ions closely in angular vari- 
ations, they are probably also located 
on the Ca(l)-sites. The higher intensi- 
ties of the V1 set of lines indicate that 
V2+ ions prefer the Ca(l)-site. The 
V2+ ions of type 2 deviate from the 
mirror plane. Since the average Ca(2)- 
0 distance, 2.55 A, is large and the 
polyhedron is quite irregular (7), the 
type 2 V2+ ions probably occupy an 
interstitial site within the Ca(2)-07 
polyhedron. 

Because of the ionic charge and 
radius, the Fe3+ ions must be located 
on one of the two Al-sites, A1(I) and 
AI(II), with site symmetries 1 and m, 
respectively. Since the angular varia- 
tion of the Fe3+ resonance lines shows 
the mirror plane symmetry, the Fe3+ 

ions probably occupy the Al(II)-site 
with site symmetry m. This is consistent 
with the larger and more distorted 
octahedral coordination at the Al(II)- 
site, the average A1(II)-O distance 
being 1.97 A. The suggested ordering 
of the Fe3+ ions in the Al(II)-site in 
zoisite is also consistent with the strong 
site preference of Fe3 + ions in the com- 
parable Al (III)-site in epidote, Ca2- 

Al2(Al,Fe) Si3Ol2(OH), which is mono- 
clinic but structurally closely related to 
zoisite (8). However, the crystal field 
parameter, J D J, for the Fe3+ ion is 
0.14 cm-1, which is rather small as 
compared to the quadrupole coupling 
constant of 18.5 Mhz measured by nu- 
clear magnetic resonance for 27A1 at the 
Al(II)-site (9), the largest value for 
27A1 measured thus far. Furthermore, 
the principal axes of the magnetic 
tensor for Fe3+ do not coincide with 
those of the 27A1 electric field gradient 
tensors. This lack of coincidence prob- 
ably means that the Fe3+ ions deviate 
from the Al-position within the octa- 
hedron, but still are located on the mir- 
ror plane (010). Since no other Fe3+ 
resonance lines have been observed, we 
conclude that the Al(I)-site is com- 

pletely free of Fe3+ ions. However, 
this situation may change with consid- 

erably higher concentrations of Fe3+. 
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