
with stercomes or hollow) or the granel- 
lare was only present on one side of the 
polygon. However, other epifaunal syr- 
ingamminid xenophyophores with polyg- 
onal anastomosing networks of tubes do 
have anastomosing granellare [for exam- 
ple, Syringammina tasmanensis (4)], and 
it is reasonable to  suppose that in com- 
plete, living specimens the granellare 
of the present xenophyophore anasto- 
mose. 

How or why the Paleodictyon orga- 
nism maintains multiple vertical outlets 
has not been completely satisfactorily 
explained, but this can be understood in 
terms of a xenophyophore model: they 
could be outlets for the pseudopodia to  
gather food at the surface (Fig. 2B), and 
outlet separation may be determined by 
the "operation area" of the pseudopodia 
(that is, avoidance of overlap). The out- 
lets may also act as "vents," providing 
the various branches of the organism's 
body with access to oxygenated sea wa- 
ter. 

The abundance of dead sections sug- 
gests that the xenophyophore has to 
abandon sections of its network which 
have become filled with stercomare al- 
most as  fast as it can form them. Thus 
the gigantic and uniform size of some 
Paleodictyon nets (up to 1 m2) (9) might 
be the result of a small threadlike orga- 
nism (body width, - 100 km or less) 
striving to maximize its areal coverage 
through netlike growth, while having to 
cope with a chronic waste disposal prob- 
lem. 

If Paleodictyon is a cast of a xeno- 
phyophore tube network, a question 
arises as  to whether Paleodictyon is a 
trace fossil or a body fossil. Although the 
xenophyophore sediment tube is an or- 
der of magnitude larger in diameter than 
the unattached plasma body it encloses, 
it is nevertheless considered to be part of 
the organism, and its external shape is 
often characteristic at the species level 
(4). Thus, a cast of the tube system 
would seem to be a body fossil. Howev- 
er, the occurrence of the living organism 
at  several centimeters depth in quite 
coherent sediment suggests that it may 
actively burrow, in which case the tube 
system could be regarded as  a trace 
fossil. Alternatively, the organism may 
penetrate into the sediment like a root, 
rather than burrow. 

In light of the proposed interpretation 
of Paleodictyon, the Paleodictyon 
grooves found on the tops of box cores 
by Ekdale (3) might be explained as  
either (i) the imprints of a xenophyo- 
phore tube system which had been lifted 
from the substrate and then fragmented 
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by swilling sea water during or before 
drainage of the box core (as happened in 
this study), o r  (ii) part of the actual 
tunnel system of a dead xenophyophore 
in which the binding agent in the walls 
had decomposed (or was originally 
weak). 

If Paleodictyon are traces of infaunal 

dictyon nets (2)  indicates that morpho- 
logical variation within a single species 
may be quite considerable. 

D. D. SWINBANKS 
Ocean Research Institute, 
University of Tokyo, 
Tokyo 164, Japan 
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Crystal Site Location of Iron and Trace Elements in a 
Magnesium-Iron Olivine by a New Crystallographic Technique 

Abstract. A new crystallographic technique has been developed, which has been 
applied to the problem of locating the cations in a natural olivine crystal with the 
composition (Mgo.90Feo.loNio.oo4Mno 002)2Si04. The method uses the variation of 
characteristic x-ray emission with the direction of an exciting electron beam in an 
analytical transmission electron microscope. It may be applied to nanometer-sized 
areas and to concentrations as low as 0.1 atomic percent, is capable of distinguish- 
ing neighbors in the periodic table, and does not require external standards. The iron 
atoms in this crystal are evenly distributed between the two available crystal sites MI 
and M2 (49.6 It 1 percent on MI ) ,  whereas the trace elements nickel and manganese 
occupy the MI and M2 positions, respectively (97 i 5 percent nickel on M I  and 
I ? 5 percent manganese on MI ) .  

In many real crystals of interest to 
scientists, the three-dimensional period- 
ic lattice of atomic sites is well defined. 
However, the assignment of particular 
species to  these sites may be irregular, 
with resultant substitutional disorder. 
This determination of the distribution of 
atoms over available sites in crystals is 
of considerable interest in crystal chem- 
istry, semiconductor physics, solid-state 
physics, and mineralogy; we deal here 
with a mineralogical problem. The de- 
gree of atomic order in a mineral serves 
as a geothermometer and geobarometer, 
giving petrologists information about the 
geologic and thermal history of rocks, 
such as  the rate of cooling at the time of 
formation. 

The most widely used methods for 

determining the positions of atoms in 
crystals are x-ray diffraction and neutron 
diffraction. However, difficulties arise 
when these techniques are applied to 
natural minerals as compared to labora- 
tory-grown crystals, since, for a precise 
determination of the distribution of at- 
oms in a crystal, the composition of the 
crystal must be known accurately. From 
the wealth of information that has been 
gathered over the last decade on the 
defect structure of minerals by transmis- 
sion electron microscopy (I),  it is now 
known that most natural minerals con- 
tain many inclusions of other phases. 
Thus the use of an average composition 
for x-ray structure analysis may obscure 
the chemical analysis of the crystal 
phase under study. This difficulty be- 

0036-807518211001-0049$01 .0010 Copyright &? 1982 AAAS 49 



Table 1. Results of the six different independent measurements showing the fraction Cx of Fe, 
Mn, and Ni on M1 sites. 

C F ~  M CNI Measure- R(Si/Mg) R(Si1Fe) R(SilMn) R(Si1Ni) (%) ment 
- - 

1 1.64 1.59 1.02 3.17 47.0 2 111 
2 1.93 1.89 1.04 4.10 48.3 2 99 
3 1.45 1.48 0.98 2.12 52.2 -4 99 
4 1.72 1.73 1.10 2.60 51.0 9 84 
5 1.52 1.52 1.04 2.40 50.0 5 100 
6 1.63 1.61 0.92 2.46 48.8 -9 89 

comes crucial when one is dealing with 
small concentrations of atoms or when 
the atoms have similar scattering ampli- 
tudes, since an error in the assumed 
composition may influence the intensi- 
ties of the Bragg reflections more than 
the presence of trace elements or small 
differences in scattering amplitudes. 

Two important rock-forming minerals 
that may serve as petrogenic indicators 
are the pyroxenes and the olivines. In 
addition to 0 ,  Si, and Mg, these silicates 
may contain a large variety of first-row 
transition elements, often in small con- 
centrations. In orthopyroxenes and oliv- 
ines, Mg and the transition elements are 
distributed between two nonequivalent 
crystallographic positions denoted M1 
and M2. However, because of the diffi- 
culties arising from the presence of other 
phases, only carefully selected minerals 
of high purity containing a small number 
of elements in crystal sites M1 and M2 
(usually two elements, in high concentra- 
tions) have been studied by conventional 
diffraction techniques. By using an elec- 
tron microscope, however, we are able 
to focus the electron beam down to a 
region a few nanometers in diameter if 
necessary so as  to be able to  analyze 
isolated microphases in natural minerals 
and we can avoid the use of artificially 
grown crystals. 

We report here on the study of a 
yellow-green olivine from the San Carlos 
Indian Reservation, Arizona; the main 
element in the M1 and M2 positions is 
Mg, but in addition the crystal contains 
F e  and traces of Mn and Ni. The compo- 
sition is approximately (Mgo 9oFeo 10 

Nio.oo4Mno,oo2)2Si04. The method used 
to locate the Mg, Fe,  Ni, and Mn atoms 
is based on the dependence of the elec- 
tron-induced x-ray emission from a thin 
crystal upon the crystallographic direc- 
tion of the incident (100-keV) electron 
beam. This effect, known as  the elec- 
tron-channeling or Borrmann effect, has 
been studied for incident neutrons ( 2 ) ,  x- 
rays (3),  and electrons in another context 
(4). The incident electron establishes a 
periodic modulation across the unit cell. 

ed by the electron beam is detected, and 
this is proportional to the magnitude of 
this electron wave field. One can vary 
the positions of the maxima in the wave 
field by changing the direction of the 
incident electron beam. We choose a 
"systematics" or "planar" channeling 
direction for the incident beam in which 
Bragg scattering from only one set of 
parallel crystal planes occurs. These 
planes are selected to  separate the sites 
of interest into alternating nonequivalent 
planes. 

Small crystal grains of olivine, ob- 
tained by grinding crystals in a mortar, 
were studied in an electron microscope 
(Philips 400T) equipped with an energy- 
dispersive x-ray analyzer (Tracor North- 
ern) (energy resolution, 150 eV). A colli- 
mated beam of 100-keV electrons was 
used (divergence angle, 5 mrad) to illu- 
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Fig. 1. X-ray emission spectra from the same 
area for two different incident beam direc- 
tions: (a) 0; < OOZ0 and (b) O i  > OOz0. Insets 
show the atomic arrangement along the (010) 
direction and an approximate calculation of 
the thickness-averaged electron intensity. 
The large (or outermost) circles in the insets 
are 0, small (or innermost) circles Si, middle- 
sized open circles cations in the M2 site, and 
middle-sized, filled circles cations in the M1 

minate 500-nm regions of crystal be- 
tween 20 and 100 nm thick. Spectra were 
recorded over 500 to 1000 seconds at two 
orientations. The direction of the inci- 
dent beam was chosen nearly parallel to  
the (010) planes for two reasons. First, 
the channeling effect is strong for this 
setting of the diffraction conditions, as  
can be seen if one compares the K, line 
of Mn and Ni in Fig. 1. These two 
spectra (Fig. 1, a and b) are from the 
same crystal area. For  Fig. l a  the angle 
between the incident beam and the (010) 
planes is slightly smaller than the Bragg 
angle for the first-order reflection, that 
is, the (020) reflection (Bi < eB), and in 
Fig. 1b the crystal is tilted about 0.5" so 
that Bi > eB. Second, the intensity of the 
wave field is the same on the Si atoms 
and the M2 sites, because they occupy 
the same plane in the projected structure 
(see the insets in Fig. 1). The x-ray 
emission from the Si atoms thus provides 
a reference signal proportional to the 
thickness-averaged intensity on the 
planes containing the M2 site. The ap- 
proximate intensity of the modulated 
wave field is also shown in Fig. 1 (in- 
sets). 

As a measure for the channeling effect 
we use 

where Nsi and N x  are, respectively, the 
K, x-ray counts from Si and the element 
X (X = Mg, Mn, Fe,  or Ni). Table 1 
(first row) shows values of R(Si1X) ob- 
tained from background-subtracted peak 
areas integrated over a 70-eV window. 
The other rows in Table 1 show values of 
the same ratios from other independent 
measurements. The following general 
conclusions can be drawn from the re- 
sults listed in Table 1. Since R(Si/Mn) is 
close to unity for all measurements, Mn 
is on the same plane as Si and therefore 
occupies the M2 site. Since R(Si/ 
Fe) .- R(Si/Mg), F e  and Mg have about 
the same site preference. Since the con- 
centration of trace elements is negligible 
and since there is an equal number of 
atoms on the M1 and M2 sites, it follows 
that very nearly 50 percent of the F e  and 
Mg atoms occupy each M site and this 
fraction is much closer to 50 percent for 
Mg because its concentration is ten times 
larger. Further, R(Si1Ni) > R(Si1Mg) 
shows that Ni has a preference for the 
M1 site. 

From the fact that the Si atoms lie on 
the same planes as the M2 sites, it is 
possible to perform a quantitative analy- 
sis without calculating the intensity of 
the thickness-averaged electron wave The characteristic x-ray emission excit- site. 
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field on the two types of planes. General- 
ly for the olivine structure it is necessary 
to know the concentration of the major 
elements with reasonable accuracy, but 
in the present case, where we have al- 
ready established that 50 percent of the 
Mg atoms occupy each M site, the analy- 
sis becomes particularly simple. The 
number of x-ray counts from any ele- 
ment Y in a spectrum is given by 

where ZI  and Z2 are, respectively, the 
electron intensities on the M1 and M2 
planes integrated over time and thick- 
ness, Cy is the fraction of element Y on 
the M1 sites, and ky  is a constant which 
depends on the efficiency of the spec- 
trometer. From one spectrum taken un- 
der such conditions that the electron 
wave field is modulated (I l  # 12) and one 
with a uniform wave field (II = 12), the 
occupancy CA for an element A can be 
shown to depend only on Nsi ,  N M g ,  and 
N A  as obtained from the two spectra. 
The analysis used to determine CF,, 
CM,, and CNi  in Table 1 is essentially as  
described above. However, in order to  
improve the statistical accuracy, three 
spectra were used for each measure- 
ment. For  two of the spectra the incident 
beam directions were as  in Fig. 1 ,  and for 
the third spectrum strong reflections 
were avoided so that ZI = I2 [see (5) 
for details]. Despite the variations in 
R(Si/Mg), R(Si/Fe), and R(Si/Ni), which 
result from slightly different experimen- 
tal conditions of thickness and orienta- 
tion, the site occupancies derived from 
these R values agree closely. From Table 
1 we obtain CFe = 49.6 f 1 percent, 
CMn = 1 f 5 percent, and CNi = 97 f 5 
percent. 

Except for Fe,  these site preferences 
agree with those predicted by Burns (6) 
for an Mg-olivine. It  is, however, well 
known that theory fails to  predict the F e  
occupancy, and the surprising result that 
both F e  and Mg have similar site prefer- 
ences between dissimilar sites has been 
confirmed in other experiments, such as  
that by Burns (6) on natural olivine with 
the use of optical absorption spectrosco- 
py. Studies of synthetic and heat-treated 
Mg-Mn (7) and Mg-Ni (8) olivines show a 
much lower degree of ordering, an indi- 
cation that the complete ordering of Mn 
and Ni found in our study is characteris- 
tic of a rock that is slowly cooled. The 
two main factors governing site prefer- 
ence in olivines are thought to  be cation 
size and crystal field stabilization ener- 
gy. For  Fe,  these factors are believed to 
compensate each other completely. It  is 
known that Mn2+ experiences no crystal 
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field effect, and the size of ~ n ' +  relative 
to M ~ ' +  indicates that the Mn atoms 
should occupy the larger M2 site. Since 
there is little size difference between Ni 
and Mg, Ni appears strongly influenced 
by crystal field effects. However, the 
prediction of cation site preferences is 
far from simple, and a large number of 
factors may influence the result (9). 

Our results demonstrate that the orien- 
tation dependence of electron-induced 
characteristic x-ray emission can be used 
to determine quite accurately the cation 
distribution in olivine and also that of the 
trace elements. To  our knowledge, no 
other single technique is capable of doing 
this for the small areas, low concentra- 
tions, and neighboring elements used in 
this study. Few assumptions have been 
made, the main one being that the local- 
ization of the various K, processes is the 
same. A small systematic error may thus 
be introduced. However, the results of 
other workers (10) suggest that this effect 
is unlikely to affect Cx by more than 1 
percent. For  more complicated struc- 
tures, dynamical calculations can be 
used in conjunction with quantitative 
analysis. It is expected that the method 

will be useful for the elucidation of many 
crystal structures in addition to the spi- 
nel, olivine, and sphalerite structures 
already studied (5, 11). 
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Hydration Aging of Nuclear Waste Glass 

Abstract. The aging of simulated nuclear waste glass by contact with a controlled- 
temperature, humid atmosphere results in the formation of a double hydration layer 
penetrating into the glass and in the formation of minerals on the glass surface. The 
hydration process described here provides insight into the aging kinetics of naturally 
occurring glasses and also suggests that simulated aging reactions are necessary for 
demonstrating that nuclear waste forms can meet projected Nuclear Regulatory 
Commission requirements. 

Two facets of glass hydration are of 
current interest. The extent of surface 
hydration offers archeologists a method 
of dating prehistoric (I ,  2) and more 
recent man-made (3) artifacts. The re- 
verse process, the aging of simulated 
glass through induced hydration, can 
help to  provide a sound, demonstrable 
technical basis for predicting the long- 
term performance of nuclear waste glass 
(4). 

The hydrated layer (perlite) that forms 
on natural glasses has a higher water 
content (- 3.5 percent by weight) than 
the bulk glass (- 0.1 percent). This layer 
has been observed microscopically un- 
der polarized light and with either "N 
(5) o r  1 9 ~  (6) nuclear resonance depth 
profiling. The hydrated layer forms by 
the exchange of mobile alkali metal ions 
from the bulk glass with protons, during 
which process the silicate network is 
believed to remain virtually unchanged 
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(7). Tsong et al. have shown (8) that, in 
obsidian, surface hydration is accompa- 
nied by dealkalization and a buildup of 
calcium and magnesium in the outermost 
layers. The reaction kinetics ascribed to 
both field samples and simulated labora- 
tory glasses were initially shown to fol- 
low a t1l2 diffusion-type rate equation, 
where t is time (1, 2). However, other 
experimenters, using field samples, have 
had difficulty reproducing this rate law 
and report a time dependence ranging 
from t1I3 to  t3 (9). 

These disparate results have been at- 
tributed to an incomplete knowledge of 
weathering conditions and to less-than- 
rigorous segregation of glasses having 
different compositions. Clearly, compo- 
sition, temperature, and water vapor 
concentration affect layer formation. It  is 
possible that the differences between 
natural and simulated hydration cannot 
be reconciled (lo), but certainly the dat- 
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