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ANALYTICAL ELECTRON MICROSCOPY A N D  THE 
PROBLEM OF POTASSIUM DIFFUSION 1 
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Abstract--Diffusion of K during analytical electron microscopy (AEM) results in anomalously low count 
rates for this element. As the analysis area and specimen thickness decrease, count rates become dispro- 
portionally lower. Adularia and muscovite show different diffusion profiles during AEM; for muscovite 
a strong dependence of diffusion on crystallographic orientation has been observed. Conditions giving 
rise to reliable chemical data by AEM are the use of a wide scanning area (>800 x 800 A) and/or large 
beam size to reduce the effect of diffusion of alkali elements, a specimen thickness greater than about 
1000 ~, constant instrument operating conditions, and the use of a homogeneous, well-characterized 
standard sample. The optimum thickness range was obtained by determining the element intensity ratio 
vs. thickness curve for given operating conditions. The standard and unknown should have a similar 
crystal structure and, especially for strongly anisotropic minerals such as phyllosilicates, a similar crys- 
tallographic orientation with respect to the electron beam. 
Key Words--Adularia, Analytical electron microscopy, Diffusion, Muscovite, Potassium, Transmission 
electron microscopy. 

I N T R O D U C T I O N  

The diffusion of alkali elements, such as Na and K, 
may cause significant analytical problems in the elec- 
tron microprobe analysis of geological specimens (see, 
e.g., Craw, 1981). Conventional scanning-transmission 
electron microscopy (STEM), which utilizes much 
higher voltages (100-200 kV) than electron microprobe 
analysis (15-20 kV) has the same problem (see, e.g., 
Knipe, 1979; Lee et aL, 1986), but the factors affecting 
the accuracy of the analytical data are less well known. 
Ahn et al. (1986) showed that alkali element concen- 
trations of micas change significantly during exposure 
to the electron beam. The effect was particularly marked 
in Na- and K-muscovites and gave rise to characteristic 
mottled or fissured textures. Similar effects were ob- 
served by Knipe (1979). White and Johnston (1981), 
on the other hand, observed little or no evidence for 
K diffusion in their study of cleavage lamellae in slates. 

In the course of routine analytical electron micros- 
copy (AEM) of illite and other phyllosilicates in shales 
and slates, anomalously low K/Si intensity ratios were 
encountered relative to those predicted from Si/A1 ra- ,, 
tios, especially if a very small diameter electron beam 
was used. Because such ratios may lead to gross in- 
accuracy in element determinations, the relationships 
between element intensity ratio and beam size and 
other related variables were therefore investigated to 
determine optimal operating conditions for elemental 
analysis. 
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In this paper the problems associated with AEM 
analysis for K in silicates are presented, especially the 
variation of results as a function of the size of the 
analysis area, the specimen thickness, and the crystal- 
lographic orientation of the sample with respect to the 
electron beam. Standardless analyses were carried out, 
and, hence, the results are interpreted only in terms of 
the relative variation in element ratios. A preferred 
procedure for obtaining accurate data is also presented. 

METHOD 

A JEOL JEM-100CX scanning-transmission elec- 
tron microscope (STEM) equipped with a horizontally 
mounted, solid-state, energy-dispersive X-ray spec- 
troscopy (EDX) detector was used for this study. The 
instrument was intensively modified to optimize the 
resolution and accuracy of the analytical data (for de- 
tails, see Blake et al., 1980; Allard and Blake, 1982). 
The X-ray spatial resolution of the instrument as de- 
termined by Isaacs et al. (1981) was reported to be 
~ 300 ~ in the spot-count mode for conditions similar 
to those used in this study. 

After preparation of a petrographic thin section for 
optical and electron microprobe examination, a 3-mm 
thick A1 retaining washer was glued to the thin section 
and then detached from the slide glass with the sample 
attached. The sample was then ion-thinned using an 
ion mill and coated with a layer of carbon. It was then 
mounted in a graphite boat and placed in a copper 
specimen holder. Ion thinning gave rise to a thickness 
gradient varying from thin-section thickness (about 30 
am) at the outer diameter to very thin edges (< 1000 
~)  near the hole at the center. Counts obtained from 
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Table 1. Bulk wet chemical data (1) and recalculated wet 
chemical data (2) in %-oxides for the muscovite samples used 
in this study. 

Bulk wet chemical data (1) and recalculated wet chemical data (2) in %-oxides for 
the muscovite samples used in this study. 

(i) (2) 

SiO2 46.30 48.87 
A1203 31.80 33.56 
Fe203 3.68 3.88 
MgO 0.83 0.88 
CaO 0.13 0.14 

Na20 0.98 1.03 
K20 10.60 11.19 
TiO2 0.46 0.49 
H20 5.39 
Total  100.14 

' Wet chemical data from R. J. Knipe, University of Leeds, 
Leeds, United Kingdom, personal communication 1983. 

traverses over this gradient correspond to thin-film, 
non-ZAF conditions to thick areas requiring substan- 
tial ZAF corrections. The sample was placed inside the 
STEM column so that the Al-washer side of the sample 
faced away from the beam in order to avoid beam- 
washer interaction. The sample was tilted toward the 
X-ray detector by 40 ~ for analysis, and beam conditions 
of 100 kV and 100-#A emission current were obtained 
using a W filament for the adularia data and a LaB6 
filament for the muscovite data. The fixed # 1 condens- 
er lens (CL1) was modified as described in Allard and 
Blake (1982), and the current was set manually at 170 
mA for all analyses to enhance the count rate. A thick 
CL2 aperture of 200-#m diameter and a removable 
'hard X-ray' aperture were used. These instrumental 
conditions were maintained throughout all analyses. 
Spectra were accumulated for 100 and 150 s for adu- 
laria and muscovite, respectively, using three different 
scanning areas, 2700 x 2700, 1350 • 1350, and 800 x 
800 ~,  and the spot mode. The spectra were mathe- 
matically filtered for background subtraction, which, 
at the light end of the spectrum, often led to deter- 
minations that did not produce meaningful peaks. 

Two silicates (adularia and muscovite) having dif- 
ferent crystal structures but which contain major 
amounts of the elements under consideration (i.e., K, 
A1, and St) were used for this study. Adularia 
(KA1Si3Os) , which is homogeneous in composition as 
determined by electron microprobe analysis, has been 
used as a standard for AEM analysis of K and A1 in 
several previous studies (e.g., Ahn and Peacor, 1986; 
Lee et aL, 1986). For the present study, traverses were 
made from thin edges toward thick areas (thickness 
<0.4 #m) in the same specimen. The role of the crys- 
tallographic orientation in the analytical procedure was 
examined using muscovite. In Table 1, the wet chem- 
ical analysis and recalculated wet chemical analysis of 
the muscovite sample are given. From these data a 
K/St ratio of 0.3 and an A1/Si ratio of 0.8 were ob- 
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Figure 1. Intensity ratios of (a) A1/Si and (b) K/St vs. total 
Si count in Gotthard adularia; total Si count is a measure of 
foil thickness, but is also dependent on the analysis size area. 
Four analysis size areas are plotted: spot, 800 • 800, 1350 
x 1350, and 2700 x 2700 A. The dashed and continuous 
lines are the best-fit, second-order polynomials for the spot 
mode and 800 x 800 ,~ size area, respectively. See text for 
discussion. 

tained. Two samples were prepared, in which the mus- 
covite basal planes were parallel and perpendicular to 
the specimen surface, respectively. Parallel traverses 
using different analysis size areas were made from thin 
to thick edges, as for adularia. 

Because silicates are the most abundant  group of 
minerals, intensity ratios for the emission lines of given 
elements to that of Si are most often used in AEM 
studies. This ratio is a linear function of the weight 
fraction ratio (Cliff and Lorimer, 1975; Lorimer, 1987) 
within the limits in which the "thin film" criterion 
applies and, thus, in which ZAF effects are insignificant 
(Goldstein et al., 1977). 

In the present study ratios of intensity of a given 
element to that of Si were used, rather than the inverse 
values as used by Cliff and Lorimer (1975). Further- 
more, for convenience the molecular ratio of the ele- 
ment  (E) analyzed relative to that of Si was used, rather 
than the weight fraction ratio. These modifications pro- 
vided a direct measure of the relative number  of atoms 
in the chemical formula of the mineral analyzed. The 
standard ratio of Cliff and Lorimer (1975), k, which is 
calculated using the following equation: 

CE Isi  

K(E,Si) = ~ S i  ' "i~ E 

was thus modified to be k': 

Msi IE 

k'(E'Si) = ME " Is i  

where CE/Csi = weight fraction ratio, Isi/IE = intensity 
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Intensity ratios of (a, b) A1/Si, (c, d) K/Si and (e, f) Fe/Si vs. total Si count as a measure of foil thickness in two 
muscovite samples. In (a), (c), and (e) the muscovite basal planes were oriented perpendicular to the foil surface; in (b), (d), 
and (f) the (001) planes were parallel to the foil surface. Same analysis size areas as in Figure 1. The dashed and continuous 
lines are best-fit, first- or second-order polynomials for the spot mode and 800 x 800 ~ size area, respectively. See text for 
discussion. 

ratio calculated after subtracting background  f rom bo th  
peak profiles, and Msi/ME = mole  ratio. 

The  K/S i  and A1/Si intensi ty rat ios for both  minera ls  
and the Fe/Si  ratio for muscov i t e  were plot ted as a 
funct ion o f  total  Si counts  (Figures 1 and 2); in Table  
2 the observed  ranges and associated k' and k values  
are listed. The  Si count  rate was chosen because,  to a 
first approximat ion ,  it is p ropor t iona l  to the v o l u m e  
o f  exci ta t ion and, thus, to the thickness o f  a g iven 
mater ia l  i f  o ther  condi t ions  are constant,  and because 
total  Si counts  could be easily m o n i t o r e d  during the 
analysis procedure.  No te  that  because analyses f rom 
different size areas were combined  in the plots, the total  

Si counts  are not  representa t ive  o f  a single spec imen  
thickness. 

R E S U L T S  

Adularia 

Figure 1 shows the change in A1/Si and K/S i  intensi ty 
ratios wi th  increasing spec imen thickness (as a funct ion 
o f  total  Si count) for four  different sizes o f  the analysis 
area. The  measured  intensi ty ratios o f  A1/Si in the three 
analysis size areas (800 x 800, 1350 • 1350, 2700 x 
2700 ~ ;  Figure la) generally ranged f rom 0.22 to 0.26; 
however ,  in the spot m o d e  (beam d iamete r  ~ 25 /~  and  

Table 2. Calculated k' and k values from E/Si ratios of adularia and muscovite. 

S a m p l e  2 IK/ls~ k '  k IAJls~ k '  k 

Adularia (spot) 0.33-0.15 0.99-0.45 1.01-2.22 0.25-0.17 0.75-0.51 1.33-1.96 
Adularia (800 x 800 A) 0.32-0.20 0.96-0.60 1.04-1.67 0.26-0.22 0.78-0.66 1.28-1.52 

Mica-perp (spot) 0.19-0.10 0.65-0.34 1.54-2.92 0.55-0.40 0.68-0.49 1.48-2.04 
Mica-perp (800 x 800 A) 0.35-0.18 1.20-0.62 0.84-1.62 0.57-0.62 0.70-0.76 1.43-1.31 

Mica-par (spot) 0.23-0.03 0.79-0.10 1.27-9.75 0.65-0.55 0.77-0.68 1.29-1.48 
Mica-par (800 x 800 ~) 0.28-0.03 0.96-0.10 1.04-9.75 0.57-0.56 0.70-0.69 1.43-1.45 

Spot-mode data from the 800 x 800 A analysis size area in Figures 1 and 2. At optimal operating conditions for analytical 
electron microscopy analysis the k values for A1/Si and K/Si are about 1.4 and 1.0, respectively, in excellent agreement with 
other published k values (e.g., Lorimer and Cliff, 1976). 

2 Mica-perp = oriented perpendicular to (001). Mica-par = oriented parallel to (001). 
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X-ray spatial resolution ~300  ~),  they were consid- 
erably smaller at low Si counts. The latter corresponded 
to the thinnest parts of  the sample. The values in- 
creased from 0.17 to 0.25 at total Si counts o f  11,000, 
but were constant at higher counts. These data indicate 
that the diffusion of  AI generally was not significant 
for determinations in the area count modes.  Only in 
the spot mode was a minor,  but  detectable, loss of  A1 
noted. 

In contrast,, the K/Si  intensity ratio (Figure 1 b) var- 
ied markedly as a function o f  specimen thickness for 
determinations in the spot as well as the area count 
modes. In the thinnest port ions of  the foil the K/Si  
ratios were as low as 0.15, but  with increasing thickness 
(i.e., Si counts > 15,000) they leveled out at about 0.3, 
with a relatively large scatter of  data points. No sig- 
nificant difference was observed in element intensity 
ratios after 30- and 100-s counting periods for mea- 
surements made in the spot mode, implying that the 
diffusion o f  K was so fast that it was largely completed 
during the early stages of  counting. Finally, the K data 
points in Figure 1 are scattered over a much larger area 
than those for A1, which reflects the greater diffusion 
of  K relative to AI, as is well known from electron 
microprobe analyses. 

M u s c o v i t e  

The data for the mica specimen are compiled in 
Figure 2. Muscovite samples having their basal planes 
oriented (1) perpendicular (a, c, e) and (2) parallel (b, 
d, f)  to the specimen surface were prepared to examine 
the effect of  crystallographic orientation in strongly lay- 
ered minerals on element diffusion. These configura- 
tions are referred to below as (001)-perpendicular and 
(001)-paraliel orientations, respectively. Note that in 
most slate and shale studies the muscovite basal planes 
have been typically oriented at a high angle to the 
sample surface in order to observe deformation mi-  
crostructures and interlayering (e.g., White  and Knipe, 
1978; Lee et al., 1986). During the analysis of  the mus- 
covite the characteristic mottl ing effect of  micas was 
observed as a result o f  beam interaction; this mottl ing 
effect has been associated with diffusion of  K by Ahn 
et al. (1986). 

Similar trends of  Al/Si  ratios were observed for both 
the (001)-perpendicular and (001)-parallel muscovite.  
Only in the spot mode of  samples in which the mica 
basal planes were oriented perpendicular to the spec- 
imen surface were low A1/Si ratios found (0.40; Figure 
2a). These l imited data, however, did not allow the 
significance o f  the AI diffusion to be determined.  An 
alternative interpretat ion for these low ratios is the 
effect of  electron channeling. In all area modes the AI/ 
Si ratio was about 0.6. The calculated k value o f  about 
1.4 is in very good agreement with other published 
data for AI by AEM (e.g., Lorimer  and Cliff, 1976). 

In contrast to A1, K showed strong evidence for dif- 

fusion. For  the thicker portions of  the (001)-perpen- 
dicular specimen analyzed in the area mode, K/Si  ra- 
tios of  about 0.3 were measured (Figure 2c); for 
determinations in the spot mode this value was never 
obtained, and the ratios dropped to about 0.1. K dif- 
fusion was most  noticeable in the (001)-parallel spec- 
imen (Figure 2d). All  area analyses, including the larg- 
est size area, generally gave values considerably less 
than 0.3, and only for the thickest port ions of  the foil 
were the ratios comparable to those of  the (001)-per- 
pendicular specimen. In general, increasing the size o f  
the analysis area yielded larger K/Si ratios. The cal- 
culated k values for the (001)-perpendicular and the 
(001)-parallel specimens ranged from 0.84-2.92 and 
1.04-9.75, respectively. The lower values, which were 
obtained using the 800 x 800-A size area and/or  great- 
er specimen thickness, correspond well with k values 
(about 1.0) determined by Lor imer  and Cliff (1976). 

The variat ion in the Fe/Si ratio was difficult to assess 
because the small percentage of  Fe gave rise to low 
count rates and, hence, imprecise ratios. The Fe/Si  
ratios seemed to follow the same trend as A1 (Figure 
2e and 2f). The difference in average Fe/Si ratio be- 
tween the two muscovite specimens was either due to 
a slight difference in original Fe content or was caused 
by electron channeling effects. 

DISCUSSION 

The two probable mechanisms responsible for the 
observed variat ion in intensity ratios as a result of  
specimen-beam interaction are (1) a preferential loss 
of  elements due to sputtering and (2) a loss due to 
element diffusion within the specimen. In diffusion, 
elements migrate away from the irradiated area, but  
do not  leave the specimen as in sputtering. To distin- 
guish between these two mechanisms, spectra from the 
same area of  the specimen were obtained before and 
after a spot mode analysis in the center of  the particular 
area of  interest. The count rates, and thus element 
ratios, in both area analyses were similar; however, the 
spot mode analysis produced ratios, in part icular  K /  
Si, which were considerably different from the ratios 
obtained in the area analyses. These differences suggest 
that, although sputtering (and, thus, specimen thin- 
ning) cannot be entirely excluded, the main mechanism 
responsible for the observed variat ion in element ratios 
in conventional STEM analysis was element diffusion. 

To obtain accurate analyses in analytical electron 
microscopy, a standard curve should be established for 
each element (as in Figures 1 and 2) and the op t imum 
thickness range for the required resolution (analysis 
area) must be determined. The main advantage of  using 
counts and count rates instead of  actual specimen 
thicknesses is that counts can be measured at the t ime 
of  analysis. These counts can then be related to the 
true thickness of  the sample once the relation between 
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thickness and count rate for different analysis areas has 
been established. The thickness of  a s a m p l e c a n  be 
determined by using the distance between the carbon 
contaminat ion spots at the top and bot tom of  the foil 
at 0* tilt. For  example, for adularia, the op t imum thick- 
ness range started at about 900 ,~. The same count 
rates for mineral  s tandard and unknown under similar 
analysis condit ions do not  necessarily mean that  these 
analyses are for the same specimen thickness, unless 
the specimens have the same composit ion.  The rela- 
t ionship between count rates for the same thickness of  
standard and unknown, however, can be qualitatively 
est imated by comparing their average atomic number  
and can be more accurately est imated by measur ing  
the actual thicknesses for different count rates. The 
most reliable results are obtained i f  the standard and 
the unknown are chemically similar. 

The K diffusion data for muscovite were strongly 
dependent  on the crystallographic orientation of  the 
specimen. The count rates for K were considerably 
smaller i f  the mica basal planes were parallel to the 
specimen surface than i f  they were perpendicular (Fig- 
ures 2c and 2d). Lower count rates for A1 and Fe were 
only observed in the spot mode and in the thinnest  
port ions of  the samples. These data, however, do not  
allow conclusions to be drawn on the role of  crystal- 
lographic orientation in diffusion of  these two elements 
(see the previous section). 

The measured dependence of  K diffusion on the crys- 
tallographic orientation was most  likely a result of  the 
layered structure of  the mica. The mobil i ty  of  alkali 
ions was probably facilitated by diffusion pathways 
within the (001) alkali a tom planes, but  was probably 
nil across the tetrahedral and octahedral sheets. Veblen 
and Buseck (1980) and Ahn and Peacor (1986) sug- 
gested that pathways ("tunnels") exist parallel to layer 
terminations,  which may also facilitate diffusion. I f  the 
specimen surface of  the mica examined in the present 
study was perpendicular to the mica basal planes, ele- 
ment  mobil i ty  was apparently l imited by the thickness 
of  the specimen and approached that of  a one-dimen- 
sional diffusion pathway (intersection between the bas- 
al planes and specimen surface) in thin foils. On the 
other hand, i f  the surface and the basal planes were 
parallel, the diffusion paths were also parallel to the 
specimen surface; hence, element mobi l i ty  was greatly 
facilitated (two-dimensional situation), as shown by 
the data in Figure 2. Thus, element ratios should have 
increased here also near the thinnest port ions of  a spec- 
imen that were unfavorably oriented for diffusion. Be- 
cause of  the inherently low count rates in thin areas, 
however, an accurate element ratio was generally not  
obtained, and this relationship was not  observed in the 
present study. From the above data  we conclude that, 
in addit ion to the need for similari ty in chemistry, the 
crystal structure and the crystallographic orientation 
of  the standard and the unknown should also be sim- 
ilar. 
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ratios Mr/Msi for adularia (a) and (001)-perpendicular mus- 
covite (m) using the 800 x 800-~. analysis area ratios from 
Figures la and 2a. 

Plots of  the intensity ratio, I E / I s i  , VS. the mole ratio, 
ME/Msi, should fall on a straight line that passes through 
the origin for data points having different mole ratios, 
i f  the data points are accurate and free of  ZAF correc- 
tions, i.e., i f  the thin-film criterion applies. The data 
for A1 obtained in this study are plot ted in Figure 3 
using the intensity ratios for a 800 x 800 ~ analysis 
area from Figures l a  and 2a. Because the linear rela- 
t ionship passes near the origin, this plot confirms that 
the values were free from anomalous effects. On the 
other hand, such a plot for K is inconclusive because 
of  the similari ty in the K/Si  mole ratios for adularia 
and muscovite (Figure 3). Experience in the electron 
microscopy laboratory has shown that alkali ions are 
the only cations in phyllosilicates that present signifi- 
cant  problems. 

The present study did not  consider the effect of  crys- 
tal size and overall crystal-defect state, variables that  
may also be significant. For  example, Lee et al. (1986) 
studied a series of  illite-phengite samples having dif- 
ferent dislocation densities from a shale-to-slate se- 
quence. The shale illites, having relatively high dislo- 
cation densities, rapidly damaged in the electron beam, 
with loss of  diffraction patterns within a minute or two, 
whereas relatively perfect phengites in the slate re- 
mained almost  undamaged.  Because diffusion is af- 
fected by both point  and line defects, and because the 
vacancy state ofillites in the alkali a tom layers is known 
to vary, the diffusion of  K may be a function o f  the 
defect state. This effect, however, remains to be in- 
vestigated in a quanti tat ive way. 

S U M M A R Y  A N D  CONCLUSIONS 

Diffusion of  elements as a result of  the interaction 
between the electron beam and the specimen may cause 
significant errors in analytical electron microscopy. In 
general, diffusion is most pronounced for the alkali 
elements. The present study has found: 
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1. Analyses for K, and to a much lesser degree for 
other elements, were different if the size of the analysis 
area was different. For example, the K/Si intensity,ratio 
in muscovite decreased from about 0.4 for a 1350 x 
1350 A analysis area to about 0.1 for determinations 
made in the spot mode. 

2. With decreasing specimen thickness, element dif- 
fusion increased. For example, in adularia the K/Si 
ratio changed from about 0.3 to about 0.15 with de- 
creasing thickness for all analysis area sizes. This effect 
was less pronounced for thicker areas (i.e., for thick- 
nesses >900/~).  

3. Spot mode counting, which uses the smallest 
analysis area, generally produced the lowest count rates 
for mobile elements. In muscovite, spot counting for 
K consistently gave low values, whereas A1 and Fe 
values were slightly lower only in the thinnest portions 
of the specimens. 

4. Most of the element diffusion took place in the 
early stages of spectra accumulation, i.e., well before 
meaningful count totals were obtained. 

5. Diffusion of K in mica was greater in specimens 
in which the basal planes were oriented parallel to the 
specimen surface rather than perpendicular to the spec- 
imen surface. This demonstrates that diffusion path- 
ways were a function of the crystal structure. For mus- 
covite, and probably phyllosilicates in general, diffusion 
seems to be strongly facilitated by element migration 
parallel to the basal planes. 

Therefore, to obtain the most accurate analytical data 
with the electron microscope, a traverse should be made 
on a mineral standard from thin to thick areas before 
each analysis of an unknown mineral to determine the 
relationship between specimen thickness and element 
ratio. The chemistry, crystal structure, and defect state 
of standard and unknown should correspond as closely 
as possible, and the instrumental conditions should be 
standardized. The specimen thickness range associated 
with a constant intensity ratio for each of the elements 
should be determined, and the corresponding count 
rates for the unknown and standard of the same thick- 
ness should be calibrated. Analyses within these op- 
t imum count rate ranges will give the most reliable 
values. Spot analyses should be avoided inasmuch as 
they strongly facilitate diffusion, especially in thin edges. 
Generally, satisfactory results can be obtained using 
analysis size areas greater than 800 • 800 /~. Each 
analysis should be preceded by inspection of the dif- 
fraction pattern to determine the crystallographic ori- 
entation of the specimen with respect to the electron 
beam, and results from the standard should be ob- 
tained using approximately the same crystallographic 
orientation. Finally, to monitor  the instrumental  con- 
ditions, the k' (or k) values should be determined using 
the mineral standard both before and after analysis of 
the unknown. 

Using this procedure, electron microscopy is a pow- 
erful technique that can yield accurate chemical as well 

as crystallographic data which cannot otherwise be ob- 
tained. Despite such care, analytical electron micros- 
Copy has a larger inherent standard error (scatter of  
data) for K and other mobile elements (such as Na) 
than many other techniques. 

ACKNOWLEDGMENTS 

We thank the staff of the University of Michigan 
Electron Microbeam Analysis Laboratory for their as- 
sistance with analytical electron microscopy. The JEOL 
JEM- 100CX was acquired under grant DMR-77-09643 
from the National Science Foundation. Research was 
supported by the Division of Earth Sciences, National 
Science Foundation grant EAR 8313236 and 8604170 
to D. R. Peacor, and the University of Michigan. R. 
J. Knipe kindly provided the muscovite specimen. L. 
F. Allard and E. j .  Essene commented on an earlier 
draft of the paper and the final version benefited from 
comments by C. R. Hughes, C. E. Lyman, and F. A. 
Mumpton.  

REFERENCES 

Ahn, J. H. and Peacor, D. R. (1986) Transmission and 
analytical electron microscopy of the smectite-to-illite tran- 
sition: Clays & Clay Minerals 34, 165-179. 

Ahn, J. H., Peacor, D. R., and Essene, E.J. (1986) Cation- 
diffusion-induced characteristic beam damage in transmis- 
sion electron microscope images of micas: Ultramicroscopy 
19, 375-382. 

Allard, L. F. and Blake, D. F. (1982) The practice of mod- 
ifying an analytical electron microscope to produce clean 
X-ray spectra: in MicrobeamAnalysis-- 1982, K. F. J. Hein- 
rich, ed., San Francisco Press, San Francisco, 8-19. 

Blake, D. F., Allard, L. F., Peacor, D. R., and Bigelow, W. 
C. (1980) "Ultraclean" X-ray spectra in the JEOL JEM- 
100CX: in Proc. 38th Ann. Meeting, Electron Microsc. Soc. 
Amer., San Francisco, 1980, G. W. Bailey, ed., Claitor's 
Publishing Division, Baton Rouge, Louisiana, 136-137. 

Cliff, G. and Lorimer, G. W. (1975) The quantitative anal- 
ysis of thin specimens: J. Microsc. 103, 203-207. 

Craw, D. (1981) Oxidation and microprobe-induced potas- 
sium mobility in iron-bearing phyllosilicates from the Ota- 
go schists, New Zealand: Lithos 14, 49-57. 

Goldstein, J. L., Costley, J. L., Lorimer, G. W., and Reed, S. 
J.B. (1977) Quantitative X-ray analysis in the electron 
microscope: in SEM 1977, 0. Johari, ed., liT Research 
Inst., Chicago, 315-324. 

Isaacs, A. M., Brown, P. E., Valley, J. W., Essene, E. J., and 
Peacor, D. R. (1981) An analytical electron microscopy 
study ofa pyroxene-amphibole intergrowth: Contrib. Min- 
eral Petrol 77, 115-120. 

Knipe, R.J. (1979) Chemical analysis during slaty cleavage 
development: Bull. Mineral. 102, 206-210. 

Lee, J. H., Peacor, D. R., Lewis, D. D., and Wintsch, R. P. 
(1986) Evidence for syntectonic crystallization for the 
mudstone-to-slate transition at Lehigh Gap, Pennsylvania, 
U.S.A.: J. Struct. GeoL 8, 767-780. 

Lorimer, G.W. (1987) Quantitative X-ray microanalysis of 
thin specimens in the transmission electron microscope: A 
review: Mineral Mag. SI, 49-60. 

Lorimer, G. W. and Cliff, G. (1976) Analytical electron 
microscopy of minerals: in Electron Microscopy in Min- 
eralogy, H.-R. Wenk, ed., Springer-Verlag, Berlin, 506-519. 

https://doi.org/10.1346/CCMN.1988.0360603 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1988.0360603


504 van der Pluijm, Lee, and Peacor Clays and Clay Minerals 

Veblen, D. R. and Buseck, P. R. (1980) Microstructure and 
reaction mechanism in biopyriboles: Amer. Mineral. 65, 
599-623. 

White, S. H. and Johnston, D. C. (1981) A mierostructural 
and microchemical study of cleavage lamellae in a slate: J. 
Struct. Geol. 3, 279-290. 

White, S. H. and Knipe, R. J. (1978) Microstructure and 
cleavage development in selected slates: Contrib, Mineral. 
Petrol. 66, 165-174. 

(Received 10 November 1987; accepted 9 April 1988; Ms. 
1734) 

https://doi.org/10.1346/CCMN.1988.0360603 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1988.0360603

