
concept predict that the average con- 
centration, Cx, of an element X should 
depend on the particle diameter, d, 
according to an equation of the form 
(10) 

Cx = Co + CAd- 

where C0 is related to the average con- 
centration of the element which is 
intrinsic to the particle and CA is re- 
lated to the average surface concen- 
tration added by adsorption or con- 
densation. This equation relies on the 
poor assumption that particles of 
different sizes have the same bulk 
density. However, within the sampling 
and analytical errors reported, the 
model does predict the observed trends 
as illustrated in Fig. 1. 

The model further predicts that trace 
metal concentrations should increase 
continuously with inverse particle 
diameter and that the surface concen- 
tration of the trace element should be 
greater than that in the particle interior. 
These predictions have been confirmed. 
Thus, Sparks (11) has shown that con- 
centrations of the low-boiling (< 
1600?C) elements Pb, Ba, Y, Sr, Rb, 
As, and Zn can be several orders of 
magnitude higher, in fly ash particles 
collected on a Millipore backup filter 
following a cascade impactor, than in 
those collected on the last impactor 
stage. The high-boiling elements Fe, 
Cu, and Ga did not show this effect. 
Scanning electron microscopic analyses 
by Hulett (12) of individual fly ash 
particles, which had been etched with 
a beam of argon ions, confirm that at 
least Ni, Cr, and Zn (the most concen- 
trated elements listed in Table 1) are 
considerably more concentrated on 
particle surfaces than in their interiors. 

In the case of sulfur, of course, it 
is hardly realistic to invoke a surface 
adsorption in view of the very high 
concentrations found in the small par- 
ticle size fractions. These concentrations 
would ,suggest that some sulfur may be 
present as the element or as sulfide. 
This is contrary to the results of elec- 
tron spectroscopy (12) which indicate 
the presence of sulfate. However, our 
sulfur analyses may be high owing to 
the possibility of preferential surface 
sampling by x-ray fluorescence and the 
associated calibration problems. 

These results illustrate the importance 
of determining toxic trace element con- 
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if their full environmental impact is to 
be assessed. 'Furthermore, if the pro- 
posed volatilization-adsorption mecha- 
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expect any high-temperature combus- 
tion source to produce concentration 
trends, similar to those reported here, 
for volatilizable species. Consequently, 
control technology designed to reduce 
the emission of toxic elements to the 
atmosphere should concentrate on the 
removal, or detoxification, of submi- 
crometer-sized particles. In the latter 
context, preferential adsorption of vola- 
tile species onto large, easily collected 
particles of a heat-stable molecular 
sieve entrained with the feed air may 
provide an interesting and novel ap- 
proach to the control of toxic element 
emissions. 
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A simple, widely accepted model for 
the mechanical behavior of the earth's 
crust and upper mantle consists of a 
relatively elastic, brittle lithosphere 
overlying a viscous, ductile astheno- 
sphere. Evidence for the existence of 
the asthenosphere comes from the vis- 
cous rebound of the crust upon removal 
of surface loads, such as the postglacial 
uplift of Fennoscandia and the re- 
bound of Lake Bonneville which fol- 
lowed the disappearance of the water 
load. The brittleness and elasticity of 
the lithosphere are implied by the abun- 
dance of crustal earthquakes and the 
associated elastic rebound. 

In a strictly elastic earth, complete 
elastic rebound would take place in a 
few seconds and the only slow de- 
formation would be the accumulation of 
tectonic strain. In contrast, in an earth 
with a viscous element, a large earth- 
quake would consist of an initial elas- 
tic rebound followed by a transient 
element of deformation controlled by 
the viscosity. 

In order to determine the character- 
istics of time-dependent deformation 
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which follows the sudden slip on large 
earthquake faults, we consider the litho- 
sphere-asthenosphere composite as an 
elastic layer overlying a viscoelastic 
half space (Fig. 1). Assuming that at 
time t = 0 sufficient tectonic stress has 
accumulated to cause sudden faulting, 
we obtain the solution to the elastic- 
viscoelastic model in two steps: first we 
solve for the static displacements and 
stresses due to a fault in an elastic 
layer welded to an elastic half space. 
We then make use of the correpon- 
dence principle and the Laplace trans- 
form to obtain the time-dependent solu- 
tion. 

Consider a two-dimensional elastic 
layer with shear modulus ul, bulk 
modulus K1, and thickness H over an 
elastic half space with shear modulus /t2 
and modulus K2. The surface y3 = 0 
is the free surface. In Fig. la we show 
the two types of faults that we con- 
sider here and for which we first deter- 
mine the elastic solution. In the first 
case a strike slip fault is modeled by 
introducing at depth y3 = - D a screw 
dislocation with slip Au (as shown in 
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Postseismic Viscoelastic Rebound 

Abstract. The sudden appearance of a dislocation, representing an earthquake, 
in an elastic layer (the lithosphere) overriding a viscoelastic half space (the astheno- 
sphere) is followed by time-dependent surface deformation, which is very similar 
to in situ postseismic deformation. The spectacular postseismic deformation fol- 
lowing the large Nankaido earthquake of 1946 yields for the asthenosphere a 
viscosity of 5 X 1019 poise and a 50 percent relaxation of the shear modulus. 
Large thrust type earthquakes may provide, in the future, a new method for 
exploring the rheology of the earth's upper mantle. 
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Fig. 1. (a) Simple models for earthquakes 
in an elastic lithosphere over a viscoelastic 
asthenosphere. A strike slip fault is 
modeled by a screw dislocation, and a 
thrust fault is modeled by an edge, intro- 
duced at t = 0. (b) The horizontal dis- 
placement for a screw and the vertical 
displacement for the thrust consist of a 
rapid initial part (t = 0) and a slow post- 
seismic part, due to viscous relaxation of 
the asthenosphere. The time constant and 
the magnitude of the postseismic deforma- 
tion are intimately related to the viscosity 
of the asthenosphere and the depth of 
faulting in the lithosphere, respectively. 

Fig. 1 a). The slip surface lies in the 
vertical plane Yi = 0. The deformation 
associated with this dislocation is com- 
pletely described by a single component 
of displacement U. (1) (and the two 
shear stresses u12 and O32) and is 
given at the free surface 3 =- 0 by 

U2 =- Au tan- () + 

n=1 [-2] [tan_ (2nH + D)- 

tan- 
(2nH - )] (l 

In the second case, we model a 
thrust fault with an edge dislocation 
placed at depth D and with constant 
slip Au. The slip plane, with dip qp, 
extends upward from the dislocation 
line in the positive Y3 direction. Here 
the deformation is described by the 
displacements U3 and U1 and the 
stresses u33, or1, and r31. The vertical 
displacement of the free surface (y3 = 
0) is given approximately (2) by 

U,3=AuK ~ v l _ 

where f/ are geometric factors and S = 
(3K- + 7p/)/ (3K + ). The jump in 
displacement Au for both faults is the 
offset on the slip plane. When /i = -/2, 
U reduces to the expressions for edge 
or screw dislocations in an elastic half 
space. When /L2 = 0, U describes the 
surface deformation of an elastic layer 
with an internal screw or edge disloca- 
tion. 

Suppose now that the lower half 
space is viscoelastic. We use the cor- 
respondence principle (3) to obtain the 
slow, time-dependent deformation in 
response to the sudden deformation of 
a dislocation created at time t = 0. If 
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the viscous behavior is due to a shear 
process, such as creep or relaxation of 
viscous fluid in pockets of melt, then 
only the shear modulus s2 must be 
replaced by the corresponding Laplace 
operator /7 for a standard linear visco- 
elastic solid 

(- 
I bo + b,s 
2 ao + ais 

where a0, al, bo0, and bl are constants 
in the generalized relations between the 
shear stress oaj and the shear strain 
ij* (i - i) 

ao + a ? T)jj bo+ bi aej 

and s is the transform variable. 
In order to obtain the complete visco- 
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elastic solution, we introduce the initial 
conditions that either (i) Au or (ii) the 
stress at some point on the slip plane 
is a step function in time. The Laplace 
transforms of these two conditions are 

Au(s) = 
.S 

and 

0o (s) =-o 

Substituting ,u and Au into Eqs. 1 
and 2 and taking the inverse Laplace 
transforms yields the time-dependent 
displacements at the free surface, as 
shown in Figs. lb and 2. The sudden 
appearance of the edge dislocation 
produces initial surface displacement 

Theoretical 
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Fig. 2. Comparison between theoretical and observed seismic and postseismic deforma- 
tion. (a) Spatial distribution of vertical displacements. In both cases coseismic and 
postseismic deformations are of comparable magnitude but of opposite signs in regions 
of largest rebound. (b) Vertical displacement time functions at selected neighboring 
points. 
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and tilts similar to values in an elastic 
half space. But, as time progresses, the 
deformation changes as a result of the 
relaxation of the shear modulus in the 
lower half space, as shown in Fig. 2a; 
the surface displacement spreads out 
away from the surface break, and the 
change with time of displacement at 
fixed points on the surface shows com- 
plicated patterns. 

The duration of the slow transient 
deformation is characterized by the 
relaxation time constant r for both 
screw and edge dislocations, given by 
the ratio of the viscosity -r of the 
viscoelastic asthenosphere to the shear 
modulus j,x of the elastic lithosphere, 

r = a/2,u (1 < a < 10) 
Our models show that, if the astheno- 

sphere is indeed viscous (and the litho- 
sphere elastic), then crustal earthquakes 
with sufficiently deep faults should be 
followed by measurable postseismic de- 
formation. The most spectacular ex- 
ample of such deformation was ob- 
tained after the Nankaido, Japan, thrust 
type earthquake (magnitude 8.2) of 20 
December 1946. 

In Fig. 2a we compare the results 
computed from a selected, edge dis- 
location model (dip, 30?; depth, 0.75 
of the crustal thickness) with the ob- 
served coseismic and postseismic de- 
formation along a profile perpendicular 
to the surface break, reproduced from 
Kanamori (4). The computed and the 
observed initial coseismic vertical dis- 
placements are quite similar, both show- 
ing a zone of great uplift next to the 
fault and a broad zone of subsidence 
further away. The theoretical postseis- 
mic vertical displacement is obtained 
by subtracting the initial displacement 
from the final one, and the observed 
postseismic displacement is obtained 
from changes in beach levels during the 
17-year period since the earthquake. 

The similarity between the two post- 
seismic curves is striking. In both most 
of the postseismic recovery takes place 
in the broad region of initial subsidence, 
and in both the amplitude of recovery 
is of the same order of magnitude as 
the initial amplitude of subsidence. This 
indicates that the postseismic deforma- 
tion of the Nankaido earthquake results 
in all likelihood from viscous adjust- 
ments in the lower crust or the upper 
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In Fig. 2b we compare computed 
displacement time functions at selected 
points with observed vertical displace- 
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ments measured at beaches on Shikoku 
Island (4). Both displacement sets show 
the initial, coseismic displacement fol- 
lowed by slow added deformation, and 
both sets show large, similar variation 
of these shapes over small horizontal 
distances. 

The decay time r for the observed 
deformation is of the order of 5 years. 
Taking an average crustal shear modulus 
/i = 8 X 101l dyne/cm2, r = 1.6 X 108 
seconds, and a = 5, we obtain the 
viscosity r = 5 x 1019 poise. This value 
is in gratifying agreement, though not 
identical, with estimates based on very 
long viscous rebound from crustal 
loading in Fennoscandia and North 
America. The amplitude of the ob- 
served transient deformation indicates 
roughly a 50 percent relaxation of the 
shear modulus of the asthenosphere. 

Because it is more difficult to measure 
horizontal displacements than vertical 
displacements, the data on relaxation 
after large strike slip earthquakes are 
rare. Nevertheless, several resurveys in 
Japan were probably precise enough to 
detect postseismic deformation although 
none was found. It is possible, there- 
fore, that strike slip faults inherently 
fail to break to sufficient depth in the 
lithosphere to allow measurable post- 
seismic deformation. Thrust faults, in 
contrast, probably break through almost 
the entire lithosphere. 

The agreement between the postseis- 

ments measured at beaches on Shikoku 
Island (4). Both displacement sets show 
the initial, coseismic displacement fol- 
lowed by slow added deformation, and 
both sets show large, similar variation 
of these shapes over small horizontal 
distances. 

The decay time r for the observed 
deformation is of the order of 5 years. 
Taking an average crustal shear modulus 
/i = 8 X 101l dyne/cm2, r = 1.6 X 108 
seconds, and a = 5, we obtain the 
viscosity r = 5 x 1019 poise. This value 
is in gratifying agreement, though not 
identical, with estimates based on very 
long viscous rebound from crustal 
loading in Fennoscandia and North 
America. The amplitude of the ob- 
served transient deformation indicates 
roughly a 50 percent relaxation of the 
shear modulus of the asthenosphere. 

Because it is more difficult to measure 
horizontal displacements than vertical 
displacements, the data on relaxation 
after large strike slip earthquakes are 
rare. Nevertheless, several resurveys in 
Japan were probably precise enough to 
detect postseismic deformation although 
none was found. It is possible, there- 
fore, that strike slip faults inherently 
fail to break to sufficient depth in the 
lithosphere to allow measurable post- 
seismic deformation. Thrust faults, in 
contrast, probably break through almost 
the entire lithosphere. 

The agreement between the postseis- 

The color and fluorescence of nat- 
ural fluorite (CaF2) have been the 
subject of many investigations over a 
period of more than a half century. 
Early summaries of fluorite studies in- 
dicated that the varying color of fluo- 
rite in deposits in the United States, 
South America, and Europe could be 
due to included organic matter or rare- 
earth compounds deposited on the sur- 
faces of growing crystalline deposits 
(1). In a study of the ultraviolet ab- 
sorption spectra of fluorite Titley and 
Damon (2) observed a strong absorp- 
tion band at 3050 A, and they ascribed 
a marked variation in the degree of 
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mic data and the model, based on the 
current concepts of plate tectonics, 
provides not only an attractive explana- 
tion for postseismic deformation of 
shallow large earthquakes but also a 
new and independent confirmation that 
the asthenosphere behaves viscously, 
even over short periods of time. Care- 
ful monitoring of deformation after 
large earthquakes may provide a new 
tool for studying the upper mantle and 
may help to unravel the poorly under- 
stood physical processes responsible for 
its overall rheology. 

AMOS NUR 
GERALD MAVKO 

Department of Geophysics, 
Stanford University, 
Stanford, California 94305 
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mic data and the model, based on the 
current concepts of plate tectonics, 
provides not only an attractive explana- 
tion for postseismic deformation of 
shallow large earthquakes but also a 
new and independent confirmation that 
the asthenosphere behaves viscously, 
even over short periods of time. Care- 
ful monitoring of deformation after 
large earthquakes may provide a new 
tool for studying the upper mantle and 
may help to unravel the poorly under- 
stood physical processes responsible for 
its overall rheology. 
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absorption to a variable concentration 
of defects in the crystal structure. 
More importantly, Titley and Damon 
ascribed the absorption (coloration) 
characteristics to color centers similar 
to those outlined for the alkali halides 
in the classic papers by Seitz (3, 4). 

The notion of color centers in min- 
erals has been advocated by a number 
of investigators (5, 6), but, to my 
knowledge, there have been no reports 
of direct observations of any associated 
defect structure. Even in the review of 
Seitz (4), there were no reported inci- 
dents of direct observations of color 
centers in alkali halides, or of associ- 
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Ordered Lattice Defects in Colored Fluorite: Direct Observations 

Abstract. Ordered arrays of defect aggregates in the (111) planes of natural 

fluorite have been observed by transmission electron microscopy. The intense 

blue coloration observed in corresponding sample areas after 200-kilovolt electron 

microscopy confirms the conclusion that these are color-center aggregates and, 

conversely, that color centers are primarily responsible for fluorite coloration. 
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