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likely location for an earthquake of mag- 
nitude 7 or larger within the next few 
decades. Teleseismic data show that the 
quiescence has existed since at least 
1950 and that the quiet zone appears to 
have been last ruptured by a magnitude 
7.5 earthquake in 1898. Because the rup- 
ture zones of large earthquakes are ob- 
served to be seismically quiescent for 
years to decades prior to the main shock, 
the quiet zone in Nicaragua may be 
the site of a future large earthquake. A 
rough estimate of the magnitude of an 
earthquake that would rupture the entire Spectral Analysis of Tropospheric Aerosol Measurements 

Obtained with a New Fast Response Sensor quiet zone indicates that it could be 
comparable to the magnitude 7.5 event in 
1898. Abstract. A new fast response sensor was used in aircraft studies offluctuations in 

the size distributions of tropospheric aerosol and their relation to fluctuations of 
trace gas concentrations and light scattering coeficients. Spectral analysis of data 
upwind of Buffalo, New York, and Houston, Texas, suggests important roles for 
atmospheric turbulence and chemical reaction in aerosol fluctuations. 

An increase in the level of seismicity 
in the magnitude range 3.5 to 5.0 oc- 
curred along the edges of the quiet zone 
in mid-1977 and continued through 1978. 
The distribution of earthquakes of mag- 
nitude 5.0 and larger for the same time 
period, however, is not significantly dif- 

Essential information on the dynami- 
cal processes governing the tropospheric 

ly by standard procedures. The ECI was 
calibrated in the laboratory before and 

ferent from the overall distribution of 
earthquakes larger than magnitude 5.0 
since 1950. Thus it is not known whether 

aerosol is contained in the smaller scale 
spatial and temporal fluctuations in the 
particle size distribution. Despite exten- 

after each study; no changes were found 
in calibration. 

In these studies the ECI permits deter- 
mination of a large portion of the aerosol the increase in the number of magnitude 

3.5 to 5.0 events is a normal fluctuation 
in lower magnitude seismicity or part of 

sive investigations of the tropospheric 
(principally urban) aerosol over the past 
decade [for example ( I ) ] ,  these fluctua- 
tions and their relation to fluctuations in 

size distribution with response times un- 
der 1 second. In the ECI, aerosol parti- 
cles acquire a positive electric charge a precursory pattern. Moreover, ob- 

served precursory seismicity patterns 
vary and their use as a predictor is still in 
the development stage. We feel, there- 

trace gas concentrations and light trans- 
mission have received little attention. In 
this report we present a detailed analysis 

from a corona charger. They then enter a 
multistage cascade impactor in which 
each impaction stage and the final filter 
are isolated electrically from other parts fore, that although the data clearly show 

a seismic quiet zone that is a possible 
location for a future large earthquake, 
they do not yet enable forecasting of 

of these phenomena that was made pos- 
sible by our development of an instru- 
ment called the electronic cascade im- 

of the impactor and connected to an 
electrometer amplifier. Particles are col- 
lected on surfaces at different stages pactor (ECI) to obtain information on the 

such an earthquake within a specific time 
frame. 
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aerosol size distribution in real time (2). 
The measurement systems used in our 
aircraft studies and the spectral tech- 

according to their aerodynamic diame- 
ter, as in an ordinary impactor, but the 
currents arising from the deposited 

niques employed in our analysis are 
briefly described. Typical conditions and 
a few representative results are given for 

charge can be measured, amplified, and 
recorded in real time and converted 
through suitable inversion techniques to 
give particle size distributions. Since a 
detailed description of the ECI was pub- 
lished (2), some changes in the instru- 
ment have been made. The ECI now in 

the spectral relation among aerosol size 
fractions, trace gas concentrations, and 
light scattering coefficients. 

Managua, Nicaragua The data for the spectral analyses 
were obtained from separate field studies 
in Buffalo, New York, during 24 to 31 
March 1980 and Houston, Texas, during 
5 to 15 June 1980. Although different 
aircraft were used, the quantities mea- 
sured were the same: particle size distri- 

use is a seven-channel instrument having 
six impaction stages and a final filter. 
Impaction stages 1 through 6 have 50 
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percent aerodynamic cutoff diameters, 
DSo's, of 9.6, 2.9, 1.1, 0.7, 0.42, and 0.25 
Km, respectively, while the final filter 
(ECI channel 7) gives the particle con- 
centration below 0.25 km and correlates 
well (correlation coefficient, r = .95) 

bution (ECI channels), trace gas concen- 
tration (SO2, 0 3 ,  NOx, NO, NO2), light 
scattering coefficient b, (integrating 
nephelometer), pressure, and tempera- 
ture. Data were digitized and recorded 
by data acquisition systems. All instru- 
ments, with the exception of the ECI, 
met Environmental Protection Agency 
(EPA) standards and were calibrated dai- 

with a condensation nuclei counter (2). 
Spectral analysis is a useful technique 

for examining the data from these air- 
craft field studies. While calculations of 
the mean, variance, auto-, and cross- 
correlation for the measured quantities 

\" ' , I .  
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yield important information about spatial 
and temporal variations, computation of 
spectral density functions yields addi- 
tional information derived from the fre- 
quency composition of the data. For 
short flight segments the data may be 
assumed to be stationary and the appli- 
cation of spectral analysis to observa- 
tions along a line, rather than with time 
as the independent variable, is justified 
(3). We have carried out digital auto- and 
cross-power spectral analysis for cross- 
wind flight data with up to 512 data 
points per channel. During the same por- 
tion of a flight, the autopower spectral 
density is obtained for each channel, and 
for each combination of two channels the 
magnitude of the transfer function, phase 
spectrum, and (squared) coherence spec- 
trum are calculated. The autopower 
spectral density function gives the gener- 
al frequency composition of random data 
in terms of the spectral density of the 
mean square value and is the Fourier 
transform of the autocorrelation function 
(4). In cross-power spectral analysis, our 
major interest is the squared coher- 
ence spectrum for two quantities. The 
squared coherence function is a real- 
valued quantity varying between zero 
and one and is a measure of the degree of 
coherence or correlation squared at a 
given frequency (5). 

During the Buffalo study, skies were 
overcast, the surface wind speed was 
about 4 mlsec, and a neutral temperature 
layer was usually found from the surface 
up to the cloud base. The aircraft used 
was a UH-1H helicopter operated for the 
EPA. Crosswind flights were carried out 
at a constant height of - 220 m above 
ground level with a constant airspeed of 
34 mlsec. Two sampling lines were 
used-one for the ECI, the other for the 
trace gases and nephelometer. Each 
sampling inlet was located on the side of 
the helicopter forward of the rotor wash 
and away from skin flow. Data were 
digitized and stored by two Date1 Data 
Loggers at a sampling rate of one set of 
data every 2 seconds. 

For crosswind flights in Buffalo re- 
mote from major localized sources, log- 
log plots of the autopower spectral densi- 
ties for the ECI channels, b,, and trace 
gas concentrations were linear for fre- 
quencies greater than approximately 
0.01 Hz and exhibited slopes in the range 
-1.65 to -1.75, in close agreement with 
a predicted slope of -513 from turbu- 
lence (3). Observed ozone concentra- 
tions, [03], were low, usually below 10 
parts per billion, and data both upwind 
and downwind of local sources show 
negligible coherence between all ECI 

O k  012 oi4 0:s 0:s ,.A0 

Frequency 

Fig. 1. Squared coherence between ozone 
concentration and ECI channels for upwind 
flights in the Houston area. Frequency is 
given as a fraction of the Nyquist frequency 
(0.5 Hz). The error bar shows the 90 percent 
confidence interval for a squared coherence 
of 0.9. 

channels and [031. Negligible coherence 
between other trace gas concentrations 
and the ECI channels was also obtained. 

During the Houston study, there was 
no significant cloud cover, surface winds 
were 5 to 10 mlsec, and daytime condi- 
tions were unstable with strong surface 
heating. The aircraft used was a twin- 
engine Navajo operated by the Radian 
Corporation. The daytime crosswind 
flights reported here were at a constant 
height of - 300 m above ground level 
and a constant airspeed of 58 mlsec. The 
single sampling train had an inlet atop 
the plane away from the propeller and 
skin effect. Air was first drawn into the 
ECI through an isokinetic probe at the 
rate of 1.5 literisec, and the remaining air 
was sampled by the trace gas instru- 
ments and then passed through the neph- 
elometer. Data were digitized and stored 
by a Radian Dart I1 data acquisition 
system at a rate of one complete set per 
second. 
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Fig. 2. Squared coherence between b, and 
ECI channels for crosswind measurements in 
the Houston area. Frequency is given as a 
fraction of the Nyquist frequency (0.5 Hz). 
The error bar shows the 90 percent confi- 
dence interval for a squared coherence of 0.9. 

For daytime crosswind flights in 
Houston downwind of urban and indus- 
trial sources, log-log plots of the auto- 
power spectral densities for the ECI 
channels, b,, and trace gas concentra- 
tions were linear with slopes different 
from the predicted -513; the slopes var- 
ied from -1.5 to -3.0, as would be 
expected under the prevalent convective 
conditions. Similar plots for flights up- 
wind of the urban-industrial areas of 
Houston (but downwind of the coastal 
regions southeast of Houston) showed 
similar behavior. However, for these up- 
wind flights, the spectral densities for 
ECI channels 4 to 6, b,, and [03] did not 
exhibit linear plots at higher frequencies, 
but showed strong peaks at frequencies 
above 0.3 Hz; additional studies will be 
required to explain these results. The 
remaining ECI channels and trace gas 
concentrations yielded linear plots at 
higher frequencies with no peaks. For 
Houston, [03] was relatively high; even 
upwind measurements showed mean val- 
ues near 0.1 ppm with peak values great- 
er than 0.2 ppm. While data from cross- 
wind Houston flights immediately down- 
wind of sources show negligible coher- 
ence between all ECI channels and [03], 
upwind flights show that there is coher- 
ence near unity between [03] and ECI 
channels 5 and 6 (DSo = 0.42 and 0.25 
pm, respectively) for a limited low-fre- 
quency band, and negligible coherence 
for [031 and the other ECI channels. 
These results are shown in Fig. 1. Other 
trace gas concentrations showed negligi- 
ble coherence with these and the remain- 
ing ECI channels. These results imply 
secondary aerosol production involving 
ozone but not SO2, NO, or NO2. Hydro- 
carbons, which were not measured, are 
hypothesized to be the secondary aero- 
sol source. 

It has been suggested (1) that there is a 
high correlation between b, and the ur- 
ban aerosol mass concentration in the 
particle diameter range 0.1 to 2 pm, the 
so-called fine particle mass. The validity 
of this suggestion was tested by calculat- 
ing the coherence between b, and the 
ECI channels for both upwind and down- 
wind flights. Typical results for Houston 
are shown in Fig. 2. While the coherence 
between b, and ECI channels 5 and 6 is 
near unity for a limited low-frequency 
band, it is not statistically significant for 
b, and other impactor channels. This 
implies that the correlation between b, 
and urban aerosol mass concentration is 
most significant over larger distance 
scales in the particle diameter range 
- 0.2 to 0.5 pm. However, for flights 
immediately downwind of industrial 
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sources, fluctuations in the aerosol size 
distribution are governed by the nearby 
sources and coherence near unity be- 
tween b, and nearly all ECI channels 
may be found for a fairly broad low- 
frequency band, although again the co- 
herence is greatest and the band broad- 
est for ECI channels 5 and 6. 

The ECI has enabled us to carry out 
aircraft studies of fluctuations in the size 
distribution of tropospheric aerosol and 
of the relation of these fluctuations to 
those of trace gas concentrations and 
light scattering coefficients over Buffalo 
and Houston. Spectral analysis of the 
crosswind flight data upwind of industri- 
al and urban sources in Buffalo indicates 
that most of the observed fluctuations 
were associated with atmospheric turbu- 
lence. Similar analysis of data from 

Houston suggests, among other features, 
secondary aerosol formation associated 
with ozone. 
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Isolation of Biological Materials by Use of 
Erbium (111)-Induced Magnetic Susceptibilities 

Abstract. Positive magnetic susceptibilities can be introduced into biological 
materials by their sequestration of erbium (111) ions. Particles of such material may 
thrn be manipulated under the injuence of an external magneticjield. 

With the increasing use of magnetism 
for analysis, separation, and purification 
and the prospect of directing drugs to 
specific body locations under the influ- 
ence of a magnetic field (I), ways of 
artificially introducing positive magnetic 
susceptibilities in otherwise diamagnetic 
materials warrant attention. The ability 
to do this selectively and in a predict- 
able, controlled manner is especially de- 
sirable. Magnetic techniques have been 
used to separate red cells from whole 
blood (2, 3), recover specific cell types 
from heterogeneous mixtures with mag- 
netic antibody complexes (4, 5) ,  and 
rapidly purify enzymes by use of affinity 
ligands bound to magnetic beads (6). 
Here we report the effectiveness of Er3+ 
as a magnetizing agent. 

Preliminary observations by Westcott 
(7) indicated that large positive suscepti- 
bilities can be introduced in biological 
particles by their adsorption of magnetic 
cations (8). Such "magnetized" particles 
can then be easily manipulated by mag- 
netic fields. The trivalent cations of the 
lanthanide series are especially effective 
in this respect. Owing to the presence of 
unpaired f electrons, these cations have 
some of the highest magnetic moments 
of any individual ions (Er3+, 9.5 Bohr 
magnetons; Ho3+, 10.3 Bohr magne- 
tons). In addition, their large charge-to- 
radius ratio results in strong affinities for 

SCIENCE, VOL. 213, 7 AUGUST 1981 

suitable negatively charged ligands. In 
the work reported here we magnetized a 
variety of substances by binding ~ r ~ +  to 
anionic moieties in the target material. 
Particles of materials that have been 
magnetized in this way can be retrieved 
from suspension under the influence of 
an external magnetic field. 

The principles underlying such mag- 
netic separations can be easily demon- 
strated by adding a small quantity of 
beaded cation-binding resin to a solution 
of 1 to 10 mM ErC13. In the absence of 
Er3+, the beads show no magnetic be- 
havior. With ~ r ~ +  in the solution, they 
are strongly attracted to a magnet placed 
against the sides of the container. 

The forces on a particle suspended in a 
magnetic field involve complex mathe- 
matics, even for relatively simple geome- 
tries. Such expressions may, however, 
be generalized for a particle in a medium 
where the magnetization of neither the 
particle nor the medium is large com- 
pared to the magnetic field strength, H. 
Computation is simplified by considering 
only the z component of force due to the 
z component of the field gradient. With 
these assumptions, the force in the direc- 
tion of the magnetic gradient on a parti- 
cle immersed in a fluid can be adequately 

where IJJ, and IJJfare the magnetic suscep- 
tibilities of the particle and the fluid, 
respectively, and Hz (6HzI6z) is the vol- 
ume average of the corresponding prod- 
uct (9) .  Thus, neglecting any hydrody- 
namic and gravitational forces, a particle 
with a magnetic susceptibility IJJ will 
experience a force equal to the difference 
between the IJJ of the medium and that of 
the particle, times H, times the gradient 
of the field strength over the volume of 
the particle. 

In the simple demonstration described 
above, the cation-binding particles are 
normally diamagnetic. Hence the posi- 
tive magnetic susceptibilities observed 
must arise from adsorption of paramag- 
netic Er3+ ions from solution. Consider- 
ing Eq. 1, the attraction of these particles 
by magnetic fields indicates that the con- 
centration of Er3+ cations about the par- 
ticles is greater than that of a corre- 
sponding volume of solution. Prelimi- 
nary experiments with a torsion magne- 
tometer have indicated that mutual 
alignment of the electron spins of ad- 
sorbed Er3+, which would produce do- 
mains of pseudoferromagnetism, does 
not occur. The resulting positive magnet- 
ic moment should therefore be propor- 
tional to the sum of the moments of the 
individual ~ r ~ +  ions bound to each parti- 
cle. 

The relation between magnetic forces 
and adsorbed paramagnetic cations can 
be explored, without complex mathe- 
matical treatments, by ferrography, a 
well-characterized technique for magnet- 
ic separations (10). The principles of the 
ferrographic method are illustrated in 
Fig. 1. The relative volume magnetic 
susceptibility of a particle can be deter- 
mined by the distance (millimeters) it 
travels along a glass slide in the presence 
of a restraining perpendicular magnetic 
force. In this fashion, the relative mag- 
netic susceptibility of each component of 
a mixture of particles can be assessed 
while separating the components on the 
basis of their magnetic behavior. 

In the application described here, the 
adsorption of the paramagnetic cation 
Er3+ by several types of cation-binding 
material was employed to demonstrate 
the principles of induced magnetic mo- 
ments. Hydroxyapatite, Dowex 50W, 
and carboxymethyl cellulose were se- 
lected as model particles. Cellulose par- 
ticles served as a reference, since their 
Er3+ binding would be minimal under the 
conditions used. The extent of Er3+ 
binding by equal weights of each materi- 
al in 150 mM KCl, pH 6.0, was deter- 
mined by the murexide technique over a 
range of initial Er3+ concentrations from 
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