
the previous one terminates, but simply 
illustrate the way in which the termina- 
tion process of one event sets up the 
initiation environment for some future 
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Nonetheless, repeated motion on fault 
segments does occur and produces clear 
morphological features from which the 
expected lifetime of a given segmenta- 
tion geometry may be judged. One of the 
problems we face in characterizing the 
bend regions is also a geomorphological 
one. Although multiscale faulting may be 
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A Model for a Seismic Computerized Alert Network 

Abstract. In large earthquakes, damaging ground motions may occur at large 
epicentral distances. Because of the relatively slow speed of seismic waves, it is 
possible to construct a system to provide short-term warning (as much as several 
tens of seconds) of imminent strong ground motions from major earthquakes. 
Automated safety responses could be triggered by users after receiving estimates of 
the arrival time and strength of shaking expected at an individual site. Although 
warning times are likely to be short for areas greatly damaged by relatively 
numerous earthquakes of moderate size, large areas that experience very strong 
shaking during great earthquakes would receive longer warning times. 

will in general be too small to create 
surface breaks. We cannot expect the 
surface fault geometry to represent that 
at depth except for the grossest features. 
Individual small events do not generally 
form surface breaks, but repeated mo- 
tion often results in the formation of The purpose of a seismic computer- 

ized alert network (SCAN) is to provide 
short-term warning (as much as several 
tens of seconds) of imminent strong 
ground motion from large earthquakes. 
In earthquakes of great fault length, sub- 
stantial damage often occurs at great 
distances from the earthquake's epicen- 
ter. It is possible to construct a system 
that would quickly detect strong ground 
motions in the epicentral area of major 
earthquakes. Information about the na- 
ture of an ongoing earthquake could then 
be transmitted to areas that may be 
strongly shaken when seismic energy 
propagates to them. This information 
could be processed automatically by in- 
dividual users, and appropriate safe- 
guard actions could be initiated. 

The great earthquake of 1857 that rup- 
tured a 300-km segment of the San An- 
dreas fault in southern California is an 
example of how a SCAN could provide 
more than a minute of warning time 

before the occurrence of strong shaking 
near-surface warping, folding, and sec- 
ondary faulting (5, 9, 35, 36). Identifica- 
tion of active horizontal drag-folds in the 
case of strike-slip faults and active anti- 
clines or monoclines in the case of dip- 
slip faults is therefore important. It is 

in a heavily populated area. There is 
evidence that the rupture initiated in the 
vicinity of Parkfield (I), a small town 275 
km northwest of metropolitan Los Ange- 
les. It seems likely that rupture propagat- 
ed south toward the Los Angeles region 

also important to distinguish between 
secondary faulting that is a consequence 

at a velocity of about 3 kmlsec or less, 
and the strongest shaking in the Los 
Angeles region probably occurred at 
least 100 seconds after the ground began 
to shake at Parkfield. 

In similar earthquakes, a SCAN could 
provide users with information during 

of near-surface folding processes driven 
by fault motion at depth and surface 
faults that are the direct surface expres- 
sion of seismic faulting at depth. 
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this time so that they could initiate cer- 
tain safety precautions. The most suit- 
able applications are in those operations 
that come under computer control and 
can be safeguarded quickly. For exam- 
ple, a SCAN could initiate (i) electrical 
isolation and protection of delicate com- 
puter systems, (ii) isolation of electric 
power grids to avoid widespread black- 

and Planetary Sciences, 
Massachusetts Institute of 
Technology, Cambridge 02139 outs, (iii) protection of hazardous chemi- 
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cal systems and offshore oil facilities, 
(iv) closing of natural gas valves to mini- 
mize fire hazards, (v) warning of nuclear 
power plants and national defense facili- 
ties, (vi) protection of emergency facili- 
ties such as hospitals and fire stations, 
and (vii) protection of fixed-rail transpor- 
tation systems. 

The basic features of a SCAN are 
schematically represented in Fig. 1. 
Ground motions recorded by a dense 
array of broadband, high dynamic- 
range seismometers are digitally teleme- 
tered to a central processing site. The 
occurrence of a large earthquake is de- 
tected and the location, time of origin, 
amplitude of ground shaking, and reli- 
ability estimates are transmitted instant- 
ly to microcomputers operated by indi- 
vidual users. The user's computer then 
combines this information with that 
about the user's site (for example, loca- 
tion and geologic conditions) to estimate 
the time of arrival and the nature of 
ground motions expected at the site. 
Decisions already programmed into the 
user's computer are then made on the 
basis of this information and the appro- 
priate action is taken. 

The problem of false alarms is mini- 
mized by continuous updates regarding 
the size of the ground motions at differ- 
ing stations in the seismometer array. If 
a user is close to the epicenter of a 
developing earthquake, then the user's 
processor will recognize that little time is 
available to receive further information 
and immediate action may be necessary. 

However, if the user is far from the 
epicenter, then considerable time is 
available before shaking begins. This 
time may be used to receive further 
information about the size of the earth- 
quake. In this way, users at large epicen- 
tral distances take action only for the 
large earthquakes that present a real 
hazard, and each user adjusts the deci- 
sion-making process to the needs of the 
site. 

After the occurrence of a large earth- 
quake, the seismometer array immedi- 
ately provides information regarding the 
strength of shaking in different geograph- 
ic locations. This information can be 
used to estimate regions of substantial 
damage, so that emergency services can 
be allocated promptly and properly. Be- 
cause the seismometers in the array 
would have a large dynamic range, the 
SCAN may routinely record ground mo- 
tions from numerous small earthquakes 
and teleseisms. Such data are important 
for basic research in the fields of ground- 
motion prediction, earthquake predic- 
tion, and earth structure. Also, the rou- 
tine use of a SCAN for studies of numer- 
ous small events would help to ensure 
that the system operates properly when 
relatively rare large events occur. 

The great earthquake of 1906 in San 
Francisco was in many ways similar to 
the 1857 event. However, there is evi- 
dence that its epicenter was close to 
metropolitan San Francisco (2 ) ,  and thus 
little warning could have been given to 
the city. The damage caused by the 
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Fig. 1 .  Conceptual design of a seismic computerized alert network (SCAN). 

earthquakes at Long Beach in 1933 (mag- 
nitude, 61/4 on the Richter scale) and at 
San Fernando in 1971 (magnitude, 6%) 
was more local with respect to the epi- 
centers than that from the great San 
Andreas earthquakes, and again the 
warning times to the heavily damaged 
areas would have been short. Further, 
earthquakes of moderate size are more 
numerous than the major events, even 
though the area of intense shaking is 
smaller. To determine the probability 
that a SCAN user will receive a certain 
warning time for a certain degree of 
shaking, I used a simple mathematical 
model to compute the distributions of 
warning times for different levels of 
ground motion and for a set of earth- 
quakes having different magnitudes. 

In this model, an earthquake is ap- 
proximated by rupture along a line 
source of length L extending along the 
surface of the earth. The energy magni- 
tude M, of the earthquake is determined 
from the rupture length by Eqs. 1 and 2. 

Mw = 2 log L + 4, M, < 7.2 (1) 

where L is in kilometers. These equa- 
tions were derived from theoretical rela- 
tions between earthauake moment and 
rupture dimensions (3) for an average 
stress drop of 30 bars and a maximum 
fault width of 20 km. 

The amplitude of ground shaking from 
this earthquake is described by Eq. 3 or 
4. 

log u = - 1.02 + 0.249Mw 
- 112 log (R2 + 21.1) 

-0.00255 (R2 + 21.1)1'2 (3) 

log u = 2.41 + 0.66 (M, -6) 
- 0.16 (Mw -6)' 

- 112 log ( R ~  + 19.4) 
- 0.00429 (R2 + 19.4)"~ (4) 

where u is peak ground acceleration in 
units of gravitational acceleration, g (#), 
u is response spectral velocity in centi- 
meters per second for a 5 percent 
damped oscillator with a 1-second period 
(3, and R is the smallest horizontal 
distance in kilometers between an ob- 
server and the rupture. The geometry of 
the area receiving peak accelerations be- 
tween u and u + AU is shown in Fig. 2. 
Equations 1 through 4 specify the ground 
motions everywhere about the hypo- 
thetical earthquake. 

Warning times (T )  for this earthquake 
are defined as the interval between the 
time of origin of the rupture and the 
arrival of direct S waves from the rup- 
ture at the point on the fault that is 
closest to the observer. The model is 
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based on unilateral rupture propagation 
at a velocity of 2.5 kmisec and an aver- 
age shear-wave velocity of 3.5 kmlsec. 
The warning times are given by Eqs. 5, 
6, and 7 ,  and their spatial distribution is 
shown in Fig. 2. 

where x and y are distances from the 
epicenter. The amplitude of maximum 
shaking and its warning time are comput- 
ed for every point within a specified 
distance of the fault. 

The earthquake history of a region is 
incorporated by considering a collection 
of earthquakes having a specified fre- 
quency-magnitude distribution. The 
number of earthquakes N per 100 years 
between energy magnitudes Mw - 0.05 
and Mw + 0.05 for southern California is 
approximated by Eq. 8 (6). 

log N = 6.89 - M, (8) 

The model represents a set of earth- 
quakes that obey Eq. 8 and that have 
magnitudes greater than 5.5 and less than 
7.9 (rupture length of 380 km). The 
amounts of area receiving particular de- 
grees of ground motion and warning time 
are computed for each earthquake in the 
set, and the results from all earthquakes 
are combined to give the overall distribu- 
tion of area as a function of warning time 
and ground motion. The distribution of 
warning time as a function of peak accel- 
eration is shown in Fig. 3. The contours 
give the probability that a user will re- 
ceive at least a certain warning time in 
the event of at least a certain value of 
acceleration. The total area expected to 
receive that value of acceleration or 
greater during a 100-year period (see Fig. 
3) may exceed the total area of southern 
California, which is about 3 x 10' km2, 
because many areas will experience low 
values of acceleration several times in a 
100-year period. 

The expected warning time is long at 
both low (<O.lg) and high (>0.3g) val- 
ues of acceleration, but the expected 
warning time is short for moderate (0. l g  
to 0.3g) values. Because low accelera- 
tions occur at large distances between 
site and fault, the warning time is large 
for small accelerations. In this model, 
accelerations of 0.2g are most likely to 
occur close to the numerous rnoderate- 
sized earthquakes, and hence the expect- 
ed warning time is short. Equation 4 
24 MAY 1985 

implies that large accelerations result 
only from large earthquakes that have 
large rupture lengths. Thus areas that 
receive large accelerations can also ex- 
pect to receive large warning times. 

Although relatively large peak accel- 
erations occur at small distances from 
the numerous smaller earthquakes, they 
rarely cause great damage because the 
duration of intense shaking is short. Re- 
sponse spectral velocities of 1 second are 
usually considered to give a better esti- 
mate of damage potential than peak ac- 
celeration. The distribution of warning 
time as a function of response spectral 
velocity is shown in Fig. 4 for the model 
described above. The same general fea- 
tures for peak acceleration are seen for 
response spectral velocity. However, 
the probability of receiving warning 
times of less than 10 seconds for poten- 
tially damaging motions is less than that 
indicated by modeling peak acceleration. 
In this model, substantial response spec- 
tral velocities are only produced by ma- 
jor earthquakes of large rupture lengths. 

Warning times given in the model are 
based on the assumption that an earth- 

quake is detected instantaneously. How- 
ever, there is some delay because the 
first reporting seismometer will probably 
be at an appreciable distance from the 
epicenter for an array with a reasonable 
number of seismometers. The number of 
seismometers necessary to keep this de- 
lay at an acceptable level varies with the 
expected geometric distribution of earth- 
quakes. If the earthquakes are assumed 
to occur along a small number of known 
faults of total length L, then a SCAN 
might consist of n stations evenly distrib- 
uted along those faults. If hypocentral 
depths are assumed to be negligible, then 
the mean travel time T o f  the P waves 
from a uniform random distribution of 
epicenters on the fault to the closest 
station is 

where C is the velocity of the P waves. If 
L is lo3 km, and if there are 50 seismom- 
eters, then the mean P wave travel time 
to the closest station is 0.83 second. 

If the earthquakes are assumed to be 
randomly distributed throughout an area 

Area receiving Area receiving Fig. 2. Diagram of model used 
to compute the area that re- 
ceives a warning time between 
Ti and Ti+, and that also expe- 
riences a peak acceleration be- 
tween U, and Uj + AU. Warn- 
ing times and peak accelera- 
tions are computed for every 
point within a specified dis- 
tance of the fault. Results are 
then combined for an ensem- 
ble of earthquakes having dif- 
fering rupture lengths L. 
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A, then a SCAN might consist of n 
stations that are evenly distributed over 
that area. If hypocentral depths are as- 
sumed to be negligible, then the mean P 
wave travel time T from a uniform ran- 
dom distribution of epicenters to the 
closest station is - 

If we assume an area of 3 x lo5 km2, 500 
seismometers, and a P wave velocity of 6 
kmisec, the mean P wave travel time to 
the closest station is 1.56 seconds. 

The model just presented is a very 
simple one. Ground motions are consid- 
ered to be a simple function of distance 
and magnitude. However, the standard 
deviation of data on ground motions for 
actual earthquakes with respect to these 
functions is typically of the order of 50 
percent. Furthermore, little or no data 
exist for sites at small distances from 
large earthquakes, and the predicted 
ground motions for such situations vary 
greatly with the technique used to ex- 
trapolate these functions into a region of 
sparse data. Other simplifications were 
made in the computation of warning 
times. For example, the model does not 
include the effect of the finite depth of 
hypocenters, nor does it account for the 
distance between the first reporting seis- 
mometer and the epicenter. Also, a delay 
is introduced by data processing and 
telemetry. If these effects are included, 
then it is likely that the warning times 
shown in Figs. 3 and 4 would be reduced 
by several seconds. Because shaking 
from the initial P wave may be weak, 
particularly if the epicenter is at a great 
distance, warning times in Figs. 3 and 4 
are given for the S wave from the closest 
point on the rupture. However, in many 
instances appreciable shaking may occur 
before this time, and the exact definition 
of warning time becomes uncertain. If 
the warning times in Figs. 3 and 4 are 
computed for the arrival time of hypo- 
central P waves instead of S waves from 
the closest point on the rupture, then 
warning times are decreased by about a 
factor of 2. 

Southern California is only one of the 
regions that might benefit from a SCAN. 
Large subduction earthquakes are a 
threat to much of the circum-Pacific re- 
gion, and evidence suggests that they 
might constitute a threat in the north- 
western United States (7). Great shallow 
earthquakes in subduction zones some- 
times have very long rupture lengths. 
For instance, the rupture length of the 
1964 Alaskan earthquake probably ex- 
ceeded 400 km. Because of the potential 
for large rupture dimensions, a SCAN 
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could provide substantial warning times 
for shallow subduction earthquakes. 

Intraplate earthquakes, such as the 
New Madrid earthquakes in 1811 and 
1812 or the 1886 Charleston earthquake, 
also constitute a threat. Although the 
mechanisms of these earthquakes are 
poorly understood, these events proba- 
bly do not involve large rupture dimen- 
sions (8). Nevertheless, the felt areas of 
these earthquakes were larger than those 
for the largest of the California earth- 
quakes (9). It is generally thought that 
the principal reason for this phenomenon 
is a lesser degree of attenuation of seis- 
mic waves east of the Rocky Mountains. 
Because rupture lengths of great earth- 
quakes in the central and eastern United 
States may be less than 50 km, the 
regions of strongest shaking that lie adja- 
cent to the rupture zone are not likely to 
receive large warning times. However, 
other models (7) indicate that Rossi- 
Fore1 intensities of IX and VIII may 
have extended to epicentral distances of 
100 and 200 km, respectively, for the 

181 1 to 1812 New Madrid earthquakes. 
This means that a SCAN could still Dro- 
vide large warning times for areas shak- 
en strongly enough to cause great dam- 
age. 
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Adherent Bacterial Colonization in the 
Pathogenesis of Osteomyelitis 

Abstract. Direct scanning electron microscopy of material obtained during 
surgical debridement of osteomyelitic bone showed that the infecting bacteria grew 
in coherent rnicrocolonies in an adherent biojlm so extensive it often obscured the 
infected bone surfaces. Transmission electron microscopy showed this biojlm to 
have a jbrous matrix, to contain some host cells, and to contain many bacteria 
around which matrix jbers were often concentrated. Many bacterial morphotypes 
were present in these biojlms, and each bacterium was surrounded by exopolysac- 
charide polymers, which are known to mediate formation of rnicrocolonies and 
adhesion of bacteria to surfaces in natural ecosystems and in infections related to 
biomaterials. The adherent mode of growth may reduce the susceptibility of these 
organisms to host clearance mechanisms and antibiotic therapy and thus may be a 
fundamental factor in acute and chronic osteomyelitis. 

Adherence of bacteria in extensive mi- 
crocolonies appears to be a fundamental 
step in the development of certain infec- 
tious disease states (1). Adherence may 
be mediated by highly hydrated, anionic 
exopolysaccharide polymers of the in- 
fecting bacteria which bind to the tei- 
choic acid polymers of the Gram-posi- 
tive cell wall (2, 3)  and to the distal 
portions of the lipopolysaccharides of 
the Gram-negative cell wall (2). They 
often surround the bacterial cell in a 
fibrous matrix 0.5 to 1.0 ym thick. 

Adherent bacteria have been demon- 
strated on compromised bone, infected 
orthopedic prostheses and methyl meth- 
acrylate, and tissues adjacent to those 
foreign substances (4-7). Such infections 
tend to resist treatment and to persist 
until the biomaterial and the infected 

adjacent tissue are removed (4-8); they 
are sometimes polymicrobial (&lo), and 
the adherent bacteria are difficult to de- 
tect unless special recovery and culture 
techniques are used (4, 9, 10). The natu- 
ral mode of growth of many adherent 
bacteria in nature and in some diseases is 
polymicrobial, involving symbiotic 
mixed forms of aerobes and anaerobes 
(2, 4,  11, 12) coexisting in a biofilm held 
together by a ruthenium red-staining ma- 
trix (13). These structured biofilms occa- 
sionally shed bacteria into the ambient 
milieu or, in an infection, into the adja- 
cent tissue fluids and circulatory system 
(4-7). The shed bacteria are not neces- 
sarily representative of the adherent col- 
onies, but they are the bacteria that are 
recovered by conventional sampling 
techniques. 
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