
in late 1906, and a few angles were 
reobserved in 1925. These data, al- 
though fragmentary, are also consistent 
with 2 to 3 m of slip below 10 km. 
Most of the movements must then have 
occurred sometime between 1907 and 
1925, but no further refinements on 
this time scale can be provided. The 
slip must have been predominantly 
aseismic, since seismic motion of 3 m 
over a 10-km depth interval and at 
least 70 km of fault (the distance from 
Point Arena to Fort Ross) would cor- 
respond (5) to an earthquake of at 
least magnitude 7, and no such event 
has occurred in this region since 1906. 

The post-1906 observations suggest 
that strains for seismic faulting are not 
accumulated primarily by relatively 
continuous aseismic motion on the 
fault plane immediately below the seis- 
mic zone. Strain accumulation might 
be due to either steady or irregular 
motions on the fault plane at greater 
depths (say below about 30 km), in 
which case shear strains would be 
greatest at the fault trace and decrease 
away from it. Alternatively, the fault 
may be locked throughout the entire 
thickness of the lithosphere, with the 
San Andreas system loaded regionally 
by shear tractions applied far from the 
fault at the base or edges of the litho- 
spheric plates. In this case, shear 
strains measured at the earth's surface 
by geodetic means would be approxi- 
mately constant over a wide region on 
either side of the fault trace. A third 
alternative is that a "locked" section 
of the fault is loaded entirely by seis- 
mic or aseismic slip at its ends. It is also 
possible that strain is accumulated and 
released along many subsidiary subpar- 
allel faults as well as on the San Andreas 
itself. Each of these mechanisms pro- 
duces a different pattern of surface 
deformation, and geodetic observations 
are potentially useful in differentiating 
between them. I consider that the data 
which have been examined to date are 
inconclusive in this regard, and thus the 
precise mode of strain accumulation 
remains an open question. 

Some limited evidence from north- 
ern California does suggest irregular 
strain accumulation across the San 
Andreas fault in the half century be- 
fore the 1906 earthquake. Astronom- 
ical azimuths, accurate to about 0.5 
arc second, were observed in 1859, 
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arc second, were observed in 1859, 
1882, and 1907 between the primary 
triangulation stations Mount Diablo 
and Tamalpais (the second and third 
from north to south plotted in Fig. 
la) (6). This azimuth increased by 
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7.84 arc seconds in 1859 to 1882 and 
decreased by 0.55 arc second in 1882 
to 1907, corresponding to relative right 
lateral motions parallel to the fault of 
+2.8 and -0.2 m, respectively. Reduc- 
tion of the independent (though less 
accurate) triangulation network data 
gives changes of 5.38 and -1.57 arc 
seconds for essentially the same time 
intervals (6). The smaller change in 
the interval 1882 to 1907 is, at least 
in part, due to the elastic rebound that 
occurred in 1906, since station Tamal- 
pais is only 15 km from the fault trace. 
The relative motion of 2.8 m during 
1859 to 1882 far exceeds the rate since 
1906 inferred from triangulation (4). An 
earthquake in 1868 on the Hayward 
fault, about 25 km from either station, 
appears too small to have contributed 
significantly to this large relative mo- 
tion (7). Hence, these data, although 
limited, indicate some anomalous large 
crustal deformation away from the 
fault in the approximately 30 or more 
years preceding the 1906 earthquake. 

The actual postseismic motions are 
probably more complex than indicated 
by this model of dislocation sources in 
a perfectly elastic half space. They 
should be understood as simple analog 
models which are convenient for dis- 
cussion, and not necessarily realistic 
physical models of the actual time- 
dependent nonelastic processes. For 
example, a viscoelastic relaxation 
mechanism such as that proposed (8) 
to account for the vertical crustal 
movements which followed the thrust- 
type earthquake (magnitude, 8.2) in 
Nankaido, Japan, may be appropriate 
here. 

Finally, the work reported here may 
have some relevance for the question 
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Sbar and Sykes (1) proposed a rela- 
tively simple stress model for the east- 
ern portion of the North American 
continent. Using data obtained from 
geological observations, in situ stress 
measurements, and fault plane solu- 
tions, they concluded that the central 
United States is presently experiencing 
a predominantly horizontal compres- 
sive stress whose axis tends east-north- 
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of whether large earthquakes cause 
secular shifts of the earth's rotational 
pole or excite the earth's Chandler 
wobble (9). Should large postseismic 
displacements be a common feature of 
strain release by great earthquakes, it 
seems likely that these aseismic move- 
ments would be more important than 
the earthquakes themselves in exciting 
the earth's polar motions. 

WAYNE THATCHER 

U.S. Geological Survey 
Menlo Park, California 94025 
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east. A consequence of this model is 
that ongoing earthquake activity in this 
region should be mostly of the high- 
angle, thrust-type faulting with a strike 
in the north-south direction. However, 
a detailed investigation of moderate 
size earthquakes that occurred during 
the last 13 years within the area of 
Missouri, Kentucky, Tennessee, Illi- 
nois, Mississippi, and Arkansas indi- 
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Earthquake Mechanics in the Central United States 

Abstract. Focal mechanism solutions of earthquakes in the central United 
States suggest that local stress fields are important in determining the type and 
orientation of faulting. The implied stress system is considerably more compli- 
cated than that which would be produced by east-west trending compressive 
stresses, as previously suggested for this region. 
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Table 1. Focal mechanism parameters for earthquakes in 
universal time. For event 15, see (5); for event 23, see (6). 

S 38-- Fig. 1. Focal mecha- 
nisms in the central 
United States. The 
number beside each 
focal mechanism re- 
fers to the event 

~37* listed in Table 1. 
The focal mecha- 

mJ - y nisms are plotted by 
using an equal area 
stereographic projec- 

,36 tion; the black quad- 
rants represent dila- 
tational and the 
white quadrants com- 
pressional P wave 
first motion. The 

-35g- stereograph is cen- 
tered at the epicen- 
ter, or, when offset 
for clarity, connected 
by an arrow with 
the epicenter indi- 

341- cated by a triangle. 
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Origin Lati- Longi- Pressure axis Tension axis 

Event Date time (U.T.) tude tude Trend Plunge Trend Plunge 
(hr min sec) (?N) (?W) (deg) (deg) (deg) (deg) 

1 2 Feb 62 06 43 34.0 36.5 89.6 52 26 278 54 
2 1 Jun 62 11 23 40.5 35.0 90.2 336 80 252 0 
3 14 Jul 62 02 23 49.0 36.8 89.9 92 2 356 82 
4 23 Jul 62 06 05 17.0 36.1 89.4 131 75 233 5 
5 3 M,ar 63 17 30 11.4 36.7 90.1 174 10 76 31 
6 31 Mar 63 13 31 03.7 36.9 89.0 161 83 104 0 
7 6 Apr 63 08 12 22.4 36.5 89.6 85 7 346 56 
8 3 Aug 63 02 37 47.8 37.0 88.7 92 3 191 83 
9 16 Jan 64 05 09 57.1 36.8 89.5 220 15 95 60 

10 17 Mar 64 02 15 29.0 36.2 89.6 304 32 168 48 
11 23 May 64 15 00 33.7 36.6 90.0 223 68 83 12 
12 11 Feb 65 03 40 24.0 36.4 89.7 268 10 33 67 
13 6 Mar 65 21 08 50.5 37.5 91.1 260 67 165 0 
14 14 Aug 65 13 13 56.6 37.2 89.3 238 27 147 1 
15 21 Oct 65 02 04 38.4 .37.5 91.1 340 85 160 5 
16 4 Nov 65 07 43 33.6 37.1 91.0 156 5 289 83 
17 12 Feb 66 04 32 14.7 35.9 90.0 140 83 271 5 
18 13 Feb 66 23 19 36.9 37.0 91.0 292 68 183 7 
19 26 Feb 66 08 10 19.4 37.1 91.0 292 68 183 7 
20 6 Dec 66 08 00 47.0 38.9 92.8 277 2 10 58 
21 4 Jun 67 16 14 13.6 33.6 90.9 248 7 156 22 
22 21 Jul 67 09 14 48.9 37.5 90.6 314 52 50 5 
23 9 Nov 68 17 01 42.0 38.0 88.5 97 1 192 82 
24 1 Jan 69 23 35 36.2 34.8 92.6 330 7 228 65 
25 28 Feb 69 13 10 13.1 37.9 88.6 282 2 192 78 
26 27 Mar 70 03 44 29.5 36.5 89.7 264 75 15 8 
27 17 Nov 70 02 13 54.5 35.9 90.2 71 67 307 13 
28 12 Feb 71 12 44 27.2 38.5 87.9 78 50 344 3 
29 13 Apr 71 14 00 50.0 35.8 90.1 54 72 263 15 
30 18 Oct 71 06 39 30.7 36.7 89.6 108 8 12 53 
31 1 Feb 72 05 42 10.0 36.4 90.8 227 60 128 10 
32 29 Mar 72 20 38 31.9 36.2 89.6 180 86 270 10 
33 7 May 72 02 12 08.5 35.9 90.0 52 72 265 15 
34 9 Jun 72 19 15 19.1 37.7 90.4 269 49 15 14 
35 19 Jun 72 05 46 14.7 37.0 89.1 138 22 268 60 
36 12 Jan 73 11 56 56.0 37.9 90.5 70 25 278 63 
37 3 Oct 73 03 50 14.0 35.8 90.1 251 13 114 72 
38 9 Oct 73 20 18 26.8 36.5 89.6 36 15 263 67 
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cates that such a simple regional stress 
model is not applicable. 

Figure I illustrates focal mecha- 
nisms (2) determined for events listed 
chronologically in Table 1. The mecha- 
nism solutions were obtained by two 
independent methods-one using the 
sense of motion of crustal P phases 
(Pn, P*, Pg), and the other using the 
amplitude spectrumt of the surface 
wave motion. Both methods employ 
seismograms from Long Range Seismic 
Measurement (LRSM), the World 
Wide Standardized Seismic Network 
(WWSSN), the Canadian Network, 
Saint Louis University stations, and in- 
dividual stations operated by the Uni- 
versity of Missouri at Rolla, Indiana 
University, and the University of 
Arkansas. With the exception of events 
1, 5, 14, 15, and 21 through 24, the 
indicated focal mechanisms were deter- 
mined by the use of body wave data 
only. Thus, for the majority of events 
the mechanisms were determined from 
the sense of motion (compression or 
dilatation) of identifiable first and sec- 
ond P-phase arrivals (3). These com- 
pressions and dilatations were plotted 
on the lower hemisphere of an equal 
area stereographic projection at the 
appropriate azimuth and incidence 
angle. The strike and dip of the P- 
wave nodal planes were determined 
from a visual fit of the nodal planes 
to the available data. Depending on the 
particular event, we believe the errors 
in the strike and dip of the nodal planes 
are no more than 10? to 20?. 

For the surface wave studies, source 

parameters for a hypothetical event 
are varied until the theoretical radia- 
tion patterns for Love and Rayleigh 
waves compare favorably with those 
actually observed. A constraint is that 
the chosen solution must be in reason- 
able agreement with the observed sense 
of motion of the various P phases. 
Errors in the strike and dip of the nodal 
planes, as determined by this method, 
are probably less than 10?. While this 

technique is superior to that which uses 
P-wave data only, it is restricted to 
events which excite fundamental 
modes of surface waves with periods 
in the range of 4 to 50 seconds suffi- 

ciently so that they are measurable 
on long-period seismograms. Both the 
surface and body wave studies of this 

report, as well as other published and 

unpublished results, indicate that earth- 

quakes in this region occur in the 
crust, at depths of 0 to 30 km. 

The strike of the nodal planes shown 
in Fig. 1, with a few exceptions, can 
be grouped into two trends. The most 
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prominent is a nearly north-south 
strike for the group of earthquakes ex- 
tending northward from Memphis, 
Tennessee, through latitude 38.5?N 
(events 2, 3, 6-8, 10-12, 17, 23, 25, 
27, 29-33, and 35 in Fig. 1). However, 
along this trend there is a change from 
high-angle normal faulting south of 
36.3?N to high-angle thrust faulting to 
the north. Thus, while there is a con- 
tinuous trend of earthquake epicen- 
ters from Memphis to south-central 
Illinois, a tensional stress system pre- 
dominates in the southern portion and 
a compressive stress system in the 
north. 

The second grouping of nodal plane 
strikes (events 1, 4, 5, 9, 13, 15, 16, 
18, 19, 22, 26, 34, and 38 in Fig. 1) 
consists of the southeast Missouri 
east-west trend, including the event of 
21 July 1967, which has an approxi- 
mate northwest-southeast strike. This 
suggests that the present stress distribu- 
tion of this region is either controlled 
or significantly modified by the Ozark 
Uplift. At the junction of the two 
trends, near New Madrid, Missouri 
(36.5?N, 89.5?W), the indicated focal 
mechanisms require the stress distribu- 
tion to be rather complex. 

Two earthquakes, those of 1 June 
1969 and 4 January 1967, are located 
on the Ouachita Front, which is de- 
scribed by Oetking (4) as being a 
thrust feature. Our data, although too 
few for us to conclude that the Oua- 
chita Front is a compressive feature, 
do not disagree with such an inter- 
pretation. The earthquake of 1 January 
1969 has a focal mechanism corre- 
sponding to a high-angle thrust fault, 
whose strike is similar to that of the 
Ouachita Front. The mechanism of the 
event of 4 July 1967 indicates a 
nearly vertical strike-slip character. 
Such a mechanism could result from 
the superposition of the thrust fault, 
compressive stress system associated 
with the Ouachita Front and a perpen- 
dicular normal fault, tensional stress 
system as found at Memphis. This 
hints at the possibility of tensional-type 
faulting extending southward from 
Memphis to the Ouachita Front. How- 
ever, the present distribution of seis- 
mograph stations is inadequate to 
determine whether earthquakes are 
occurring along such an extension. 

The results presented in this report 
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The results presented in this report 
bear on two important problems: the 
state of stress in the interior of a con- 
tinental lithospheric plate, and the re- 
lation of present-day earthquake ac- 
tivity in the central United States to 
geological features. Concerning the 

21 JUNE 1974 

bear on two important problems: the 
state of stress in the interior of a con- 
tinental lithospheric plate, and the re- 
lation of present-day earthquake ac- 
tivity in the central United States to 
geological features. Concerning the 

21 JUNE 1974 

former problem, we find that on a 
localized scale the compressive stress 
distribution in the interior of a conti- 
nental plate can be modified or signifi- 
cantly influenced by local features. In 
the central United States these features 
would include the Mississippi Embay- 
ment, the Ozark Uplift, and possibly 
the Ouachita Front (see Fig. 1). With 
regard to the latter problem, the focal 
mechanism solutions aid in identifying 
the active faults, and offer the poten- 
tial of determining the extent of these 
fault systems. This information is es- 
sential for assessing the seismic risk at 
specific places, such as metropolitan 
areas and the sites of nuclear power 
plants. damns, and highway bridges. 
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to archeological investigations. 

The induced polarization (IP) method 
of geophysical prospecting has been in 
use since about 1948 (1) and has been 
applied principally to the exploration 
of deposits of metallic minerals (2). 

The IP method makes use of the 
observation that the electrical imped- 
ance of metallic minerals is a function 
of the frequency of the electrical cur- 
rent used in the measurement. The con- 
ductivity increases with the frequency 
(3). Measurements of the impedance 
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function are made in either the fre- 
quency or the time domain (4). 

In metallic mineral deposits, the con- 
duction of electricity occurs along two 
kinds of paths. One is made up of con- 
nected pore spaces containing pore 
fluids (5). The other is similar to this 
but it also includes some proportion of 
metallic minerals along its "length." At 
each interface in the latter where a 
boundary occurs between a metallic 
mineral and the surrounding pore fluid, 
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Histogram of frequency effect (FE) measured on landfill and dump sites. The average 
value is 8 percent. The location code is the same as in Fig. 1. 
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Abstract. The problem of delineating cultural refuse sites (dumps) arises in 
civil engineering studies. Induced polarization measurements have been success- 
fully applied in several cases. Laboratory tests on synthetic samples indicate that 
the effect is due to the metal content of the dumps. The method may be applicable 
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