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F A U L T  M O T I O N S  AT T H E  B A L D W I N  H I L L S  R E S E R V O I R  S I T E  

BY DONALD E. HUDSON AND RONALD F. SCOTT 

ABSTRACT 

A distinction is made between the damaging potential of rapid fault motions associated with 
earthquakes and those having a relatively slow creep type motion. Information is given on 
nonseismic movements that have been occurring on faults passing through the Baldwin Hills 
Reservoir during the past 10 years. The relationship between those faults and the Inglewood 
fault system is described, and correlations are presented with local elevation changes, horizon- 
tal ground movements, and seismic activity. Comparisons are made with similar slow fault mo- 
tions occurring at other places in California, and attention is drawn to the potential damag- 
ing effects of such movements. 

INTRODUCTION 

Fault  movements  may  damage man-made  structures through two different kinds 
of action. Rapid fault  motions may  generate seismic waves which can cause ground 
shaking at  considerable distances from the fault. This ground shaking may  then in 
turn  cause damaging inertia forces in structures, or it may  result in foundation de- 
formations which can lead to structural  failure. Both of these types of damage are 
usually referred to as "ear thquake  damage" ,  and it is the aim of earthquake- 
resistant design to minimize the destructive effects of these rapid fault  motions by  
economic means. 

There is another  type of fault  motion which can also cause damage. There  have 
been several instances in recent years of fault motions tha t  have occurred so slowly 
tha t  no seismic act ivi ty was generated, and which were so located with respect to 
engineering structures tha t  the fault  movements  themselves caused damaging de- 
formations of the structure. This second kind of damage is clearly directly associated 
with fault  motions, and yet  it is not in any sense ear thquake damage. Although slow 
fault motion m a y  not be as spectacular a phenomenon as a large earthquake,  the 
potential  damage may  be as great, and studies are needed to develop the best way of 
coping with such situations. 

The most  recent example of a non-seismic fault  motion which caused structural  
damage is tha t  associated with the failure of the Baldwin Hills Reservoir in the City 
of Los Angeles, on December  14, 1963. This event is discussed in detail in u com- 
prehensive report  issued by the State  of California Depar tment  of Water  Resources 
("Sta te  Repor t" ,  1964). The  obiect of the present paper  is to describe certain 
features of the fault  movements  tha t  occurred at  Baldwin Hills, and to compare 
them with several other cases which have been reported in other parts  of California. 
I t  seems clear tha t  as the various tectonically active and heavily faulted regions of 
the world become more and more occupied with people and engineering structures, 
damage of this kind can be expected to become more common, and special design 
techniques must  be developed to avoid it. 

GEOLOGY OF THE FAULT AREA 

The Baldwin Hills Reservoir site is in the Inglewood Fault  Zone, a few hundred 
feet northeast  of the surface trace of the main fault, in a region of considerable 
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recent tectonic activity. (Driver, 1943; Woodford, et al., 1954; Castle, 1960). Along 
this Inglewood Fault Zone originated two notable earthquakes, in 1920 and 1933, 
the second being the well-known destructive Long Beach earthquake. 

A vertical cross-section through the fault zone and the reservoir, at right angles to 
the maior trend of the fault is shown in fig. 1 (State Report, 1964). This is a sche- 
matic diagram which merely aims to indicate the main features of the situation. 
These major features are also shown in fig. 2, where the surface fault traces have 
been taken from a recent map prepared by Castle for the U.S. Geological Survey 
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(Castle, 1960). Although geologic investigations have indicated that the total dis- 
placements on the fault zone in this region are of the order of 250 ft vertically and 
1500 ft laterally, there is no evidence of geologically recent lateral movements, such 
as offset streams (Driver, 1943; State Report, 1964). 

The geologic section at the reservoir site may be briefly summarized as follows: 
(Wilson, 1949) 

(a) Soil mantle, 2-3 ft, clayey silt with humus and some sand and gravel. 
(b) Recent alluvium, several feet, mixture of clay, silt, sand and gravel. 
(c) Palos Verdes formation, upper Pleistocene, about 60 ft thick. Fine to coarse 

sands interbedded with sands and gravels, occasional beds of silt up to 1 ft 
thick, loosely consolidated with a few beds of soft sandstone, 3-6 in. thick. 

(d) Inglewood formation, lower Pleistocene, 100 ft thick, fine sands, silts, and 
clays interbedded. 1 in. beds of limestone, 1 in. to 4 ft sand and silt beds, 2 
in. clay beds. 
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(e) Pico formation, upper Pliocene, 1700 ft thick, silt, with very fine sand and 
clay. 4 ft beds of sandy silt and 11~ ft beds of silty clay. Soft siltstone beds. 
All bedding planes are approximately horizontal. 

The main embankment constructed at the north end of the reservoir is in contact 
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with the Palos Verdes formation near the crest, with the Inglewood formation for 
about 130 ft, and below that with the Pico formation. This interpretation of the 
local formations is not entirely consistent with that indicated in fig. 1, but reflects 
geologists' uncertainties in the details of the structure. 

Tension and some shear joints are common in both the Pico and the Inglewood 
formations (Wilson, 1949). 
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The fault running through the east side of the reservoir, marked I on fig. 2, was 
investigated in some detail during the excavation for the reservoir. At the center 
of the proposed reservoir, vertical motions of some 13 ft were noted increasing to 
26 ft at the north side. Total horizontal movements could not be determined. It 
was not possible to determine the time at which these fault motions had occurred, 
but on the evidence of the appearance of the fault gouge and slicken-slides, the 
fault was termed active (Wilson, 1949). 
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Following the drainage of the reservoir during the failure, displacement along 
Fault No. I since the time of construction was made apparent by a crack running 
across the reservoir floor. In the course of the subsequent investigations, the fault 
zone was examined by trenching and tunneling to a depth of about 45 ft below the 
original reservoir floor. The vertical section of fig. 3 shows in some detail this 
reservoir Fault No. I. Since the completion of the reservoir in 1951, a total maxi- 
mum vertical displacement of about 7 inches has occurred on Fault I and about 3 
inches on Fault No. V (fig. 2) as evidenced by the relative displacement of the 
asphalt seal underneath the reservoir. (State Report, 1964) 

TIME Sc2:LE OF THE RECENT FAULT IV[OVEMENTS 

Although the examination of Fault I after the failure of the reservoir showed 
clearly the relative displacements that had occurred since the completion of the 
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reservoir in 1951, it is difficult to ascertain the time at which the fault motions 
started or the rate at which they proceeded. In 1957 the reservoir was drained 
and cleaned; at that time there were no reports of visible cracks on the floor of the 
reservoir. 

The most direct evidence bearing on the time-scale involved in the fault move- 
ments is that provided by the record of crack growth in the concrete drainage 
inspection chamber underneath the reservoir. This reinforced concrete gallery (fig. 
4) was provided to carry the drainage system pipes coming from the floor of the 
reservoir through the fault zone to the base of the gate tower. In October of 1951, 
a 3~ 2 in. crack was noted in the ceiling of this chamber in the region of the fault zone. 
Strain gage points were established across the crack, and readings were taken at 
monthly intervals. In February of 1958, a new crack appeared on the floor of the 
chamber on the other side of the fault zone, and this crack was similarly monitored. 
In January 1960, two new cracks developed in the concrete between the gate tower 
and the location of the original cracks. 

Figure 4 shows the average of strain gage readings at the two ends of the ceiling 
crack at "A" plotted for the whole history of the crack. It should be noted that al- 
though the crack was wide enough before the reservoir failure so that the steel re- 
inforcing bars in the concrete were visible, no leakage through the crack was re- 
ported prior to failure. 

It will be seen from fig. 4 that the configuration of the two major cracks corre- 
sponds to the relative fault motions that are known to have occurred, and that the 
width of the cracks, the distance between them, and the size of the chamber are 
compatible with the observed magnitude of the local fault motions. The location of 
the fault shown in fig. 4 is of course only approximate, as a zone of faulting of per- 
haps several feet wide is undoubtedly involved. 

In view of the above facts, it is likely that the record of crack growth of fig. 4 is at 
least a rough indication of the time behavior of the local fault motions. Although 
the movements of the section of the inspection chamber could be modified by such 
factors as consolidation of the material under the reservoir, the general compatibility 
of all of the measurements strongly suggests an approximate equivalence. This same 
conclusion as to the time scale of the fault motions is born out by investigations of 
the steel shell in the connector conduit between the tower and the circulator lines 
(State Report, 1964). From the location and amount of corrosion products at the 
slipped joints, it has been inferred that motions had been going on over a number of 
years. 

Referring again to fig. 4, it will be seen that the record is characterized by several 
rather abrupt jumps at points marked D, E, F, and G, for example, superimposed on 
a curve of continually increasing slope. There is also an indication of a definite 
change in the rate of crack development some time in 1957 and in 1961. As men- 
tioned previously the reservoir was drained and cleaned in March 1957 at which 
time no evidence of major cracking on the floor of the reservoir was reported. This 
operation may have taken place just prior to the noticeable increase of crack growth 
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rate and was probably at a sufficiently early stage in the process that the fault 
motions had not penetrated through the 10 ft thick rolled earth impervious blanket 
and the asphalt paving on the floor of the reservoir. 

It  will be observed that the crack growth curve of fig. 4 shows a pronounced yearly 
periodicity, with peaks occurring in the spring. This apparently does not correlate 
with any factors involved in the operation of the reservoir, such as water level. It  
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is interesting to note that  similar periodicities were found in ground level measure- 
ments in the Long Beach-Terminal Island-Wilmington region (Leypoldt, 1938). 

CRACK GROWTH AND EARTHQUAKES 

Since the measurements of fig. 4 were taken only at monthly intervals, it is not 
possible to come to any conclusions about the abruptness of the fault motions at 
points such as D, E, F, and G. An examination was made of the earthquake records 
at the Seismological Laboratory of the California Inst i tute of Technology in 
Pasadena to see if there was any correlation between these relatively sudden changes 
and the occurrence of earthquakes in the Baldwin Hills area. I t  might be expected 
either tha t  a sudden motion at the fault could be triggered by the ground shaking 
induced by a nearby earthquake, or that  the fault motion itself might generate the 

TABLE I 

EARTHQUAKES ORIGINATING IN THE BALDWIN HILLS AREA DURING PERIODS OF 
RAPID FAULT MOTION (FIG. 4) 

Fig. 4 
Interval 

D 
E 

F 
G 

Date of Rapid Movement* 

Dec. 9, 1957-Feb. 17, 1958 
Feb. 10, 1959-Mar. 13, 1959 

June 16, 1961-July 14, 1961 
Aug. 29, 1962-Sept. 26, 1962 

Date of Earthquake 

Jan. 2, 1958 
Feb. 22, 1959 
Feb. 27, 1959 
July  5, 1961 
Sept. 1, 1962 

~agni- 
tude 

1.6 
1.4 
1.7 
2.4 
3.0 

Epicentral Accuracy of 
Distance from Epicenter 

Reservoir Miles MiteM 

1 10 
12 1O 
14 10 
18 3 
4 3 

* Observations of crack widths were made on dates given. It is not known when the move- 
ments occurred within this time interval. 

t Epicenter location probably within given number of miles. Focal depths not accurately 
known. 

earthquake. I t  is thus possible under various conditions to suppose that  an earth- 
quake is either the cause or the effect of a fault motion. 

In  table I are listed the earthquakes originating near the reservoir within the 
monthly intervals during which the jumps at D, E, F, and G occurred. For D, a 
very small earthquake quite near the reservoir was recorded. For E and F, however, 
the only earthquakes recorded in Pasadena are very small ones located 12, 14, and 
18 miles from the reservoir, and hence it is not likely that  they are connected in any 
way with the reservoir faults. For point G, a magnitude 3 earthquake is recorded 
within some 4 miles of the reservoir. The correlation of fault movement and earth- 
quakes is thus seen to be dubious, a conclusion which is borne out by a relatively 
long list of small earthquakes close to the reservoir which do not appear to be con- 
nected with any special features on the crack growth curve of fig. 4. These earth- 
quakes are listed in table II. The last two earthquakes in table I I  are of special 
interest since damage occurred in the Inglewood Oil Fields which was apparently 
associated with both these earthquakes (State Report,  1964). In fig. 2, the points 
marked A and B locate two oil wells reported damaged by the earthquake of 
February 18, 1963, and C locates a well reported damaged by the March 10, 1963 
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ea r thquake .  I t  will  be no ted  f rom fig. 4 t h a t  no special  fea tures  a re  p resen t  in t he  
c rack  g rowth  curve  to cor respond wi th  these  two ea r thquakes .  

ADDITIONAL EARTHQUAKE INVESTIGATIONS 

TO inves t iga te  possible  seismic effects assoc ia ted  wi th  t he  final b r e a k  in the  
reservoir  e m b a n k m e n t  on D e c e m b e r  14, 1963, a careful  examina t i on  of the  seismo- 

TABLE I I  
EARTHQUAKES ORIGINATING IN TH'~ BALDWIN HILLS AND VICINITY FOR WHICH THERE IS NO 

CORRELATION WITH RAPID FAULT MOTION (fig. 4) 

Date oI Earthquake 

Nov. 1, 1951 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Dec. 23, 1953 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Dec. 23, 1953 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Dec. 25, 1953 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nov. 11, 1954 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Dec. 2, 1954 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Feb. 21, 1955 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
May 6, 1956 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sept. 26, 1956 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nov. 12, 1956 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Mar. 22, 1957 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
May 6, 1957 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oct. 7, 1957 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mar. 18, 1958 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Apr. 18, 1958 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

July 10, 1959 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sept. 29, 1959 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
May 26, 1961 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
July 29, 1961 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oct. 20, 1961 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sept. 1, 1962 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Feb. 18, 1963 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mar. 10, 1963 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Magnitude 

2.5 
2.7 
2.8 
2.8 
2.3 

2.1 
3.1 
2.3 
2.5 
2.4 

2.2 
1.8 
1.7 
1.7 
2.5 

2.5 
2.2 
2.5 
2.7 
4.1 

3.0 
3.4 
3.0 

Epicentral Distance 
from Reservoir, Miles 

1 
5 
2 
3 
4 

5 
6 
6 
6 

30 

4 
6 

17 

g rams  f rom the  P a s a d e n a  s t a t i on  was m a d e  for severa l  days  pr io r  to t he  b reak ,  t he  
d a y  of the  b reak ,  and  for severa l  subsequen t  days .  T h e  Seismological  L a b o r a t o r y  of 
t he  Cal i forn ia  I n s t i t u t e  of Techno logy  in Pasadena ,  loca ted  a b o u t  15 miles  f rom the  
reservoir ,  is the  neares t  p e r m a n e n t  seismological  s t a t i on  p r o v i d e d  wi th  24 h r / d a y  
record ing  se ismographs .  T h e  sens i t iv i ty  of these  i n s t rumen t s  is such t h a t  a n y  
seismic d i s t u rbance  of s ignif icance for the  safe ty  of the  reservoir  would  be  recorded  
in P a s a d e n a .  T h e  only  seismic events  t h a t  m i g h t  conce ivab ly  be  missed in P a s a d e n a  
would  be v e r y  smal l  e a r t h q u a k e s  in the  i m m e d i a t e  v i c in i ty  of the  reservoir ,  which,  
while t h e y  could  have  no effect on the  reservoir ,  m igh t  have  some i m p o r t a n c e  in a 
genera l  s t u d y  of t he  local  se i smic i ty  of the  region and  i ts  r e la t ionsh ip  to  t he  de ta i l s  
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of the local fault structure. No events were detected on the Pasadena seismograms 
that seemed likely to have any connection with the reservoir fault movements, or 
with the final failure. 

After the failure, a portable Benioff type continuous recording seismograph was 
set up at the reservoir site to record local conditions. It was thought that if the local 
tectonic movements were in any way associated with seismic activity, such activity 
would very probably continue after the failure. It was known from previous work 
that this area in the Los Angeles Basin is a particularly noisy one, with an unusually 
high microseismic background (Gutenberg, 1957). In order to suppress these back- 
ground disturbances, the equipment was operated at a low magnification of the 
order of 1000. Over an operating period of several weeks, no significant local seismic 
events were observed which seemed likely to have any connection with fault move- 
ments. 

On several occasions during the life of the reservoir, reports were made to engi- 
neers at the Department of Water and Power (D. W. P.) by D. W. P. personnel at 
the Baldwin Hills Reservoir that earthquakes had been felt at the site. Subsequent 
checks showed that some of these earthquakes had not been recorded in Pasadena. 
This suggests the existence of very local shocks, a study of which might throw some 
light on local tectonic processes. I t  would certainly be desirable in such cases to 
operate a continuously recording seismograph at the site to provide the means for 
long-term research investigations. 

In October 1961, two strong-motion earthquake recorders were installed at the 
reservoir by the Department of Water and Power to indicate the maximum value of 
strong earth shaking, should it occur. These seismoscopes are relatively insensitive 
instruments, and would give a reading only in the presence of heavy shaking such 
as might accompany a large nearby earthquake. The record plates of these instru- 
ments had been periodically examined since installation, and were again examined 
after the failure. There was no indication from these records that the reservoir had 
been subjected to any heavy shaking since the 1961 installation date. It is interesting 
to note that although one of the seismoscopes was within 300 ft of the final break 
in the embankment, through which a large turbulent flow of water rushed during 
failure, no measurable vibrations were recorded. 

SEISMICITY OF THE BALDWIN HILLS 

As one means of evaluating the general seismicity of the Baldwin Hills Area, an 
epicenter map of past earthquakes was prepared for a region of some 30 × 35 miles 
centered on the reservoir. This compilation was much facilitated by a new Catalog of 
Southern California Earthquakes prepared by Richter, Allen, Nordquist, and St. 
Amand on I.B.M. punched cards (Nordquist, 1964). Using this catalog, it is possible 
to program a digital computer to compile such data as location, depth, magnitude, 
and quality of data, for all shocks of a specified size within a specified distance of a 
prescribed point. Figure 5 shows the results for earthquakes occurring within the 
dates of January 1, 1934 to May 31, 1963. Within the accuracy of the epicenter 
location, the map reveals essentially a uniform distribution of epicenters throughout 
the area. The tendency to line up on coordinate axes is, of course, a consequence of 
rounding off the coordinate values. It is evident that there is no detailed corre- 
spondence between the epicenter locations and known fault locations. If the ac- 



174 BULLETIN OF THE SEISMOLOGICAL SOCIETY OF AMERICA 

34"05' 

34*00' 

33"55'  

33"50'  

33+45 ' 

curacy of hypocenter locations could be improved to justify a three-dimensional 
plot, it is likely that some better correlations would be found between the points of 
origin of the earthquakes and the fault system. A study has recently been made of 
fault details, based on precise location of hypocenters obtained from a relatively 

1~8°00 ' 

r- o 0 

0 ~o,,,,~,~,,,s 0 o o o o o 

o O@ o 

- @ 0 0 0 0 @ 

0 

o. ~ B o l d w i n  SlotiOn. 

° / i " .  ~'-. L _  

y- o 

(~ ° O ° 
0 0 ~ L A u.~o. ° 

-~, 0 0 ~  o ¢ ( ~  @ o 0 0 0 0 0 Hill~Reservoir 0 "~- 0 0 0 

0 0 0 ~*0 0 0 0 ( ~  @ 

o+o  , o:/ 
0 o\ o 0 ~ o 0 ® o 0 

o o o  o ~ 0 o o ~ o  o ~ o ~  
+o o o o  4to o ~ ~/ 

- o ~ o  o @ 0 o ( 3 0  o G  tl~ (~ o 

@ 0 ~ o  o O o  o o 0 

o 0 0 0 -  o 0 o ~ o o 
o (~ o ~  I ~ c  @ o 

~ 0  ~= ~ ( ~  0 o 0 

-o @ ~" o o 0 o O  O ~  ~ o 

0 " 0  0 @ o o 0  OoOO Oo oO;  o 
o o o ~ ! ~ o  

palos Verdes HJY/$ 

- ~@(~ 0 ~ o o 0  Oo ~ ~ ' @  o 
I t8°35 ' 118"30' 1~8"25' 118+20 118"05' 116°f5 ' 118"t0' 

EPICENTER LOCATIONS IN THE WESTERN AND CENTRAL SECTIONS OF THE 

LOS ANGELES BASIN 

dQnuory ~,1934 ~o MQy 31, 1963 0 

Compded from records of the Seismological Lobor~tory, Callfornio Inshiute 
of Technology by C F Richter, C R Allen, J M Nordqul$1, and P St Amond 

o o o o 0  @ '  . . . . . .  " 0 ...... , ,  0 ~ ..... ,, mvesrlgoted within 3 redes within fO mde$ 
1-19 2-29 3=39 4 - 4 9 5 - 5 9  

C/OSS A C/ass B C/ass C 
MAGNITUDE OUALITY OF LOCATION 

Note C/usrers of  overlapping c~tc/es indicate Shocks os$1gned to o Single 
ep,center LOCOlIx m/ense concentrotron$ Of a Smg/e type aFe in¢- 
coted by numbers ~/th/n circles 

FIG. 5 

1 2 3 4 

MILES 

(~ 33*55' 

0 

0 

O 0  

@ 

~33.4s 
118°00 ' 

dense network of portable stations, which seems to offer hope for such improved 
correlations (Cisternas, 1963). 

COMPARISON WITH OTHER FAULT 1V~OTION SITUATIONS 

It is of interest to compare the type of fault motions evidently involved at Bald- 
win Hills with other recorded cases. 0n ly  two other instances are known for which 
time records of relatively slow fault motions have been obtained. 
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The first of these was measured across the surface trace of an active overthrust 
fault in the Buena Vista Hills, Kern County, California (Wilt, 1958). It  was first 
noted in 1932 that oil wells were being sheared off by a fault for which a surface 
fault scarp was located. In 1933, stakes were set across the fault scarp to establish 
measuring points, and in 1952, these stakes were replaced by 2 in. pipes set in 
concrete. Tape measurements corrected for temperature were used. From 1933 to 
1958, a total relative movement on the fault plane parallel to the dip of about 1.6 ft 
has occurred. This movement has been approximately uniform, with a slight 
tendency to a decreasing rate. This Buena Vista fault is located almost 25 miles 
from the epicenter of the July 21, 1952 magnitude 7.7 Kern County Earthquake. 
Fault measurements were made 48 days prior to the earthquake, and 50 days after 
the earthquake, after the major aftershocks had subsided. In addition, Wilt was 
able to be at the site just 10 minutes after the main shock to observe that there was 
no surface movement at the fault scarp during the earthquake. The plot of accumu- 
lated fault motion does indicate a relatively abrupt change of slope, corresponding to 
the Kern County Earthquake, but this is only a minor factor accounting for per- 
haps 0.03 R out of the total of 1.6 ft. 

A second interesting case of slow fault motion is occurring along the main San 
Andreas fault at the W. A. Taylor Winery near Hollister, California. In this case, 
the main trace of a horizontal fault movement passes directly through the concrete 
walls and floor slab of a building, which is being slowly pulled apart by the move- 
ments (Steinbrugge and Zacher, 1960). Several special creep recorders with 3 ft 
gage lengths were installed at the site in 1957 and 1958, and a record of accumulated 
strain has thus been obtained (Tocher, 1960). From July 9, 1958 to March 8, 1960, 
a total relative horizontal displacement of 1.1 in. has occurred across the crack on 
the floor slab. The time record of this nmtion looks much like the first portion of 
that shown in fig. 4, with most of the motion accounted for by four abrupt jumps 
superimposed on a steady drift. Only one of the iumps seemed to correlate with 
local seismic activity, having occurred at the same time as a sharp local earthquake 
of magnitude 5.0 located about 4 miles from the recording point. The total relative 
motions measured at the winery are consistent with these established by precise 
geodetic measurements made locally in the area (Whitten and Claire, 1960). 

At ]east one other case has been reported in the literature of a fault motion ap- 
parently occurring without an associated seismic disturbance having been detected 
(Hill, 1954). In 1949, a movement of a few inches took place along the surface trace 
of a fault on the east side of the San Joaquin Valley about 8 miles north of Bakers- 
field. A disturbed zone was followed for a distance of some 2 miles. No seismic 
activity in that area was reported from the Pasadena or Berkeley Seismological 
Stations for the date of the movement. 

CAUSES OF FAULT MOTION 

Among the factors which may be closely connected with the reservoir fault too- 
tions are: (a) general tectonic movements of the earth's crust in the Los Angeles 
Basin; (b) soil and water loads of the reservoir itself; (c) local subsidence in the 
Baldwin Hills Area. 

As indicated above, both the geological investigations of the Inglewood Fault 
System and the studies of local seismicity have shown clearly that the Baldwin 
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Hills area has been, and is, a very active region tectonically. Additional evidence for 
general crustal movements is afforded by studies of elevation changes in the Los 
Angeles Basin (Grant and Sheppard, 1939). Precision levels run by the Bureau of 
Engineering of the City of Los Angeles have shown that several areas in the basin are 
undergoing downward movement, and that at least one region, 2-3 miles south of 
the Baldwin Hills, has recently been rising at a maximum rate of 0.03 feet per year. 
On the evidence of the accuracy of the survey, which was tied in with tidal bench 
marks at San Pedro, Grant and Sheppard conclude that the elevation change would 
probably be ascribed to tectonic causes associated with the Newport-Inglewood 
zone of flexure. Although the details of these tectonic effects cannot be worked out 
with the available data, elevation changes on a large scale are evidently still continu- 
ing in the area. 

Turning to more local effects, the most striking elevation changes in the vicinity 
of the reservoir are those associated with a subsidence bowl just adjacent to the 
reservoir. Although local elevations have been modified to some extent by the soil 
and water loads imposed by the reservoir itself, these factors as well as the above- 
mentioned tectonic movements are evidently small compared with the whole 
subsidence bowl pattern, which will now be examined in some detail. 

THE BALDWIN HILLS SUBSIDENCE ZONE 

The solid contours of fig. 2 define the pronounced local subsidence bowl which 
coincides roughly with the Inglewood Oil Field ("California 0il Fields", 1961). 
These contours are based on measurements made by the Department of Water and 
Power of the City of Los Angeles (Walley, 1963). Similar maps have been prepared 
by the Los Angeles County Engineer, and by the Geodetic Section, Survey Division, 
Bureau of Engineering, of the City of Los Angeles. The maps from these three 
sources vary slightly because they include different time intervals, are perhaps based 
on different reference points, and presumably involve some independent measure- 
ments, but the general features are all very similar. 

The earliest accurately surveyed benchmarks in the area were established in 1917 
by the Department of Water and Power at the site of the proposed Centinela 
reservoir, about 3000 ft southwest of the Baldwin Hills reservoir. In 1939, the 
preliminary surveys were made for the Baldwin Hills reservoir, and benchmarks 
were established and tied into U.S. Coast and Geodetic Survey reference points. 
Since that time, periodic careful resurveys have built up an accurate picture of the 
subsidence pattern (Walley, 1963). On the basis of these measurements made from 
1917 through 1963, it seems that the center of the subsidence bowl has dropped with 
respect to the edges during that period by about 9 ft (State Report, 1964). Although 
there is a considerable gap in the elevation measurements from 1917 to the 1940's, 
the above estimate of the total maximum local subsidence should be correct within 
1 to 2 feet. 

In fig. 6 is shown a vertical cross-section through the reservoir along the line P1, 
P2," • • P5 of fig. 2, which passes approximately through the center of the sub- 
sidence bowl (Walley, 1963). I t  will be noted that the reservoir is located on the 
subsidence profile in such position as to be subiect to tension. This is further estab- 
lished by repeated measurements of the dimensions of the reservoir, which show that 
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there has been an elongation of the NE-SW diagonal of about 0.4 ft between 1950 
and 1963 (State Report, 1964). 

Studies have also been made of horizontal movements in the Baldwin Hills region. 
On fig. 2 are shown horizontal movement vectors for several points for the time 
intervals marked, based on measurements of the Survey Division, Department of the 
County Engineer, Los Angeles County (Alexander, 1962). These horizontal move- 
ments are seen to be consistent with the picture of the subsidence as indicated by the 
elevation rate of change contours. A very similar pattern of horizontal movements 
has been measured at the Buena Vista Hills area, in the region of the slowly moving 
overthrust fault previously mentioned (Whitten, 1961). 
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Related to the whole subsidence pattern in the Baldwin Hills are a number of 
earth cracks that have been observed since 1957. On fig. 2 are marked several of 
these cracks which have caused considerable damage to streets and paved areas 
during the past few years. These cracks, which involve some vertical offset but no 
observed horizontal displacements, evidently occur in regions where the rate of 
subsidence is rapidly changing over short distances (State Report, 1964). 

COMPARISON WITH THE LONG BEAcH-TERMINAL ISLAND SUBSIDENCE 

The subsidence pattern at Baldwin Hills resembles in many respects the well- 
known situation in the Long Beach-Terminal Island-Wilmington area, and it is 
instructive to compare the two regions. The conditions at Long Beach have been 
extensively studied since the early 1940's, and have been described in detail in a 
number of publications (Gilluly and Grant, 1949; Grant, 1954; Steinbrngge and 
Bush, 1958). 
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At Long Beach, the subsidence bowl is elliptical in shape, with dimensions of 
about 35,000 ft by 23,000 ft. The total maximum subsidence in the center during the 
period 1928-1962 is about 28 feet. Comparing this with the dimensions of the Bald- 
win Hills bowl, which is roughly elliptical with dimensions of 14,000 ft by 10,000 ft, 
and a total maximum subsidence during 1917-1963 of about 9 ft, it will be seen that 
the proportions of the deformed regions are quite similar. Horizontal measurements 
made at Long Beach indicate horizontal ground movements as high as 9 ft since 
1937, the general pattern being towards the center of the subsidence bowl, similar to 
the horizontal movements indicated by the vectors of figure 2. 

SEISMIC ACTIVITY IN THE LONG BEACH SUBSIDENCE REGION 

A number of local earthquakes have occurred in the Long Beach subsidence zone, 
and have caused considerable damage to oil wells (Frame, 1952). These earthquakes 
have been studied by Richter, who observed that the seismograms recorded in 
Pasadena had a number of peculiarities, such as an unusually large development of 
long-period motion, and a lack of sharpness in the beginning of the motion (Richter, 
1958). These features can apparently be attributed to fracturing along nearly 
horizontal bedding planes at a depth of about 1700 ft, the causative stresses being 
those associated with the local subsidence. The long-period motions could thus be 
explained as surface waves resulting from the unusually shallow depth of focus, and 
the relatively gradual beginning by the nature of the slipping which is perhaps a 
considerably slower event than the breaking of rocks for more normal tectonic 
earthquakes. An earthquake of this special type had also occurred during the after- 
shock activity of the Long Beach earthquake of 1933, along with many other small 
shocks of a normal type. This 1933 earthquake, of course, was considerably before 
the development of a pronounced subsidence bowl in the area, so that these special 
type earthquakes can apparently also be generated by tectonic stresses. Earthquakes 
of this special type occurred in the subsidence region in 1947, 1949, 1951, and 1955. 
The earthquake of November 17, 1949 was felt in Long Beach by a few persons, and 
some 200 oil wells went out of production, some of them permanently. The damage 
was associated with horizontal shearing motion, with relative displacements of the 
order of 1 foot. 

There have been at least two small subsurface displacements in the Inglewood 
fault zone in recent years (1941, 1944) which damaged oil wells, but which were ap- 
parently triggered by a normal earthquake in the vicinity (Richter, 1958). Perhaps 
of a similar nature are the two recent earthquakes mentioned above (February 18, 
1963 and March 10, 1963) which damaged oil wells near the Baldwin Hills reservoir, 
and were apparently of the normal type. 

CONCLUSIONS 

The fault motions at the Baldwin Hills Reservoir have apparently been progress- 
ing at a relatively slow rate over a period of some I0 years, prior to a possibly larger 
motion at the time of the reservoir failure, and they are similar in many respects to 
other slow fault movements reported elsewhere. As far as damage to structures and 
engineering works is concerned, such slow fault motions pose problems completely 
different from those associated with the more common rapid-fault-motion generated 
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ea r thquake .  I t  is v e r y  l ike ly  t ha t  as more  de ta i l ed  explora t ions  and  s tudies  are  

u n d e r t a k e n  in regions of ac t ive  e a r t h  m o v e m e n t ,  i t  will be found  t h a t  such slow 
faul t  mot ions  are  no t  uncommon .  I t  is ev iden t  t h a t  designers  of engineer ing works  
will need to have  an  increased u n d e r s t a n d i n g  of such p h e n o m e n a  if t h e y  are  to 
p r epa re  safe and  economical  designs for such regions.  
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