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RELATIONSHIP BETWEEN SEISMICITY AND GIOLOGIC
STRUCTURE IN THE SOUTHERN
CALUIFORNTIA REGION

By C. R. Auien, P. 81, Amanp, C. IF. RICHTER, AND J. M. Nouroquist

ABSTRACT

Data from 10,126 earthquakes that occurred in the southern California region
between 1934 and 1963 have been synthesized in the attempt to understand
better their relationship to regional geologic structure, which is here dominated
by a system of faults related mainly to the San Andreas system. Most of these
faults have been considered “active” from physiographic evidence, but both
geologic and short-term seismic criteria for "active” versus “inactive” faults are
generally inadequate.

Of the large historic earthquakes that have been associated with surficial
fault displacements, most and perhaps all were on major throughgoing faults
having a previous history of extensive Quaternary displacements. The same
relationship holds for most earthquakes down to magnitude 6.0, but smaller
shocks are much more randorily’ spread throughout the region, and most are
not clearly associated with any mappable surficial faults. :

Virtually all areas of high seismicity in this region fall within areas having
numerous Quaternary fault scarps, but not alt intensely foulted areas have been
active during this particular 29-year period. Strain-release maps show high
activity in the Salton trough, the Agua Blanca-San Miguel fault region of Baja
California, most of the Transverse Ranges, the central Mojave Desert, and the
Owens Valley-southern Sierra Nevada region. Areas of low activity include the
San Diego region, the western and easternmost Mojave Desert, and the southern

San Joaguin Valley. Because these areas also generally lack Quaternary

faults, they probably represent truly stable blocks. In contrast, regions of low
seismicity during this period that show widespread Quaternary faulting in-
clude the San Andreas foult within and north of the Transverse Ranges, the
Gorlock fault, and several quiescent zones along maijor faults within otherwise
very active regions. We suspect that seismic guiestence in large areas may be
temporary ond that ‘they‘ represent likely condidates for future large earth-
quakes. Without more odequate Qe:)detic control, however, it is not known that
stroin is necessarily accumulating in all of these areas. Even in areas of demon-
strated regional shearing, the relative importance of elastic strain accumulation
versus fault slippage is unknown, although slippoge is clearly not taking place
everywhere along major “active™ faults of the region. )
R_ecufrence curves of earthquake magnitude versus frequency are presented

for six tectonically distinct 8500-km? areas w?thin-fhe—region. They-suggesteither .. . ____ "~ ___.
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recurrence expectancies apparently break down for these smaller areas, historic studies in seope and mode of presentation. The most ambitious of these cz.xl‘iiel'
records suggest that the calculated recurrence rate of 52 years for M = 8.0 - studies 1s that of Wood (1947), although the number of epicenters used by him was
earthquakes for the entire region may well be valid. Neither a fault map nor about one-eighth of that used in this study, and his geologic information was in-
the 29-year seismic record provides sufficient information for detailed seismic adequate and is now out of date. Other significant studies beu,ri.ng on the geological
zoning maps; not only are many other geologic factors important in determin-
ing seismic risk, but the strain-releose or epicenter map by itself may give a ( . - - 1
partially reversed picture of future seismic expectance. "“Il ,,,,,, N N oTdnopah B
Seismic and structural relationships suggest that the fault theory still provides D N I A
the most satisfactory explanation of earthquakes in this region, N L
I' . i aBishop\\
NTRODUCTION a-l O
Tinemoha™\_ 370
The problem. The purpose of this study has been to gain a better understanding Fresnos ) N
of current tectonic processes in an area of present-day mountain building. Southern | N
California offers particular opportunity for this type of study because of the pres- D » BN Los Vebas
enee of one of the world’s most closely spaced seismograph networks with a rela- A : A Hoiwee e
tively long history of recording, together with the fact that the geologic structure Son Luis Obispo Woodyy 4 5 AChing Lake \\
of the region is reasonably well mapped and understood. The basic attack in this g N Tsabello - \\
study has been to attempt to compare seismic activity, as represented by areally Hing Fanch AGoldstone N
averaged strain-velease sums and by frequency- -magnitude relationships, with the N | o
weologic structure, which in this region is dominated by a complex system of faults A Fort Tejon oorstow {
_that-in large part would be considered “active” from geologic evidence alone. \ Sonto Borbora —_— ’l
At first glance, a relationship hetween seismicity and geologic structure is obvious ‘ : AMI. Wilson
hecause most earthquakes do occur in regions where active faults are recognized. Qf ‘._Pasadf.”‘;wm' Fp— ‘*;_W
[n a gross sense, as was pointed out by Montessus de Bullore (1924), regions of high N L0Jos Verdes | Aoyl

seismicity are also reégions containing young mountains. But in detail the correla-
tion between faults and earthquakes may break down for a number of possible 3
reasons that will be examined in this study: '
1. Seismic events at depth may not be directly and simply reflected in surface
;_,mlony
. The recorded seismic history of a region may not encompuss & long enough
v lme period to represent true secular seismicity.
3. Tarthquakes may not recur on pre- -existing breaks. ¥
~1 Trom geologic evidence alone, it is diflicult to determine the recency of dis-
placement on a fault, and thus its degree of “activity:” ‘
5. Tarthquake focal mechanisms in’ some, regions may be more complex than is
usnally visualized in the simple elastic rebound theory. Honda (1957) and others

Pa/omar

"8AJA CALIFORNIA EX‘TENSlON"Z

]
!

have suggested this for Japan, where in places there appears to be no obvious cor- o I il il "
relution between eplcentelsandvsmﬁcl‘ﬂ faults (Tsuboi, 1958). Fre. 1. Map of d by the P
6. Cradual slippage along faults, without accompanying earthqualkes, may be u Pe ﬁﬁlgﬁeé? sta}trxgr}: Jﬁiﬁg .Sfiljiﬁfrl;r)(ilc%})déetworl\’ showing
.__more important tectonic process than has heretofore been recogunized. Such slippage
. _hus gccﬂyﬁ&ccn ¢en documented along a part of the San Alldleﬂb fault in California ~ § relations of seismicity in this region have been those of Gutenberg (1941, 1943),
R (btelllb—lmﬁll—mﬁ@)b—*wﬁ_-Hm M ~§ . Clements and Emery (1947), Gutenberg and Richter (1954), and Richter (1958).
B D vison~(1.963) hasrecently mg,u@ihat earthquakes are not caused- by_fault - A more recent related study is that on seismic_regionalization by Richter (1959),
ing, in which case thele need be no diréct corvelations—-— - . . ___ which differs from the present investigation in_its emphasis on lmmund COoil- -

LIS B

lakiadabin hotwenen seismicity and geologic ~ " § 7 “ditions and-maximum earthquake intensitics which may be expectod: Anpther-sigea——




‘Clt 3 3 CLIIG CHIUILU U LILUGUL AU ULUUADy  Rrses = os = - - v i . )
retnionsubs 1oF 1 11020 haiza diconesod 11 9 nrimarily his-

and “inactive’ faulte Mogt of thae maier foulic of ¢l

T A NA R AT NI SR an T A : — L
:01'ic:1.1 \i)n.pu)r many aspeets of the seiismiciti m\dUt?;iic;lllé(;slz)efgtlz\l/iolsig;g:elz:; )1?,&; zu({i
a larger sunmary of earthquakes of the western United SuaLes. ) t.l A
and epicenter maps of eartheauakes greater 1‘,1?:1,11 magnitude 4. 1rou,f; alr
l“l(l)\r(}\in,l have beenl published by the California Depart'ment of Wa;clin?zzs;\;igii

(1964), the data for the southern part of the‘ state havmg 1_3(—:311’. simv es(t pined ot
the 1BM cards that were prepared as parb of the present study. 1{ o ,:;carticulm'

seismicity in other regions of the world hz'we, of course, I?ee.n nA;JmeSm \ ,tlUn_ion v

m(:nl'.ion.shonld be made of the recent vigorous attempts m L.le 1;):/76))

establish geologic criteria for predicting seismicity (e.g., Q‘zovs}y, 1 5 : ed in

Materials used. The data used in this study are 1’)1'edo‘mm-a‘ntly t 1‘os.e Le‘})u ol
the Quarterly Bulletin of Locnd Sho(;k.s of t,l.\e Smsmolog:wul llnb?llltolxy: q(?”w(‘m'hl;“_

ifornia Institute of Technology. The Bulletin h.:\s been issucc .lbga.l.l .123_)1.} r;li% e

arvy 1, 1934, and includes the reports of 18 stations of the nsmllthel n aulcﬁ St;mo“s

work as of January 1, 1963 (Figure 11). lIln %1934 tl;erle] \(ve;'e L?l: y(?\f.:?(l,.lis” 1:(\(,hniq“p;

and the number has inereased gradually through the years. SAidise 20

;llzl“l)l-t()ceduycs of Toeation for local earthqualkes, wlncl'l since 1%611318{1(;})(6165% }Scfrtltlcl(i

primarily by computer programs, have been sumnmrlmd by D ;),1 qf v 'mmd.e o

aim of the Laboratory has been to report aid locate all .ShO(‘:.\‘S (‘) ; g V,Fg,his o

and greater within the “Pasadena 100:\1. m'(?a” a8 sho‘wvn in inline 1 .(;llsidel-cd

likewise the subject of the present investigation, e'xcept Lha.t we .ave- a slo cﬂ s

shocks from the “Baja California extension.,” while 1‘ecogmz1:1g th_aiion y ,Lut(hncd

chocks from this aren have been reported in the B‘l‘ﬂletm. The tlt?;ca‘ c.uezjn e

by the heavy line in Tigure 1 iz herein l}erme.d the “southern Cali ocima ldegA .izo;m
iﬁuludcs about one-hulf of the area of C{\Llifoymu, small pa’rts.of li?vzz a atﬁl dml{L fm;n,
and parts of nothernmost Baja California and Sonory, l\'.[ex109.. cr l.ncnin th; o
“eneh of the 10,126 carthquakes that have been reported from this xeglogl Ry
Bulletin hetween January 1, 1934 and January 1, 1963 hav.e be"en e;n ere e

“eards (Nordquist, 1904), and the results that follo\\i are .pnma_l'lrlyl 10;1’} an{m)(/)iocry

- these data using the I13M 7090 Computer at the szhfgmm InAsmtuL(.a;o . e:c thm;gh
Tn the course of this investigation, the qm'.ermmatlon qf the eplﬁn ‘SIS v
~{he yours has been the 1'esponsibilit'fy of Richter; St. Amar}({ %mdd Zluecllluhas {)ﬂ(i
b()()l{ mainly concerned with statistical treatment .of the (at,a,dan 1A e
primary responsibility for preparation of the strain-release a‘n 1geo 0?, Onsﬂ;,i,l o
well as the frequency-magnitude diagrams. All of the authors share resp

for the eonclusions.

GEOLOGIC STRUCTURE

A i ; ther i ia region has

General stalement. The geologic structure of the southern California 1Eglo ;(,

! synthesi ' i ] : - pres urpose

heen synthesized and summarized I many papers, and 1t is our plg%l(li . ‘p ﬂl, .
only to discuss those aspects of the structural framework that pertain directly

{his study. These include (1) the tectonic history of southern California as it relates-

. . e oo basic
to current seismicity and comparison with other circum 1‘ acific Ie.gllcl)nsg (Z)HECWl
differences between major geologic provinees within thg region as mig tl, ; resm "
in current scismicity, (3) centers of Quaternary voleanism and their relationshif

2 siorareshevrerne—
but these faults will not be discussed in detail except in relation to specific carth-
quakes. [Plate 1 is located in cover pocket—Id.] .

Tectonic history. Virtually the entire region here under discussion was at one time
a part of the great Cordilleran geosyncline that underwent major orogenic defor-
mation and intrusion in late Mesozoic time, in common with the entire west const
of both Americas. Although crystalline rocks as old as Precambrian crop out logally
in the Transverse Ranges north of Los Angeles (Silver et al, 1963), most of the busc-
ment rocks of the region are either batholithic intrusive rocks of the late Mesozoic
orogeny or earlier sedimentary and voleanic rocks that were severély deformed and
metamorphosed at that time. In contrast to the widespread pre-Cenozoic geosvn-
clinal and orogenic events, the Cenozoie history has been charncterized by the de-
velopment of local fault-controlled basing and fragmentation of the continental
border: The chicf agent of this fragmentation has been the San Andreas Tault sys-
tem, which probably came into existence in early Cenozoic time (Crowell, 1062
and has dominated the tectonie framework of coastal California ever sinee. The
castern limit of the region affected by the Sun Andreas fault is difficult to determine,
but even earlier right-lateral shear perhaps existed along a parallel zone centered
on the California-Nevada border (Albers, 1964), and right-lateral movements have
continued on some of these faults into Quatcernary time. Thus structural features
related to the San Andreas system apparently dominate the entire region being
considered hercin, although important loeal differences are caused by special situ-
ations that will be considered in discussing the individual geologic provinces.

Although coastal California is clearly part of the circum-Pacific belt of mountain-
building activity, it is atypical of much of the rest of the belt in that it lacks the
deep offshore trench, abundant active voleanism, and carthquakes of intermediate
and deep focal depth. California is certainly not o true voleanic island are now, al-
though the Cordilleran geosyncline may once have represented such a tectonic on-
vironment. The San Andreas fault, on the other hand, is by no means the unicue
feature of the circum-Pacific rim that it was once thought to be, and there is good
reason to believe that seismic patterns related to this fault system may have close
analogies in other circum-Pacific areas of regional strike-slip faulting such as Chile,
New Zealand, the Philippines, and Taiwan (Allen, 1962).
* Geologic provinces. The southern California region is readily divisible into .eight
regions that have distinctive ‘geologic and tectonic characteristics. These natural
provinces are shown in Figure 2 after Jahns (1954), who has summarized their dis.’
tinguishing features. With one principal exception, these regions are characterized
more by differences in geologic history, rock make-up, and present physiography
than by fundamental differences in underlying fault pasterns.

North- or northwest-frending faults characterize all of the eight provinces with
the exception of the Transverse Ranges, which represent the only cast-trending

“mountain system of the Pacific coast—and indéed one of the few in either North =
.or South America. The Transverse Ranges are apparently the continental mani-

festation of the much more extensive Murray fracture zone of the Pacific sea floor,
which extends westward from, the California coast for at least 4000 km (NMenard,




el e reme v seLuGL W UG €3S DAs never been documented. Although
displacement on the Murray fracture zone has apparently been right-handed in the

dre:

and Dibblee, 1953). Continuity of east-trending structures into the desert region
cast of the Coachella Valley is indicated by regional gravity trends ns well as by

Pooilin L
RS RIRGTHTHTE t0- PeTTapS 040 ROT- (Rt TU62), The Continental sIope %

not obviously offset one way or the other, and most faults of the Transverse Ranges
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Fra. 2. Major geologic provinces of the south i i i
: ern California r
e oot egion, based on

:L]ﬁ)])C:Ll'.t() have left-lateral components. Toward the eastern end of the province in
the region of the San Bernardino Mountains, left-handed faults of the Transverse
Range s_ystem come into conflict with right-handed faults of the San Andreas sys-
tem, amidst great structural complications (Allen, 1957). Apparently the San ;\l;-

15 system is currently the more active of the two, and the eastern extension of

the Tl":l»llSVGl‘SC Ranges has probably been offset somewhat to the southeast by lat-
cral displacements on the San Andre:

side of the Transverse Ranges in southern California is the Garlock fault, which

18 zone. The only major left-handed fault out-

Tault patierns (Biehler el al; 1964). In addition to lefi-handed components ol dis-
placement on faults of the Transverse Ranges, vertical displacements may have
been dominant in many areas. East-trending thrust faults and steep reverse fanlts
are common throughout the Transverse Range province, unlike most of the rest of
the southern California region. . ' .

In sharp contrast to the Transverse Range province, right-handed faults of the
San Andreas system characterize all of the adjacent provinees: Const Range, Mo-
jave Desert, Peninsular Range, and Gulf of California. Indeed, on the basis of fault,
patterns alone, these provinces are not readily distinguished from one another and
might be expected to have grossly similar patterns of current seismicity. Major
branches of the San Andreas system such as the San Jacinto and Tilsinore faults
can be traced continuously from the Gulf provinee into and through the Peninsular
Range province. Certainly the Gulf of California is not a simple isolated fault-
bounded graben as has sometimes been visualized, but instead appears Lo be another
manifestation of continental fragmentation related to en échelon faults of the San
Andreas system (Biehler ef al, 1964; Rusnak and Fisher, 1964).

Although the offshore area of southern California south of the Channel Islands
has ‘usually been considered part of the Peninsular Range province, it might well
quaﬁfy as a separate tectonic entity. The Tranciscan-type basement vocks that arve
found at several places in the offshore arca arc totally different from the predomn-

‘inantly batholithic rocks of the Peninsular Range provinee. Ifurthermore, the

typical “basin and trough” topography contrasts markedly with that of the adja-
cent provinces, although one might arguc that this is more a function of submavine
versus subaerial processes than of truly differing tectonic style. Northwest-trending
fault scarps of high relief are particularly abundant throughout the offshore aren.
but are truncated abruptly on the north by east-trending faults represented by the
Channel Islands. TFaults of the offshore area shown on Plate 1 are adapted from
Emery (1960) and are based chiefly on submarine topography.

TFaults of the Basin Ranges trend more northerly than those of the other prov-
inces and are associated with greater physiographic relicf, as is particularly evident
in the Owens Valley and Deuath Valley areas. Since the days of G. I, Gilbert’s ¢lassic
work in the Great Basin, dominant fractures of this provinee have typically been
copsidered to be normal faults representing east-west extension, but documentation
of this pattern has been fragmentary. On the other hand, a number of major Basin
Range faults of Plate 1, such as the Furnace Creek and Panamint Valley systems,
have many features In common with the San Andreas zone: great length and lin-
earity, scissoring of Quaternary fault scarps, horvizontully offset rock units, and con-
sistently offset streams. Inasmuch as such evidence of horizontal displacements is
generally absent farther northwest in the Great Basin, probably the faults of the
Owens Valley-Death Valley region represent features that are transitional befween
true San Andreas and true Basin Range tectonic patterns. _

Quaternary volcanism. There are no volcanic centers in the southern California,




Mt. Lassen, in the southern Cascade Ranges 400 ki north of the edge of this region,
and Volein de las Tres Virgenes, in Baja California 450 ki south of the edge of

voleanic centers in California shown in Figure 3 is their alignment, northwesterly
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Mg, 3. Centers of Qu: iwternary voleanism (cinder cones, obsidian plugs, craters). Faults
outside of southern Californin region generalized from U. 8. Geological burvey and Am. Assoc.
Petroleum Geologists (1‘)()1)

Cerro Prielo

the area. On the other hand, there are numerous cinder cones, obsidian plugs, and
craters within the southwestern United States whose relatively undissected physio-
graphic form suggests that they must be of Quaternary age. A number of these are
shown in Iligure 3, although 1t should be emphasized that assigument of many of
these features to the Quaternary epoch represents a very subjective judgement.

gent trend of the San Andreas fault system north of the Gulf. Proly: ably this line of
activity continues through to the Cascade Ranges of Oregon and Washington and
represents o deep-seated tectonic feature of the continental margin. Another more
diffuse belt of volcanic activity extends northeasterly from the Gulf of California
mto the Basin Range and Plateau provinces, only the western edge of which is
shown in Figure 3. Either or both of these belts may represent extension of the ast
Pacific rise into the North American continent (Menard, 1960), but it should he
emphasized that trends of historie earthquake activity tend to follow the San An-
dreas fault system rather than either of these belts. Indeed, a glance at the seismicity
map of Plate 1 indicates that there is no striking alignment between the trends of
Quaternary voleanism in California and either the gross fault pattern or the seis-
micity during the past 30 years.

The relationship of individual voleanic centers to particular faults is & more con-
troversial matter. There are a sufficient number of mapped faults in the area of
Figure 3 so that there is ample opportunity—if one is so inclined—to relute lmost
any volcanic activity to one fault or another. There are indeed a number of arcas
where theré can be little question of a direct spatial relation between Quaternary
cones and Quaternary faults. Good examples are the cone of Cerro Prieto sauarely
athwart the extended trace of the San Jacinto fault, 35 km south of Mexicali
 Baja California, and the Quaternary (1872?) scar p running squarely between the
cones of Red Mountain and Crater Mountain, south of Big Pine in California. On
the other hand, there are areas where no such direct relationship is obvious, and it
scems unwise to make gross generalizations for the whole region. On a -broader

“scale, Pakiser (1960) has argued for a direct causal ve lationship between left-handed

displacement on the Owens Valley fault system and the lar ge Quaternary voleanic
areas ab the ends of the valley in the Mono and Coso areas. In view of the lack of
other evidence of lateral movement of this sense in the Owens V: alley and the wide-
spread distribution of Quaternary voleanic rocks elsewhere in the region, one might
also argue that this distribution is fortuitous—or at least nob necessarily related to
lateral displacements.

Geologic criteria for activity of faults. In the absence of strain-accumulation data
or historic records of major earthquakes along a given fault, the only satisfactory
criterion for activity lies in geological evidence that dlxl)lac(,lnexlts have taken place
along the fault in the recent geologic past. Even this is not a sure sign of activity or
inactivity, in that long-dormant faults may suddenly break ancw. For example,
the White Woif fault—locus of the 1952 Kern County ear thquake—certainly had
not been picked out as particularly active on geologic grounds; indeed, it was
shown as a “dead fault” on the 1922 fault map of California (Seism. Soc. 1\m , 1922).
Nevertheless, the over-all historic record, as well as the abundant geologic cwdcn( e
for recurrent displacements along major fault systems such as the San Andreas,
suggests that faults that have been most active in the recent geologic past are Lhe
most likely candidates for future activity.

IFaults that have had sufficiently recent movement to displace-the ground surface
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are usually considered active by geologists simply because the ground surface
is a very young and ephemeral feature. Such physiographic evidences of faulting
“(e.g. scarps, sag ponds, offset drainage lines) are powerful tools in identifying and
studying active faults, but in practice it is difficult to use these features to compare
the degree of activity between different faults or to establish the time interval since
the lust major displacement. One principal problem is climatic: average annual
rainfall varies by more than 25-fold within the area of this study, so that steepness
and “freshness” of scarps may be more a function of location that age. As a result
of this and other factors, it has not been possible systematically to classify the faults
shown on Plate 1 by age or by degree of activity. Most of the throughgoing breaks
can be considered active in the sense that they are associated with fault scarps in
surficial alluvium, but the ages of most alluvial bodies cannot be well established
and must vary over many tens of thousands of years throughout the map area. A
few of the major faults have had no significant displacements for some time; these
include the western end of the San Gabriel fault, which is covered by late Pliocene
sedimentary rocks (Crowell, 1952), and the Kern Canyon fault, the central section

of which is truncated and covered by unbroken lavas of 3.5 m.y. age (Webb, 1946, -

Dalrymple, 1963). Whether even these faults can be considered truly inactive at the

present time is questionable, inasmuch as small earthquakes continue to occur near

and perhaps along them.

Fault scarps that cut alluvium in southern California have usual\y been assigned
to the Recent epoch. This implics a post-glacial age, and radiocarbon studies of
scediments in Searles Lake suggest that the latest Wisconsin glaciation in the nearby
Sierra Nevada terminated about 10,000 years ago (Flint and Gale, 1958). There are
indeed a few localities in southern California where fault scarps clearly cut latest
Wisconsin glacial deposits and are thus undeniably recent in age; Putnam (1962)
and Rinehart and Ross (1964) demonstrated this in the central Sierra Nevada and
Sharp et al (1959) in the San Bernardino Mountains. On the other hand, the great
majority of fault scarps in this region cannot be chronologically related to glacial
deposits, and their assignment to the Recent epoch must be regarded as question-
able. There is growing evidence, in fact, that many searps are much older than has
normally been thought: very fresh-appearing features of the Garlock fault—second
ouly to the San Andreas in regional structural importance—are now thought, to date
from at least 50,000 years ago (Smith, 1960).

Offset drainage lines resulting from horizontal fault displacements are another
very ephemeral feature of faults and therefore indicative of current activity. Streams
tend to straighten their courses rapidly after obstructions or offsets have been im-

posed. Most offsets have thus been considered of Recent age, although it is recog-

_nized that the ability of a stream offset to maintain itself will depend not only on
age, but also on climate, rock type, depth of stream incision, regional gradient, and
rateof fault movement."That many stream-offsets-along California faults cannot be

s young-as-ustuaty-thotght
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to the sparse annual rainfall, which here averages less than 10 ¢m, it should be
remembered that these offsets and associated scarps have presumably survived
through at least one pluvial period, represented by the Tioga glacial stage in the
Sierra Nevada. Thus one is forced to the conclusion that if stream offsets and scarps
in alluvium are to be used as criteria for activity of faults, then the term “active”
must apply to events dating well back into the Pleistocene epoch, perhaps as much
as 100,000 years. That physiographic features of faulting very much older than this
could survive to the present seems unlikely, however, inasmuch as mid-Pleistocene
rocks are highly deformed throughout most of the southern California vegion.

Stream offsets indicative of active strike-slip faulting are present along at least
some of the faults of each of the major geologic provinces of southern California.
Numerous right-handed offsets have been well documented by many authors along
all segments of the San Andreas fault north of San Bernardino and occur on cach
of the three major branches of the system farther south as well—Elsinore, Sun
Jacinto, and Banning-Mission Creek faults. Similar right-handed offsets characterize
many other faults that are grossly parallel to the San Andreas: Death Valley fault
zone (Noble and Wright, 1954); Trurnace Creek fault (Curry 1938); Panamint fault
(Hopper, 1947); and the Agua Blanca fault of Baja California (Allen ¢t al, 19 (0).
Evidence for recent activity along east-west faults of the Transverse Range })IOVHIL,(,
is not as impressive as along the San Aundreas system, but \ysLemaiu- left-handed
drainage offsets have been reported on faults of the Chanuel Islands (Iew, 1927;
Rand 1931), on the Santa Ynez fault (Dibblee, 1950; Page el al. 1951), and on the
Garlock and Big Pine faults (Hill and Dibblee, 1953). Left-handed stream offsets
along the western end of the Santa Cruz Island fault are as systematic and convine-
ing as any in California. '

REGIONAL STRAIN ACCUMULATION AND NON-SEisMIC STRAIN RELEASE

Regional strain accumulation and release across the major active fault zones of
southern California have been observed and analyzed by several techniques. The
U. S. Coust and Geodetic Survey has periodically resurveyed a number of first-
order triangulation arcs and networks extending for many tens of kilometers across

the San Andreas and associated faults, with the objective of studying the rate and

distribution of regional strain. In addition, the Survey has established seven trav-

erse lines of about 13 km average length that cross these faults with station spacings.

as close as 50 m; the objective is to detect possible slippage on the fault plancs, as
well as to determine very accurately the build-up or release of strain in the very
heart of the fault zones. Recently, the California Department of Water Resources
has made an effort to measure accumulating strain by using geodimeters rather than
traditional optical triangulation methods, with the hope of shortening the time

" intervals over which significant measurements can be made (California Department

of Water Resources, 1963). In addition to the work of these organizations, a number
of otherless-extensive surveys have contributed to the over-all picture. i

~central.segment of the Garlock fault._took: place more thm 50 000 _years_ago,
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L aeesty Luad Jy OF 9 G YT over a widbh of 30 km (Whitten, 1961). This movement
has often been thought of as representing accumulating shear strain, as predicted by

must be building up at a rate which is at least an order of magnitude smaller than
that along the San Andreas zone.
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suggests that o significant part of the movement is taking place in some areas by
discrete slippage along the fault plane. In the most extreme case yet documented,
that in central Culifornia near Hollister, the slippage amounts to about 1.7 ¢m/yr,
which is about one-thivd of the regional strain rate measured between points many
kilometers away from and on opposite sides of the fault in this same region
(Meade, 1963). Possibly the remaining fwo-thirds represents accumulating strain,
so that slippage should not be considered completely incompatible with the elastic
rebound theory, as was implied by Evison (1963).

Within southern California, the most significant Coast and Geodetic Survey
network is that near the international border across the Imperial Valley, which here
cncompasses the several branches of the San Andreas fault system—Elsinore, San
Jacinto, and Banning-Mission Creek faults. Right-handed shear is taking place
between the San Diego Mountains on the west and the Chocolate Mountains on the
east (Pate 1) ab about 8 em/yr, based on swrveys in 1935, 1941, and 1954 (Whitten,
1956). The only other resurveyed triangulation ave across the fault zone in southern
California that has yielded published information substantiating movement is that
between San Luis Obispo and Bakersfield, across the northwest corner of Plate 1.

Surveys in 1926 and 1948 tentatively suggest right-handed strain of 4 Ccm/yr across

the San Andreas fault in this region (Whitten, 1955).

It scems geologically reasonable that the San Andreas fault throughout southern
California should be characterized by the same sort of right-handed movement that
has bheen measured near Bakersfield and in the Imperial Valley, but there is little
additional evidence available. The 13-km closely spaced traverse line near Gornian
showed “some indication” of right-handed creep between surveys in 1938 and 1049
(Murphy and Ulvich, 1951, p. 30), but. there is no published record of similar dis-
tortions of the other closely spuced lines. The' Elizabeth Lake Tunuel of the Los
Angeles Department of Water and Power carries Owens V alley water for 6 km di-
rectly through the San” Andreas fault zone about midway between Palmdale and
Gorman. Resurveys of this tunnel between 1951 and 1960 suggest that distributed
deformation is taking place, although the sense of shear cannot be determined be-
wuse the end 1>Qi1\t:s of the survey are not tied into the regional network. On the
other hand, the one resurvey of the triangulation are between San Fernando and
Mojave—across the same region—showed “no evidence of movement” between
1932 and 1952-53 (Meade, 1963), so the possibility remains that strain is not ac-
eiinulating in this central segment of the fault at a rate comparable fo that farther
north and south, if a6 all. . : '

Two other Coast and Goedetic Survey networks within the area of this study
are significant in that they likewise show no marked changes between conseeutive
surveys (Meade, 1963). One of these is the arc. between Newport and Riverside,
surveyed in 1929, 1934, and 1953, which crosses the southern end of the Los Angeles

basin and the Whittier and Elsinore faults. The other is an extensive network across

The recenl documentation of gradual slippage along the San Andread Tault in
central California near Hollister (Steinbrugge ef al, 1960) has led to a rencwed in-
terest in whether similar slippage might not be taking place along other segments of
the fault. Indeed, Evison (1963) has suggested that this may well be the “normal
mode of movement on faults.” Irom an analysis of both the Imperial Valley and
San Luis Obispo-Avenal surveys, Whitten (1960) has argued that slippage is taking
place along the Imperial and San Andreas faults, respectively, in addition to the
regional shearing. There is no known feld evidence of active slippage at either lo-
cality although in many undeveloped areas this might easily escape notice at the
rates of 0.3 to 0.4 em/yr suggested by Whitten. Even at these slow rafes, however,
accumulated slippage in many areas where cultural features cross the fault would
certainly be noticed, and it seems clear that slippage such as is occurring at Hollister
does mot characterize all segments of the fault. The closely spaced Coast and
Geodetie Survey lines across the fault at Mavicopi, Gorman, and Palmdale show

-no evidence of slippage (Meade, 1963), and buried gas pipelines have been in service

since 1932 across the fault near Gorman-with no indication of slippage. IFurthermore,
the concrete lining of the Blizabeth Lake Tunnel beneathy the fault further east has
not, been broken since it was completed in 1913. Numerous buildings now being
constructed squarely athwart the fault in the San Francisco and San Bernardino
areas, among other localities, should give further evidence on this point in years to
come.

Gradual changes in elevation have been noted at a number of localities in southern
California, but it is-difficult to separate tectonie effects from those due to with-
drawal of groundwater and oil. Tu at least four areas, these elevation changes have
been associated with coneurrent faulting: .

- (1) Gradual slippage on a thrust fault in the Buena Vista Hills east of Taft has
been recognized for many years (Wilt, 1958) and is nicely reflected in horizontal
displacements of nearby beneh marks (Whitten, 1961). A

(2) A'number of small shallow earthquakes have been associated with subsidence
of the Terminal Island area near Long Beach, some of which have sheaved-off oil
wells (Richter, 1958; Gilluly and Grant, 1949). ) :

(3) A fault scarp with a length of at least 3 km formed late in 1949 about 13 km
north of Bakersfield, apparently with no seismic disturbance (Hill, 1954).

(4) The Baldwin Hills Reservoir in Los Angcles failed in December, 1963, be-
because of gradual displacement along a pre-existing fault that passed beneath the
reservoir and abutment (Hudson and Scott, 1965). The movement was probably
mechanically associated, at.least in part, with local subsidence that is well docu-
mented in the central part of the Baldwin Hills. Maintenance.records at the reser-
voir suggest that slippage had been taking place at an accelerating rate since the
structure was built in 1951, and the culminating event was not associated with any
recorded earthqualkes in the vicinity. e

In the first two of these areas, and perhaps in all of them, subsidence appears
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areas in Los Angeles (Grant and Sheppard, 1939). Areas of discrete uplift are not so
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T1c. 4. Map of historic fault breaks and associated earthquakes in soéuthern
California region.

100 Miles

0 100 200 Kms

easily attributed to human activity. A broad doming northeast of Long Beach
scems to have occurred in association with the 1933 Long Beach earthquake
(Gilluly, 1949). Three surveys across the San Andreas fault at Cajon Pass between
1906 and 1944 suggest that the area close to the fault is rising at a rate of 0.5 cm/yr
(Gilluly, 1949), although somewhat similar surveys across the fault near Palmdale

-have-detected no_significant changes (Murphy . and Cloud 1957, . 39)

— e e

AYAAYUIL ALIDLIUIMG A8V LT UA DD

Within the historic record, there have been five major earthquakes in the area of
this study that have been large enough to be associated with documented surficial
fault displacements. That is, well-documented scarps or other surficial offsets were
formed in clear association with each of these shocks. In addition, three other earth-
quakes were probably associated with surficial displacements, and another was
associated with ground displacement on a nearby fault that probably was not the
locus of the main earthquake. These nine events and their geological environments
are discussed briefly in the following section and are illustrated in Figure 4; most,
have been described in greater detail by Richter (1958).

(1) 1857 Fort Tejon earthquake. The 1857 earthquake was probably centered near
Gorman, and the very widespread area over which shaking was felt compares to
that of the 1906 San Trancisco earthquake. Contemporary reports leave little doubt
that the shock was accompanied by strike-slip displacement for many miles along
the fault now recognized as the San Andreas. Although Wood (1955) argues on the
basis of an 1876 report that the surface break extended southeast as far as the Colo-
rado Desert (Salton Sea region), it seems more likely that the faulting terminated
in the Mojave Desert region near Cajon Pass. We say this on the basis of the fresh-
ness of scarplets southeast to Cajon Pass, the lack of reports of disastrous shaking
in the San Bernardino area, and the apparent absence of continuous Quaternary
searps through the San Gorgonio Pass area into the Colorado Desert (Allen, 1957).
The 1857 earthquake was the last major shock on the San Andreas fault in southern
California outside of the Imperial Valley.

(2) 1872 Owens Valley earthquake. Judging from Lhe extent of the area over which
the 1872 ear thqualke was felt, it was probably the largest earthquake in recorded
California history. Contemporary accounts of the faulting accompanying the earth-
quake are scanty, but the ground was clearly broken along several fault segments
extending from near Olancha to north of Big Pine (Whitney, 1872). The most
spectacular and well-documented faulting was near Lone Pine, where the searps
are still surprisingly fresh-appearing after almost 100 years. Both left-handed and
right-handed strike slips seem to have occurred, although this is a matter of some
controversy (see, e.g., Gianella, 1959; Bateman, 1961). The 1872 faulting was not,

older lines of faulting; many pre-1872 scarps in alluvium occur not only within the
area of 1872 movements, but north and south of this region as well.

(3) 1899 San Jacinlo earthquake. Reports of surface faulting during the 1899 earth-
quake are mainly due to Dane§ (1907), who described a two-mile fault trace along
what is now recognized as the San Jacinto fault in the mountains southeast of
"Hemet. The features described by Dane$ were possibly caused by landsliding, and
the exact area has not been relocated; there are, however, numerous very fresh-
appearing scarplets along the San Jacinto fault zone between Hemet and Borrego
that might.well have originated at this time.

(4) 1984 Colorado delta earthquake.. Aerial photographs taken in 1935 along the
San Jacinto fault in the tidal flats adjacent to the Gulf of California show a distinet
fault trace-that has_a much fresher appearance tha than that, revcaled in subsequent,

directly along the base of the nearby Sierra Nevada, but the displacements followed

———— e . L
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as many others in southern California.

aren and was comparable in magnitude to the 1940 Imperial Valley earthquake, it is
highly probable that this southeasternmost segment of the San Jacinto fault broke
ab this time. There is no other substantiating evidence, although the presence of
aligned mud voleanoes and hot springs had led Iniffen (1932) to postulate extension
of the San Jacinto fault into this region even prior to the 1934 shock.

(5) 1940 I'mperial Valley earthquake. The 1940 earthquake, while only of Magni-

" tude 7.1, was associated with spectacular surface faulting along the Imperial fault
for & distance of more than 50 km. Detailed effects have been described by Ulrich
(1941) and Richter (1958). The Imperial fault had not, been recognized prior to this
time and is not marked by older known scarps except possibly at the north end.
On the other hand, gravity contowrs imply that the Imperial fault probably is a
deep-gented fenture whose history certainly predates 1940 (Wovach et al, 1962).
Furthermore, it might well be considered merely a brauch of the very active San
Jacinto (ault zone.

(6) 1947 Maniz earthquake. Very small but consistent surface displacements
along the Manix fault in 1947 were described by Richter (1958). The movement
took place within o fault zone enrlier recognized by Buwalda (1914), but the after-
shock distribution was along o line almost at right angles to this. Richter feels that
the displacement on the Manix fault was a purely secondary feature resulting from

the main displacement on o northwest-trending fault that presumably is buried by -

* the local Pleistocene lake beds.
(7) 1951 Swuperstition Mills carthquake. Taulting and en échelon cracks indicative
“of slight right-lateral displacement along 3 km of the Superstition Hills fault in the

Imperial Valley were noted in early February of 1951 by Joseph Ernst, who had

been doing geologic mapping in the area. Ernst reports (personal communication)
that the “Tault crack cut across low ridges and small gullies as though it were a ruled
peneil Tine,” and he concluded that it must have post-dated the last wind- or sand-
storm in the arca. ixamination of the seismic records make it highly probable that
the movement originated in association with the Magnitude 5.6 shock of January
23" (ot January 29, as suggested by Dibblee, 1945a), reported intensities of
which were greatest in this area (Murphy and Cloud, 1953). Revision of errors in
the original epicenter now place ib in the Superstition Hills (32°59'N., 115%44'W.)
rather than near Calipatria, as ealier reported. This is a surprisingly small earth-
quake to be associnted with surficial faulting, but the occurrence is not unique; the
1950 carthquake in northern California neéar Herlong was of similar magnitude and
was associated with minor but well-documented displacements for a distance of
motce than 8 km (Gianella, 1957). The Superstition Hills fault is probably part of the
San Jacinto fault zone and had been recognized and mapped prior to the 1951 earth-
quake (Twrbet, 1951).

(8) 1952 Kern Counly carthguake. The 1952 earthquake, also known ag the Arvin-
Tchachapi carthquake, was associated with surface faulting along the White Wolf
fault between Arvin and Caliente. Detailed effects have been described by Buwalda
and St. Amand (1955) and others. The White Wolf fault had been recognized for
many years prior to 1952 (e.g., Lawson, 1906), but the subdued and eroded topog-

< (9) 1956 San fTignes eartmgmate—c und displacements for o distance of about

20 km along the San Miguel faulf during the 1956 ea.rthqualfe in Baja Califorma
have been described by Shor and Roberts (1958). Primarily owing to the remoteness

TABLE 1

TARTHQUAKES OF MacNITupe 6.0 AND GREATER IN SOUTHERN CALIFORNIA
Recion, 1912-1963. Dara PriOoR TO 1934 FroM RicuHTER (1958)

Date Lat. Long. M Region
6-23-15 32.8 115.5 G} Calex:}:o
6-23-15 32.8 115.5 61 Culexico
11-21-15 32 .115 7.1 Colorado delta
10-23-16 34.0 118.9 G Tejon P.nss
4-21-18 33% 117 6.8 S:f,n Jn,.cmto
7-23-23 34 ' 117% 6} Riverside
6-29-25 34.3 119.8 6.3 Su,ntn J_}:n'l):xm
9-18-27 37% 118% 6 Long Valley
3-11-33 33.6 118.0 6.3 TLong Beach
12-30-34 32-15 - 115-30 6.5D Colarado delta
12-31-34 32-00 114-45 7.1 D Colorado delta
2-24-35 31-59 115-12 6.0 C C()lor.nc%o delta
3-25-37 33-28 116-35 6.0 A Ter\vll'llgm: Valley
5~19-40 32-44 115-27 718 Tmperial Valley
12-8-40 31-40 115-05 6.0 C Coloradn delta
7-1-41 34-20 119-35 " 6.0 A Santa Barbara )
10-21-42 32-58 116-00 6.5 Lower Borrego Valley
3-15-46 35-44 118-03 6.3 B W:x] l\ier Puss
4-10-47 34-59 116-33 6.4 A Manix o )
12-4-48 33-50 116-23 6.5 A l_.?esert Hot Springs
7-21-52 35-00 119-01 7.7 A Iern County
7-21-52 35-00 119-00 6.4 D Kern County aftershock
7-23-52 o 35-22 118-35 6.1 A Kern County aftershock
7-29-52 .35-23 118-51 6.1 A Kern County ufhersl.mck
3-19-54 33-17 116-11 6.2C Santa Rosa Mountains
10-24-54 31-30 116-00 6.0D v Agua Blnnc:x?
11-12-54 31-30 . 116-00 6.3 ;\gu:} l}lmncn.’
2-9-566 31.7 115.9 6.8 San 1\'ng110\
2-9-56 31.7 115.9 6.1 San M!guel aftershock
2-14-56 31.5 115.5 6.3 San Miguel aftershock
2-15-56. 31.5 115.5 " 6.4 San Miguel aftershock

of the a-rea, the San Miguel fault had not been recognized prior to thi§ time, bub
clear Quaternary scarps and ground-water effects 1.n:u'l( the trace of this fault not
only within the area broken in 1956, hut for some dlstaxlge to the northwest as \\.v‘el].

If instead of limiting our attention to earthquakes with known Sm‘fnce faulting,
we include all earthquakes of Magnitude 6.0 and greater in the la§t 50 years, Eah'e
results are tabulated in Table 1 and portrayed in Tigure 5. 1"“1‘om Flgureg 4 a.n'd 51t
is possible to draw some fairly obvious conclusions concerning the relationship be-
tween large earthquakes and geologic structure.
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along the fault.

(3) With Lhe possible exception of the 1916 Tejon Pass earthquake (Branner,
1917), the San Andreas fault northwest of San Bernardino has been free of large
carthquakes durtng the same 50-year period.

(#) Il oue were to altempt to draw o fault map solely on the basis of epicenters
during the d-year period, he might pick out the San Jacinto fault zone, but no
other valid teetonic inecaumentss are apparent.

These conclusions and their tectonice mplications will be reconsidered in greater
detail alter discussion of the many thousands of smaller earthquakes that have
occurred in this region in part of the same time interval.

& been remarkably evenly spaced

PorrRAYAL OF SEISMICITY

Scismicity has been defined and portrayed by various authors in many different
ways. An important distinetion must be made between seismicity as a measure of
seismic events during a given historic time period and seismicity in the more general
sense of long-time activity, including expectations for the future. In this paper the
term s used in the former sense, as applicd to a given period such as the 29-year
period during which the Pasadena Seismological Laboratory has been operating.
The more general term 1s referred to herein as secular seismicity. One of the objec-
tives 1n measuring short-time seismicity is, of 'course, to aid in formulating a pat-
tern of sceular seismicity.

Cerlainly the simiplest presentation of historie seismicity is that of a map of
epicenters, with different symbols for enrthquakes of various magnitudes or depths
(c.g., IMigure 7). Severe eartographic problems arise, however, when the number of
carthquakes to be represented becomes large, and in recent years a variety of tech-
nigues have been used not only to meet this challenge, but also to give a more quan-
titative representation of the seismic activity. Koning (1952) contoured his maps
with “iso-magnitude lines.” A number of investigators have used the areal summing
ol energies-from individual shocks, as advocated particularly by Bath (1953). A
related technique has been to sum the square-roots of energies from individual
shocks, nasmuch as this figure 1s considered proportional to strain release (Benioff,
1951a); this method has been particularly used by Ritsema (1954), St. Amand
(1956), Richter et al (1958), Milne (1963) and Niazi (1964). Inasmuch as a clear
relationship appears to exist in many arcas between frequencies of earthquakes and
their magnitudes, another method is that of simply plotting numbers of earthquakes
within some statistically representative magnitude range. This has been advocated
particularly by. Vvedenskayn (1958), and the resulting maps are in many cases only
shghtly different from those based on energy or strain release (e.g., Tisher el al,
1064). -

A somewhat different technique aimed more directly at portraying secular seis-
micity has been suggested by Riznichenko (1958:71959) and has been widely used in
the Soviet Union (e.g. Grovsky et al, 1960; Buné et al, 1960) Instead of portraying
parameters of individual recorded earthquakes, a level of seismic “activity” is

WA BN E=EY VT TeI0 1. L 1C Tesuiling  aculvily HguUles It Wil CORLOULTCU =it
a way as to express the expected recurrence rate of earthquakes of different energy
levels. This method has the advantage of reducing the effects of historic seismic
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EPICENTER LOCATIONS IN THE WESTERN AND CENTRAL SECTIONS OF THE
LOS ANGELES BASIN
Jenuary 3,1934 to May 31, 1963
Compiled fram records of the Seismologica! Loborotory, California instilute MILES
of Technology by C. £ Richter, C. R, Allen, J. M. Nardquist, ond R St. mand

Specially Probably - Frobatly
N ° o O O O @ investigoted O wittin 3 miles &,) within [0 miles
7719 2-29 3-39 4-99 5759 004 Cross 8 Class €
MAGNITUDE QUALITY OF LOCATION

Note: Clusters of overlapping circles indicale shocks ossigned fo a single
epicenter. Locolly intense concentrolions of a single type ore indi-
caled by numbers within tircles,

Fie. 7. BEpicenters in western and central part of Los Angeles basin, 1934-1963.

_events that may not be statistically representative, but a number of important
assumptions are involved. In particular, small earthquakes are assumed.to oceur in
association with large ones, and certain parameters of the frequency-energy rela-

tionship must be assumed to be constant throughout the region. Thus the resulling
“activity’”” maps have intertwined in them both the recorded data and effects result-
ing from assumptions of the method, although the general appearance of such maps
may be very similar to those of historic strain release for the same region (e.g.,
Kondorskaya and Landyreva, 1962). For the present study, we prefer to restrict our
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accomplished by a series of computer iterations, i each ol which the stran yelense
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As the measure of seismicity f01 a given area and time interval, we have used thc
sum of the square roots of the energies of the individual ear‘uhquakes, which is a
parameter proportional to the strain release (Benioff, 1951a). The reason. for using
strain release rather than energy is simply that the strain is the one quantity which
has geologic reality; geodetic observations in California reveal much concerning the
rate and distribution of accumulating regional strain, and it is logical to use a seismic-
ity parameter that can be dircetly related to this. On the other hand, it should be rec-
ognized that the proportionality factor relating strain and squzire root of seismic

encrgy relense is o function of the elastic constants of the rock, the oﬂiciency of con- .

version ol elastic energy into seismic waves, and the volume of the strained rock.
Consequently, in visualizing strain release by adding the individual increments of
square roots of energics, ib is lacitly assumed that this proportionality factor is con-
sbant. This is & matter of some controversy, particularly with regard to the volume
of the strained rock (Tsuboi, 1956). Nevertheless, the technique has proved useful
and significant for the study of widely spread shocks in major earthquake sequences
and in aftershock series (Benioff, 1951a; 1951b), and these results suggest that the

“method should be significant when applied to a region such as southern California
which has strong fectonic and seismic unity. Ritsema (1954) has used a similar
argument for the Sunda are.

STRAIN—RELEASE Maps

Melthod of preparation. The strain-release map of Plate 1 has been prepared in a
manner somewhat similar to that described in an earlier paper (Ritcher et al, 1958).

Each earthquake was assigned a strain-release figure based on the sunphﬁed mag-
nitude- uxcn;.,y relation (GuLcnbem and Richter, 1956),

log B = 118 + 1.5M : v

wlm,h is (,lo%lv similar to the formula derived mdependenﬂy by Bath (1958) and
to those used in Soviet strain-release studies (e.g., Kondorskaya and Landyreva,
1962). Beniofl (1951a), Duda (1963), and others, including the present authors,
have used a number of earlier formulas, but the differences are not great or mean-
ingful. To avoid using a strain-release figure that involves the elastic constants, we
have chosen to represent strain on our maps in terms of the equivalent number of
maomLudc 3.0 earthquakes, N, so that

]\]’3 — 100.75(1\1—3 .0}

Thus two ewrthquakes differing by one unit in magnitude will differ by a factor of '

about 6 in: strain release, and a magnitude 7.0 .shock will be equivalent to 1000
magnitude 3.0 carthquakes in this sense.

IZach of the 4158 five-minute squares of latitude and longitude within the map '

area was treated as a unit, and strain-release sums were computed independently for

assigned to a given square was distributed and normalized as follows: 40 per cent
remains in the given square, 10 per cent is assigned to each of the four immediately
adjacent squares, and 5 per cent is assigned to each of the four diagonally adjacent
squares. Plate 1 shows the smoothed strain release after two such iterations; in this
case, the effect of a single earthqualke is distributed to distances averaging no more
than about 24 km from the assigned epicenter, although 85 per cent of the total is
within the first 14 km. In view of the problems mentioned in the next paragraph,
this is thought to be a realistic smoothing for effective delineation of structural
details. Further iterations give a successively more generalized portrayal of strain
release, and VFigure 6 shows the results of ten such iterations. In this case the effect
of each earthqualke is distributed to distances as great as about 100 km, although 85
per cent of the strain is still distributed within the first 30 k.

One might question the validity of the arbitrary smoothing of the data. We do this
for two primary reasons: (1) most of the earthquakes used in this study have been
located only to within 15 km, and many are even more poorly located, particularly in
Baja California. (2) Strain is not released from a point during an earthqualke, but
from a finite volume of rock. According to Utsu and Seki (1954), the area of strain
release exceeds that of a 5-minute square only for earthquakes exceeding about M =
5.9, but 1t is these few larger earthquakes that tend to dominate the stran-release
map. An added complication, not compensated for in our map, is that the area of
strain release in these large earthquakes is markedly non- eqmdlmcnmonal but in-
stead is elongate parallel to the fault system. This has been particularly shown by
aftershock distributions of the Keérn County earthquake (Benioff, 1955a; St. Amand,
1956) and the Desert Hot Springs carthquake (Richter et af, 1958). Were we able
to take this factor into account in some way that did not unduly prejudice the re-
sults, the strain-release map would presumably have a greater lineation or “grain”
parallel to the major fault systems

The total variation in strain release for dlffelult 5-minute squares for the 29-yes
interval was from 0 to 4630 equivalent M = 3.0 shocks. In order to portray 1hls
wide variation in a cartographically reasonable manner, contour intervals used in

Plate 1 and Figure 6 increase geometrically by factors of 4 and have been normalized

to numbers of equivalent M = 3.0 shocks per 100 km?.

Interpretation. Even with the geometrically increasing contour intervals of Plate 1
and Figure 6, it is clear that strain release during the 1934-1963 interval has been
dominated by the few large earthquakes. That is, in most parts of the southern
California region, there has been an insufficient number of small shocks to greatly

- alter the pattern of strain release that is given by the large shocks alone. Incomplete-

ness of data still further exaggerates this effect- in Baja California, where shocks
below magnitude 4.5 have not been as systematically recorded and located as in

California itself, although they are presumably equally numerous. The dominance -

of large earthquakes would be even greater, of course, if the maps were based on
energy release rather than strain. As was emphasized in the section on historical
carthquakes, most large shocks during this period have occurred on or near major
throughgoing faults, and it is obvious that the same relationship must now hold with
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and more realistic to map the faults themselves than to attempt to compute rates of X rdb '
vertical displacement in the geologic past or to measure such displacements at the 3 < 5 —=1l = 2

= B ~ Lo . g ~ -~
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present time. In addition, we have the problem of horizontal displacements cleatly
being dominant over vertical displacements in most parts of the region—an idea
“that is dismissed in most Soviet studies. And as has been demonstrated by 50 years
of intensive geological mapping in southern California, it is a far more difficult task
to determine geologieal histories of houzont Ll dlsplacements than those of vertical ~ #
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SRy reea o verelGiee BUU Horizontal displacements throughout the southern
( .1111()1 hin vegion, or il widespread instrumental data were available on the associ-

with other regions, however, it is significant that most of the recurrence curves
for southern_Califarnia, have slones that are_closely similar to_one another (Iigure

ated stram hield, Whis would be a most important step forward to those persons at-
tempting to predict future scismicity.

MAGNITUDE VERSUS FREQUENCY RELATIONSHIPS
Another approach to the problem of delineating seismicity is to plot curves of

carthquake maguitude versus {requency of ocenrrence—so-called recurrence curves.
I this is done separately for different areas, the levels of activity reflected by the

various curves ean be compared; indeed, if a sufficient number of sueh recurrence

curves can be established, it may be possible to contour the levels of activity in the
manner suggested by Riznichenko (19585 1959) and carried out in several arcas of
the Soviet Union. As was pointed out earlier, this technique has the advantage
ol averaging many events and reducing the effects of isolated nontypical events, but
il the resulting eurves are extrapolated to longer time intervals and lar ger magnitude
ranges than those represented in the sample period, a number of important and de-
batable assumplions are involved,

- As an example of this technique, six southern California areas of .approximalely

equal area (Figure 8) have been seleeted on the basis of their geologic homogeneity

and interest. Recurrence curves have been plotted for each of these areas separately
for the 29-year period from 1934 to 1963 (Ffigure 9). Because the Seismological Labo-
vatory assigned magnitudes only to the nearest half-unit until 1944, it has been
necessary Lo group all magnitude assighments in this way. Two parameters have
been determined for each cuvve (Table 2): b is the slope of the curve defined by
Guienberg and Richier’s (1954) magnitude-lrequency relationship, log N = a +
b8 — /). Au represents the position of the curve, somewhat similarly to Rizni-
chenko’s (1959) “Seismic Activity,” and is here expressed as the extrapolated an-
nual ntmber-ol carthquakes of M = 3.0 per 1000 kmz (As+ has been determined
from cumulative curves derived from those of Figure 9, in order to avoid dependence
on the method of grouping magnitude assignments.) One might question the valid-
ity of drawing straight lines through the points of Figure 9, which in several cases
arc more compatible with several en échelon segments than with a single linear curve,
Such curves have heen drawn only o facilitate comp: wison with those other regions,
rather than in the attempt to prove the logarithmic frequency-magnitude law.

Indeed, Tsuboi (1958) has questioned the theoretical validity of such a relationship,

bnl ”ll\ subjeet is beyond the scope of the present study.

Gutenberg and Richter (195
closely comparable to the value of 0.86 obtained herein from the much larger amount
of data. These authors, and also Miyamura (1‘)62), have emphasized the possible
lectonic significance of regional variations in b, which range from 0.4 for Australin
to 1.8 for the liast Pacific Ocean; the southcln California value is typical of other
active cireum-Pacific areas such as Japan (Tsuboi, 1952; Utsu, 1961). Riznichenko
(L959), on the other hand, argues for a relatively umfoxm value of b for a variety of
world-wide arcas, including California. Using log B = 11.8 4 1.5 M, his average
value corresponds to about b = 0.65, but direct comparisons are difficult in view of

4) obtained a value of b of 0.88 for southern California,

10), which suggests mechani¢cal homogeneity throughout the region. The extensive
Soviet Tadjik Complex Seismological Txpedition emphasized the same phenom-
enon for different sub-zones of the Garm and Stalinabad regions (Buné et al, 1960;
Riznichenko and Nersessov, 1961). Of the southern California recurrence curves
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only the curve for the Los Angeles basin is markedly steeper than the others, and
this may be due in part to the fact that numerous small aftershocks of the 1933
Long Beach earthaquake are included but none of the larger shocks of the suw% inas-
much as our sample period starts with January 1, 1934.

Whether or not the linear recurrence curve can legitimately be extr prol wed 1o
magnitudes higher and lower than those represented in the sample period is an
important question, but one to which this study adds little new data. Gutenberg
and Richter (1954) pointed out that the curve must somehow terminate at the upper
end, inasmuch as earthquakes larger than magnitude 9 simply do not seem to oceur.
Studies by these authors and many others, however, suggest that the curve may be




e e e s WALM UL LELWONS UL U CULCRLY

the Soviet Union, and the United States (New Mexico) indieate that recurrence
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vapuLIcuLTU HIUBSIUWS TCILLIVELY  Large Oun 1ndependent carthquakes auring Lne
1934-1963 period, so that the extrapolations of Table 2 probably have more sig-
nifieance Tt s interesting_that despite the high, seismic activity of the Imperial

1960; Sanford and Holmes, 1962), but no studies of similar scope have been carried
out in southerm California. Richter and Nordquist (1948) noted that small earth-
quakes near the Riverside station increased “regularly” in number with de-
ereasing magnitude ab least down to magnitude 0.4; but a 1959 series of shocks near
the China Lake station appeared to have a clear cutoff below about magnitude 0.7
(Richter, 1960). All of our southern California recurrence curves shown in Figure 9
drop off very rapidly below M = 3.0 but this is simply caused by the fact that the
Seismological Laboratory has made no consistent effort to locate such small shocks
n a systematic mannet.

Tt is obvious from Figure 10 and Table 2 that the Kern County area has been the
most active of the six southern California regions during the 1934-1963 period, and

TABLE 2
ToXTRAPOLATIONS FROM REcURRENCE CurvEs OF Figures 9 anD 10

Ar b No. ot Shocks| years emrth- | 100 vemrs v ()
Region km? )c<a 10 SL‘:S::‘ 3?0' ger ;ggrs yeac;ua?c? " eartlygszke ees'iwcks '
- per 10 km? M M yrs

Kern County 8.45 .80 9.4 5.3 7.7 160
" Tmperial Valley 8.65 .82 8.6 5.2 7.6 173
- San Bernardine Mins. 8.49 .85 4.7 4.8 7.2 491
Owens Valley 8.01 .82 1.2 4.2 6.6 1340
T.os Angeles basin 8.90 1.02 1.5 4.2 6.3 3740
San Andreas fault 8.40 .90 0.2 3.3 5.6 18300
Southern California 296.1 .86 1.5 6.1 8.2 52

the San Andrens fault area has been the least active. It is tempting to extrapolate
these curves to determine what might be the largest earthquake which might be
expeeted per year or per 100 years, and what might be the expected interval between
M = 80 curthquakes. These extrapolations are shown in the last 3 columus of
Table 2 and apply in each case to the entive region, not per 1000 km?®. They have
been oblained from cumulative curves derived in turn from Figure 10 and assume
no earthquakes larger than M = 8.5. The validity of such extrapolations, on the
other hand, is seriously open to question, but the arguments are somewhat different
for each region and are discussed separately below.

Kern County area. The activity of this region is high because of the 1952 Iern
County carthquukes, and to a lesser extent because of the 1946 Walker Pass earth-
quakes (Figure 5). Thus the 29-year period from 1934 to 1963 can hardly be con-
sidered typical, and extrapolations are meaningless if based solely on these data.
Indeed, il we consider only earthquakes during the 12-year period prior to 1946
(i.c., prior to the Iern County and Walker Pass earthquakes), the extrapolated
recurrence rate for 7 = 8.0 shocks is about 1700 years. Judging from the lack of
geological evidence for abundant recent activity, this recurrence rate is probably
much more realistic than the 160-year period derived from the 1934-1963 data.

Valley, no truly great earthquakes (M 2 7.7) have occurred here within the historic
record, and one might well question whether the recurrence curve for this province
does not drop off sharply above magnitude 7.0. Indeed, the present rate of occur-
rence of moderate-sized earthcuakes may be sufficient to relieve the accumulating
regional strain without the occwrrence of intermittent great carthquakes, as is
suggested by the following argument.

The Imperial Valley is unusual in that it is not only o coherent geologic and seis-
mic unit, but it is also a region for which good geodetic data on strain accumulation
exist. Following an argument similar to that used by Benioff (19554) for the Kern
County earthquakes, and assuming that strain accumulates throughout a 35-km
crust, the average yearly strain release represented by the 1124 eartheuakes in the
1034-1962 interval is 3.7 X 107°. This compares with the yearly strain accumuli-
tion aeross the same aren of one-tenth second of are (Whitten, 1956), corresponding
to a strain of 4.8 X 107". Thus, if one believes these figures, strain was being seis-
mically released during this period at a rate almost 8 times as great as that of the
strain accumulation, even without any great earthquakes during the interval.
If Byerly and DeNoyer (1958) are correct in their calculation that the depthof the
1940 Imperial Valley earthquake fault break was only 12 km, indicating a shallower
zone of strain accumulation that we have assumed above, the discrepancy 1s even
greater. Several very debatable assumptions are involved in our line of reasoning,
however, and it does not seem possible at present to decide whether the large dis-
crepancy is the result of fallacious assumptions or whether this particular 29-year
period is simply nonrepresentative of the secular seismicity.

Owens Valley area. Although seismicity of parts of the Owens Valley area appears
relatively low during this 29-year period, it should be remembered that the largest
earthquake in California’s recorded history oceurred in the very center of this aven
in 1872. Indeed, the strain-release map (Plate 1) shows that the areh of faulting ut
that time is now the quietest area within the Valley. Inasmuch as little is known
about, possible strain build-up in this region, it is difficult to say whether or not the
extrapolations of Table 2 have any real significance in the long-term outlook. It
should be noted, however, that if we assume the 1872 shock was of magnitude 8.5
and was associated with an average 10 ft of uphift over one-third the Jength of
Owens Valley, then the extrapolated recurrence rate of 4800 years for earthqualkes
of similar magnitude implies an uplift of the Sierra Nevada scarp at a rate of 700
ft per million years. This is in sharp contrast to Axelrod’s (1962) estimate of 9000
it of uplift across the Sierran scarp in this same region during the last mithion years

(i.e., post-Pliocene), which suggests either that the seismic extrapolation is un-

warranted or that the present epoch is distinctly less active than was most of Qua-
ternary time. :

Los Angeles basin area. Probably a sufficient sampling of earthquakes in the Los
Angeles basin has been made during the 1934-1963 period so that the recurrence
extrapolations of Table 1 have some reality, although it was mentioned previously
that aftershocks of the 1933 Long Beach earthquake may somewhat bias the curve
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relieving the regional strain.
Alternative (3) ean probably be eliminated for most of this segment of the lult

area under present tectonic conditions is unknown, although fresh and throughgoing
[ault scarps that might be associated with such earthquakes- are probabl'y less
numerous here than in any of the other five regions. The northern part of this area
lios within the Transverse Range provinee, in which at.least one earthquake as
large as magnitude 7.5 has occurred in recent years (1927, off Point Arguello). o
San Bernardino Mowntains arca. Much of the apparent high activity of this area
is caused by a single major event, the 1948 Desert Hot Springs earthquake and its

aftershocks (Richter el al, 1958). For this reason alone, we tend to be skeptical of the:

extrapolations of Table 2. In addition, major branches of the San Anflreas fault
system pass through this area, so that many of the arguments discussed in the next
seetion probably hold here too.

San Andreas foull area. That the San Andreas fault zone should be one of the
most scismically quicscents areas of southern California is surprising to most peoplg,
but. this is clearly demonstrated by Figure 10 and Table 2, which illustrate the pri-
mary hazard in extrapolating long-term activity from relatively short-term records.
The San Andreas fault aren shown on Tigure 8 is a strip 40 km wide centered on i,'hc
fault, and it is splik into two segments because the 1952 activity related to the White
Wolf fanlt would otherwise extend into this strip. The southern segment extends
roughly from Cajon Pass to Quail Lake, and the northern segment from Cerro
Noroeste to the northern end of Carvizo Plain. Carrizo Plain has often been thought
of as the most dingrammatic segment of the San Andreas fault, and photogmphs f’f
his “aclive” aren illustrate many textbooks (e.g., Richter, 1958, p. 2), yet within
the history of the Scismological Laboratory only 12 small earthquakes have b.ce'n
recorded and located in this northern segment. Despite the present quiescence, 1t 18
clear that the great 1857 earthquake was centered in this region (Wood, 1955), and
abundant searps leave no doubt that many other similar shocks have occurred
along this line in the recent geologic past. liven in the southern segme.nt‘., most
of the activity represented by the curve of Tigure 9 has come from the periphery of
the 40-km strip, and no earthquakes have been clearly attributed to the San
Andreas Gualt itgell.

We should l)erhz\.ps poiut out that the San Andreas fault zone near the western
edge of the region is in a parb of our seismograph network where small earthquakes
may not, have been as systematically recorded as in other aveas. Possibly more sn?ull
shocks have oceurred here than we realize, and studies are now under way Using
whra-sensitive scismometers to test this pdssibility. Ou the other hand, we fecl
conlident that few shocks above magnitude 4.0 have escaped detection in this area,
co that il an inordinate number of very small shocks is indeed oceurring the recur-
renee curve for this area must depart markedly from linearity—a situation that has
been observed nowhere else and seems unlikely to us.

The cirrent quiescence along the San Andreas fault might be explained in three
different ways: (1) elastic strain was fully relieved during the 1857 earthquake and
has not yet_built up again to the point where even small earthquakes oceur; (2) the

cohesion neross bhe fault in this segment is so great that accumulating strain cannot .-

be relieved by small earthquakes and will instead be released by a great earthquake

on the basis of undisplaced survey lines, tunnels, and pipelines al Muricopa, Gor-
man, Blizabeth Lake, and Palmdale. In the absence of complete geodetic duta for
this part of the fault, it is difficult to choose between the remaining alternatives (1)
and (2), buf inasmuch as parts of the fault farther north where strain is known to be
accumulating are likewise seismically quiescent, we prefer alternative (2). But re-
gardless of whether one visualizes an impending great earthquake on this segment
of the fault, there can be no doubt that numerous great earthquakes have occurred
here in the geologically recent past as compared to other parts of southern Cali-
fornia, and the 18,300-year recurrence rate suggested by the magnitude-frequency
curve (Table 2) is grossly misleading. Everything that is known about the geol-
ogy of southern California indicates that the San Andreas fault zone should be at
the top of the list in Table 2 rather than at the bottom, and this emphasizes the
dangers in attempting to extrapolate from a record of only 29 years in an arca of
only 8400 km?. The suggestion that secular seismicity evaluations can be made from
records of only 1 or 2 years over areas of only 1000 km?® (Gzovsky et al, 1960) leaves
us exceedingly skeptical, at least for regions tectonically-similar to southern Cali-
fornia, and similar skepticism has recently been expressed in the Soviet Union by
Gubin (1964). Likewise, we question the local applicability of Asada’s (1957) con-
clusion that one can locate “a part of the crust where destructive carthquakes witl
never occur by making observations of micro-earthquakes and determining whether
they occur there or not.” Indeed, a map of parts of the southern California re-
gion bhased on these principles might well give an exactly nverse picture of secular
selsmicity. )

The principle is further illustrated by a number of recent examples from other
areas: _

(1) The great 1960 Chilean earthquake occurred in an arca which Gutenberg
and Richter (1954) had specifically pointed out as oue of low seismicity in the pre-
vious 1904-1952 period for which seismograph records existed. Munoz Gallegos
(1960) reports that most people interviewed in the Province of Cautén, one of the
areas most heavily afflicted with aftershocks, had never felt an earthquake before,
not even a light tremor. Considering the great earthqualkes of 1575, 1835, and 1960
in this region, relative quiescence in a seismically active zone may be moré a cause
for apprehension than for comfort. '

(2) The disnastrous Niigata, Japan, earthquake of 16 June 1964 (M = 7%) was
centered in a pocket of lowest “expectancy of maximum acceleration,” bascd on
Japanese historical records (INawasumi, 1951).

(3) Although the area of the great 1964 Alaskan (Prince Willimmn Sound) eurth-
quake had not been completely quiescent in the years prior to 1964, it had never-
theless experienced no truly great earthquakes within the historic record, and most
of the more moderate activity was concentrated in a belt lying northwest of the
area broken in 1964 (Davis, 1963). Furthermore, the linear zone of 1964 aftershock
activity was bracketed on both ends by epicenters of the great earthquakes of 1899
and 1938.

(4) The Iranian earthquake of 1962 (M = 71) created total disaster in an area
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alarm them (Ambrascys, 1963), yet the region is one of active tectonism with ar-
cheological cvidence of previous earthquakes, and much of the 1962 break was
along pre-existing faults that have been active in late Cenozoic time (Mohajer and
Pierce, 1963). '
Southern California region. Unlike the six individual areas that have been dl:s-
cussed above, the recurrence curve and extrapolations for the southern California
region (Tigure 10; Table 2)- are based on the entire 296,100-km? area and 10,1?(3
carthquakes with the “Pasadena Local Area” and “Baja California Extension” of
Tigure 1. Although the premise that big earthquakes oceur where little ones do ap-
parently breaks down when considering areas as small as 8000 km?, probably a suf-
ficient aren and a large enough number of earthquakes are included in the entire
southern California region so that the extrapolations of Table 2 have some real
meaning in this case. This viewpoint is substantiated by the known occurrences of-
great earthquakes during the historic record: judging from the areas over which

Tejon carthquake, and the 1892 earthquake in northern Baja California (possibly .

“of magnitude
-~ extrapolated flcqucncy of 52 years for such shocks given by the 1934-1963 records.

Cl[ANGl s or Szismicrry Wirn Tive
Yearly cumulative strain release in the southern California region is shown m
Tigure 11, and it is obvious that within the history of the Seismological Liaboratory
the rate of strain release has been relatively constant with thc excepmon of a few

are caused by the 1940 Imperial Valley earthquakes, the 1952 Kern County e'txrl-h-
quakes, and the 1956 San Miguel earthquakes. One might expect that if the regxonnl .
recurrence curve of Figure 10 indeed has validity, the strain-release cuive of Iigure

Table 3 indicates. that this is true in a general way, but departures from exact cor-
respondence are numerous. These are apparently” due to the facts that (1) small-
aftershocks continue into years beyond those of the main shocks, (2) not all after
shocks sequences have been equally well investigated, and (3) one year is evidently:

shoeks greater than 4 =
quence complications.

3.0 in this region, even in the absence of aftershock ﬂc

¢ necessary inoany given year to bring the curve back to the average, as has been
done for long-term regional data by Benioff (1955b). We do not feel, however, that

‘the 1934 through 1962 time interval represents a long enough time span to estab-

ish a meaningful average level of activity. It does seem likely that the average level

they were felt, there have been three, or possibly four, great earthquakes in this- -
region since 1800. These are the 1812 earthquake in the Santa Barbara. Channel -
of questionable magnitude, the 1872 Owens Valley earthquake, the 1857 Fort

_on the Agua B]‘LHC‘L fault). Inasmuch as all of these shocks were probably in excess
, their frequency during this period corresponds roughly with the

years during which large earthquakes occurred. The main “jumps” in the curve ‘

11 should be accurately reflected in the numbers of earthquakes recorded yearly. -

not & sufliciently long sample time for strict adherence to the recurrence curve for -

IT there were o sufliciently long-time record to esmbhsh the average slope of the” -
curve of Tligure 11, one might be able to predict the equivalent size of earthquake .

is somewhat lng,h(n than that 1op1esentcd by the post 1936 segment of the curve

California region would certainly come as no surprise, based on this line of reasoning
alone.

Benioff (1951b) has m;,ucd for quasi-periodic changes in the level of world-wide
scismic activity since the turn of the century, and Gutenberg (1956) has pointed
out the rather sudden decrease in world-wide seismicity following 1906. If such
secular changes have taken place in the southern California region alone, how ever,
they are not obvious to us; neither the 1934-1963 seismographic data nor the. llm-
ited pre-1934 records substantiate any significant secular changes in either the level
or geographic distribution of southern California seismicity within recorded histor Y.

1940 ’ . 1950 . 1960

-F1a. 11. Cumulative stlam release in southern California reglon as a function of 4
time, 1934-1963. Bars at upper left show equivalent strain of single earthquakes.

FAULTING AS THE CAUSE OF EARTHQUAKES 1N SOUTHERN CALIFORNIA

Faulting as the basic cause of earthquakes has recently come under serious at-
tack from Evison (1963), who argues the converse point of view that f: aulting
“should be regarded as a forth of earthquake damage” rather than as the cause of
carthquakes. Earthquakes themselves are relegated to an independent and morce
obscure cause, perhaps phase changes at depth. Since much of Tvison’s discussion
concerns southern California earthquakes, we feel obligated to evaluate his con-
clusions in the light of our study. Among the major lines of evidence used by Evison
to support his point of view are:

(1) There has been no adequate demonstx ation that earthquake foci do indeed
lie on active faults. - 4 ,

(2) “Only a small proportion even of large shallow earthquakes are accompanied
by significant fault movement at the surface,” and the associated f&ultmg in many
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{3) Major segments of “active” Taults are apparently without earthqualkes, even
of small magnitude. _.

Several other important lines of evidence are mentioned by Evison, but we feel
that our data from southern California have particular bearing on these three,
which are discussed separately below., ‘ o

Lvison correctly points out that “since in seismically disturbed regions it is
common for active faults to oceur every 20 km or so, there is mostly ample oppor-
tunity to assign any particular epicenter to some fault or other.”.Bgt whether.or
not the “opportunity” exists, we feel confident that the vast 1‘na3.or1ty of.our 1'11-
strumental cpicenters have been located free of geological prejudice, particularly

TABLE 3.
Nuomsrrs oF RECORDED AND LocameDd IEARTHQUAKES OF MaoNiTuDE 3.0 AND
. 7
Grearer WrrmiN e SourtHiErN CALIFORNIA REGION, BY YEARS

1934 171 1949 310
1935 317 1950 212
1936 209 1951 136
1937 179 1952 379
1938 178 1953 324
1039 209 1054 301
1040 269 1055 187
1941 . 215 1956 279
1942 _ 235 1957 156
1043 173 1958 : 147
1044 158 1959 : 177
1945 97 1960 123
1046 302 1961 . 181
1947 200 1962 154
1048 207 :

since 1937, Tndeed, o glance at our detailed map of the Los Angeles basin (Flgur.c
7) is sufficient to demoustrate that most earthquakes in this part of southern .C“l!'
fornin clenrly hinve nol occurred along major faults. On the other hand., the dlsm_'l-
bution of large enrthquakes is distinetly different (Figure 5): as was po.mted out In
the diseussion of major historic earthquakes, there are only a few instances of
shocks of magnitude 6.0 and greater for which a reasonable Am'gument. cannot be
made for association with a given pre-existing fault.. The. exceptions include (!)
large aftershocks of the Kern County earthquake, (2) a number of large shocks n;
Baju California for which neither the epicenters nor the local geology arc W(El
known, and (3) possibly the 1946 Walker Pass earthquake and the 1947 Mnmx‘
earbhquake. All of the instrumentally located epicenters of other large shocks are

closely associated with major faults, at least, within the limits of location errors. Of *

particular note is the alignment along the San Jacinto fault zone; even if F)ne’neglccls
the 1915, 1918, and 1923 locations (which are based partly on macroseismic data),

the remaining epicenters clearly delineate the fault zone. All in all, in contradis-

lingra_oopthanniesmd e e SOULnern Caornia, although we
recognize that there may he exceptions and that the southern California pattern
does not necessarily apply to all other regions.

Bvison’s second argument claims that only a small proportion of Luge shallow
carthqualkes have been associated with fault movements on the surface. This over-
looks the fact that most large earthquakes are submarine, and many others have
originated in remote areas where faulting could not have been observed. More-
over, Tivison’s point certainly cannot be maintained for southern California; every
major earthquake in this region that was carefully investigated in the field and that
might reasonably have been expected to be associated with fault displacement (i.e.,
M > 6.5) has indeed been so associated. These carthquakes have all been disgussed
carlier in this study. Only in the case of the 1947 Manix earthquake do we feel that
there is serious doubt as to the direct relationship between surficial faulting and
faulting at depth (Richter, 1058), but inasmuch as this shock was of very marginal
magnitude for associnted faulting (M = 6.3), it does nob seem lair to extrapolate
Phenomen: of this event to all larger earthquakes.

It is certainly true that the causal relationship between the 1952 Wern County
carthcuake and the movement on the White Wolf fault has ot heen established
unequivocally, but we cannot agree with Tvison that it constibutes a “foat of imag-
ination” to relate directly the two. He argues that low-angle thrusting, such as was
observed along the White Wolf fault, is “usually regarded ns u shallow phenomenon”
and was perhaps strictly a secondary effect resulting from surficial “spreading” of
the Tehachapi Mountains over the adjacent lowlands. On the other hand, thrust
faults that steepen rapidly with depth are the rule rather than the exception in
southern California, and would be the expected result of vertical displacement af
depth (Sanford, 1959). Furthermore, well-located aftershocks that oceur throughout
the region of the White Wolf fault avernge 8 km in depth (Cisternag, 1963); even
in the absence of un adequate theory of aftershocks, this distribution with depth
would seem most accidental if the faulting were entirely surficial. Tvison says that
Gutenberg (1955a) assumed the fault plave to dip steeply in his solution, but it
Appears to us that he assumed only the strike of the fault and the direction of dip;
the steep (63°) dip is the result of his solution. Evison further infers that because
the epicenter was 20 km from the nearest point of surface faulting, unjustified cx-
trapolation is required to relate the two to the same fault. But it should.be empla-
sized that very clear geophysical evidence from oil exploration indicates that the
White Wolf fault does indeed extend in the subsurface toward the epicenter (I3u-
walda and St. Amand, 1955), and extrapolation of the fault to and through the epi-
central region is far more reasonable than any other conurge. These, plus other lines
of evidence that Livison does not discuss, such as the areal distribution of after-
shocks (Richter, 1955) and the northeasterly propagation of the source disturbance
(Gutenberg, 1955b), lead us to the firm conclusion that the fault theory still pro-
vides the most likely and reasonable explanation of the 1952 events.

In his third argument, Tvison points out that even small earthcuakes are not
oceurring along parts of the Alpine fault in New Zealand, which is otherwise looked
Upon by geologists as a very active fault (Suggate, 1963). This “discrepancy be-
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LyPOLHEsis ol earthquakes.” 1vison might just as well have pointed to parts of the
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have the advantage in California of knowing that shear strain is continuing to
build up in many of these areas, as well as the knowledge of great historic earth-
quakes in 1857 and 1906 along parts of the fault that are now relatively quiescent.
Thus, in our opinion, temporary seismic inactivity along segments of “active”
faults is a powerful line of evidence in favor of the fault theory rather than against
i '

While defending the fault origin of cartliquakes in southern California, we should
emphasize that this does not necessurily coustitute a defense of the classical elnstic
rebound theory in the sense of overcoming frictional resistance. Mechanical de-
ficiencies in the frictional basis of the elastic rebound theory: for earthqualkes deeper
than a very few kilometers have recently been pointed out by Orowan (1960) and
Griggs and Handin (1960). Whether the mechanism of faulting be by brittle frac-
ture, by creep instability, or by propagation of flaws, we only argue that in some
way this must represent o sudden loss of cohesion within a shear zone (i.e., a-fault)
following a period of elastic strain aceumulation. '

ImpLicaTiONs ror Suismic ZonING

It is not the purpose of this study to attempt to establish seismic risk zones lor
the southern California region, but we feel obligated to point out a number of severe
problems in scismic zoning that are emphasized by this work and other related
studies: ' :

L. Determination of the velative “activity’’ of faults on the basis of geologic evi-
denee wloug is- difficult, and no part of the southern California region is very far
removed from one or ‘more faults that have a demonstrable history. of Quaternary
displacements.

2. We have emphasized repeatedly that frequency-magnitude and strain-release
studics in this region indicate that large earthquakes do not necessarily occur where
small ones do, ab least as sampled during a 29-year period. Thus, short-time seismic

“history is not a valid guide to future seismicity except in a very gross sense. A far
better criterion of expected activity would be a precise measurement of - strain
buildup, but insuflicient geodetic and strain-meter *data are now available to
draw many significant conclusions. _ :

3. Proximity fo active faults is by no means the only criterion of seismic hazard. ’
Louderback (1942), Gutenberg (1957), Richter (1959), and others have emphasized
the importance of local ground conditions, which have not been considered in this
study. T'urthermore, Benioff (personal communication) has argued that even under
similar geologic conditions, shaking during « great.carthquake may be more intense
at some distance from a fault than very close to it particularly in the long-period
vibrations. Benioff argues that the ground motion at the fault is essentially a uni-
directional hieave that becomes transformed into an oscillatory wave train of in-
ereasing duration as the wave propagates away from the fault. )

4. Shallow aftershocks of a major earthquake may do more damage in a local - -’
area than the main shock itself, and aftershocks of a major earthquake are dis: -

ity O BRKCTSIeId A a1 the main Shock (40 km away) one monbh earlier. A more
dramatic example of this phenomenon is illustrated by Figure 12, which shows the
major aftershocks of the 1960 Chilean earthqualkes (based on TFisher e al, 1964)

®

Fig. 12. Epicentral distribution of 1960 Chilean earthquakes during first six months of
activity, superposed on map of California at same scale. Principal epicenters are arbitrarily
assumed in southern part of state, with northward progression of faulting. Chilean datu from
Fisher et al (1964). :

_superposed on a map of California at the same scale. It is particulaaly noteworthy

that on this map shocks as large as the disastrous 1933 Long Beach carthquake are
relatively evenly spread over almost the entire state of California; one aftershock

of magnitude 7.1 occurred more than 800 km from the epicenter of the initial -

shock, and presumably not -on the same-fault. Inasmuch as great historical earth-
quakes in California have not been associated with breaks as long as the 1000-km
length of the Chilean earthquake (Press et al, 1961; St. Amand, 1961), such a wide-

spread aftershock distribution for great Califognia earthquakes is probably unlikely,
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