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TECTONIC ACTIVITY IN CALIFORNIA AND ITS RELATION
TO ENGINEERING GEOLOGY'

(Fig. 1—d

Absteact: Engineering geologic conditions and problems in Calilornia aee
related 1o number of interdependent Taetors, ineluding ¢ e topographiv.
distribution and  behavionre of ground and  sueface water. steatigeaphic and
teetonie history, and rock tvpe and condition. The most basie of these Tetors
is lectonic activity, which has been extensive o Californin throughout s
geologie history, Tor it has influenced each of the others 1o a greater or lesser
degree, Uplift of the Sierrn Nevada ereated a0 monntain range high enongh
that glaciers Tormed along its erest during Pleistocene time and a0 min shadow
developed on the arid castern side: elearly mueh of the past and present elimate
ol the Sier Nevada and the desert 1o the east s 1]ir‘:'r||)‘ altributable 1o past
tectonie history, I dsing mountain range was the souree of material Tore the
sedimentary vocks of the Jurassic and  Cretaceons Greeat Valley sequence of
California west ol the Si
1

Lo Farther west the vising Coast Banges rapidly
ded, shedding material into numerons smaller basins, Throsting of the Fean-
cisean rocks ol the Coast Ranges eastward  under the coeval Greeat Valley
sequence has so erushed and <heared these rocks that their phyvsieal properties
are drastically changed. Coeeent tectonic activity eanses severe carthguakes,

P easiome Wumenepuo-reonorudeckue ycaosus u npobremsl Kaaudopumu aa-
BHCHT OT Qz2jaoro piaaa :[uu:'r::-p:m — 23T KJIuMara, TOI'IOI'PB.Q)}IH. pacupenegeHns
W NIBeneHHAA l'P)’HTUBbIX H MOBEPXHOCTHBRIX BOI, l"l'[).-ITI-l['pilt‘l?}[‘le(.‘KOI'O H TEeKTOHM-
YECKOro MpOUAITo, a Tarkke oT Tuna nopoid. OcHOBHBIM (AKTOPOM ABJIAETCA TEKTO-
HUYECKAA AKTHBHOCTH KOTOpasd ObLIA OUEHb CHJABHA B TEOJOTMYECKOM [pOLIIOM
Kanudopuwyw n Bnusna na sce uapyrue ¢axropsl. Bemencrsue monustus Cheppa-
HEBEJ,'IH BOIHHEKIA TOpHAad Lellb HACTOJBKO BBICOKAA, 4MTO Ha Hell BO BpEMA niaei-
crouena MOrnM  0030BATBCA JIEAHMKM A Ha BOCTOYHOI  (3acywnusoil) cropoue
aour Gea noxnefi. Srta TopHas uens 6biia 0GAICTEIO CHOCA MATEpPHaa [NABUIT)
oraoenua 1opet u smena. [lanewe uHa sanan nonumsmaercs uens Koer Pemmke,
kotopia Obia ouwenn OBICTPD CH2CcEHa DPO3HMEH M MATEPHIT MEPEMELIEH BO MHO-
wesrso Hebompurux Gacceitwos. Craanuarocts mopoxa B uermn Kocr Penmkc Gwuta
NOHYMHON TIKOTO picmaza MOpoa, 4o WX ¢uandeckue cpoiicrea uamenunucs. [lo
CHX TOP MPOoadmaiomaacid TEKTOHWMECKIA aKTHBHOCTE ofiacTy ABAAETCA MPHYHHL
CHJBHBIX 32MAETPICEHUIT.

Many of the engineering geologie consequences o tectonie activity in the stale are
severe and obvious. Folding and Tracturing of most of the rocks has made them more
susceptible to weathering. erosion. and landshiding. The intense shearing of 1the Fran-

ciscan Formation. which underlies hundreds ol square miles of the Coast Ranges ol

"Dorvothy 1L Badbreuwebh-TTall 124 Jaedin Dreive, Los Alos, Ca
UThere is o close analogy in engineering
pathians and the mountainous in California, due o weological histors, oeenerenee
of similar rocks. and geomorphological conditions, Many voung tectonical movements liave
a greal influence on numerous phenomena and  processes which play o decisive mole in

fornin DA022 'S\
seologieal conditions between the West (

sinecering weology: highly disturhed and sheared rocks: deep weathering: rapid erosion
witlesy | nln'-:-lit“n,',:‘: slow tectonie creep along Taults: and setsmie hazareds,

The many examples contained o this veport Tpresented by DT Badbreoeh-1all
to the Slovak Geologieal Society in Beatislaval may enconrage one geologists o study hetter
similar phenomena also in the West Carpathinns, (ditor's note,
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California. has made it extremely slide-susceptible.

of thick sequences of young, unconsolidated material with little strength,

.\lllt'll ol

the arvca underlain by
this formation has been recently uplilted: uplift continues o the present time. so thal
rapid downeutting by streams resulls in steep, unstable slopes. Landsliding in areas
underlain by these rapidly eroding rocks in intense commonly producing landslides
several square kilometers in extent, Rapid erosion is accompanied by the deposition

The many

voleanie rocks throughout the state have contribuled swelling clays 1o the vounger

rocks and the surlicial deposils. which. as o resull,

to construction. Many of the active fanlts are moving constantly al

causing damage o man-made struetures,
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TECTONIC ACTIVEEY IN CALIFORNIA I["E}

[Lis convenient 1o discuss the tectonie activity and engineering geologic problems of
California in relation 1o the physiooraphic provinees of the state, Eacli provinee, as
shown on Figuee 10 has distinetive rock 1vpes. geomorphology. climate. and teetonie
history. Examples ol engineering geologic problems and their velation 1o tectonic
activity. particularly vecent activity, are taken from theee provinees that are quite
different in these Teatures: the Si

v Neviddie the noethern Coast Ranges. and  the

southern Coast Ranges,
.\‘il‘l'f'-'l Ni'\';ll]:l
The Sierra Nevada is o spectaculae north — or noethwest-trending vange that horders

central California on the northeaste Iis southwest side vises vather gently eastward 10
culminate inoa high erest that ineludes Mount Whitney, 4418w in elevation: the

caslern Tace drops precipitously 1o elevations of 12202135 m. The peaks of the
Sterrans Nevada receive aboul 2000 ¢ ol precipitation per vear. mostly snow s the lower
parl of the eastern side. in the vain shadow ol the range. is arid.

The Sierea Nevada contains o variely of rocks, ineluding granitic and metamorphie:
Paleozoie and Precambrian sedimentary: Tertiney and Quaternary sedimentary and
voleanie: and lesser amounts ol other rocks. The core of the range s o complex
aranitic bhatholith.,

A Mesozoie geosvneline has been inferred in the aren of the Sierra Nevada: alter
sedimentation. deformation. intrusion. and metamorphism. the geossneline rose and
was deeply eroded by the end ol the Cretaccons Peviod (ML N Chreistensen
19660, Tn early Tertiney time. highlands more than o thousand meters in elevation
existed in the present summil avea of the Sieren Nevada: the Tast major uplift thal
brought the range elose 1o its present height peobably began between 9 and 3 million
vears ago (NN Clhivistensen 1966), The steep eastern searp was Tormed  later
by downdropping ol the arvea east ol the range,

The southern end of the provinee includes the Tehachapt Mountains. which aree
somewhat different in stroeture from the Sierea Nevada, The Tehachapt Monntains
are a horst of predominantly cevstalline rocks that is partly hounded an the northwest
side by the historieally aetive White Woll Taalt and on the southeast side by the
aphic evidence ol lelt-lateral movement is elearly

Garlock Tault. along which physiogm
visible, although it has not moved o historie time, Uplilt on the southeast side
apparently consisted Targely ol warping (0 P0 Buwa lda 19540 During Quaternary
time. the Tehachapi block was uplilted as muel as 1525 e velative 1o the Greal
Vallex ol Calilornia to the northwest,

Fngineering seologic problems are relatively minor in most o the Sierra Nevada,
Most of the rocks are not deeply weathered. paretly beeanse of recent glaciation. The
metamorphic and granitic rocks are generally stable. although there are some avalan-
ches. debris runs, and vockfalls, and some sheet spalling of the granites. A Tew Tands-
lides and ecarth [Mows Torm where voleanie rocks overlio solter material, and some
\'l'!]l';l“i‘:b ||11||“‘]”\\'.\' e 51[.‘41'{")1”"{' 1“ i“ll‘]l:‘il’ l'l'”‘!i”“. tlllili'i“l lii‘l)”ﬁil.\' are nol E'Slt'l‘l&ii\'t':
they consist Tirgely of Take and morainal deposits inovalleys and rock glaciers in old
1'E|’:||I|-.~: Transcontinental hichwavs and radlway lines that eross the Siern Nevada
]];l\'l' rl'\\' EI"I\'III‘HIH ll'l l'llll.‘!’lr'“l'”“ll or |'|||'|i||tl'||:||'|1'f' l'\i'l'l!l ]blil" il rl'\\‘ 1“!"'.‘4“!]“5 ?'ll.ll
vocklalls and the clearing of snow o the winter,

Fngineering problems are more numerous in the Tehachapi Mountains ot the south
end ol the provinee, where Tertiney sediments. as well as granilie rocks intensely



3 CH = HALL
164 RADBRUCH TALT

Fie, 20 Damage o tunnel and  eaileoad  re-
sulting from the 1952 Arvin-Tehachapi earth-
quake.

sheared by vecent Tault movement. are
prone to landsliding. An active segment of
the San Andreas Tault lies at the southwest
end ol the Tehachapt Mountains, which
are also cut by several lesser fanlis, A
steep. unstable searp marks the course of
the White Woll Tault: the Tault itsell s
covered by massive slides that have formed
along the steep face. One ol California’s

egreal carthgquakes — magnitude 7.6—7.7 —
originaled on the White Woll Taunlt in 1952 many slides hlocked the voads. railroad lines
were distorted. and tunnels were damaged (Fig. 2). There is no historie record of move-
ment on the Garloek Tault, but physiographic evidence of movement includes searps. sag
ponds. and the Teli-lateral offset ol streams, This Tanlt will undoubtedly move again.
The Tehachapi Mountains ave part of a mountain barrier between the Greal Valley
ol California. which extends northwestward for 640 km along the center of California.
and the heavily populated Los Angeles aren to the south. Highway roules. waler
supply lines. and many other lines of supply and communication extend across the
Tehachapi Mountains. linking the Los Angeles area with regions to the south. Huge
pipelines of the California Aqueduet that bring water more than 640 km from northern
California to the Los Angeles arvea. cross the Tehachapt Mountains: the tunnels.
pipelines. and pumping stations are now under construction. Special precautions have
heen taken where these lines cross the Taults of the Tehachapi Mountains,
The choice had to be made between erossing the mountaing at a low elevation by
a A0 km tunnel, or erossing at a high elevation by pumping the water up to a series
of short tunnels. The low-level tunnel would encounter gas. corrosive water. high
temperatures. and sheared rocks of six major faults. A hovizonlal offset of 6 m was
estimated as possible along the San Andreas fanlt: such an offset would erush «
tunnel over o length of o hondeed meters or more and might delay delivery ol water
for a long time while the tunnel was being repaired. A high route could avoid crossing
major faults by wmnels so that the pipeline would not be seriously damaged by
movement on any ol the faulis. but would involve high-cost pumping to lift 116 cubic
meters per second of flow a height of 537 m. The high route was selected in order o
avoid possible damage and stoppage of water supply in the event of a4 major carth-
qualke,
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Fi. 30 Typieal Tand<ide topography in the northern Const Banges of Calilornia,

Northern Const Rimges
The northern Coast Rang lie along the Pacilic Coast. extending northwestwird
Frome San Francisco Bay nearly 1o the northern California border, The predominan
geologic unit is the Jurassic and Crelacceons Francisean Formation: Mesozoie sedimen-
tary rocks. Tertiary and Quaternary sedimentary and voleanie rocks. serpentinite. and
other tvpes of metamorphic rocks are represented. Many of these rocks have been

hadly sheared and contorted by teetonie disturbances: others are poorly consolidated.

The most slide-prone area in the state is in Francisean rocks of this provinee.
Landslides are abundant in intensely sheared sandstones and shales of the Francisean
Formation. which are commonly mixed with exotic hlocks of more resistant greenstone,
chert. and metamorphic rocks of various kinds. Landslides several square kilometers
inextent are common g, 31 When seen Trom the air. the entive region underlain
by this particalar rock unit gives an impression of plastic movement. sheaved rocks
Mowing downhill around the Targer protruding exotic blocks 1o Torm a0 soll. ereeping
landseape.

These rocks have heen likened 1o the argille seagliosa of Tialy's Appenines (B, M,
Page 19660 and the “colored mélange™ of the Aps. the Himalavas, and Tean (A,
Gannsser 19640 they somewhat vesemble the Klippen Belt of the Slovak West
Carpathians in physieal characteristies and appearanee il nol in origin,

The origin of the Franeise:

n Formation is currently o matter of active study and
debate among geologists working in California. although there is Little doubt that i
least part of its distinetive character is due to the intense shearing ol relatively in-
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competent shales and interbedded  sandstone, probably as the resull ol large-seale
theasting (I 1L Bailes — W P Tewin — 1L L Jones 1064 B DL e
Brown 1964: E. L Bailey — MG Blake 1969). The eugeosvnelinal assein-
blage of Franciscan rocks was probably deposited on the oceanie crust, west of o coeval
noneugeosynelinal suceession of sandstone and shale, The Franecisean rocks are believed

to have been thrust under the sequence that lies 1o the east as a vesult of continentwiard
sea-lloor spreading. with the deformation procecding with deposition (Late Jurassie Lo
Late Cretaceous). Subsequent strike-slip and dip=slip movement on the northwest-
trending Taulis of the San Andreas svstem have cul the rocks of the coastal area into
slivers (I, 1L Bailey — N G Blake 1969, The northern Coast Ranges have
heen uplifted sinee Tate Pliocene time: deformation has affected the ranges throughout
the Quaternary (. Wahrhaltie — J. L Birman [965),

The type and abundance of landslides in the soft. sheared rocks of the Francisean
Formation make it a subjeet of intense interest 1o engineering geologists and engineers.
especially as it oceupies such a lge part of the northern Coast Ranges, [T engineered
struetures are contemplated inoan area underlain by the ineoherent part of the Fran-
cisean Formation. construction and maintenanee

culties due to landsliding can he
anticipated. There has not heen mueh ueban development in the northern Coast Ranges.
where this type of rock is predominant. hut suburbs of San Franeiseo ave now extending
northward into these landslide areas

cand other engineering works, sueh as highways,
bridees. railvoads. dams. and reservoirs are being buill there with increasing [requencey.

A dam and reservoir in this tvpe of geologic terrane was planned as part of the
Californin Water Project. Geologists of the Calilornia Department of Water Resources
who studied landshides in the aren ol the [l|’n]|nr~'m| reservoir learned that some ol the
slides are neaely Glm deep and may move as mueh as G per year. One quarter of
the storage capacity of the reservoir could he lost due 1o sliding of rock and soil into
the reservoir during its 100-vear cconomic life (ML o fFmann 1969 The dam
and reservoir have nol been constructed.

Southern Const Ranges

The southern Coast Ranges lie hetween the Pacific Ocean on the west and the Greal
Valley on the east and extend from San Francisco Bay southeastward almost o the
ity of Santa Barbarn in southern California. The provinee consists of a number of
complex ranges and basing underlain by o great variely of rocks, including granite.
Francisean rocks. Tertiney sedimentary and voleanie rocks. and poorly  consolidated
Ouaternary deposits. The rocks are folded and faulied. and the provinee is sliced by
the historieally active northwest-lrending San Andy fault. along which exlensive
vight-lateral displacement has acenred. Belative uplift of mountains and - basins has
taken place thronghout the past 2 or 3 million years (M. N Christensen 1965).

Frosion is rapid. slopes are disseeted by numerous steep-sided canyons and ravines.
and landslides in all tvpes of vocks are abundant. This provinee includes the most
heavily built-up parts of the San Franeiseo Bay area,

The danger of damage from carthquakes is ever present throughoul California. but
awareness of it is particnlarly acute in the highly urbanized San Francisco Bay region.
This region is eut by several active faults of the San Andreas system on which strong
carthquakes have originated in historic time. The most severe historic eartquakes in
this area were the shoek of 1906 on the San Andreas fault and the 1836 and 1868
quakes on the Havward faull. The 1906 quake is well known because of the extlensive
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Fie, A0 Divnage 1o o curh in the ety of Havward due 1o vighi-lateral teetonic ereep along
the Havward Tault,

damage 1o the city ol San Franciseo. Numerous lesser quakes have occurred along
both the San Andreas and Hayward [aults during historie time as well as along the
Calaveras and other faults of the San Andreas svsten. A major carthquake comparable
to the 1906 quake originated on the San Andreas Tault in the southern parl of the
Southern Coast Ranges provinee in 1837, but it is less well known because the area
wis sparsely settled and there was linle !].‘I[Il?l,‘_"!’ 1o the works of man.

Surface rupture of the ground ook place at the time of all three of the major
haquakes in the San Francisco Bay arvea, For the 1836 quake, very little information
regarding the nature of the ruplure is a

able. as the aren was sparsely populated
al that time, Right-lateral movement of approximately 1 meter on the Hayvward [ault
wits reported Tor the 1868 quake, and rvight-lateral movement of 6 meters was recorded
on the San Andreeas Tault in 1906,

Not only has surlace rupture oceurred during major earthquakes, bul slow lectonic
creep nol accompanied by Telt carthquakes is also taking place along active Taults in
this area. Tectonie ereep on the San Andreeas Tault was [iest recognized in 1956, when
fractures were seen inoa winery building near Hollister. south of San Francisco Bay.

that could not be explained in any conventional wav. The winery lies across the San
Andreas Tault. Continuous measurement o the movement of walls and floors on either
sidde ol the eracks in the winery have shown that the northeast side of the building
is moving southeast relative to the sonthwest side at the rate ol about 125 em per
vear (KO V. Steinbrougge — G Zaeher 1960).

I 1960 i was recognized that damage 1o o storage building on the Havward fauli
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wits Lo ereep along the Tault, Tn 1965 other structures. including railvoads. waler tunne
streets (Mg A). and buildings along the Hayvward fault were Tound to be damaged by
the same kind of movement (ML G Bounilla 1966: D Ho Radbrueh — M. G,
Bonilla e al 1966: D, L Radbrueh 1967). Similar tectonie creep has sinee
bheen recognized on other Taults in Calilornia.

The greatest damage 1o structures inoa seismically active area is caused not by surfaee
rupture al the time of an carthquake or slow teetonie ereep but by shaking, Tt is well
known that shaking ean be severe inosoll. saturated sediments. During the 1906

carthquake. damage was most severe on artificial Till overlving muds deposited around

the edee of San Franciseo Bav. Sueh THE areas are extensive in the San Franciseo

Bav area

Damage 1o structures can be cansed by other effects of earthgualkes sueh as eracking

andd settling of the ground nol associated with actual Tanlt rapture and  extensive
landsliding.

Many engineering problems arvise in the development of o large ueban areas sueh
as the San Francisco Bayv region. which is so seismieally active. Notoonly buildings,

but pipelines. roads. bridges. vailways, and communieation lines lie across the Tanlts,

The exact loeation of many ol the Taulls i the San Franeiseo H;l}‘ arca was only
recently established and shown on published maps: prior to that Hime. many engineering
strenetures were buill along Tnult zones, Now that the loeation and chavacteristies ol the
[aulls are recoonized. construetion along Tauls is being regulated by ordinanees,
Additional detailed mapping of the Taolts is now heing done and seismie studies such
as the effects of loenl geology on ground motion and monitoring of creep are heing
made. These studies will enable more precise definition ol the Tault zones and  the
|H't'|1;1|‘:1|int| ol more effective ordinanees 1o regulate the type and loeation of construe-
tion in this seismically active eapidly developing area.

Many additional examples could he eited 1o illusteate the great influence of hoth past
and present lectonic aclivity on engineering geologie conditions and problems in

Californin. Many ol these conditions and problems are heing studied by geologists and
seismologists of the Tederal. state. county. and eily governments. universities. and

private industey, The studies vange from research on the mechanism ol earthquakes

and seismie response of earth materials o mapping speeilie construction sites. The
need Tor studies will inercase in the Tutire as construction and development continue

within the state.
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