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INTRODUCTION

™wo years ago, We P. Wocdring and M. N. 3ramlette of the
United States Geologicél Survey completed a geclogic map of the
Palos Verdes Hills. A report on the area by Mr. Woocdring is now
in course of preparation. Shortly after completion of the field
work, excavation began on the Whites Point Cutfall Sewer Tumnel,
which penetrates the entire eastern portion of the hills., Since
natural exposures are rare in this part of the area, Mr. Woodring
took the opportunity to supplement the surface data by subsurface
information afforded by the tunnel. The writer was given & temp=
orary appointment with the Survey, and with the ald of krowledge
brought together by the above workers, made a detailed study of
the geology of the tunnel,

In 8 work of this kind much of the interest centers upon
the question as to how far & structure section constructed from
surface data may be relied upon st depth. Exsmination of figures
1 and 4 discloses that the surface work was accurate to an almost
surprising degree.

The Whites Point Tunnel was constructed by Los Angeles Sani-
tary District No. 2 for the purpose of sewage disposal, which wss
formerly taken csre of by a plant in Harbor City. The route shown
in figure 1 was chosen by the District on recommendation of Dr.
Buwalda snd others, who considered the "hard" rocks of the Pelos
Verdes Hills a better foundation in event of earthguakes than the

almost unconsolidated sands underlying the extension of the Los
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Angeles city bvoundary into Wilmington,_

The tunnel extends from the intersection of Vermont Avenue
snd Lomita Boulevard in Harbpr City to Whites Point, a distance of
neerly six miles., An open cut for the conduit joins the north
portal with the intake. On the southern end a concrete pipe term-
inates 5,000 feet from shore, and &t & depth of approximately
150 feet. Throughout the entire length the floor of the tunnel
is. 12 feet below sea levél. The bore 1s a horseshoe in sectimm
and approximately 10 feet in diameter, but this was lager in-
creased to 1l feet in certain parts of the section between sta-
tions 102 and 180. The total estimated cost is in the neighbor-
hood of £2,500,000, the funds being furnished by Los Angeles
Sanitary District No. 2, and the Public Works Administration
(Pe W. As Project 7133). Excavation began in September, 1935
end was completed on QOctober 14, 1936, During this time the
writer kept In close contact with progress of tunneling opera~—
tions. Except where imperfect consolidation of the rock necessi=
tated very close timbering, the dats were obtained from an almost
continuous exposura.‘ Since the gemeral trend of the tunnel is
spproximately normal to the regional strike, this information
¢an be used for constructing a structure section through the

eastern portion of the Pslos Verdes Hillse.
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Mr. If. N, Bramlette v_isited the tummel in Pebruary, 1936, and did
mech to help unfavel the Miocene stratigraphy. Mr. A. M. Rawn,
4Assistant Engineer of Los Angeles Sanitary District No. 2, furni-
shed profiles of the tunnel route, and gave permission to carry
out the worke Dr. lan Campbell of the California Institute of
Pachnology visited the tunnel on various occasions, and has ailso
read tﬁe manuscript. Problems of structure were discussed with
Professors J. P. Buwalds of the Califormia Institute of Technology
and W, H. Bucher of the University of Cincinnati. Dr. Hampton
Smith of the Texas Company offered many valuable suggestions durw
ing early stages of the work. Officisls of the Los Angeles Sani-
tary District No. 2; the Public Works Administration; the United
Concrete Pipe Corporation; the Meritt, Chapman, and Scott Compsny,
contractors; and the contracting firm of Schoffner, Gordon, and

Hinman were at all times courteous and helpful.

OUTLINE OF THE GEOLOGY OF THE PALOS VERDES HILLS

For proper orientation it is necessary to review the sali~
ent features of the geology of the Palos Verdes Hills. This ares
has been a classic one in the literature of pzlaeontology and geol-

1

ogy since the work of Arnold.” At this time interest was confined

largely to the Plelstocene section, which is well exposed on the

1/ Arnold, Ralph, The palseontology and stratigraphy of the marine
Pliocene and Plelstocene of San Pedro, California, reprinted from
Mems, Calif, Acad. Sci., vol. 3, pp. 1-420, 1903.



Figure 1-

Soale 1: 24000.

Geologlo map of a strip 4000
feet wide slong the Whites Point Tunnel Route.
Geology by ¥W. P. Woedring and
M. N. Bramlette with revisions from the tunnel
data by J. H. Schults.
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marine terraces In and west of the city of San Pedro.

Largely due to explorstion for oil in the Miocene rocks of
the los Angeles Basin, later studies have tended to focus attent=
ion upén the thick section.of Miccene shales, which has long been
known to make up the main body of the Palos Verdes Hills. Three
years sgo, Hampton Smith1 completed a thesis dealing with the
siiiceous shales of the area. This report includes a geologic
map and detailed colummer sections of the Miocene rocks. Other
recent publications dealing with the aree are cited below.z

The tunnel work adds little to the major conclusions
reached in these pspers. Much of the following summary of the
stratigraphy hes been tsken from notes furnished by ¥r. Wood=-
ring. Distribution of formations along the tunnel route is
shown by figure 1 of this report, but for their broader aerial
extent the paper by Woodring, Bramlette and Kleinpellzb should

be consulted.

l7 gmith, Henmpton, Origin of some of the siliceous Miocene
rocks of Califormnia, Ph. D. thesis submitted to the Balch
Graduate School of the Geological Sciences, California Insti-
tute of Technology, 105 pages, 1934.

2/ voodring, W. P., San Pedro Hills, Guidebook 15, XVI Inter-
national Geol. Congress, pp. 34«40, 1933.

2a/ Woodring, W. P., Fossils from the marine Pleistocene
terraces of the San Pedro Eills, California, Amer. Jour. Sci.,
ser. 5, vole. 29, pPp. 292=305, 1925.

2b/ Woodring, W. P., Bramlette, M. N., and Kleinpell, R. M.,
Mioccene stratligraphy and palseontology of the Palos Verdes
Hills, California, Bull. Amer. Assoc. Fet. Geol., Yol. 20,
Pp. 125~149, 1936.

de



Plelstocene
Nonmarine terrace cover (GQtc) and marine deposits at base

(Qpv and Qtm)

The nonmarine terrace cover generally consists of dirty,
reddish-brown sand, and is most extensive on the lowest terrace,
although in places it is preserved on higher ones. The fine,
white sand of the lowest terrace constitutes the Palos Verdes
marine sand (Qpv}, while marine deposits under the nonmarine
cover on higher terraces are designated marine terrace deposits
(gtm). These are somewhat older than the Palos Verdes, but all

are of middle to late Pleistocene age.

San Pedro sand (Qsp) with Lomits marl member (Ql) end

Timms Point silt member {(Qtp)

These beds are of early Pleistocene age and are uncon-
- formable with both older and younger beds. The Lomita marl
member, which lies at the base, is a fossiliferous msrl and
limestons, and shows almost perfect gradations with the San
Pedro sande The Timms Point silt member is 2 fossiliferous
silt and sandy sllt facies, which is not known to ococur aslong
the tunnel route. Exposures are found on Second Street in
San Pedro, where the silt overlies the lLomita marl and under-
lies the San Pedro sand. The San Pedro consists of silty

sand and clean sand, and in places is fossiliferous.

5o



Pliocene

Repetto siltatone (Tr)

This formation is & glauconitic, foraminiferal siltstone,
which is weil exposed in the sea-cliff at Malage Cove, where it
overlies conformably the Malaga mudstone, The Repetto does not
orop out vnear the tunnel route, although 1t was expected to0 be
present under overlapping Pleistocene beds. Since such is not
the case, the angular relstion of the Pliocene and Plelstocene
strata along the tunnel route is not known, but it must be un~

conformable in the broader sense of the term.

Miocene

Monterey shale

The entire Mlocene section is referred to the Montersey
shale, It is conformsble throughout, and is divided into three
nmembers. These are in descending order of ages the Malaga

mdstone, the Valmonte diatomite, and the Altamira shale.
Malaga mudstone member (Tm)

The uppermost member of the Monterey is a mudstone or
fine-grained siltstone. Globular radiolsria are visible in al-
most any hand sample; diatoms z2re relatively rare. Foraminifera
have been found by Hampton Smith at only one locality. Limestone

concretibns genersally are present. At Malags Cove, and elsewhere,



lamineted diatomite alternates with massive mudstone. The finer
grain éize, and farity of. glauconite and foraminifera serve to
distinguish the Malaga mudstone from the Repetto siltstons, At
Malaga Cove phosphatized limestone pebbles and schist fragments

lie at the base., This contact was not accessible in the tunnel.

Valmonte diatomite member (Tv)

This member underlies the lalsgs mudstone and overlies the
Altamir# snaies. Diatomite and diatomaceous silt or clay in alterna~
ting units sre the principal rocks in the Valmonte diatomite. Lime=
stone lenses are found in the lower part. Chert is generally in the
form of black chert, tut in places there are cherty shales in the
lower part. 3Beds of loose, unaltered volcanic glass occur through-
out the member. In places foraminifera are abundant. The base of
the Valmonte along the tunnel route 1s quite unsatisfactory, and
was mapped on the basis of a normal thicimess of phosphatic shale.
The need for more precise data regarding this member was one of

the reasons for initisting the tunnel worke.

Altamira shale member (Ta)

This member congtitutes the greater part of the Monterey,
It embraces three parts made up principally in descending order
of phosphatic shale, cherty shale, and silty shale.

The upper part of the Altamirs consists of phosphatic and
bituminous shale. This facies 1s best developed in the western

pert of the hills, for along the tunmmnel route diatomite amd

Te



8.

minor- amounts of phosphatic and cherty shale sre the predominating
rocks ﬁn this d_ﬁis’ion. The phosphatic material is in the form of
light=brown, thin .layers and nodules. Limestone lenses, cherty
shale, and bentonitic tuff are the principal minor constituents.
Cherty shale is more abundant in the western part of the hills
than in the eastern part. Along the tunnel route sandstone, in
which glsucoyhane is abundant, occurs in this division. This de~
trital material increases in thickness and grain size southward.
Foraminifera are abundant in silty bveds.

The middle part of the Altamira shale embraces most of the
hard, cherty shale. Silty shale, bentonitio tuff, and limestone
lenses form interbeds. In the eastern part of the hills distomite
is abundant in the upper part of this division. On the northern
slope of the hills the upper part of dhis division overlaps onto
the schist basement, snd sandstone and conglomerate beds, which
range in thickness from 2 few to 100 feet, lie at the base of the
overlapping strata. Elsewhere in this region where the schist is
not exposed there are coarse detrital beds. The Miraleste tuff
{™mt), which is readﬁly recognized by the abundance of pumice
lapilli, lies 150 feet below the top of the middle divisiom. In
the eastern part of the hills the Mirsleste tuff is about in the
middle of a fifty-foot diatomite bed. Valvulineris californica

californica, Vs c. obesa, and Y. ornata are found in beds immedi~

ately underlying and overlying the tuff, and in the tuff itself.
A species of Siphogenerina also occurs near this horizon. In the

western part of the hills sllipsoidal opal concretions occur st &



horjizon sbove the Miraleste tuff.l

‘Tha lower part of the Altamira shale, which the tunnel did
not penetrate, is exposed only in small areas. It consists of
silty shales with minor smounts of tuffaceous shale, bentonitic
tuff, cherty shale, and sandstone. The base is not exposed., At
the top is a fifty-five-foot bentonitic tuff, called the Portu-

gﬁese tuff,

Jurassict®
Fren ciscan? formation (J? f)

The metamorphic basement rocks which creop out on the north
slope of the main canyon in the northwest quadrant formed by the
intersection of latitude 33 46' longitude 118 20' are doubtfully
referred to the Franciscan formation. Similar rocks were encount-
ered in the tunnel. Nothing has been added to Woodford's aocount2

of thelir petrology.

Miocene basalt and dlabase {Tb)

Basalt and disbase ocour in the form of sills and irregu~

lar masses more or less concordant with the bedding. Here and

;] Taliaferro, N. L., Contraction phenomena in chert, Bull. Geol.
S0c. Amer., Yol. 45, pp. 194-207, 1934.

‘g/ Woodford, 4. O., The Catalina metamorphic facies of the Franci-
scan series, Univ. Calif. Publ., Bull. Dept. Geol. Sei., vol. 15,
Pp. 49~68, 1924,
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" there ‘apophyses penetrate 6ver1y1ng snd underlying rocks. At some
1ocalifies adjoiﬁing sedixhents are baked, but for the most part there
is little alteration, At places, as in the reefs at Whites Point
Hot Springs, the basalt appears toc be extrusive. These rocks are
not known to penetrate anything higher than the middle division of

the Altamira shale.

Structure

The early Quaternary snd older sediments have been folded
along a northwest—southeast axis. In the viecinity of Malaga Cove,
however, a northeast-southwest tremnd is apparent. Omn the north~-
eastern slope of the hills late Pleistocene and perhaps Recent
beds are warped into a broad fold known as the Gaffey anticline.
The large normel fault on the northern margin of the hills which
extends as far east as Waltheria, and is often mapped as outlining
the entire northern margin of the hills, was not seen in the tunnel.
However, the fault may be pre-San Pedro in age, and thus concealed
under the Quaternary beds of this ares.

The Gaffey anticline is the most conspienous structural
feature on the northern border of the hills. Movement has taken
rlace repeatedly along this axis since Miocene time. South of the
anticline the principsl structural feastures slong the tunnel route
are the synclinal trough filled with Pleistocene and Recent sedi=-
ments, snd a large anticline with a schist core still farther to

the southe
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Terrace Cover, 0-75'

3 é Palos Verdes Sand, 0-30°
1™ Unconformity
] — san Pedro Sand, 350' +
Quaternary :
_' — ®imms Point Silt Member, 0-50"
- Unconformity — iaii-:| T~ Lomita Marl Member, 0-350°
Pliocene -~—[::-iiiF:cl— Repetto Siltstone, 250 &
> Malaga Mudstone Mewber, 600' t+
=="ms-—=| | Valmonte Diatomite Member, 800 +
Miocene ;5-;_2:; /
—— Tmi E\ Miraleste Tuff
.:—_Ta':_ Altamira Shale Member, 1150 +
Unconformity ~ ZE———TPL—“_— / Portuguese Tuff
Juragsic? — .23 Franciscan? Schist

Figure 2- (eneralized columnar section of the rocks exposed
in the Palos Verdes Hills.
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GEOLOGY OF THE TUINNEL ROUTE

stratigraphy

The formations penetrated by the tunnel are in descending
order of age: (1) the nonmarine terrace cover, (2) the Palos Verdes
nsrine sand, (3) the San Pedro marine sand, (4) the Lomita marl
member of the San Pedro, (5) the Mslaga rmdstone, (6} the Altamira
shale with associated igneous rocks, and (7) the basement rocks
doubtfully referred to the Frénciscan schist.,

Terrace Cover: The nonmarine terrace cover 1s exposed in
the conduit (stationse I72« 362+41), and near the northern end of
the tunnel between stations 340 75-339+75 and stations 234+25~333+
75. At the southern end of the tunmnel & thin terrace cover ocours
in the area between the shore line snd the south portal (stations
51=«50)s At the first three localities the terrace msterisls con-
sist of coarse, yellow and brown sand with carbonaceous and argill-
aceous. intercalations. The maximum thickness is approximately 75
feet- a somewhat greater thickness than 1s usual in most parts of
the hills. Near the south portal the terrace cover is made up of
large, rounded boulders of silicified limestone, and small, angular
shale fragments. The thickness does not exceed 6 feet.

Near the north portal the terrace cover overlies the Palos
Verdes sand; while near the south portal the terrace cover occurs
on a bench below the Palos Verdes sand and an older terrace cover

(see figure 4)}. It thus appears that the terrace materials near



the southern end of the tunnel are definitely younger than similar
deposits near the north portal, and may be post-Pleistocene in age.

Palos Verdes Sand: The fine, white sand encountered nesr the
base of the condult, snd which extends south to station 334+25, is
referred to this formation., The basal contact in the tunmnel is
quite unsatisfactory, and has been placed at the southermmost occur~
rénce bf fine, white sand., Since such sand 1s known in some areas
in the Palos Verdes Hills in the upper part of the underlying San
Pedro, this determination may not be correct. The thickness is
likewise difficult to determine, but probably does not exceed 30
feet. A few poorly preserved marine invertebrates, and a tooth of &
sea lion were collected from this formation,.

San Pedro Sand: This formation was encountered in the syncli=
nal basin south of the Gaffey amticline (stations 249+16=229), and
on the northern flank of the anticline in the area between stations
334+2b and 271+72. In the northern area, the San Pedro has & thick~
ness of 250~280 feet, end consists of coarse, yellow sand, which bew-
comes finer and glauconitic in the lower 200 feet. On the southern
flank of the anticline the San Pedro shows & markedly different sew~
quence of rock types on opposite sides of the synclinel basin, and
neither corresponds with the section on the northern flank of the
anticline. In the northern part of the basin the San Pedro consists
of coarse, brown and yellow sand at the top and base, with finer and
glauconitic sand in the middle part of the section. In the southern
part of.the basin, however, the base of the San Pedro is marked by a

80 foot conglomerate followed by & thick clsy bed, which in turn is

1z,



- overlaid by coarse, yellow sand. The total thickness of Sen Pedro
sand in the basin'is iﬁ the neighborhoed of 350 feet. The changes
in facies point to very different conditions of sedimentation on
the northern and southern flanks of the Gaffey anticline, and on
opposite sides of the synelinsl basin gs well. aAlthough marine in-
vertebrates abound in the ian Pedro, the shells are water socaked,
and break so gasily that collecticns could not be nade.

Gn the northern flank of the Gaffey anticline the Lonite
marl member is absent, and the San Pedro rests directly upon the
Limlaga mudstons. The contact is irreguler in detail, and there
is an anguler discordance of 15 degrees in strike and 19 degrees
in dip between the Iiiocene and Pleistocene strata.

Lomite Marli: This formation wias encountered on the flanks

of the syncline just south of the Gaffey smbicline. On the north-
ern flank the Lomita occupies the aren between stations 249+28 and
249, while on the southern flank this formation occurs in the ares
hetween stations 229 and 2817+60. The conbazct with the overlﬁing
san Fedro sand is gradationale In the northern area the rock is a
fine, green silt and marl; while in %he southern area the Lomita
consists of fine, white sand and marl with no distinet stratifica-
tion, which grades into a more sandy phase at the top. The maximum
thickness is approximately 350 feet. The great disparity in thick-

ness of the marl on the northern and scouthern borders of the basin

seemingly indicates different conditions of sedimentation on opposite

sides of the trough during early Pleistocene time. Foraminifera
and larger marine invertebrates are very abundant in this formation,

and a collection wus forwarded o lr. Woodring.

14.
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the same direction as the uwnderlying Ma;aga, but -at an angle of 4C
degrees.‘ Mr"ﬁooaring identified sarples of the calcsreous straia

- as g part of the San Pedro rather than the Lomita member. ILying
upon the beveled upper surfeces of the Malage and San Pedro is &
thin layer of rounded limestone cobbles, above which is approximate-~
ly 4 feet of rudely stratified dark brown sand and gravel whick re-
presents the nonmarine terrece cover. Thet the 3an Pedro-linlags
aontact marks the trace of a thrust feult iz evidenced by & 4 foct
displacement of tha terrace eover. The fault strikes 45 degrees
veat of north and dips south at an angle of 50 Jesgrees, Sinde the
fault seems to follow the contact of the Malsga snd early Pleisto-
cene beds, it ssems probsble thet in the tummel the contact is like=
wise a fault relation, although the physicel character of the ILonits
is such as to leave little trace of differential moverents. It seems
probeble that this small thrust is the result of cuite recent move-
ments on the Gaffey anticline.

On the southern flenk of the basin the Lomita is in confaat
with a distomite, which may either represent the lower part of the
Valmonte or a diatomaceous phase of the upper part of the Altamira
shale. For reasons that will be given later, it is tentatively con-
cluded that the distomite belongs in the .iltamire shale member.

The contact shows a marked angular discordance bhetween the lliccene
and Pleistocene beds, and is marked by a basal conglomerste which

is made up of large, rounded limestone boulders, and small, angular
shele fragmentse The upper I feet of ths diatonite is broken by
vertical asnd horizontal fractures, which zre possibly the rosult

of pre-Lomits weabhering. The fractures are f£filled with dark-cclor=-

el, viscous petroleun.
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Malaga ludstome: A vertical thickness of aprroximately 300
Teet of +this formétion vias encountered in the core of the Gaffey
- anticline between stations EB71+72 and 249438, The contact with the
overlying early Pleistocene beds is unconformuable. The rock is a
fine~grained, nearly black rsdiclarisn mudstone with diatomuceous
svreaks, and ninor amountvs of limestone and chert. Oil seeps are
rare.

Albamira shale: Ixcept for the areas between stations 179+

30 and 175450 and stations 140470 to 140, the remsinder of the tun-
nel south of station 217460 is thought to be in the middle division
of the iltamirs shale. The conbtact with the overlying early Pleisto-
cene beds is unconformeble. Betwesn stations Z17+60 and 202 the
rock is predominately diatomite. The Mireleste tuff occurs approxi-
mately 100 feet from the basse. It is possible that on the surface
a narrow strip is to be referred to the Valmonte diatomite mewber,
but since the tuff was not encountered in the tunnel at this level
the entire section would appear to belong to the Altamirs shaie. It
is possible, however, that the tuff has been squeezed oul of the
flanks of the close folds which occur in this area, sc¢ no definite
judgement can be mede. The total thickness of the diatomnite is
gpproximately 250 feet. Drill hole No. 3 encountered diatomaceous
streaks in the upper 100 feet (approximetely a2t the horizon of the
Miraleste tuff), and it may be that in the eastern part of the Palos
Verdes Hills the middle division of the Altamira is diatomaceous
in the upper part.

On the northern flanks of the larze anticline the axis of which

is located unear station 178, the secuence extending from the black



and grey cherts at the base of the diatqmite to the contact with the
schist is : (1) approximetely 300 feet of black chert end silicified
shale, () 250 feet or so of rmdstone with glaucophane sandstone
streaks, limestone lenses, and o few phosphate nodules, and (J)
spproximately 5O feet of coarss, schist brececia. The total thickness
of the Altamirs on the northern flark of the anticline is apyproxi-
mateiy 850 feet. Drill hole No. 3 penetrated black chert 180 feetb
above sea level and approximately 380 feet below the Miraleste tuff.
It would thus appear that the bluck chert in the upper part of zone

1 is a persistant horizon marker in the area beiveen the sheasr zone
and fault at stetion 122450 and the northernmost occurrence of such
cherts in the tunnel (station 201).

The seguence on the southern limb of the anticline between
stations 175+50 and 122+50 is in descending order: (1) approximate=-
ly 200 feet of mudstone with minor amounts of silicified shale, lime=
stone, and phosphate nodules, (8) 25 feet of massive green sand=-
stone, and (&) spproximately 50 feeb of coarse, schist braccié.

The thickness to the horizon of the Miraleste tuff is approximately
775 feet. Since several northward-dipping normel faults occur in
the vicinity of station 198, it is difficult to estimate either the
thickness or the secuence on the southern flenk of the anticline.
However, 1% would sppesr that toward the south the thickness in-
ereases somewhat, while glaucophane sandstone becomes slightly more
abundant in that direction. The cccurrence of a bed of green sand-
stone above the schist breccia on the southern border of the schist
high,_as contrasted vith the absence of similar rocks above the

breccis on the northern border, indicates different conditions of
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_sedimegtation on opposite sides of the snticlinsl core.

South of the fault &t station 122+50 the seguence cannot be
determined accurately. 7The rocks consist of thick alternating units
ot mudstbne and siiicified shale with limestone lenses and abundant
phosphaté nodules. Eairly thick beds of coarse, schist debris occur
in the lower part of the section. Heference of these rocks to the
middle division of the Altamira shale rests largely upon the occurr-

ence of a species of Valvulineria near the south portal and the ab-

sence of the Portuguese tuff in the tunnels The thickness of this
part of the section is in the neighborhood of 850 feet.

Fish scales and bones occur at many placses in the Albamira,
and are especially abundant in the area between sitations 140 and 50«
In this area whals bones ere also not uncommon, but those recovered
are too fragmentary for generic determination. No megascopie
fossils were seen in the shale. Foraminifera doubtlessly are pre-
sent, but due to poor lighting conditions were very difficult to
findo

Petroleun seeps occur in many places in the iltamira shale,
and are especially abundant in the diatomaceous part between sta-
tions 217460 and 2023.

Igneous Rocks in the Middle Division of the altamira Shele:

These rocks are rather coarse-grained, and although now rmuch altered,
it is probsble that they were originally basaltic in composition.
The only occurrence in the tunnsl is between stations 140+70 and
140. The contact is not well exposed, but there seems to be no very
marked thermal metamorphism associated with the intrusion. This mess

has been drawn as en irrsgularly-shaped sill on the supposition that
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the bas;c igneous.rock encountered a short distance above the
tunnel line by drill hole No. 3 is a part of the same intrusion.
The large sill some distance above the tunnel line between sta=
tions 122 and 110 is infarre& from the occurrence of a considerable
thickness of basie rock in drill hole Ho. 4. It is probable that
this body is sn extensicn of the eastward-dipping sill which crops
out 1200 feet west of the tunnel line (see figure 1l). There is no
assurance that the sill actually extends as far north as the fault,
and there is still less that it is displaced by the fault. However,
the surface geology indicates that the fault is younger than at
least some of the intrusions, and it seemed desirable to illustrate
the fact in this manner, Petroleum seeps occur throughout both of
the sills.

The rounded basalt boulders set in a matrix of coarse, yellow
sandstone and silicified limestone, which occur on the southern~-
most reefs to the west of Whites Point (stations 47-46), may re~
present 8 submarine lava flow,

Franciscan? Schist: A deeply weathered metamorphic rock con-

sisting of large plates of glauncoprhane and other schist minerals
ocours in the tunnel between stations 179+20 and 175450, and is
tentatively referred to this formation. The occurrence of an un~
sorted brececia of angular schist fragments in association with
numerous slickensides in the vicinity of station 178+52 furnish-
es some evidence of s fault in the basement rocks of this ares.

It is inferred that the fault is of pre<Miocenec age,
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Drill Cores

The locations of these cores sare shown on figure 1, but only
those which are of major geologic importaence are indicatsd on the
structure section. In no instance was the percentage of recovery
near 100. Consequently, ebsence from & drill core of a thin bed
such as the Miraleste tuff Goes not necessarily indicate its absence
froﬁ the section. The figures to the left indicate in feet the ele=

vation above sea level.

Drill Hols lio. 1

110=-95 Sand
95=-87 Sandy clay
70 Clay
28 Sandy clay
-5 Yellow sand

Drill Hole No. la

237-218 ~ loose terrace material
Al8=25 Park-colored mudstone
25 Silty bed in rmudstone
25 to =13 Black mudstone

Drill Hole No. 1lb
20~11 Clay
=11 to =13 Cogrse sand

This is appavently =ll a part of the terrace cover.
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Drill Hole Nc. 2

121-115 Allurium

115-80 . G;ay and coarse sand
80=80 - Fins sanpd
50 to =12 Coarse sand and gravel

Drill Eole No. 2a

218-198 - Beil

198~162 Diatomite
162-160 Silty diatomite
160 to =14 Diatomite

Drill Liols Ho. 2b
B7=44 Mainly clay
12 to ~14 Fine sand
The division between the nonmerine terrace cover and Palos Verdes

sand is not well merked; but is probably between & and 20 feet above

sea level.
Drill Hole No. 3

480~435 Shale with diatomaceous streaks
435385 5ilicified shale and diatomite
SBE=193 Shele, somevwhat silicified
183-180 Black, porous rock~ may be igneous
180-178 Black chert
A78-1550 No record

125=-108 Wieathered basic igneous rock



106-103

468~392
| 592-343
338~315
315=-291
291-243
248234
234225
285=-234
284~18

18 to -12

500-485
485475

475=450

Drill Hole Nos 3 (Continued)
Silicified limestone
Sandy limestone, at 33 a weathered

basic igneous rock

Drill Hole No. Sa

Mainly unsilicified shale
Predominately silicified shale
Mainly unsilicified shsale
Zilicified shale

Mainly unsilicified shale
Sandstone and shale

Send and shale

Silicified shale

Mainly unsilicified shale

Sandstone and shale

Drill Hole Ho. 3b
Yellow sandy clay
Fine silt

Clay

Fine, yellow send
Sand and clay

Coarse sand

Drill Hole No. 4
Surficial debris
Shale

Silty limestons



450=434
434421
421=395
S06=373
ST E=- 356
356=-004
354=348
S48-345

545150

150-100
100=-¢0
G0=64:
64=16

16 to -13

SE8-454
454-380
380=-327
S27=~2%6

256=109

10¢=-14

14 to -l

Drill Hole No. 4 (Continued)
=ilicified shale

Sandy limestone and shale

Shale

Sandstone

Shale

Sandstone

Silieified shale

Sandstone

Basie intrusive, upper 6 feet show
weathering, contains petrcleum in
places

shale, sandy at 130

Iimestone, baked shale at 90
Shele, green sand at 64

Green sand and shale

Soft shale

Drill Hole Ho. 4a

Predomninately unsilicified shale
sandy and silicified shale
Meinly unsilicified shale
kainly silicifiesd shale

Hainly unsilicilied shale,
petroleum abundant

Mainly silicified shale

Lainly unsilicified shale with

sand streaks
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LG=4

4 to =6
-6 to =1l

-11 to ~17

60«40
40=36
S6=-28

28=185

17-12
18-85

g to =20

114106

106=-66

by
811
®

Drill tiole Nce. 4%

Ssnd

Sand and clay
Coarse sand
Fine sand

Glauconitic sand

Drill Hole No. 0D
Clay

sandy clay
Coarse sand

Fine, grey sand

Yzllow sand, areen nesyr Hass

Drill Hole No. 6
weathered shals and cley
Loose cobbles

Eroken shale

Drill Hole Noe 6b

Alluvium

Clay

Yellow sand with treaces of clay
Sand and blus clsy

sand, grey nesr the base

Yellow and grey sand

Sand and clay

Cecarse sand, pebbles, and gravel
Coarse and fins sanpd

Clay and fine sand
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Drill Hole o. 7b

128=112 Sand

113«104 : Clay

104-25 Ludstons with petroleum seeps at 75
STHUCTURR

The principsl structural features along the tunnel route are
the Gaffey anticline and the broad arch with the schist core some
distance to the southe The surface folds in thes viecinity of the
latter seem %o be flexures subsidiary to the main felde The north-
ward-dipping normel fault, whiech exbends from Cabrillo Beach to &
point west of lLiiraleste, crosses the tuunel near station 1E2+C0.
South of this fault the dip is predominstely toward the southwest
and‘at & rather low angle, but between staticn 64 =and the south port-
al a closely folded anticline and syncline occur. These do not
appear to be overturned, and cannot be related definitely to the
intricate strvcturss at Whites Point, which include a mushroom-
sheped anticline the lower limbs of whichk are recurbent. It mey be
that when traced to the esast, the tolds in this area become over-
turned. This is suggested by the attitude of the limestons reefs
whieh are expcsed in the inbtervening ares during low tide. The dip
of these reefs changes from a northeastward direction at the junnel
line to the verbticel at a peint mid-way betueen stotion 47 and

Whites Point. The plunge of the structures is gensrelly towvard the



eegt, but westward rlunges ére not unknown.l Uther than the bre-
ceiated zone in cherty shale nesr stabtion 196, the tununel offers
Little evidence of a northward-trending branch of the mein fawls
indicated by surface evidence £750 feet south of the shaft. Con-
gequently, this disturbed srea vhich is shown s a fault on the pre-
liminary mep of the Palcs Verdes Hillsa seems hest regarded as &
shear zoﬁe of no very significant displscement.

Under the unconformeble early Pleistocene cover, the lialaga
mudstone in the core of the Gaffey amticline, and the diatomite on
the southern flanks of the syneclinal besin to the south, show very
intense foldinge. This reletionship seems adequately explained by
the occurrence of intermittent compression along the Gaffey anti-
¢line in posi-liiocere time. TFolding of the late Pleistocens terr-
zece cover, in addition to the occurrence of a small, post-terrace
cover thrust fault on the southern flanks of ths anticline (szee
figure 3, page 18), suggest that the movements may have continued
into the present. Bixby Slough has been formed by upsrching of
the anticline across o stream which formerly drained down Gaifey
streets; while occurrénca near the north portal of nommarine terre
ace depcsits 1B feelt below sea level is ancther indication of per-

haps recent crustal movements in this part of the Palos Verdes IHilla,

;/’ It will be noted that on the plan the width of the fvnnel is ex~
ageerated 20 times. The spacisl reletions of the folds are therefore
distorted, but the direction of plunge is not affected.

2/ woodring, \. P., Bramlette, M. No, and Kleinpell, R. M., Op. cit.,
Phe 188-129, 1936. -

3/ Vicodring, Ve Pey Op. cib., pp. &7-38, 1932.
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Three fault systems are recognized: (1) a systen of normal
faults which dip Steapiy either to the north or to the south, and
- vary in strike from nearly easi-west to 20 degrees west of north,
(2).3 system of normal faults which dip very steeply neerly due
east, and (3) a system of small thrust faults which dip either to
the north or to the south at relatively high angles, and which vary
in strike from nearly east-west to 45 degrees west of north. Indi-
vidﬁal fractures of group'l are the most abundant, but ths only one
of demonstrable large displacement occurs near station 182150. This
fracture may have displeced the middle division of the altamira
shale as much as 300 feebes System 2 may be younger than the first
group, but this cannot be proved from tunnel observations. cmall
bedding thrusis occur in the core of the Gaffey anticline, and at
the contact of the lilocene end Pleistocens beds on its southern
flanke another smell thrust is found near the southern end of the
tunnel in the vicinity of station 96. These fauits way be the
youngest of all, but the tunnel offers no definite proof. Hoﬁever,
their occurrence on the flanks of the Gaffey anticline, which hss
nany characteristics of an active fold rather suggests this 1o be
the case. 48 is indicated on & later page, the relation of the
normal and thrust faults has considerable engineering importance.

Four joint systems are discernible: (1} a closely spaced,
almest vertical set which strikes nearly east-west and is crossed
by horizontal fractures. This system is found ouly in the ¥rancis—
can? schist. (2) A system of the same trend as the above, but

found only in the basaltic sill between stations 140+70 and 140C.



(3) & system in the'al*&miré shale which varies in strike from
nearly east-wesit to 20 degrees west of north. The individuael frac-
tures may dip either north or south, and usually are inclined at
relatively high angles. (4) 4 system which dips almost due east at
very high angles. 7TWo systems of shear zonesl ogccur; one nsarly
paralmel to joint system 3, the other is very similar in sttitude
Lo joint syatem 4.

* The first systen of joints may be related genetically o
joint system 3, but it seems more probable that the fractures in
the schist were formed in pre=lilccene time. This conclusion is
substantisated by the fact thst the joinis in the pre-ifivcene rocks
are more closely spaced then in the liiocene shale, and do not con-
tinue into the latter. However, it may be that the relatively in-
competent shale squeezed around the harder Franciscan rocks, which
could not accommodste the pressure otherwise than by fracturing.

Joint sysbem 2 seems to have hesn formed by cooling of the
hasalt, for in this instence as well, the joints do not continue
into the enclosing shale.

The northward-dipping fraciures of system 3 are morse abundant
than those which dip in %he opposite direction. 3Since & preponder—

ance of the faulis also dip to the north, there ssems to be some

L/ As used in this repord, a joint is & fracture with little or no
movement parallel to the fracture plans; while a shear zone is a zZone
of fractures along which movement appears to have been less than the
width of the tunnel. YWhere movement is known to have been greater
than the width of the tunnel, the term fault is used, Technically
the shear zones also ars faults, bubt it seamed desireble to make some
distinetion between the two types of fractures seen in the tunnel,



reason for considering joint system S_and the northward-dipping
normal faults as.approximately of the same age. This conclusion
is further substantiated by the more frequent occurrence of joints
in the vicinity of normal faults than elsewhere.

The relation of joint system 4 to other joint systems is
| unknowne. It may be that systems 3 and 4 are contemporameous,
but.this does not appear to be probable.

The structural sequence indicated by the tunnel is: (1)
pre=Miocene jointing and faulting of the schist. (2) Following
deposition of the Miocene sediments these rocks were intruded by
basalt sills. Cooling of the sills gave rise to jointing in the
basalt. (3) Post-Miocene but pre~Pleistocene folding followed
by erosion. (4) After deposition of the Pleistocene beds normal
faulting ocourrdl 2long 2 northwest-southeast axis. The date is
not known definitely from the tunnel data, and may follow rather
than precede (B) late Pleistocene uplift with folding and thrust
faulting along the Gaffey anticline. These movements may héve
continued into the present.

4 small and spparently recent normsl fault, which strikes
a little east of north, occurs at the top of the sea~cliff app-
roximately 1400 feet west of the south portal, and it may be
that the nearly north=socuth trending joints and normal faults
seen in the tunnel are contemporaneous with ite. The surface geol=
ogy indicates that the axes of the northwest-trending folds tend
to converge in the area between the schist in the vicinity of sta~

tion 177 and the normsl fault at station 122+450. Since coarse,

30,



schist~derived qlastics are abundant in the shales near the fault,
it may be that this fracture outlines the northern border of &
schist high'", and it is perhaps not unduly speculative to assume
that in the area in question, the basement rocks rocks were de-
formed by 2 shearing couple with the forces acting along a nearly
north-—s_outh directione The northwest-trending folds would thus
outline an axis of compression, while the north to northeast-
trending normzl faults and shear zones would correspond to the
oxis of tension. Other srrangments of forces are possible, perhaps,
and the situation is too complex to permit a definite conclusion
as to the mode of application of forces. This is unfortunate, for
the mechanics of structure seem to have a definite bearing upon
engineering problems presented by the sgqueezing ground between

stations 968 and 178+52,.

OCCURRENCE OF FETROLEUM IN THE TUNNEL

Poetroleum seeps are common in the Altamira shale, and are not
unknown in the Mslaga mudstone. In places the o0il is in solid
form, but more freguently it is & black, highly viscous asphaltum.
Since the tunnel is in the zone of circulating oxygen-bearing
water, the heavy character of the oil is to be expected.

The most noteworthy occurrences are at the contact of the
Lomita marl with the diatomite in the middle division of the Alta-
mirs shale (see page 16}, and in the diatomite itself. In the non-
diatomaceous parts of the Altamira, petroleum occurs mainly in

wnsilicified beds. Here it is found as segregations in the shale,

al.
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in sand stresks, in fractured limestone lenses, and at contacts
between shale and relativgaly impervious clay intercalations. Few
open fissures carry oil, and the faults in particular show no
trace of hydrocarbons., |

-Since petroleum is most abundant in the diatomite, it seems
reasonable to regard diatomaceous sediments as the original source,
for.the modes of occurrence do not suggest extensive migraticn.
The usual absence of 0il from fracture zones may indicate that re-
latively little migration has taken place, although it msy be that
the fissures are at least in part later than the period of oil mi-
gration, This suggests a method of dating some of the fractures,
for the occurrence of oil in lower Pleistocene beds indicates de-
finitely that migration occured as late as the early Quaternsry.
Absence of o0il from the main fault and shear zones thus may indiw
cate a late Pleistocene to Recent age for these fractures.

Drilling equipment has been set up a few hundred feet north
and east of the shaft, but at the time this report was writi:en,
drilling had not commenced. Should the Repetto sandstone be pre-
sent under the overlapping early Pleistocene beds of this arez, it
may contain oil.

The presence of petroleum in igneous rocks in the middle
division of the Altamira shale ls a somewhat unusual occurrence.
As indicated on a preceding page, these rocks are well supplied

with fractures along which the oil may have migrated.
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. GEOLOGICAL~ENGINEERING FACTORS

These are classifiable under the following headings: {1}
rate of mining progress as determined by character and condition
of the rock, (2) water and gas, (3} temperature, and (4) which
for want of & better term, is designated squeezing ground.

Raete of Progress: Since fairly close timbering was necess—
ary in all parts _of tha‘tuxmel, the rate of progress depended al=-
most entirely upon type of rock, its condition, and the amount of
water present. To & certain extent the last two factors depend
upon the first, but for practical purposes it is convenient to
disouss them separately.

Due to compliéations resulting from breskdowns, change in
width of bore, labor turnover, étc., it is difficult to arrive at
& reliable estimate of rate of progress per dsy. However, it
appears that the Palos Verdes and San Fedro sands in the section
north of the Gaffey anticline were the were the most favorai)le to
rapid progress. In this part of the tumnnel the least progress
per dsy was spproximately 15 linear feet, and on one occasion a
record of 86 feet in 24 hours was established. Reason for so
great & variation in rate of progress is found in degree of indure-
tion of the sand. Where the sand was coherent enough to stand in
the face without dreast boarding progress was rapid; while many of
the loosely consolidated aress csused considerable trouble. As
Mr. Rawn hes suggested, a study of the factors conditioning coheren-

cy of sands miglit be & promising subject of geological-enginsering
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reseafgh. Although the time available for the work 4id not permit

detailed examination of this problem, it would appear that sorting,
size and shape of grain, and amount snd composition of the cemente

ing materials are perhaps the principal factors involved. Scuth of
the Gaffey anticline, the San Pedro sand was usually saturated with
water, but where this was not the case progress compared favorably

with the same formation on the northern flank of the anticline.

The Lomits merl was of uniform texture, generally free from
faults and Joints, and stood well in the headings. Consequently,
this formatlion was favorable to rapld progress, and an average of
somewhat better than 40 feet per day was malintained In this forma-
tion.

When drilled with rotary drills, the Malaga mudstone was a
very unfavorable rock, for the water from the drills turned the
bottom of the tunnel into a sticky mud. When augurs were used,
however, the rate of progress approached 40 feet per day~ & some=-
what better average than in other parts of the Miocene section.

The plastic nature of thls rock obviated water trouble in the
vicinity of faults and shear Zones,

For much the same reason as the last, the diatomaceous
upper part of the Altamlira shale was a favorable rock, but & dis=
tinction must be made between the siliceous and non-~siliceous
portions below the diatomite. The silicecus beds stood better
in the hesdings, but since they were more brittle than the nonw
siliceous portions, they were affected more adversely by Jjoints,

faults, and shear zones. In unsilicified beds such fractures
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had little effect on mining‘ operations, for the rock was plastic

enough to fill up any irregulsrities along the fissures. In the

8ilicified zones faults and shear zones gave trouble, due to the

presence of large water pockets in the brecclated rock 2djoining

the breaks. As a whole, the Altamirs shale was less favorable to
rapid progress than the Malaga mudstone and the Pleistocene sands
and‘marl.s.

The schist was a decidedly unfavorable rock. Drilling wss
slow, and due to presence of closely spaced Joints & very jagged
bore resulted. Consequently, blecking and timbering was difficult.
Many rounds had to be blasted repesatedly before the heading could
be cleared, and this is likewise to be attributed to the influence

of intersscting joints.

Water and Gas:; 4As stated on a preceding psge, the Malaga
mudstone in the Gaffey anticline carried relatively little water.
The sand to the north of the snticline was dry, despite the pre-
sence of standing water in Bixby Slough. Dryness of the sand in
this section is to0 be attributed prinecipally to the impervious
character of the teri'ace cover, although the dry climate and
gentle northward dip may contribute to the observed depressien
of the water table to over 12 feet below sea level. The remainder
of the tunnel may be described as wet. This 1s true especially
for the synclinal trough south of the Gaffey anticline. Here the
terrace cover is largely lacking, and the eastward-plunging syn=-
cline fllled with porous sand and floored with relatively imper-

vious marl formed asn almost idesl catchment basin, Many hundreds



of thousands of gallons of water.had to be pumped from this ares
before tummeling could proceed at all, and even then serious water
trouble was encountered in earlier stages. South of the shaft the
Miocene section was usually éaturated with water, but where open
fractures in silicified shale did not exist there was no serious
trouble. In the cherty part of the Altamire shale on the northern
1imb of the anticline (stations 198=200), the attitude of the rock
and the presence of a brecciated zone produced almost ideal arte=-
sian conditions. Large guantities of water under considerable
pressure were encountered in this part of the tunnel.

In view of the abundance of petroleum In the shale and diato-
mite, it is remarkable that no very considerable quantities of gas
were encountered. It may be that the oil seeps are too old to
have much gas in sssociation, but it seems more likely that the
gas has escaped along fracture zones. The cnly gas met with was
hydrogen sulphide. This may have been derived from organic matter
in the shale. |

Temperature: Throughout most of the tunnsl those parts in
diatomite snd shale were several degrees warmer than the sections
in the Palos Verdes and San Pedro sands. In the shale a maximum
temperature of 92 degrees FPahrenhelt was measured. While it is
true that the overburden on the Miocene sections is somewhst
greater than on the sand, the disparity does not appear to be
gfeat enough to cause so appreciable a temperature difference.

Since pyrite is abundant in the shale and rmdstons and is lscking

36
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in the Pleistocene sand and marl, it may be that oxidation of
pyrite furnished the additional heat.

Squeezing G:ound: This term is used to designate those areas
where the archéd design of fhe tunnel could not sustain the over~
burden. BSuch conditions were encountered in four separate aress:

{1} the brecciated zone between stations 73+27 asnd 68, (2) the area
immediately adjacent to the fault in the Franciscan? schist at sta-
tion 178+52, (3) the Malaga mudstone in the Gaffey anticline, and
{4) the ares between the sonthern border of the schist (station 175+
BQ) and station 98.

In the first instance squeezing commenced almost immediately
after blasting, and seems to have acted only on the west wall of
the tunnel. The total movement was not more than a few inches, and
after a few days practically ceased. It seems probable that the
unbalanced pressures here encountered were due to sliding of broken
rock along eastward-dipping bedding and fracture planes.

A zone some 50 feet wide was affected in the second inétance.
Here movement.was most marked in the brecclated rock adjoining the
fanlt near station 178+52. 7The floor of the tunnel was forced up
a foot or so; while the roof was bent down to & somewhat less ex=-
tent. Since this zone is localized by a & fault and coincides
with the area of brecciated rock surrounding this fracture, it seems
probable that the broken character of the rock is sufficient to
account for the sffects observed. The overburden on this part of

the tunnel ls conslderable, and it is hardly to be expected that
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.the brbken rock ocould sustain the pressure.

The last two areas of sgueezing ground are so similar that it
is convenient to discuss them together. In the Gaffey anticline
squeezing wes somewhat more marked in the section south of the axis.
Apparently movement occurred immediately after blasting, for the
lagging was soon broken, and shortly after the ribs began to bend.
After a few days the floor buckled, and often formed more or less
symmetricsl ripples normal to the center line of the tunnel. Squeez=
ing was somewhat less marked in the walls and rocf,

While the entire area between the southern border of the schist
at station 175 and the shale at station 98 was affected to some ex~
tent by earth movements, that part between stations 145vand 116 was
affected most. However, only 3 inch ribs were used in this area,
and no direct comparison with the section farther north where 6
inch beams were used can be made. Throughout this area the effects
observed are quite similar to those described for the Gaffey anti=
cline, only movement from the walls and roof seemed to be somewhat
more marked.

Although fractures are perhaps more abundant in squeezing
zones‘than elsewhere, it is not possible to relate definitely the
rock movements to fracture and bedding planes. In only one or two
instances were ribs which were set across shear zones bent by move-
ment along the fracture planes. In general the movement appears
to be a slow, steady, inward creep, and seems to be more dependant

upon plasticity of the rock than upon presence of fractures and
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beddiné planes. In at least one instance formeily horizontal strati-
fication was bowed downward by sagging of the roof. Arching of the
floor, moreover, is most readily explained as due to pressure from
the sides. -If the rock were perfectly rigid, no horizontal compon=
ents could develop. In one instance horizontally~-bedded shales moved
in from the east wall. If bedding planes were effective in trans«
mitting stress, it 1s to be expected that ad jacent lsyers would have
sheared past each other. On the contrary, however, the mass moved
as a unit.

Another somewhat anomalous feature is that after broken ribs
were replaced, loss movement than in the first instance was nocted.
Indeed, even before retimbering the movements appear to have slowed
down considerably. XNo very satisfactory explanation seems possible,
but it may be that movements were osused by elastically stored en~
ergy, and that the first adjustments were sufficient to release the
groater part of this.

The maximum amount of movement is in the neighborhood of 3
fset, but such relatively great adjustments were limited usnally to
& relatively small area. Surveys of the tunnel line show pronocunced
lateral offsets in many places, and since they are especially abund~
ant in squeezing zones, it at first seemed probable that actual later-
al offseta of the center line had occurred. However, from the data
at hand it is impossible to prove this contention, for errors in
surveying and bendling of the ribs which contain the spads may account

for the offsets. . Furthermore, the magnitude of the deflections,



which in some instances exceeds 8 inches, seems to be toc great to
be due entirely fo earth movements. It is possible, however, that
some small fraction of the offsets is to be attributed to lateral

movements of the center line.

Since 6 inch, 20 pound H~-beams placed on 4 foot centers are
ususally strong enough to sustain the loasd, it would appear that the
pressures Involved do not exceed 1600 pounds per square foot. This
is only & small fraction of the total overburden, and since the
method used in srriving at this estimate of the pressure on the tun-
nel walls is not very rigorous, at ome time it was planned to place
elsetrical resistometers in the Gaffey anticline between the lining
snd the well rock. While this would result in a direct measurement
of pressures, for various practical reasons the project was sbandonsd.

There seem to be only three possible explanations for these
rock movements: (1) chemical change causing increase of volume, (2)
plastic flow due to weight of the overburden, and (3) activg arustal
movements in the areas in guestion. A combination of all three is
possible, and of the last two even probable,

The €irst can Se practically eliminated for the following
reasons: {1) shale is a relatively stable rock since it is already
in approximate chemical equilibrium. Furthermore, the tunnel is
everywhere in the zone of circulating oxygen-bearing water, and any
chemical changes which could be induced in the rock when in contact
with the atmosphere should have taken place long ago. (2) While it
is conceivable that hydration of such substances s&s anhydrite and

bentonite may account for the apparent increase in volume, the

40,
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chemisf of the lLos Angeles Sanitery District ex#mined saveral
specimens of rock fiom the squeezing zones, and concluded that

such constituents are too rare to account for the effects observed.
Furthermore, it is difficult to see how volume changes could esccount
for buckling of the floor. oThe principal effect which alr may have
had upon the rock 1s to loosen slabs from the roof, which would then
fall upon the ribs and exert some force.

Since the floor of the tunnel is flat, and thus not well de-
signed for sustaining pressure, the second explanaticn may account
for all of the rock movements observed. However, It is difficult
to see why no sgqueezing occurred in those areas where the overburden
is the greatest, It is likewise difficult to see why apparently
the same part of the Altamirs section dld not flow on the northern
limb of the anticline. It is possible, of course, to assume that
some imperceptible difference in composition of the rock on oppo=-
site limbs of the anticline is responaible for the difference in be~
havior. Since the Altamira is known to overlap upon the schist
basement with consequent changes in facies, this argument carries
some force., In view of the shortcomings of both the first and sec=
ond explanations, however, the 188t alternative deserves serious
consideration.

Mr. Woodring in a letter to the writer pointed out that the
northwestward~trending folds in this part of the Palos Verdes Hills
tend to converge in the area where squeezing is most merked in the
tunnel, and suggested that active crustal movements may be responsw
ible for the squeezing ground. This explanation is particularly

well suited for the case of the Gaffsey anticline, for ass has been
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indicated on a preceding page, this structure has many character-
istices of an active fold. Vhen applied to the ares betwesn sta=
tions 98 and 175+50, however, this hypothesis encounters a diffi-
cultys nameiy, why are the movements so localized? It will be re-
celled that in the vicinity of station 98 thick bands of eoarse
schist clastics were encountered, and it was suggested that a burled
hill of basement rocks may be not far below the tunnel line at this
point. North of station 175+50 the tunnel actually enters the
schist, and it seems reasonable to assume that localization of sarth
movements in the area between the known and inferred schist "highs"
is not entirely fortuitous. Sinece in any crustal movements in the
Palos Verdes Hills the main thrust must be carried by the relatively
rigid schist, it seems reasonable to assume that the two buried
hills may act as the Jaws of a vice. This would explain localizatw
ion of the movements in the overlying shale.

A small northward-dipping thrust fault occurs at station 90+
38, or less than 800 feet from the southern mergin of the squeez~
ing zone in question. Could it be demonstrated that this fault is
younger than the normal fault near station 122450, the above conclu~
sion would rest upon & firmer basis, for the thrust is in approxi-
mately the position that might be expected if the Miocene shales
are being compressed between two buried hills. A normal fault is
incompatible with compression, and until the age relation of the
normal and thrust fault is known, it seems best to avoid a definite
decision as to the tenability of the above hypothesis.

On a preceding page it was suggested that & shearing couple

with forces acting parallel to the tunnel line, and in such a msnner



that thé east wall of the tunnel 1s moved south relative to the west,
~may account for the major structural features seens in this part of
the Palos Verdes Hills. While this view is theoretically possible,
any movement which tends to bring the buried hills closer together
would account for the squeezing seen in the tummel. A shearing
couple would produce entirely differently directed stresses upon the
tunnel than would a simple compressional movement., Consequently,
from an engineering standpoint the type of deformational forces
which may be acting in this part of the Palos Verdes Hills is &
matter of some importance. Unfortunately, the geologle evidence is
incomplete end the situation is so complex that it seems best to
leave this as an open guestion. However, the evidence of active
crustal movements in the Gaffey anticline seems to be particularly
strong, and in view of the similarity between the squeezing effects
seen in the anticline and the area between stations 175+50 and 98,

in the writer's opinion it is probable that both aress are experienc-

ing active earth movements,



**Note: The following figures have been manipulated to fit electronic file.
For better image quality, please refer to hard copy at CIT library.
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