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BSTRACT.

The following paper describes the geology of the East Coach-
ella Tunnel of the lletropolitan Water District of Southern Cali-
.fornia. This tunnel extends along the southern flank of the Little

San Bernardino 'ountains, in Riverside county, California,

Tour rock tyves were encountered in t"s excavation of the
tunnel: a regionally mebtamorphosed series of schists and gneisses
of secimentary origin, here called the Zerdoo series; granivoid
rocks resulting from replacement, called the Thermal Canyon ser-
ies; = groanitic intrusive called the Fargo granite; and bench
gravels. ;

The Berdoo series is divisible on the basis of lithology into
three facies: = dark thin-bedded Teldspathic and biotitic scaist,
a light gray feldspathic gneiss, and & medium gray coarse grained
schist vhich is trengitional between the first two.

‘The Thermal Canyon series consist of massive granitoid rocks
vhich are of the mineralogical composition and general aspect of
quartz-diorites..

Setween these two rock series occurs a itransition zone of froa
1000 to 5000 feet in width vithin which, as examined in the field,
the sedimentary textures and structures whicn characterize the Ber-
doo series appear to graduslly give way to the massive granitoid
textures of the tvhermal Canyon series. Petrographic studies reveal
the existence of o zone of mineralogical gradation between the two
series within which the assemblage vhich constitutes the 3erdoo
geries gradually becomes revlaced througn recrystallization by
that vhich constitutes the Thermal Canyon series. iThe minerals of
the recrystallized assemblage are not conformeble to definite sur-
faces such as bedding, but instead show the fortuitous orientation
of 2n igneous rock. Also, the plagioclase feldspars of the recryst-
allized essemblace are slightly more calcic than those of the Ser-
_ doo series.

Chemical analyses show tnat the composition of the two rock
series ig very nearly the same, excepting for a progressive increase
in lime, &n’ = corresponding decreases in ferric iron snd potassa
with advancing recrystallization.

The results of field, petrographic, and chemical methods of
investigation thus indicate that the Thermal Canyon serie: rocks
resulted throuch recrystallization of a portion of the Zerdoo ser-
ies rocks. Ascending hot solutions -nd gases of magmatic origin are
postulated as the actuating agencies in the recrystallization.

The Fargo granite occurs as an intrusive stock in the east
central portion of the area, and consists of a pinkish gray
coarsely crystalline rock of about the mineralogical composition
of a quartz-monzonite.

The chief structurzl feature of the area is faulting, of
wvhich two systems asre recognizable, one which trends easterly, and
one whichh trends northerly. Two successive periods of domical up-
1ift in the south-eastern portion of the area are postulated =s
causes for the faulting.

The geologicel aspects of tunnel excavation, with especial
reference to the influence of structure, are discussed briefly.
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THE GEOLOGY OF THE EAST COACHELLA TUNNEL
0F THE
METROPOLITAN wATER DISTRICT OF SOUTHERN CALIFORNIA

by

Donsld D. MacLellan

INTRODUCTION

In the year 1929 the Metropolitan Water Dis-~
trict of Southern Californias began operations on the
construction of an agqueduct the purpose of which is to
bring water from the Colorado river to various cities
in the southern Californis coast region. A4As the route
cf this agueduct traverses the entire width of the
state of California several mountain ranges were en-
countered, many of which had to be pierced by tunnels.
The longest of these tuunels is the East Coachells,
which externds zlong the scuthern flank of the Little
San Bernsrdino mountzins. (See Fig. l.) Acting on a
suggestion by the faculty of the Division of Geology
and FPaleontclogy of the Celifornis Institute, a study
of the geology of the region traversed by the East
Coachells tunnel was made by the writer, a report on

the findings of which is hereby presented. The report



includes detailed descriptions of the rock formaticns
occurring in the area, together with explasnations of
the various geologic processes by which these rocks
were modified since their emplacement. The surface
manifestations of certain unfavorable conditions en-
countered during the process of excavation of the
tunnel sre described, in the hope that similar mani-
festations encountered elsewnhere may be more essily
recognized, snd their significance more fully appre-
ciated.

Location and Size of srea. The East Coachella

Tunnel extends along the southern flank cof the Little
San Bernardino mountains from Thermal Canycn to Fan
Hill Canyon, in Riverside county, California. (See
Fig. 1 snd P1. 1.) It has s length of almost nineteen
miles and a cross-secticn sixteen by sixteen feet.

The study on which this report is based in-
cluded exsminations of sll rocks exposed in the tunnel
and on the overlying surfece, a topographic map made
by the engineering department of the Metropolitsn wWater
District being used as & base map on which to plot the
surface geology. The area examined includes the entire
slcpe of the Little San Bernardino mouhtains from Ther-
mel Canyon tc Farn Hill Canyon, the tract thus delimited
being about twenty miles long and three to three-snd-

one-half miles wide.



Routes of Access. The most important com-

munity in the vicinity of the East Coachella Tunnel
ares is the city of Indio, which is about fifteen
miles south of the east portal of the tunnel. This
city can be approached over either the Southern
Paciflc Railway or the United States' Highwey No. 99.
From Indio a system of well paved motor roads con-
structed and mainteined by the Metropolitan Water Dis-
trict extends alongz the base of the mountains and con-
nects with the verious operating camps which are
located near the line of the tunnel, such as Fargo,
Berdoo, and Pushawalla. No roads or trails hesve been
made over the mountains.

Field Wwork. sltogether sbout eight months

were spent in the field, including three months dur-
ing the summer cf 1934, four months during the summer
of 123 and numerous trips of only & few days' dura-
T3 Slightly less than half of this time was spent
in examination of exposures in the tunnel, the remain-
der being devoted tc the surfeace.

Acknowledgments. The writer acknowledges

his indebtedness to the executive staff o1l the ietro-
politan Water District, who permitted him Iree access
to their tunnels during the field investigations.

Especisl appreciation is expressed for courtesies ex-

tended by the field personnel of that organization,



especisally Mr. R, B. Diemer, Chief Engineer, and
Mr. VWeller, Superintendent of Eerdoo camp, and Mr.
Neil O'Donnell, Superintendent of Fargo camp.

The entire study was carried on under the
guidence of Professor Ian Campbell of the Califorunia
Institute, to whom the writer is indebted to =n ex-
tent that the mere mentioning of the fact dan scarcely
reguite. Thanks are also due to Professor John F.
buwelas for sdvice pertaining to structural protlems,
and to brs. George H. anderson and Horace J. Fraser
for helpful suggestions,

Earlier Investigations. Aithough it is
known that some previous geclogical studies have been
mede in the region of the Little San Bern&rdino moun-
tains, there gpparently has never been any general
statement published regsrding the geclogy of the area
described in this rep The Cahuilla Valley, of
which the Coachella Val.. forms a part, was descrited
by'W. P. Blsake (l)*, who in 1853 made a reconnaissance
survey of the southern porticn of the State of Califanie
in conjunction with a partyof engineers of the Pacific
Railway Survey.

In 1909, ¥%. C. Mendephall (2) in giving a

sketch of the geogranhy of the Colorado Desert briefly

*Throughout this report numbers enclosed by
varentheses refer to works similarly designated in the

bibliogreaphy.



but aptly desceribed the physiography, climate, and
vegetation of the mounteins east of the Coachella
Valley, within which lie the East Coachella Tunnel
area.,

In 1930 Professor F. L. Ransome made a
reconnaissance survey of the ehtire route of the
aqueduct for the Metropoliten Water Listrict, to the
executive department of which he submitted his find-
ings in the form of a private report; this report,
however, has not been made public.

Geologicsl investigations have been made
in territory adjacent tc the East Coachelia Tunnel
area in which some conditions were encountered which
apparently did not differ greatly from those descrited
in this report. |

In 1952 Vaughan (3) published a comprehen-
sive report on the geology of the San Bernardino moun-
tains, the western edge of the area described by him
being about fifteen miles east of the easternmost
limit of the Fast Coachella Tunnel area.

In 1931 Fraser (4) described the geolcgy of
the 3an Jacinto quadrangle which is some twenty miles
south of the Bast Cozschellza Tunnel area, ané on the

opposite side of the Coachella valley.

Physiography. The Little San Bernardino

mounte ins constitute =n exceedingly rugged range of



reletively moderate elevation forming a portion of the
chain of mountains which constitutes the east wall of
the Coachelle Valley. When viewed from Indio, which
lies near the center of the Coachells Valley, the Lit-
tle San Bernardinc mountains, there about twelve
miles distant, appear as a comparatively streaight
mountein chain of even sumrit which rises about 2000
feet above the valley floor. They constitute a typi-
cal arid range, and appear to be almost completely
devoia of vegetation or of soil. The lower portions
of the slopes are gquite commonly incised by steep-
walled dry ravines, which, however, usually terminate
a considerable distance below the ridge-line, sc that
the upper slopes tend to be more gently rounded.

From the deeper canyons, such as Yellow
Spots, Fargo, Indio, and Berdco, alluvial fans of
remarkably symmetry extend outward into the valley for
eight or ten miles.

Although presenting to the observer in the
valley the appearance of a single continuous mountain
chain the Little San Sernzrdino mounteins actuaelly
conzist of z numbter of short, more or less irregulariy-
aiigned mouniein masses which vary comsiderably in
altitude, these being separated from one another by
precipitous canyons and high passes. The crest-line

of the range varies in elevation from 2500 to 3C00



feet, with individual masses attaining elevations of
3500 feet or more. The floor of the Coachella valley
here ranges in elevation from twenty feet below sea
level at Indio to sbout 200 feet above sea level at a
point opposite Fan Hill. Owing to the concavity of
the trsnsverse profile oI the valley, the "toe" of
the mountain passes under valley alluvium at eleva-
tions which range from 400 to 800 feet.

Across the southern slopes of this renge
cecur a number of wide benches, which if joined would
form a single continuous surface the elevation of which
would range from 15C0 to 2000 feet. These benches are
more distinct towards the eastern end ¢f the range,
where they occasionally attain widths of 1000 or more
feet. Other less distinct and less definitely corre-
lateble benches occur at various higher elevetions
throughout the range. As shall be explained more fully
later, these represent surfsces of denudation cut dur-
ing pauses in the uplift of the range.

Climate and Vegetation., Owing to the rels-

tively low elevation of even the highest ridges, the
entire ares described in this report is subjected to
an unusually arid climate, and is considereé as forn-
ing & part of the Colerasdo Desert, one of the most
truly arid parts of westerr North America. Accoraing

to observations made by erngireers of the iMetropoclitan



Water District, who maintain s rain-guage at Camp
Berdoo, the yearly rainfall since the establishment
of the camp in June 1931 was as follows:

June to December, 1931 2.31 inches

Jan., 1 to Dec. 31, 1932 5.11 "

Jan. 1 to Dec. 31, 1933 5.78 "

Jan. 1 to Dec. 31, 1934 2.086 "

During the same period the average daily

temperature range for the mid-summer and mid-winter

seasons averaged as follows:

June 20 to august 30 117 =
December 15 tc March 1 70 I to 44 F

(Courtesy of the Metropolitan wWater Dis-
trict of Southern California.;

Most of the precipitation occurring in this
region is in the form of local but intense downpours
of the cloud-burst type. There are no permanent springs
or streams, so that, excepting for a few hours Tclliow-
ing the hesvier showers, no weter is obtainable on the
surfece at all; even in tre Eest Coachells tunnel only
one or twc seeps were found, and of these none was suf-
ficiently pronounced to form continuous drippers.
Under such conditions no scil, in the ordinarily ac-
cepted sense of the term, can form at all, t.e greater
part of the products of erosion being removed aimost
as guickly as formed either by run-cff during the
pericds of rain-fall or by wind during the long inter-
vening periods of dessication. However, none cf the

mountain slopes is completely devoid of vegetaticn,



the distorted and spinous growths characteristic of
semi-tropical deserts such as the barrel cactus, the
ocatilla, the chollsa, the greasewood, the ircn-wood,
and palo verde being found sparingly distributed
throughout the entire area.

Excepting for the more or less temporary
occupancy by the employees of the Metrcpclitan Water

District, the area is entirely uninhabited.



GEOLOGY

The portion of the Little San Bernardino
mountains here considered is composed almost entirely
of crystalline rocks, of which three distinct types
are recognizable: a metamorphic rock series largely
of sedimenrtsry origin, a granitoid rock probably due
to a replacement process, and a éranitic intrusive
rock. Owing tc the absence of any reliable means of
correlating these with other previously descrited
rocks local names are here given them, each one being
namec after some locality at or near which it is
typically exposed. Accordingly, the metamorphic
rocks will be referred to as the Berdoo Series, tirs
granitcld replacement rocks as the Thermal Canyon
Series, and the granitic intrusive as the Fargo granite.

The nomenclature thus developed embraces all
the rock formations exposed within the area excepting
local bench gravels, which, on account of their gec-
morphologicel significsnce are deemed worthy of con-
siderstion as a separate rcck formation. The absence
in this ares of other rocks with which they might be

ccnfused obviates the necessity of giving them a name.

The EBerdoo Series

The Derdoo sSeries, nemed after Berdoo Canyon

{Plate 1I,;, is the most widely disitributed rock group

10
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in the area, and includes all surface rocks from Indio
Canyon westward to beyond Fan Hill Canyon. Members of
this series form the surface rocks throughout the
greater part of the Little San Bernardino mountains.

Stratigraphy. The Berdoo Series constitute
the metamorphic derivatives of a great thickness of
elastic sediments in which shales predominated, but
in which shaly sandstones, probably with lenses of
arkose and graywacke, were fairly common. These have
all been intensely metamorphosed, so that none of the
originel minerals remains; the smaller scale original
structures likewise have been completely obliterated,
and others, more in keeping with the later history of
the rock, imposed in their stead.

The grade of metamorphism within a given
lithologic unit is always uniform throughout the entire
area, excepting where affected by local recrystalliza-
tion. The metamorphism is thus seen to be regional
rather than local in its nature.

A certain measure of stratification is dis-
cernible everywhere throughout the Berdoo Series; this
:is occasionally shown as in a sedimentary sefies by
superposition of individual beds, but more commonly by
superposition of members g§‘formations of contrasting
color and lithology, which on account of their greater

thickness, and consequent wider range of visibility
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give to the group a characteristic banded appearance.

Three facies generally are recognizable: a
dark gray to black, somewhat fissile schist; a massive,
light gray gneiss; and a medium gray coarse~grained
schist which is transitional between the two first
mentioned. These occur as distinet lithologic units
of from 50 to 200 feet in thickness, which by their
contrasting colors and more or less conformable super-
position indicate the stratification, as noted above.

The Dark Schist. The dark schist members
are usually the most persistent and uniform in the
series. Where typically developed they are thin-bedded,
and frequently show alternating beds of light and dark
minerals, each about one inch in thickness. The lighter-
 colored beds often consist of conformably aligned lens-
shaped masses a few tens of feet in length, composed
of coarse-grained light gray minerals, individual
lenses>be1ng separated from one another by thin folila
of dark minerals. These lenses often overlap suffi-
ciently to give the impression of continuous beds of
uniform thickness.

The dark-colored beds are usually somewhat
thinner than the aggregate thickness of a typical light-
colored bed, around the lenses of which they tend to
sweep; they always show foliation, and are often in-

tricately contorted.
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The average hand specimen of the dark schist shows
bands about one inch in thickness which consist of
coarse~grained interlocking minerals in which pink-
ish-white and ice gray feldspars predominate; these
are separated by bands of similar width composed of
dark ferromagnesian minerals among which biotite
greatly predominates, but which show varying amounts
of amphiboles.

With increasing thickness and closer spac-
ing of the lighter colored bands, the dark schist
gradually merges laterally into the gray schist, and
finally into the massive gneiés ment ioned above.

The Gneiss. The gneissic facies of the
Berdoo series is somewhat less uniform than the dark
schist facles, and therefore less conformable to any
one readily described standard. Several varieties or
types which in their most widely divergent forms show
but little resemblance to one another can be dis-
tinguished; the general field relationships, however,
are such as to leave scarcely any doubt regarding
their derivation from a common origin.

A frequently occurring variety bears a
strong resemblance to the dark schist just desoribed,
excepting that the proportion of dark minerals to
light minerals is different: this variety consists

essentially of bands six to ten feet in thickness,
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composed largely of coarsely crystalline light gray
minerals, mostly plagioclase feldspars, and hence
analogous to the light bands in the schist, which are
separated from one another either by single bands of
biotite a fraction of an inch in thickness, or by
beds a few feet in thickness composed of alternating
layers of light and dark minerals as in the dark
sohist. Bedding in this variety is shown only by the
attitude of the biotite bands, the lighter colored
beds usually being massive and devoid of any internal
structure.

In a second variety the mineralogical compo-
sition is sbout the same as that of the variety just
described, but the relationship between the minerals
differs in that the dark minerals no longer oc¢cur in
distinet beds but rather in fairly continuous stresaks
which do not constitute parting planes and which blend
laterally into the masses of lighter colored minerals.
Hand specimens exactly similar to those which seem to
have been used for illustrations of "banded gneiss™ in
elementary text-books of geology can be collected at
will from outcrops of this rock.

In the two varieties described the amount of
light colored minerals greatly exceeds that of the
dark colored ones; in a third variety which occurs

somewhat sparingly throughout the Berdoo series the
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amount of dark colored minerals is about egual to
that of the light colored ones. As typically devel-
oped this variety is medium to dark gray in color,
very fine-grained and even-textured; in the hand
specimen it may closely resemble andesite. It com -
monly shows a faint banding parallel to the bedding
of the enclosing members, but very few parting planes.
The Gray Schist. As already mentioned, the
gray schist can be considered as constituting a facies
which is transitional between the dark schist and the
gneiss. It resembles the variety of gneiss which was
first described above, excepting that the beds of
light colored minerals are usually only about one foot
in thickness, and that the beds of dark colored miner-
als are thicker, as in the dark schist.

General Field Relations. The Berdoo series

- 1s composed of the three rock types described above,
these being superposed on one another as strata in a
sedimentary formation. In the sectlon as exposed,
each type is repeated a number of times as individual
members 8% formations. There seems to be no very
definite order of superposition, although there is a
noticeable tendency towards concentration of dark
schist members towards the lower portion of the ex-
posed column. Nothiﬁg whiech could be interpreted as

elther a base or a top for the Berdoo series has been
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observed anywhere in these mountains, either during
the detailed examination of the East Coachella tunnel
area itself, or during a general survey of the sur-
rounding region. For this reason the thickness of
the Berdoo series is still unknown; even statements
regarding the thickness of the exposed portion can at
best be but reasonable estimates, since in the ab-
sence of distinctive beds which would serve as hori-
zon markers, changes in the apparent thickness through
deformation, such as repetition of beds by faulting
or 1soclinal folding cannot be detected., However, in
the mountains immediately west of Berdoo Canyon
(Plates I and III), which constitute a relatively
slightly deformed block, 2500 feet of these rocks
are exposed without a trace of either an upper or
lower surface. From this poinht westward to the lim-
its of the area the beds are intensely deformed and
folded, but the most commonly occurring dip appears to
be towards the southeast; in its progress westward,
therefore, the tunnel penetretes lower and lower strata,
but here likewise, no base has been exposed. The only
safe statement that can be made at the present time
regarding the thickness of the Berdoo series is that it
exceeds 2500 feet.

Within the limits of the area investigated

in connection with this study the Berdoo series was found
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to come into contact with two rock types, the Thermal
Canyon series and the bench gravels, As the relation-
ship between the Berdoo and the Thermal Canyon series
furnished one of the more interesting problems of the
entire study, a discussion of it is reserved for a
later section. The relationship with the bench grav-
els 1s always one of simple unconformable contact.

The petrography of the Berdoo series will
be discussed in & later section.

Age. No definite information could be ob-
tained regarding the age of the Berdoo series. On
account of its advanced state of metamorphism no in-
ternal evidence of age such as the occurrence of
fossils could be expected, had such ever existed. In-
direct metho&s of age determination by establishment
of relationships with other rocks of known or deter-
minable age are of but little value in the case of the
Berdoo series as the only sediments found in contact
with it are bench gravels of possibly late Pleistocene
age, and present day alluvium.

| The metamorphism which affected the Berdoo
series was of the regional rather than the thermal
type. This presumably involved deep burial of the
original sediments, and hence, a prolonged period of
sedimentation after their deposition. This must have

been followed, after a period of unknown duration, by
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uplift and profound erosion. Since erosion of a given
thickness of rock, especially if these be highly
metamorphosed, might require as much time as would
the deposition of an equal thickness of sediments,
the time involved by the three periods thus postulated
could quite conceivably include the whole of the post-
Proterozoic. The general appearance of the Berdoo
series suggests a pre-Cambrian age; it is definitely
more highly metamorphosed than the undifferentiated
schists of the San Bernardino mountains, which are
deseribed by Vaughan (3), and classified by him as be-
ing possibly pre-Cambrian.

In the absence of a more satisfactory method
of determining its age, the Berdoo series, on the ba-
sis of this relationship, is also classified as pos-

sibly of pre~Cambrian age.

The Thermal Canyon Series

The Thermal Canyon series, named after Ther-
mal Canyon (Plate II), forms the surface rock in the
greater portion of the area between Thermal and Indio
canyons. The continuation of the mountain range for
ten or twelve miles southeasterly beyond Thermal Can-
yon exposes similar rocks along its southern flanks;
these appear as detached outcrops, separated from one
another by wide gravel-filled canyons, but they doubt-

lessly represent one continuous rock mass, through
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which the various canyons have been cut.

Lithology. The freshest material found at
the type locality, the west bank of Thermal Canyon,
is of a medium gray color, and has in many respects
the general aspect of a quartz-monzonite. The range
in grain size, however, 1is unusual in quartz-monzonites
as it extends from near the lower limits of unaided
vision to occasional individuals ten to fifteen mil-
limeters in length. The megascopic minerals are wax-~
gray feldspars, in more or less automorphic crystals
five to fifteen millimeters in length, and commonly
showing twinning according to the Carlsbad law; light
gray to almost white feldspars, xenomorphic to auto-
morphic in form, and one to three millimeters in
length; biotite, locally in distinct flakes one to two
millimeters wide, but sometimes in obscure specks;
water-clear quartz, in xenomorphic grains one to three
millimeters wide; a dark green to black ferromagnesian
mineral occurring in elohgate prisms and showing a
splintery cleavage suggestive of hornblende; and rare-
ly, yellowish gray sericite flakes on the clsavage
faces of the larger feldspar grains.

Excepting in the contact zone which separates
this series from the Berdoo series, and which is dis-
cussed at some length below, the texture of thils series

is comparatively uniform: the xenomorphic material
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forms a ground mass of more or less granitoid texture
which encloses the automorphic grains. The large
feldspar grains occur as separate individuals which
show no system or regulsrity either in slignment or
in spacing, being scattered at two to five centimeter
intervals as plums in a pudding. Throughout the
greater part of the exposure the ferromagnesian min-
erals tend toward a more or less distinct arrange-
ment 1in space: the biotite grains quite fregquently
show a tendency toward concentration into narrow
bands, within which the individual grains approach to
within ten or fifteen degrees of actual parallelism;
the prismatic ferromagnesian minerals likewise show
concentration within the bands determined by the bio-
tite grains, where, however, they show no noticeable
tendency toward alignment of grains. Usually, the
larger the grain of either mineral the more definite
the arrangement into bands.

The petrography of this series will be dis-
cussed later, in conjunction with that of the Berdoo
series.

Relationship Between the Berdoo Series and

the Thermal Canyon Series. As explained above, the

Berdoo series where typically developed consists of
a number of beds which are superposed more or less

conformably upon one another, and which clearly reveal
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by their structure a sedimentary origin. The Ther-
mel Canyon series, on the other hend, shows none of
the common physical attributes of a sediment, but
instead more nearly resembles an igneous rock of
peculiar texture.

Between these two contrasting rock series
occurs & zone of very indefinite boundary, within
which the properties of the one rock give way to
those of the next. This zone varies in width from a
few feet to two or three miles, the average width
being about one mile., Here, typical beds of the Ber-
doo series, if followed in a direction towards the
Thermal Canyon series, can be observed to more or
less graduaslly lose the properties which suggested a
sedimentary origin and acguire those of the Thermal
Canyon series as described above.

The first noticeable change in the Berdoo
series is the appearsnce of a pink feldspar which in
the hand specimen resembles ordinary orthoclase. 1In
the very outer limits of the transition zone where
this mineral first attracts attention it is in the
form of small rounded reddish pink to creamy white
greins two to three millimeters in diameter which oc-
cur diffusely scattered throughout the schist, but
with a noticeable tendency toward concentration along

the contects between light and dark beds. Grains
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which form along these contacts, and also thoase which
form entirely within beds of high ferromagnesian con-
tent, often show more red coloration than do those
which form in beds of high feldspar content.

Within & very few tens of feet (the observer
in every instance being supposed to be moving from the
Berdoo series towards the Thermal Canyon series) these
greins become idioblastic individuels, usually of
prismatic outline, and of dimensions which approximate
one to two centimeters in length, and five to eight
millimeters in width. With increase in grain size the
tendency toward concentration intoc definite bands be-
comes less noticeable, so that, although they occur
more commonly in the lighter colored beds, these grains
can be found in all members of the Berdoo series.

Chloritization of the ferromagnesian minerals
almost invariably accompanies the first appearance of
the pink feldspar and becomes more pronounced with ap-
proach toward the Thermal Canyon series., It does not,
however, eventually become universal: indeed, the
tongues of dark schist which penetrate farthest into
the Thermal Canyon are those which show the least
chloritization, and also the least pink feldspar con-
tent.

The degree of transformation varies greatly

with the different facies of the Berdoo series; beds
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of dark schist, for example, may persist more or less
unchanged for several thousand feet into definitely
recognizable Thermal Canyon, whereas in the case of
the gray gneiss the trensgression is always by the
Thermal Canyon into the Berdoo, the inference being
that the schist gives way to recrystallization less
readily than does the gneiss. Also, inclusions are
fairly common in the Thermal Canyon series, especially
toward the borders; these almost invariably consist
of masses of dark schist. A point worthy of note re-
garding these inclusions is that they still preserve
the prevailing attitude of the Berdoo series in the
alignment of bedding or schistosity, even when sepa-
rated from these rocks by several thousand feet of
Thermal Canyon series rocks.

The next noticeable stage in this process
of transformetion is characterized by a general in-
duration of all rock types in the series, with a
definite tendency toward obliteration of sharp con-
tacts. In members composed of alternating beds of
contrasting material, such as the dark schist, the
contacts between beds no longer are definite surfaces
but zones of e few centimeters in width within which
blending of the one bed into the other has taken place.

Further progress in the process of transform-

ation is marked by a tendency toward obliteration of
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all contrasting features within the rock: mutual d4dif-
fusion brings about a blending of light and dark
colored beds, so that the generalaspect approaches
that of a granitoid rock.

When the last vestiges of the light and
dark bedding which characterizes the Berdoo series
will have vanished, the rock will be here considered
as no longer a part of the Berdoo series but instead
a border phase of the Thermal Canyon series. Accord-
ingly, the line which joins the varicus points of
westernmost extension of continuous bedding is shown
on the map (Plate II) as the contact between the Ber-
doo series and the Thermsl Canyon series.

The transition, however, cannot be considered
as completed at this line, since, for some tens to hun-
dreds of feet beyond, there still persist some features
of the Berdoo series which are not found in typical
Thermal Canyon. The large porphyroblasts still retain
traces of the pink coloration which characterize them
throughout the Berdoo series, as contrasted with the
waxy gfay color which they show in the Thermal Canyon
series. The texture of the finer grsined msterial is
less even than in the typical Thermal Canyon, where
the range in grain size for this material is relative-
ly narrow. Also, the ferromagnesian minerals show

some traces of chloritization, a feature which is quite
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common in the tramnsition zone, but very rare in the
typical Thermal Canyon. The subordination or passage
of these features, with the more or less complete
dominance of the characteristics of the Thermal Can-
yon series, usually takes place within two hundred
to five hundred feet of the line here chosen as the
contact of the Thermael Canyon series with the Berdoo
series.

Petrology of the Berdoo and Thermal Canyon

Series. In the preceding pages in which the general
field aspect of the Berdoo and of the Thermal Canyon
series are described the two are treated separately,
and are considered as separeate rock groups. On ac-
count of the greét dissimilarity in appearance which
they show they cannot be considered as constituting a
unit for purposes of description; in any case they
differ so greatly in structural characteristics and
in genesis that they would be classified as separate
rock groups according to any of the accepted systems
of rock classification. However, in the petrologic
study now to be presented the two series, togethér
with the intervening transitional 2zone, will be con-
sidered more or less together, in order that the simi-
larity in mineralogical composition and the contrast

in genesis can be more clearly brought out.
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During the course of the field investiga-
tions some two hundred and fifty rock specimens were
collected and taken to the California Institute for
further study. These were so chosen as to be illus-
trative of every rock facies and type found within
either group. In most cases the attitude of the rock
mass from which the specimen was taken was indicated
on each one by means of sulitable symbols placed on it
at the time of collection. ZFrom these specimens thin
sections of chosen orientation were then cut, in order
that the features observed during petrographic examina-
tion could be definitely correlated with the larger
scale features of the rock mass as a whole.

A notable feature which immediately attracts
attention during a petrographic study of these rocks
is the similarity in mineralogical composition whiech
all members of these series show, irrespective of the
contrast in eppearance which they may show in the
field. Species of the same mineral groups constitute
ninety-eight per cent of the component minerals in
all the varieties of rocks found in either series,
the differences which are so evident in the field be-
ing due largely to differences in the relative pro-
portions of minersls and to structure and texture.
Within the Berdoo series itself changes in facies are

usually brought about solely by changes in the relative
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proportions of identical minerals; between typical
Berdoo series rocks and those of the transitional
zone, or between the transition zone rocks and those
of the Thermal Canyon, changes in facies are invari-
ably accompanied by changes in the mineralogical
composition also, these being usually in the nature
of substitution of one mineral for another closely
related one, such as oligoclase for albite, or horn-
blende for bioctite.

Below is listed (Table I) the results of
Rosiwal analyses of four thin sections, each one of
which was chosen as being typiecal of the particular
facies from which it was taken. Number 1 represents
the dark schist of the Berdoo series; number 2, the
gray gneiss in the transition zone of the Berdoo se-
ries; number 3, the transition zone of the Thermal

Canyon; and number 4, the typical Thermal Canyon.



28

Table I

Rosiwal Analyses of Berdoo and

Thermal Canyon Series Rocks

1* 2* 3* 4%*

Total feldspars . . . . 62% B82% 63% 66%
Biotite . . . . . . 26 6 22 22
Cordierite . . . . . - 9 6 7
Total white mieca . . . 10 - - -
Hornblende . . . . « = 1l 5 2
Quartz . . . . . 1l 1 2 1l
Opaques, chlorite, myrmekite,

epidote, clinozolsite, sphene,

carbonates, zircecon, allanite,

and unidentified . . . . 1 1l 2 1l

*No. 1. Field specimen 7679 - 75 Dark schist,
Berdoo series.

No. 2. Field specimen 7616 - 60 Gray gneiss,
transition zone, Berdoo series.

No. 3. Field specimen 7505 ~ 40 Transition
zone Thermal Canyon series.

No. 4. TField specimen 7484 - 00 Thermal Can-
yon series.,

(Specimens collected from exposures in the
tunnel were in every case given numbers which
corresponded with the survey station number
of the point of collection; these in turn

corresponded with distances in feet from the
Colorado River.)

Description of Minerals. FPlagioclase feld-
spar is usually the most common mineral constituent,
and is present in two or more varieties or types in
practically every thin section. Of these, one occurs

as grains which may attain dimensions of one to five
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millimeters in length, and one~half to one millimeter
in width, and which almost invariably shows polysyn-
thetic twinning, and not infrequently Carlsbad twin-
ning as well. The composition of this type according
to determinations made by zone method of Rittman, which
were occasionally checked by the more exact but more
tedious Berek method, ranges in the case of different
individual grains from Abngns to AbsoAnzo. Sericiti-
zation is always evident, and sometimes is quite ad-
vanced. The borders of the grains of this type quite
commonly show local corrosion and invasion by small
grains of other minerals. This type is usually quite
distinctive because of 1its advanced stage of seritiza-
tion and its polysynthetic twinning.

A second type, which perhaps constitutes tle
most common mineral in the Berdoo series, resembles
the type just described excepting that the grains are
usually quite fresh and less uniform in size, ranging
from one to two millimeters down to individuals barely
recognizable at magnifications of fifty diameters. Ex-
tinction angles on albite twinning normal to the 010
face indicate that the composition ranges from AbaoAnzo_
to Ab. . An

68" 32°
observable in almqst all grains of this variety; peri-

Twinning according to the albite law is

cline and Carlsbad are also fairly common. Another

rather unusual type of twinning can be seen in some of
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the larger grains of this type of feldspar; it appears
as polysynthetic twinning lamellae which cut the al-
bite twinning lamellae at angles of from forty-five
degrees to fifty degrees.

The larger grains of this variety of feld-
spar usually show undulatory extinction of the type
commonly referred to as "strain shadows"™; these are
sometimes accompanied by actual deformation of the
grain, which is shown by curvature of the twin lamellse.
In such cases the twinning is always more clearly de-
veloped in the strained portions: not infreguently the
twinning dies out entirely in the unstrained portions.

A peculiar 2zoning is also noticeable in the
arrangement of the strain shadows; these do not sweep
uniformly across the entire grein as they so commonly
" do in the case of guartz, but instead show a certain
geometric pattern which occasionally seems to bear a
relationship to the outline of the grain. Inclusions
in this variety are rare, although in some of the
larger grains minute specks of biotite can be seen.

The mineral which usually is next in impor-
tance to plagioclase in these rocks is biotite. In
the typical Berdoo series it ococurs as irregularly
shaped flakes the greater portion of which is approxi-
mately conformable to the bedding. No euhedral crystals

were observed. Basal sections are virtuslly uniaxial.
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Pleochroism is noticeable in all greins, and is quite
pronounced in the typical Berdoo series and in the
Thermal Canyon. Haloes of intense pleochroism develop
around grains of zircon, allanite, and epidote; the
reverse phenomenon, "anti-pleochroism", in which com-
plete bleaching to the transparency and optical prop-
erites of muscovite take place, was observed in one or
two instances as haloes of about .0l millimeter in
width around greins of pyrite.

Ordinarily the biotite occurs elther as
fairly continuous roughly parallel bands of irregular
width, usually one to two millimeters, which are sepa-
rgted by much wider bands of feldspathic material; or,
as interstitiel filling between individual grains of
Tfeldspar or other minerals. Large numbers of indivi-
dual flakes, however, always occur fortuitously
scattered throughout all sections of these rocks.

Near the outer edges of the transition zone,
and in various local areas throughout the Berdoo series
a white mica appears in place of biotite. It is usual-
ly guite colorless and non-pleochroic, although faint
yellowish and greenish tinges are not unknown. An ex-
tinction angle, Y to a, of from two degrees to three
degrees can often be seen, although usually the extinoc-
tion is parallel. This mineral is quite probably musco-

vite; 1t occurs both as bands and as interstitial
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filling analogous to the biotite.

In intimate association with the muscovite
occurs a second variety of white mica, sericite,
which appears as fine-grained felted masses within
feldspar grains from which it has been derived.

Orthoclase occurs as ice-gray grains which
usually vary in size from one-half to three milli-
meters., It occasionally shows Carlsbad twinning and
almost invariably sericitization.

Cordierite occurs fairly commonly through-
out all members of this series, but is decidedly more
abundant in the Thermal Canyon than in the typical
Berdoo series. It usually occurs as relatively small
anhedral grains, the largest of which rarely exceed
two millimeters in width. It is colorless in thin
section, and, excepting for some occurrences in the
Thermal Canyon, is always fresh and free from inclu-
sions., In the Berdoo series the grains are always
small and untwinned; in certain parts of the Thermal
Canyon where larger grains occur, they show both poly-
synthetic twinning and sericitization. One of the
indices of refraction of the mineral is about equal
to that of the 0 ray of gquartz, while the other is
cons iderably higher. It usually shows pale straw
yellow interference colors in sections in which quartz

appears gray. It is bilaxial, negative, with the angle
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2V ranging from forty~-two degrees to eighty-three
degrees.

Hornblende was found in almost every thin
section. It is usually guite pleochroic, directions
parallel to both X and Y showing a greenish yellow,
while directions parallel to szhow dark green to
bluish green. Maximum values for the angle Z to ¢
as measured on the microscope stage ranges from nine
degrees to thirteen degrees. Occasional grains cut
approximately normal to the ¢ axis show simple twin-
ning, in which the composition plane is parallel to
100. A few grains of a blue amphibole, probably glau-
cophane, were found. Hornblende is always intimately
associated with the biotite, and is more common in the
Berdoo series than in the Thermal Canyon.

Quartz was found in thin sections from every
rock type examined excepting some of the dense, more
highly biotitic beds of the dark schist. The most
frequent occurrence is as distinet anhedral grains,
although some is found as a finé—grained interstitial
£filling. It usually shows undulatory extinction, and
is quite commonly noticeably blaxial. Individual de-~
tached grains are often composed of two or three inter-

locking anhedral crystals of different optical orienta-

tion.
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Opaque minerals consist largely of black
iron oxide, although a few grains of pyrite were
found. The opaques are almost invariably associated
with the ferromagnesian minerals, and are fairly com-
mon in all members of the rock series under discus-
sion.

Chlorite occurs as pseudomorphs of biotite;
it is usually yellowish green in color, and often
shows purplish interference colors.

Sphene occurs either as very minute specks
along the borders of the biotite flakes, or as larger,
more or less euhedral wedge-shaped to rhombie grains,
which may attain .75 millimeters in width. The larger
grains occur either in association with biotite, the
lamellae of which they seem to crowd aside, or in
euhedral crystals throughout the areas occupied by
-the feldspars. The smaller, anhedral grains are al-
most always 1lntimately assocliated with biotite, the
grain borders of which they corrode. The concentra-
tion of titanite grains is noticeably less in the
western portion of the Thermal Canyon, although there
is a tendency there toward larger, more nearly euhedral
grains.

Zoisite occurs sparingly in all portions of
the Berdoo series, a few sections being found in which

it constituted about one per cent of the minerals
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present; 1t is less common in the Thermal Canyon se-
ries. It occurs as very small rounded greins which
show & high index of refraction but quite low bire-
fringence. ©Some grains are practically isotropic.
Anomalous deep blue interference colors are rather
common.

Clinozoisite, epidote, and, very rearely,
allanite also occur in the Berdoo series, where they
are almost invariably associated with biotite. Epi-
dote and allanite commonly produce haloes of intense
pleochroism in the biotite. Some epidote occurs in
the Thermal Canyon series also, but not nearly as
sommonly as in the Berdoo series.

Zircon is widely but diffusely distributed
throughout the Berdoo series, but is rare in the Ther-
mal Canyon series, It occurs as small but definitely
recognizable grains of very high relief, which show
bright interference colors. It is usually associated
with biotite in which it almost always produces pleo-~
chroic haloes.

Small anhedral grains of carbonate, probably
calcite, ococur sparingly throughout both the Berdoo
and Thermal Canyon series; they are more common 1in
areas affected by sericitization. Carbonates also

occur as filling of microscopic cracks in both series.
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Textures. Besides the textures which are
manifest to the unaided vision, and which have been
described above, others, possibly of equal signifi-
cance in the history of the roocks, are of such scale
as to be visible only in the field of the mioroscope.
One of the most important of these is that which
George H. Anderson (5) has desceribed, and to which
he has applied the term "pseudo~cataclastic.™ Accord-
ing to Dr. Anderson, pseudo-cataclastic texture
typically consists of a mosaic of fine-grained miner-
als which ococupies the interstitial spaces between
larger grains of the essential rock-forming minerals,
the same as the products of mechanical granulation do
in the case of mortar structure, dbut with the follow-
ing inherent differences:

First: that the fins-grained material did
not result through attrition of previously existing
grains, but instead, the minerals of which it is com-
posed were precipitated from solution by a process
analogous to replacement.

Second: that the constituent minerals all
interlock, instead of occurring as discrete particles
embedded in a matrix; and

Third:'that the mineralogical eomposition
of the fine-grained material does not depend upon

that of the larger grains which enclose it, but may
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include mineral species which 4o not occur as primary
constituents of the rock mass at all.

This texture is very common in both the
Berdoo and the Thermal Canyon series, but is more
noticeable in the Berdoo. As developed in these rocks
it consists essentially of an aggregate of unevenly
sized, interlocking grains of feldspars, biotite,
zoisite, clinozoisite, and epidote which occur as
interstitial filling between the grains of the es-
sential minerals of the rock mass. The range in
grain size in this materiasl is usually very greaf,
extending from near the lower limit of microscopic
visibility to about .1 millimeter.

In both series the mineralogical composi-~
tion of the pseudo-cataclastic material is very near-
ly the same as that of the enclosing rock, but the
physical relationships between the grains of inter-
stitial material themselves, and between these and
the grains of the enclosing rock, are such as to in-
dicate that the process by which this texture was
brought about was of a chemical rather than a mechan-
ical nature. In case of mechanically comminuted
material formed in place, the finer-grained material
would be expected to be found in the more constricted

areas between the larger grains, that is, in those
areas where the supposed grinding agents approached
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one another more closely. This relationship does not
hold in case of pseudo-clasis: a not unusual condition
is to have detached, relatively large individual grains
of pseudo-cataclastic material spaced at irregular in-
tervals along the mutual boundary of two large grains,
both bf which they invade, while much finer-grained
material occuples relatively wider interspaces nearby.
The more common condition is to have the greins of

the essential minerels partly or completely separated
from each other by an irregularly shaped band or zone
of about .0l millimeter to .5 millimeter in width
which is crowded with fine-grained, variously oriented
minerals which mutually interlock, and which invede
the boundaries of the adjoining grains of the essen-
tial minerals. The relationship is exacetly that which
would obtain were the original grain boundary a miner-
alizing fissure, along the walls of which solution and
deposition, that is, replacement, had taken place.

In these rocks pseudo-cataclasis seems to
have been a selective process: the most typical devel-
opments always occur between large feldspar grains of
contrasting composition, such as potash and soda-lime
feldspar, in which case the pseudo-cataclastic material
occupies a relatively wide zone, and consists of grains

which appear to be potash and soda feldspers. Between

two soda feldspars, on the other hand, this texture is
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developed only sparingly. An important exception to
this rule, however, is afforded by the cases in which
the pseudo~cataclastic materizl consists of biotite
and quartz, which develop extensively between grains
of like mineraslogical composition.

Pseudo-cataclasis cen be seen in these rocks
in various stages of development, and seems to be but
the initiation of a general process or recrystalliza-
tion, which, were conditions to persist for a suffi-
cient length of time, would eventually affect the
entire rock mass.

Another morphologiecal feature which is very
wide-spread throughout both of these series, but which
is more nearly a microstructure than a texture, is
myrmekite. This is an intergrowth of plagioclase and
vermicular quartz, which occurs as a replacement of
the borders of feldspar grains. According to J. J.
Sederholm (6) the host mineral is almost invariably
a potash feldspar; in the rocks being discussed here
myrmekite has been found occasiénally invading grains
of plagloclase also, but never as extensively as in
case of potash feldspars. It is very commonly asso-
clated with pseudo-cataclasis in cases where the
product of that proocess is feldspathie; the quartz
vermiculae can then be seen traversing pseudo-cata-

clastic grains of plagioclase in dense concentration.
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In agreement with the findings of Sederholm,
myrmekitization here, too, seems to be confined to the
earlier stages of metémorphism, since in the more com-
pletely recrystallized portiomns of the rocks it is
comparatively rare.

Origin of the Thermal Canyon Series. It has
already been shown how in the field when following
the Befdoo series westward from its more typical
development a transition zone is met with within
which the features which indicate a sedimentary origin
for these rocks gradually become obliterated, and
other features more nearly like those which would be
expectable in an igneous rock gradually develop in
their stead. The same transition manifests itself in
the microscopic features of these rocks, where it is
seen to include a very muéh wider area than 1s evident
in the field.

About the first change noticeable in this
process of transition is the practically simultaneous
appearance of quantities of dark green chlorite and
of two varieties of white mica. The chlorite was
formed directly from the biotie, and is always pseu-
domorphous after the biotite flakes, shreds of which
quite frequently still remain within the chlorite
flskes. In the formation of chlorite from biotite

more or less iron is discarded; here, this usually
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crystallizes out as magnetite, which appears as small
grains in the chlorite.

Not infrequently some sphene also forms at
this stage of the process; it appears as small grains
aligned along the cleavages of the wasting biotite
flakes. The association of titanite with biotite is
quite noticeable throughout these rocks; it very often
invades the borders of the biotite flakes in such a
manner as to suggest its having formed through decom~
position of the biotite. The only constituent of
sphene which biotite would not normally be expected
to yield, titanium dioxide, could be present in solu-
tion during many of the various stages of metemorphism,
as sphene grains are rather common throughout the Ber-
doo series; it could also quite conceivably have been
present as an ingredient of the original biotite it~
self,

White mica, as mentioned, appears in two
varieties at about the same time as the chlorite, and
apparently these are derived from different sources.
Large quantities of medium to coarse-greined muscovite
develop at the expense of biotite, the place of which
it fells in the interstices between the feldspar
grains. It is noticeably finer-grained than the bio-
tite which it invades and replaces.
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The finer-greained variety of mica commohly
referred to as sericite appears simultaneously with
the phlogopite. It first appears as minute flakes,
visible only at high magnification, whieh occur as
disseminations throughout feldspar greins. With ad-
vance of the process of metemorphism these specks
very quickly increase in area, and may, occasionally,
replace the entire grain. Some thin sections, notably
those from the outer limits of the transition zone, show
all of the older feldspars as having been converted
to sericite. The grain size always remains small,
even in the most advanced stages of sericitization,
so that identification ususally has to depend on physi-
cal appearance and on the more easily determined op-
tical properties.

A certain amount of exceedingly fine-grained
oarﬁonate usually appears smong the sericite. On ac-
count of the smallness of the grains it gives lower
interference colors in polarized light than does the
more messive carbonates of the average thin section,
so that it could easily be mistaken for sericite. It
probably represents calcium discarded during sericiti-
zation of lime-soda feldspars.

The initiation of a process of general re-

erystallization by the alteration of high temperature

minerals such as biotite and feldspar to comparatively
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low temperature minerals such as chlorite and sericite
might as first sight seem anomalous. As described,
the typical Berdoo series can be considered the prod-
uct of a somewhat advanced grade of metamorphism; it
is composed of a mineral assemblage which, strictly
speaking, would not be stable at temperature condi-
tions whiech differed greatly from those under which
it formed. 1Its continued preservation is due to the
vanishingly slow rate of change imposed on it by the
low temperature to which it is subjected. Any in-
crease in temperature which would affect a mineral
assemblage of this kind would tend to accelerate the
rate of chemical reaction; as long as the temperature
remained below tﬁe stability range of the given min-
eral assemblage all chemieal reactions would be in
the direction of substitution of lower temperature
miherals for high temperature ones. Hence any tem-
persture which fell short of the temperature of
formation of its component minerals would tend to
cause retrograde metamorphism in the Berdoo series;
also, the results of metamorphism of this kind would
tend to be preserved around the edges of an aureole
of metamorphism such as the outer limits of the trans-~
ition zone, where the obliterating effects of further

rises in temperature would be less expectable.
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The changes involved in this step, which,
it must be emembered, is carried to completion only
in the case of biotite and its derivatives, can be
summarized as follows:

orthoclase - plagioclase - biotite - muscovite (?)

sericite - chlorite - muscovite - magnetite - sphene

The next step in the process of recrystalli-
zation is the forma tion of pseudo-cataclastic texture,
This involves the formation of feldspars, biotite, and
occasionally such minerals as hornblende, zoisite, and
epildote; in short, a mineral assemblage very similar
to that which constitutes the Thermal Canyon series
begins to appear. At this stage the amount of seri-
cite present sharply decreases; it never entirely
vanishes, however, as more or less of it can be found
within the grains of potash feldspar and cordierite
‘even in the most completely recrystallized portions of
these rocks.

Very shortly after the first appearance of
the pseudo-cataclastic texture myrmekite begins to ap-
pear. It soon becomes very common, but individual
masses never become large, .1l millimeter being about
the upper limit of width for this material.

Its range of stability is apparently narrow,
since, with advancing metamorphism it soon vanishes,

probably through absorbtion of its constituent minerals
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by adjoining grains.
The changes involved in this step can be
summarized thus: |
orthoclase - sodic oligoclase ~ sericite - chlorite -

muscovite - magnetite - calcite
| ¥

calcic oligoclase - biotite - zoisite - clinozite -

epidote

Further advances in the process of recrys-
tallization are marked by increases in the widths of
the interstitial areas and by increases in the size
of the grains which form the pseudo-cataclastic
material, rather than by the formation of new miner-
als. This 1is accompaniéd by & relative decrease in
the number of grains in these areas, since the larger
grains here tend to develop by replacing not only por-
tions of the older primary minerals, but the smaller
grains of the interstitial areas as well, The re-
semblance to cataclastic texture gradually decreases,
and finally vanishes completely, since, with increase
in grain size the interlocking relationship between
grains becomes increasingly obvious.

The newly forming biotite is less conform-
able to definite planes than was the biotite of the
typical Berdoo series, which by its attitude imparted
to the entire series an appearance of stratification.

In thin section no evidence of conformity between
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individuel flakes of this mineral can be seen at all,
although in the field the attitude of the early and
now almost entirely obliterated bedding can often be
seen, even in the most thoroughly recrystallized por-
tions of the Thermal Canyon series.

One step, the position of which in this se-
quence has not as yet been very clearly established,
is that marked by the appearance of the mineral cor-
dierite, The conditions favorable for the formation
of this mineral seem to cover a wider range than did
those of the features which have been here used as
indicators of the progress of the metamorphic proo-
esses., Its first appearance sometimes slightly pre-
cedes, sometimes follows the first appearance of
myrmekite., The smaller grains of cordierite are al-
ways fresh, untwinned, and free from igclusions.
Later, however, after the grains have attained di-
mensions comparable to those of the feldspars, they
may show polysynthetic twinning and sericitization.

The final stage in this process of recrys-
tallization 1s represented by the typical Thermal
Canyon series rocks. These, as has been seen, have
attained a texture which is comparable to that of the
Berdoo series, although the range in grain size is
somewhat greater. There are also some mineralogical

differences between the twoc series:
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The plagioclase feldspars are slightly more
calcic in the Thermal Canyon; although the prevailing
composition in both is within the limits convention-
elly set for oligoclase, the anorthite content, es
determined by measurements of extinction angles, is
prevailingly higher in the Thermal Canyon.

Quartz and cordierite are both more common
in the Thermal Canyon than in the Berdoo., Cordierite
seems not to have been an original constituent of the
Berdoo series at all, but probably resulted entirely
from the later recrystellization to which the Thermal
Canyon series is due. The increasse in quartz doubt-
less represents silica discarded during the formation
of oligoclsse and of cordierite from such minerals
as potash feldspars, albite, and sericite.

To supplement the field and laboratory
studies chemical analyses were made of four rock
specimens which hed been chosen so as to typify as
nearly as possible the more significant stages of the
process of recrystallization. The percentage compo-

sition of these samples is shown in the following

table.
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Table Il

Chemical Anslysis

of Indio and Thermal Canyon Series Roecks

*x 2 3
SiO2 . . . . 64.73 64,40 64,07 67
Tioz . . . . .08 .05 .07
A1205 . LY '] l4| 03 14. 52 14. 95 14
Fezos . . . 1070 1081 2092 2
FeO . . . . 6,80 4,06 4.61 4
Ca0 . . . . 2.31 4.33 4.72 3
Mg0 . . . . 2.19 1.95 1.96 2
Nag0 . . . . 2.21 3.95 2.65 2
Kzo . . . . 5,29 2,96 2.88 3
Hzo at 105 C . . .87 +46 «38
Ho0 above 105 ¢C . 1.84 1.55 .72
P50y . . . . none none nong
Cl . . . . .05 .03 .03
S50z . . . . none tr. none
(Ed Eisenhauer, Jr., analyst)
*No. 1., Field specimen No. 7679.75. Dark
schist, Berdoo series.

No. 2. Field specimen No. 7616.60. Tran-
sition zone, near Thermal Canyon
contact.

No. 3. Field specimen No. 7484.00. Typi-~
cal Thermal Canyon series rock.

No. 4. TField specimen No. 7751.55. Lobe

of Thermsl Canyon series, near
transition zone.

4
.63
.07
.46
.27
.30
.03
.25
.30
.01
.17
.26
tr.
.04
.13
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These samples were all taken from exposures
in the East Coschella tunnel; numbers 1, 2, and 3
constitute a progressive series which show a con-
tinuous and comparatively uniform gradation from
slightly recrystallized Berdoo to typical Thermal
Canyon, while number 4 is, in effect, a special sample
~which was intended to compare the chemical composi-
tion of a somewhat local intensely recrystallized
portion of the ﬁ;rdoo with the typieal Thermal Canyon,
as represented by number 3,

Number 1 was chosen to represent typical
Berdoo series rock, unaffected by the later recrys-
tallization; in the mioroscope, however; it does show
considerable sericitization and pseudo-cataclasis,
because, as has been mentioned above, the actual
aureole, here referred to as the transition zone, ex-
tends farther into the Berdoo series than is dis-
cernible to the unaided vision. Number 2 was taken
from a point about one mile farther to the southeast,
that is, nearer to the Thermal Canyon, and definitely
within the transition zone. Number 3, chosen to re-
present the typical Thermal Canyon, was taken from a
point some four miles southeast of that from which
Number 2 was taken.

As has been indicated (Plate I ;, the con-

tect between the transition zone and the Thermal
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Canyon as shown by its trace on the surface, is very
irregular; its trace on a vertical plasne normal to
its strike would, it appears, be even more irregular.
Exposures in the tunnel, when referred to the surface
above, show that the aureole not only widens greatly
with depth, but has several "cupolas" of intense re-
orystallization invasive into the Berdoo series,
within which the rock is exactly similar to that of
the Thermal Canyon. Sample number 4 was taken from
one of these at a point some 7200 feet northeast of

that from which number 1 was taken.
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The chemical changes which took place in
the rock during reorystallization are shown graphi-
cally in the diagram (Plate I. . which is similar to
that used by Pirsson to illustrate magmatic differ-
entiation. (Pirssom, L. V., 20th Ann. Rept. U, S.
Geol, Surv., pt. 3, p. 571, 1900.) The abscissas
here used are distances in feet along the tunnel,
which in this part of the area crosses the contact
very nearly at right angles; the ordinates are the
molecular proportions of the oxides, as shown in
Table II. In order to condense the diagram the curve
for silica has been plotted seventy ordinate divi-
sions below its true position.

Since sample number 4 does not constitute
a member of the same series as numbers 1, 2, and 3,
the results obtained from it are omitted from the
disgram, but will be discussed later.

Significance of Analyses. In the following
remarks, numbers 1, 2, and 3 will be considered first;
number 4, the status of which is slightly different,
will be discussed later.

These analyses show a definite and fairly
progressive subtraction of iron. In view of the re-
sults of the petrographic study, this was to be ex-

pected. In the earlier stages of recrystallization
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& certain amount of iron was liberated through the
alteration of biotite to chlorite and to white mioa;
a large part of this iron, to be sure, remained in
the rock as magnetite, but in a system in which a
certain amount of circulation was taking place, some
material would be bound to be carried off during any
process of adjustment which included solution. Also,
somewhat later, shortly after the first appearance
of pseudo~cataclasis, iron-bearing minerals such as
epldote and allanite appeared in quantity, but with
advancing recrystallization they disappear almost en-~
tirely. Much of the iron liberated during the des-
truction of the epidote and allanite went into the
formation of biotite from chlorite and white mica,
but at this time also a considerable proportion could
quite conceivably be carried off in solution.

During the later stages of recrystallization
there appears to have been some introduction of iron:
in the diagram the curve which indicates the molecular
proportions of the ferrous oxide descends sharply be-
tween numbers 1 and 2, that is, within the zone of
supposed greatest abstraction of iron. When readjust-
ment progressed beyond the stage of destruction of
existing iron-bearing minerals and into that of forma-
tion of new ones, removal by solution greatly decreased.

During the further progress of recrystallization the
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iron oontent of the rock increased slightly, as shown
by slight rises in these two curves from number 2 to
number 3.

In case of the ferric oxide, on the other
hand, there seems to have been a progressive and uni-
form increase throughout reorystallization. This may
be due to the comparative stability of the mineral
magnetite, which appears in more or less similarly
sized grains in both series.

The alumina content, which when compared
with that of iron and magnesia, and especially with
that of lime, is gquite low, remained practically con-
stant throughout. The low ratio of alumina to cal-
cium, iron, and magnesium probably had an important
bearing on the course which the metamorphism took,
and on the minerals which resulted from the recfys-
tallization. The absence of garnet in these rocks
was a source of wonder during the field examination,
and later during the petrographic study; in the exami-
nation of over two hundred and fifty thin sections
only one grain of garnet was seen, and none at all
was seen in the field. A possible explanation may
be found in the low alumina ratio, together with the
recognized instability of chlorite and sericite in
the presence of calcite. Turner (7) found, while

studying the recrystallization of a green schist which
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was somewhat similar in composition to the Berdoo
series, that garnet formed only in those portiong
which contained alumina in excess of the amount re-
quired to form biotite, hornblende, and oligoclase
from chlorite, sericite, and albite. In the ease of
the Berdoo series all the available alumina would
have probably been used up in the formation of bio-
tite and in the conversion of potash and soda feld-~
spars to oligoclase before atteinment of the grade
of formation of garnet.

The analyses show an increase in Nazo and
a decrease in K,0; this also is in line with the re-
sults expeoted from the petrographic study, in which
the replacement of orthoclase by oligoclase was
noticed. The inerement in sodium doubtless represents
introduction by solutions during recrystallization.
During the earlier stages of recrystallization the
potash feldspars were apparently being replaced by
sodic plagioclases; with risiﬁg temperatures the per-
centage of anorthite which albite 16 capable of hold-
ing tends to inerease, so that in the higher grades
of metamorphism sodium may gradually give way to cal-
ocium /Harker (10), p. 93./ Hence, in the initial
stages of recrystallization of feldspathic rocks
there may take place a considerable and relatively

sudden increment in sodium, which in part tends to
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displace potassium; with advancing metamorphism,
however, the sodium tends to be displaced in part
by calcium. The operation of these tendencies is
indicated in the diagram (Plate II) which shows the
curve for Nazo rising sharply from sample number 1
to sample number 2, but falling somewhat from sam-
ple number 2 to sample number 3.

In the petrographic study it was found that
very early in the period of recrystallization such
calcium~-bearing minerals as zoisite, clinozoisite,
and epidote begin to appear, but with advancing meta-
morphism are seen to give way to hornblende and bio-
tite. With advanding metamorphism likewise appeared
a progressive anorthitization of the plagioclase.

The effects of these diverse processes on the calcium
content of the rocks are reflected in the analyses,
which show a considerable increment in calcium be-
tween samples number 1 and number 2, and a relatively
slight increment between numbers 2 and 3.

Silica shows a very slight although pro-
gressive decrease with advancing metamorphism; this
decrease is proportional to the inerease in alumins,
by which it is very nearly offset, so that it seems
reasonable to correlate part of the variation in

these compounds also with the sznorthitization of the

feldspars.



56

The rock from which sample number 4 was
taken could be said, in regard to degree of meta-
morphism, to lie between numbers 2 and 3. Having
come from a localized cupola where, due to the im-
pounding action of the enclosing rocks, the effects
of mineralizers would be more noticeable, its com-
position varies somewhat from that of numbers 2 and
3. Nevertheless, in such constituents as alumina,
lime, soda, and potassium oxide, 1t shows a fairly

uniform gradation between numbers 2 and 3.

Summery and Conclusions

From the foregoing study it is evident that
the northwest portion of the East Coachella Tunnel
grea is formed of regionally metamorphosed rocks
"which sre of sedimentary origin; &lso, that in fol-
lowing these rocks southeastward a zone of gradual
transition is encountered within which all structures
reminiscent of & sedimentary origin give way to those
which usually chearacterize an igneous rock; and fin-
ally, that these latter structures once established
prevail to beyond the limits of the area under dis-
cussion here.

In the petrographic study of these rocks
a gradual process of reerystailization ﬁas noted,
the progress of which was followed from the first

noticeable change in the metamorphosed sediments which
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constitute the Berdoo series through the various in-
tervening stages to the end-product, the Thermal
Canyon series.

Chemical analyses, too, show the existence
of a close relationship between the Berdoo series
and the Thermal Canyon, such slight changes as were
noted being gradual, end always in accord with the
conditions observed 1in the field and in the petro-
graphic laboratory.

Thus, the results of field, petrographic,
and chemical methods of investigation were such as
to render inevitable the conclusion that the massive
rock in the southeast portion was derived by recrys-
tellization from sediments whiech once constituted
the entire area. There remains now but to show, by
reviewing the available evidence, how such recrys-
tallization could be brought about.

With this object in view, certain peculiar
featureswhich chafaoterize the recrystallization of
the Berdoo series will now be considered, together
with such inferences and conclusions as seem to fol-
low logically from the facts as ascertained.

It is quite apparent that the process by
which recrystallization was effected was locsal rather
than regional in its nature; it is also clear that

during the process the rock never lost its rigidity,
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since inclusions and traces of bedding still main-
tain their conformability with the regional attitude
of the Berdoo series,

Recrystallization seems to have been ini-
tiated as an incomplete process of retrograde meta-
morphism, which resulted in the formation of an
unstable mixture of high temperature and low tempera-
ture minerals. This was followed by a process of
general recrystallization, which apparently was ini-
tiated as replacement along grein boundaries of the
older minerals. From these loci it developed until
it replaced practically all of the previously exist-
ing minerals, thus bringing about the formation of a
new rock. The mewly formed mineral assemblage was
of very nearly the same chemical composition as that
from which it was derived, although the new feldspars
were prevailingly more ocaleic than those of the parent
rock., Throughout the reerystallization the chief mo-
tivating agency seems to have been heat, with but
little substitution of materials.

Whatever the source of the heat may have
been, a copious supply is indicated, judging by the
volume of material affected. The local topography
exposes a vertical section of about 2000 feet of
Thermal Canyon series rocks, within which interval

there exists no discernible variation in degree of
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recrystallization. In the case of a rock as dense
and apparently impervious as the Berdoo series, this
condition is scarcely compatible with the idea of =a
limited supply of heat.

The feldspars of the Thermal Canyon series
are prevailingly more calcic than those of the Berdoo
series; this, according to the results of recent in-
vestigations, indiecates a higher grade of metamor-
phism for the Thermal Canyon series as compared with
the Berdoo series. Phillips in studying green schists
of various grades of metamorphism found that with in-
creasing temperature the plagioclase feldspars became
more calcie, the composition ranging from Abgr,An3 in
the chlorite zone to Abﬁ‘.,’An:‘,"7 near the boundary of
the kyanite-sillimanite zone. Vogt (9), Turner (7),
and Harker (10) record similar observations.

Considering the localized nature of the re-
crystallization it would appear reasonable to postu-
late a subjacent intrusive as the source of heat. The
possibility that a large intrusive underlies the Ther-
mal Canyon series is suggested by the exlistence in
this region of several outcrops of igneous rocks, all
having approximately the same composition, namely the
Fargo stock, with its many outliers. (See Pl. I.)

However, many authorities, among whom &are

Larsen (11), Billingsley and Locke (12), and especially
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Bowen (13) seriously doubt the existence of much
superheat in intrusives in the upper part of the
earth's crust. In this connection it is worthyof
note that the less highly recrystailized portions
of the Thermal Canyon are to be found in immediate
contact with the Fargo stock.

Even}intrusives in themselves were to be
found inadequate as sources of heat, conditions con-
nected with their emplacement might quite conceivably
result in large scale tranference of heat from the
earth's interior.

G1lluly (14) in describing a granite of
replacement origin discusses four possible sources
for the heated solutions which brought about graniti-~
zation: 1) nearby portions of the solid diorite
(intrusive); 2) the intruded greenstones; 3) rest-
magma solutions of local source; 4) hydrothermal
solutions of deep-seated origin.

Of these, the fourth was found to be the
most probable source, breceia zones which occur with-
in the intrusive being supposed to have served as
channels of access.

Gustafson (15) in discussing the genesis
of the Homesteke ore-body postulates hot ascending
waters, probably of connate but possibly of magmatic
origin, as distributors of heat, these in turn deriving
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their heat from deep-seated igneous intrusions.

In the case of the recrystallization of the
Berdoo series the only source of heat which seems to
be accordant with the observed conditions is that af-
forded by ascending emanations of magmatic origin.

In this area no large scale sturctures were found
which eould have served as passage-ways for such
emanations; however, a deep-seated igneous intrusive
could furnish a passage-way during the interval be-
tween the time of its emplacement and that of its
final consolidation.

The influence of circulating fluids is
manifest in all phases of the recrystallization.
Sericitization and chloritization are ususally re-
garded as hydrothermal processes even in mineral as-
semblages where no transfer of material is involved;
in the case of the Berdoo series, it will be recalled,
some ferrous oxide was removed and some soda and lime
introduced during the lower temperature phases of the
recrystallization.

In the later phases more striking evidence
of the instrumentality of circulating fluids was
furnished by the close association of the newly form-
ing minerals with local passage-ways such as grain
boundaries and interstitial spaces. DBesides the in-

troduction of new material there took place considerable
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transfer of material which existed within the rock
mass itself. The biotite of the Berdoo series, it
will be recalled, ususlly occurs as fairly definite
bands, while that of the Thermal Canyon characteris-
tically occurs as fortuitous disseminations through-
out the rock mass.

Although the medium which carried the heat
must have had relatively free access to the original
rock, Jjudging by its widespread thermal effects, its
progress through it, as far as available evidence
shows, was not along fissures but along openings of
such minute order of magnitude as grain boundaries.
This is shown by the fact that the final recrystalli-
zation always began as interstitial replacement, and
that the Thermesl Canyon itself shows no evidence of
the existence of open passage-ways for mineralizers,
such as veins or fissures. Permeation was effected
probably in & manner analogous to that by which cer-
tain media produce extensive alteration in rocks en-
closing ore-bodies, as in the case of the Boulder
batholith in the neighborhood of Butte.

Regarding the nature of the fluids which
were instrumental in bringing about these changes
little can be said; their own direct effects on the
rock were less than those of the heat which they
brought. The completeness with which they permeated
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the rock suggests that they must have included gases,
while their transportation of chemicel compounds in-
dicates that they also included liguids. Chemically,
they appear to have been relatively inert; as solu-
tions they were probably of very lean concentration.
During the earlier stages of recrystallization some
ferrous iron, lime, and soda were removed, while in
the later stages all of these compounds appear to
have been added. This does not necessarily mean any
change in the concentration of the solutions; under
temperature conditions which would induce katamorphic
action in the existing mineral assemblage a solution
of very lean concentration might dissolve additional
quantities of compounds which it already carried in
solution, while later, when the country rock would
have become more highly heated, conditions favoring
the formation of minerals rich in these compounds
might bring about their precipitation.

No direot evidence could be obtained regard-
ing the time in which this recrystallization took
place, so that the age of the Thermal Canyon was not
found to be definitely determinable. The close of
the Jurassic was marked by intense ignecus activity
along the Sierra Nevada, to which epoch the emplace-
ment of granitoid rocks in the San Bernardino and San

Jacinto mountains have been referred (references 3
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and 4). In the absence of more definite information

the recrystallization which resulted in the formation

of the Thermel Canyon series will likewise be corre-

lated with the late Jurassic epoch of igneous activity.
The Fargo Granite

The Fargo Granite occurs chiefly as a stock
which intrudes the Thermal Canyon series near the head
of the west branch of Little Fargo Canyon. (See Plate
I.) The outcrop here is about one and one-half miles
long and one mile wide, the total area exposed being
about two square miles. It is a very homogeneous rock,
and isslightly more resistant to erosion than the en-
closing Thermal Canyon, sc that it forms rounded hills
which contrast sufficiently in color with the surround-
ing rocks to constitute a prominent feature of the
landscape.

Other outcrops of this rock, each of a few
hundred square feet in ares, occur at various locali-
ties throughout the area in which the Thermal Canyon
series is exposed, the largest of these being that on
the ridge between Front Hill and Thermal canyons near
the southeastern limits of the area.

It is prevailingly of a reddish color, and
in the field appears to be quite fresh. As will be
seen from the following description, this rock to
which the general field term "granite'" has been ap-

plied approaches & quartz monzonite in composition.
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A typical hend specimen (F 16) shows the following
mineral assemblage: pinkish gray orthoclase, in
greins two to five millimeters in length, which
seem to constitute about sixty per cent of the
specimen; ice gray plagioclase, diffiocultly dis-
tinguishable from quartz, in grains one millimeter
to four millimeters long, and constituting about
thirty per cent of the specimen; light gray quartz,
in grains one millimeter to two millimeters long,
and constituting six to eight per cent of the speci-
men, and dark minerals which appear to consist of
altered biotite, two to four per cent. These miner-
als occur as interlocking, allotriomorphic grains
which usually show no structural arrangement, al-
though occasionally indefinite banding is discernible.

A border zone of from two to ten feet wide
toward the margin of the intrusive is finer grained,
darker colored, and less fresh looking. The ortho-
clase in this zone appears to have been replaced by
a darker colored plagioclase.

Petrography. In thin section the Fargo
granite appears to be of very uneven texture, the
grain size ranging from five millimeters down to .05
millimeter. Rosiwal analysis of a thin section made
from a typical specimen showed the following composi-

tion:
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Janle TIT.

Rosiwal Analysis of Fargo Granite

Orthoclase . . . . b5a%
Plagioclase . . . . 35%
Quartz . . . . . 10%
Chlorite, biotite, etec. . 1%

Specimen FG6, Fargo stock
250 feet from mergin

Under the microscope this rock is seen to
be profoundly al tered, many of the grains being sur-
rounded by reaction rims. The degree of alteration
of individual minerals varies greatly in different
parts of the same thin section, the contrast being
such as to suggest that some minerals are much older
than others. On the basis of degree of alteration
the mineral grains of the Fargo granite could be
divided into two sub-equal groups, one consisting of
highly altered individuals, another of guite fresh
ones,

The group of highly altered mineral grains
includes over eighty per cent of the orthooclase and
about thirty per cent of the plagioclase of the rock.
These minerals occur as large, highly sericitized,
and nearly opaque grains, the boundaries of which are
invariably corroded by narrow fringes of fresh look-
ing feldspars and quartz. Both orthoclase and plagio-
clase show beautiful examples of the structure Colony
(16) has described as "injection perthite", the in-~

tercalated material usually being quartz. The orthaclase
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occurs in grains three to five millimeters wide which
haeve reaction rims .1 to .5 millimeter wide consist-
ing of quartz and untwinned plagioclase.

The altered plagioclase grains are usually
somewhat smaller than those of the orthoclase, and
invariably show polysynthetic twinning. The composi-
tion, as determined by extinctions on albite twinning,
ranges from Abe,An4 to AbeAna. The reaction rims which
surround the plagioclase grains are also twinned, the
bands of the new material in every instance being
perfectly aligned continuations of the bands of the
older portioh.

This group of highly altered grains includes
all of the biotite in the rock. Actually very little
biotite remains in this rock, its place being taken
by yellowish green chlorite, magnetite, and very minor
amounts of limonite. Such biotite as does remain oc-
ours as narrow shreds, the optical properties of which
are difficult to determine.

In contrast to the sericitized and al tered
grains just described stand other groups which con- -
sist of plagioclase, quartz, and probably orthoclase,
all of which are quite fresh. These ocoupy broad
zones between clumps of interlocking grains of the
sericitized material, the grain borders of which they

invade and corrode. The plagioclase is almost invariably
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untwinned, but the index of refraction is that of
oligoclase. The range in grain size is from two
millimeters to less than .1 millimeter. Quartz
carries trains of dust-like inclusions and is often
noticeably biaxial; the grain size varies from four
millimeters to the lowest limits of visibility under
the mioroscope. A few grains which are probably
orthoclase also occur in this meterial; they are
usually too small to determine accurately.

Myrmekite occasionally occurs as a consti-
tuent of reaction rims throughout the intrusive, and
is quite common toward the borders. 1In this rock it
seems to affect only the potash feldspars.

Pseudo~cataclasis is not common, and where
seen is not characteristically developed: in this
rock the newer recrystallization which occurs along
grein boundaries typically consists of but a few
units of continuous optical orientation, rather than
a number of individually oriented grains as in pseudo-
cataclasis.

Relationship to Enclosing Rocks. The Fargo

stock lies entirely within the Thermal Canyon series,
a rock in which most of the local details of bedding
have been obliterated; in the immediate neighborhood
of the stock, however, especilally along the north-

eastern and southern contacts, the attitude of the
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bedding can still be quite plainly seen. In almost
every instance in which determinations can be made,
the contact of the Fargo stock very nearly conforms
to the attitude of the Thermal Canyon. In horizontal
plan the bedding of the Thermal Canyon seems to sweep
around the Fargo stock as if crowded aside by it; ac-
cording to exposures afforded by the deeper ocanyons,
the contact always dips outward a%?angle slightly
steeper than that of the bedding, which itself dips
outward at angles which decrease progressively with
distance from the intrusive. The physical relation-
ship which appears to exist between these two rocks
is very nearly that which would obtain had the magma
of the Fargo stock been forced upwards through the
more or less horizontally bedded rocks of the Thermal
Canyon series, the latter beihg crowded aside and
partly dragged upwards during the process.

Age. From the foregoing it is obvious that
the most definite statement that cean be made regard-
ing the age of the Fargo intrusive is that it is
younger than the Thermal Canyon series. This, admit-
tedly, 1s & rather unsatisfactory statement, especially
when it is remembered that the age of the Thermal Can-
yon itself was found to be more or less indeterminable.

Vaughan described a granite from the San

‘Bernardino mountains, the cactus granite, which
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apparently is very similar lithologically to the
Fargo;‘this rock he provisionally correlated with
the Sierra Nevada intrusion.

If the recrystallization which produced
the Thermal Canyon was brought about by intrusions
during the late Jurassic, it is quite possible that
the Fargo granite represents a slightly later phase

of the same general epoch.

Asgociated Dikes and Sills. Throughout
the entire area, but more especially in the portion
south of the Berdoo Canyon numerous intrusive sheets
of pink granite porphyry occur, most of which are
very similar in mineralogiecal composition to the Far-
g0 granite. These occur in various widths, ususally
from one or two inches up to ten or twelve feet, and
are very persistent, individuals only a few inches
wide often being traceable for several hundred feet.

The larger of these sheets are shown on the
geologic map (Plate I); most of these occur along
faults, many of which show evidences of movement
since injection, such as shearing and slickensiding
of the intrusive rock. Some of the wider masses,
such as those along the north side of upper Indio
Canyon, are conformable to the bedding of the en-~

closing rock.
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The significence of these intrusive sheets
in problems of engineering geology is discussed unde
a separate heading.

Bench Gravels

A large portion of the surface of the East
Coachells Tunnel area is constituted by bench gravels,
These occur in all of the deeper canyons in deposits
which range from twenty to upward of three hundred and
Tifty feet in thickness, and are continuous with the
deposits which form the floor of the Coachella Valley.
They always consist of boulders of the rocks which
prevail in the particuler locelity where they occur,
that is, Berdoo series rocks in the western, and Ther-
mel Canyon or Fargo rocks in the eastern portions of
the area. The fragments are usually subangular in
form, and vary in size from five or more feet across,
to dimensions expectable in ordinmary sand gréins.
Consolidation is usually sufficient to permit of the
formation of vertical c¢liffs fifty to one hundred feet
in height, the cementing.medium, which 1is scarcely
ever discernible in the field, being calcium carbonate.

Although these gravels are still being de-
posited, the rate of removal at the present time
greetly exceeds that of deposition, so that existing
deposits are now being deeply cut into. In Berdoo

Canyon an interesting feature related to these bench
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gravels was disclosed by the tunnelling operations.
In the neighborhood of the portal of Berdoo adit the
present stream channel consists of a rock-floored
trench some two hundred feet wide which lies against
the south bank of the sanyon. It has along its

north side an array of flat-topped masses of solid
rock some twenty to fifty feet in height and five
hundred to one thousand feet in length, which are ar-
ranged end to end but separated from one another by
"embrasures" of from fifty to one hundred feet in
width, the wall thus constituted being backed by
bench gravels. Berdoo adit was c¢ollared in one of
these masses, but entered gravel within one hundred
feet of the portal, the advance for the next thousand
feet being through similar material.

The main tunnel itself crossed Berdoo Can-
yon at a point some two thousand feet farther upstream
than that at which the adit was collared; on account
of the steep gradient of the canyon as compared to the
practical horizontality of the adit, this crossing was
effected at a level much lower relative to the canyon
floor than that at which the adit was collared. Never-
theless, here also the advance for a distance of nine
hundred feet was entirely through gravél.

These conditions indicate that the canyon

has been cut much more deeply than now appears, and
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that it has since become filled. The present stream
oconstitutes a variety of intersequent stream, in that
it has been displaced laterally southward by the ac-
cumula tion of detrital material along the bases of
the mountains to the north.

Age. The greater part of these gravels is
quite probably of recent age; the deposits are uni-
fied throughout and represent continuous deposition
to the present day. It is possible, however, that
the lower portions of the deeper deposits, such as
those in Berdoo and Indio, may be of Pleistocene age;
accumulation of this material began with the last im-
portant uplift of the mountains, whieh, it seems
reasonable to suppose, took place during the late
Pleistocene.

Buttress Blocks. The rock masses which form
the north bank of the present canyon constitute topo-
graphic features which, so far as the writer is aware,
have never been described. The term "buttress blocks"
is proposed for these features. Typically they con-
sist of pier-like masses of rock which have been
shaped by the downward cutting of intersequent streams
the lateral displacement of which has resulted in
their becoming perched on the sides of rock-filled

canyons. {Tee Plote I
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STRUCTURE

Introduction. A desert region of compara-

tively high relief usually offers exceptional advan-
tages in the study of structure. As a rule the rocks
are well exposed, and structural features commonly
have a definite topographic expression. In rocks
which are as homogeneous as those which constitute
the Little San Bernardino mountains, however, the
amount of relative displacement on faults is usually
very difficult to determine, owing to the absence of
distinctive beds or other features which would serve
as horizon markers.

In studying the geologic structure of a re-
gion the degree of importance ascribed to the wvarious
phenomena depends largely upon the purpose for which
the investigation is being made: the standard of come
parison used by the geological engineer who seeks to
foresee and dispose of such geologic problems as may
present themselves during the execution of a given
project, differs considerably from that used by the
structural geologist who seeks to decipher the dynamic
history of a regior. In this study the standard of

comparison used was that of the geological enginser,

rather than that of the structural geologist. Accord-
ingly, all faults and joint systems which were found
to be sufficiently well developed to constitute
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problems in tunnelling operations were mapped and
described, regardless of their possible lack of sig-
nificance in the genereal regional setting.

FYault Systems. The more important faults
of the East Coachella Tunnel area are to be found
in the northwest portion, that is, in that portion
whieh is caomposed of Berdoo series rocks. Here oc-
cur many faults of various degrees of development
and of diverse attitudes. Although individual faults
are often very impersistent both as regards apparent
amount of movement and attitude, the faults of this
portion of the area permit of separation on the basis
of prevailing strike, into two groups. Of these, one,
the most important both &s regards number and degree
of development of individual members, trends easterly,
and includes such faults as those along Indio, Berdoo,
and Pushawalle canyons, besides many others along
which no canyons have been cut. (See Plate I.) The
other, the members of which are less uniform and less
conformable among themselves, trends northerly, and
includes the faults in the neighborhood of Little
Fargo Canyon, the upper portion of Pushawalle Canyon,
eand that along the West Pushawallas Canyon.

Displacement. It was not found possible to
estimate the amount of displacement represented by

any of the larger faults. This was because of the
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comparative uniformity of the Berdoo series: in many
cases the rock appeared to be exactly the same on
both walls of & fault, and where they did differ, it
usually was a case of bringing one frequently occur-
ring rock type against a contrasting but equally com-
mon type. There is not sufficient order to the
arrangement of the lithologic members of the Berdoo
series to render possible a correlation of beds, or
of seguences of beds, from one fault block to another.

Direction of Movement. The comparative uni-

formity of the Berdoo serisess rendered impossible also
a determinstion of the direction of movement on these
faults., However, there are certain pecularities shown
by members of both systems from which inferences may
be drawn regarding the direction of movement with re-
spect to the fault surface itself, that is, whether
the faults were of the so-called strike~slip type, or
whether their movement also included a vertical com=
ponent. Most of the faults were found to be extremely
sinuous; this condition in & rock as dense and difri-
cultly compressible as the Berdoo series is not believed
to be compatible with the idea of solely horizontal
movement.

Also, Berdoo canyon, which has been carved
elong a member of the easterly system, is asymetri-

cally situated with respect to its drainage basin:
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the divide on the southerly side is only 1500 feet
from the canyon, while that on the northerly side is
over 12,000 feet distent. The rocks on the two sides
of this canyon being similar, resistance to erosion
in each case would be the same. The conditions ob-
served are those which would obtain if the block north
of the canyon were depressed along its southern edge,
while the block south of the canyon remsined station-
ary. In this connection it is interesting to note
that tunnelling operations revealed that the gravels
had been faulted along & line approximetely parallel
to, but slightly east of, the center line of the can-~
yon.

Both of these conditions indicate a vertical
component in the movement along the faults.

Order of Development. The generzl pattern

of the faults in this area suggests contemporaniety
of formmtion. The freguency with which members of one
system swing into and join with members of the other
indicates that both systems were forming at the same
time, and in response to the same structural adjust-
ments.

Causes of Faulting. The ascription of cause
to faulting in cases in which neither the amount nor
the direction of movement could be definitely ascer-

tained, can at best be but conjectural. However, when
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the area is considered as a whole, certain general
features can be noticed which seem to indicate a
relationship between the forces whieh caused the de-
formation and those which brought about the recrys-
tallizetion in the eastern portion of the area.

As cen be seen on the map (Plate I) the
more important feults occur in the Berdoo series
rocks. The only exception to this rule is that con-
stituted by the faults in the Fargo Canyon district,
and even these, although occurring in Thermal Canyon
series rocks, show in their attitude unmistakable
reletionship to those occurring in the Berdoo series.

Also, the two systems to which the faults
of the area have been referred show a definite rela-
tionship to the contect of the Thermal Canyon series,
to which the easterly system is very nearly parallel
and the northerly system more or less at right angles.

These two sets of conditions, the limitation
of the faults to the Berdoo series, and the relation-
ship of the fault pattern to the contact of the Ther-
'mal Canyon series, coculd result through fracturing
incidental to domical uplift in the area occupied by
the Thermal Canyon, or tc slumping in the surrounding
areas., A relationship to igneous activity is suggested

by the occurrence of dikes of granitic material similar
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to the Fargo granite along members of both fault
systems.

It seems reasonable to suppose that the
faulting could be brought about by domical uplife
incidental to deep-seated igneous intrusion during
the late Jurassic.

Evidences of Recent Movement. Throughout
the East Coachella Tunnel area evidence of recency
of movement is everywhere manifest. The prevailing
land forms are quite incompatible with the idea of
a stable land mass, and the drainage system, even in
case of the wider canyons, has nowhere attained grede.

As can be seen on the general geologic map,
this region is in the stage of the physiographie

cycle which is known as early youth, yet the influ-

ence of structure on the distribution of the various
units of the drainage system is as grest as would
normally obtain during maturity. This condition sug-
gests recent uplift of a maturely dissected land mass.

The asymmetry of Berdoo canyon shows non-
ad justment to present day erosional conditions; the
faulting of the gravels shows that the fault along
which the canyon has been cut is still active.

The Little San Bernardino mountains them-
selves quite probably were raised by movement on a

fault along their southern base, of which, however,
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no trace could be found in the East Coachella Tunnel
area on account of the thick deposits of recent
gravels along the lower slopes of the mountains.

Age, Evidence of at least two periods of
deformation are indicated in the East Coachella Tun-
nel area., During the first period, which preceded
the intrusion of the Fargo stock, the two systems
of faults mentioned above were probably formed. On
the basis of its relationship to the intrusion of
the Fargo stock, this period is assigned to the late
Jurassic.

During a second period movement took place
on most of these faults. The granitic material which
had been injeoted along the older faults was sheared
and slickensided. The fault along Berdoo Canyon,
which shows no igneous intrusion, was probably formed
by loeal block~faulting duiing this period.

The second period of deformation quite
probably represents part of the diastrophism by which
the mountains themselves were elevated. On account
of the stage of dissection of the land forms result-
ing from it, this period is correlated with the de-
formation which took place in Southern California

during the Pleistocene.
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GEOLOGICAL ASPECTS OF TUNNEL EXCAVATION

Unfavorable Conditions. In some portions

of the East Coschella Tunnel the rocks encountered
were intensely indurated and had sufficient strength
to stand unsupported for indefinite periods, so that
excavation in these portions could proceed uninter-
ruptedly, such supporting of ground as would from
time to time be found necesssasry being attended to by
special crews whose operations in no way interfered
with the actual advencement of the tunnel. Not in-
frequently, however, ground conditions were such that
artificial supports had to be installed immediately
after blasting, the overlying rocks in these cases
not being competent to bear their own weight after
the removal of‘the natural support. Such conditions
at best entail delays of a few days in the process of
excavation, end if not properly disposed of, might
conceivably result in the loss of the entire tunnel.

Faults and Joints. Since faults or joints

were in the vast ma jority of cases the causes of these
unfavorable conditions, a brief discussion of these,
and of their normal surface expression, would seem
to be warranted.

In this tunnel it was found that the amount
of local disruption end shattering which affected

rocks along the walls of faults was not necessarily
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proportional to the displacement on that fault. In
a few cases faults were encountered in which the
displacement was doubtless measureable in hundreds
of feet, but in whieh the dislocation was confined
to a single fissure, beyond the walls of which no
deformation was discernible; this type of fault, un-
less its strike actually approached parallelism with
the bearing of the tunnel, rarely required any
especial attention at all.

Such faults may have a topographic expres-
sion qQquite at variance with their lack of significance
in tunnelling operations.

On the other hand, systems of closely
spaced parallel faults were encountered in which the
movement was only a very few feet, but which caused
a great deal of trouble through “running" of broken
rock on the fault planes. These systems had no topo-
graphic expression at all, but in a region so nearly
free from surface detritus as the Little San Bernar-
dino mountains they could always be seen sufficiently
clearly to permit of determination of attitude of in-
dividual members.

The attitude of a fault with respect to the
bearing of the tunnel was found tc be a very important

factor in determining the amount of shattering which
would be encountered in its vicinity. When it is
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remembered that the shattering in fault zones is
always intensified by blasting incidental to tunnel
excavation, it can be readily seen that under other-
wise similar conditions the more closely the strike
of a fault approaches the bearing of the tunnel, the
more unfavorable the conditions for excavation.

The emount and direction of the dip of
faults with respect to the line of advance of the
tunnel are also of very great importance, especially
in case of transverse faults: excepting faults which
are absolutely horizontal, the lower the dip, the
greater the amount of shattering which will be en-
countered. With respect to direction of dip, low-
angle faults which dip in the same direction as the
line of advance of the tunnel give more trouble than
would similar faults which dipped in the opposite di-
rection, because these actually constitute sources of
danger before becoming exposed at all.

Multiple systems of faults or joints which
intersect within and above the tunnel invariably re-
sult in caving and "blocky" ground. It is interest-
ing to note that intersecting olosely spaced joint
systems may give more trouble than would similarly
spaced gouge-filled fault systems.

Dikes. Dikes can be considered as faults

or joints along which igneous material has been
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injected; in tunnelling operations the significance
of these 1s about the same as that of faults. Dikes
along which somw faulting has taken place subseguent
to injection are usually more subject to caving than
ordinary faults, as the sheared igneous material
seems to act as a lubricant.

Contacts. Igneous intrusive cohtacts are
often marked by broad alteration zones within which
the rock may be more or less disintegrated; when
fracturing is.added to these conditions the result
is usually unfavorable to tunnelling operations.

The lower contacts of extrusives are almost
invariably marked by deep zones of unconsolidated
rock. During certain seasons of the ysar these con-
tacts may furnish passage-ways for considerable vo-
lumes of water.

Favorable Conditions. In tunnelling opera-
tions today the guestion of time is often of more im-
portance than that of cost, so that the conditions to
be sought are those which would be most conducive to
rapidity of advance. 1In case of soft rock, given to
more or less running, such caves as occur almost in-
variably take place at the face during blasting. These
not only effectively block off the face from all acti-
vities connected with further advancement until the

caved material has all been removed, but if neglected
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may result in the loss of the tunnel, to say nothing
of the fact that the undesired opening produced by
the cave will have to be filled.

Hard rock, on the other hand, can be drilled
more quickly with the powerful drills recently de-
veloped than can softer rock which tends to "ravei"
or cave around the drill-steel; also, it invariably
breaks off more readily in blasting, and, most impor-
tant of all, it rarely reguires any temporary support
in advance of the permanent sheathing, thus permit-
ting concentration of effort by the operators on the
advancement of the tunnel. Such rock, if unaffected
by any of the unfavorable conditions mentioned above,
should constitute excellent tunnelling ground.

Surface gravels, if consolidated sufficiently
to stand as vertical cliffs of ten to twenty feet, of-
ten constitute the very best of tunnelling ground;
such meterial at Berdoo canyon, even though soft enough
to permit of being dug out at will by hand, was said
to have constituted the most nearly ideal ground en-

ecount ered throughout the entire tunnel.
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Plates IV to VII. Puotomicrograpns illustrating the progress-
ive nature of the recrystallization in the transition zone between

the Berdoo series and the Thermal Canyon series. Crossed nicols.X80.

Plate IV A- Slide 7837+75. Zerdoo series near transition zone.
Rarly stage recrystallization. Note selective nature of recrystall-
ization, as shown bv relatively narrow zone of pseudo-cataclastic
material between orthoclase grains in center, azs compared to wider
zone between ortihoclase znd oligoclase (at extinction) towards

lower rigat hand portion of field.

Plate IV - 3lide 7337+475. #iner grained portion of slide shovn

in Plete IV A. Zones of pseudo-cataclastic material slightly wider.,
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Plate V,A~- 31lide 7329400, Transition zone. (rains of srimary

minersals completely surrounded by recrystallized minerals.

Plate V, 3- 3lide 7323400, lote recrystaellized Dbiotite in

usper ceatral portion of field.






Plate VI, A- 3lide 7751+55 (lransitlion zone near Thermal Can-
yon series, Primary minerals zlmost entirely replaced. Hecrystall-

ized minerals becoming coarser grained.

Plate VI, 3 3liae 7338+7CA. [ransition zone. Large ortioclase

grain completely surrounded recrystallized ainerals.






Plate VII, A. 3lide 7290413, [nerwal Cznyon series. Hecrystall-
ization aluost complele. Jexture azsroaching that of tydical

Jheraal Conyone

Plate VII, 3. 31liie 790043234 Iransition zone. !yraekite

repiacing orthoclase. Crossed nicols. X240,
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A San Diego ¥auna in the Vicinity of Val Verde, California.
By Donald D, MaclLellan,



A San Dicgo Fauna in the Vieinity of Val Verde.
By Donald D, Maclellan.

Yithin the lowermost beds of the Saugus group im the Santa Clara
Valley reglon as mapped by Kew (1) oceur a seriss of conglomeratiec
and arenacsous sediments which have been known to carry a marine
fauna, the age of which has not in every case been definitely determ-
ined. Mre. %e Pe Popenoe of the California Institute suggested to
the writer that s study of certain sxposures of these sediments be
made with an espesial view towards determining their age, and
whether they constituted a geologis formation distinct from those
of vboth‘th'c Pioo and Saugus groups as previously mapped. The rmmg;
of thig study are herewith presented.

Regults of Previous Work- The existence of a fossilifercus
horizon near the base of the Saugus seems to have been suspected
by early workers in this gemeral arsa. Kew mentions that strats
immediately below the horizon which he tentatively identified as
the Pieo-Saugus contact were fossilifercus. The first offieiel
notice which was given to this horizon seems to ha'u been that by
Dr. George He Taylor, whem im 1330 bs reported finding a fossilif-
erous horizon “near the bage of the Saugus”.

In their deseription of the Pico and Saugus groups of the upper
Santa Clara Valley Grant and Gale (2, p 33) mention a littoral sone
which they found at the top of the Pico group and which carries =
middle Pliocene fauna. This zone aspparently is recognizable all the
way from Fernando Pass to Holser Canyon; the easternmest exposure
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is at Elsmere Canyon, e branch of Newhall Creek, from which local-
ity beds of this zone can be traced more or less eontimuously
northwesiward to beyond Pleo Canyon. A sontinuation of the same zonse,
"possilly 100 feet higher® is reported as oseurring om the north
side of the Senta Clara Valley in the region of the San Martines
Crande and the San limrtinex Chiquito esayons. This exposure has
been tied in sufficiently definitely to the local topography as to
leave 1ittle doubt of its being the rock deseribed im this paper.

Dre. He Mo Ae Hice (3) in 1934 studied an exposure of fossilif-
srous sandstones and conglomerates which overlie typical Pico group
shales in the Veldon and Gavin Canyon sress, the location of which
practically coineides with that of a portion of the littoral zone
of Grant and Gale. Hers he found a fauna of 51 species whigh is
apparently very similar to that of the Sam Diego (middle Pliocens)
formation.

On the opposite side of the Santa Susana liountains, in Las
lLlsjas Canyom, Dr. George H. Anderson (4) in 1933 found a small
San Diego fauna in beds whiech are very similar lithologically to
those found in the Santa Clars Valley and which apparently osoupy
the same stratigraphic position.

Location~ The rocks examined in connection with this invest:
igation are typically exposed near the community of Val Verds,
which is situated in San lartines Chiquito canyon twe miles north
of Delvalle, in the upper Santa Clara Valley (See map). Two exposures
are especially noteworthy: one ocsurs along the suumit of the north-
erly trending range of hills l/gth aile east of Val Verde, while the
other oecurs about one mile due :m'ac Val Verde. The exposure
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sast of Val Verde can be approached from an automobile rosd which
- extends the base of the range on its southeast side. The exposurse
west of Val Verde e¢an be reached by automobile by following the San
Mertines Chiquito road westerly and turning south at & loeality marked
“County Park". Excavations made in comnestion with the grading of a
road to a water tank on a hill due south of the "County Park" give
excellent exposures of the beds here bsing discussed.
Stratigraphy- The lowermost beds in the Sam lertines Chiquito
region consist of members of the group mapped by Kew as Pies. They
consiet of powdery soft fine-grained argiliacecus sandstones of a
brownish gray color whieh only rarely show any traces of bedding.
As sxposed here these beds appear to bs unfossiliferous. ‘i‘h{hua
of this facies being nowhere exposed in this region, the thickness
is unknown; locel exposures indicate a thicknesa in excess of 500
Lest. |
mePimmuphwwhnbyQWonor beds which aggre-
gate 1000 to 1200 fest in thicknéwe, within which cesur the fauna
which this paper seeks o dsseribe. Although varying within thea-
selves, thess beds constitute s distimet lithologie unit whieh con-
trasts stroagly with both the underiying and overlying rocks. They
are ssparated from the underlying Pieo group beds by a sharp mon-
comformity the nature of whish ocould 2ot be more defini¥ly determ-
ined on aseount of the lack of evidences of bedding in the Pico
groupe
of poorly sorted conglomerate which appears to comsist entirely of
sub-angular grains and pebbles of granitic msterial which range in
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size from that of coarse sand up to three or four inches. No fossils
weore found in thias portion of the beds.

Immediately overlying the songlomerate occurs 30 to 40 fest
of yellowish gray well-bedded sandstone. This is followed by a bed,
aix inches to one foot in thickness, which is virtually a limesione,
az it consists of a amtted and cemented mass of secaly fragments of
mollusesn shells. Nome of these {ragments were sufficieantly lerge
40 permit of positive identification, although many bore a resemb-
lance to the pelecypod Ogirse yespertinu. This bed is followed by
a succession of clastic sediments 50 to 100 feet in thickness which
consist of well-bedded sandstone at the base but which becomes
coarser and lesss regulerly siratified with progreses upward, the upper-
most membder being composed of poorly sorted material whieh is
reainiscent of the bueal portion of {the formmtion.

Overlying this conglomsrate, oceasiomally in unconformeble
relations, occurs a bed of medium to fine sandstone 10 to 20 fest
in thickness, whieh is followed by a fossiliferous bed sbout one
foot in thickness, from which a few of the specimens listed below
were sollected.

The seeond fossiliferous bed is followed by 200 to 300 feet
of sands and fine-grained conglomerates, the coarser material being
confined to the widdle portions. Conformably overlying the clastics
Just mentioned cceurs & bed two to five feet thick of ecarse sandstone
whieh is highly fossiliferous, and fyom which the greater portion of
the fauna listed below was obm This bed is overlain by 20 to
30 foeet of medium to coarse sendstone, bluish gray at the base but
becoming limonitis towards the top. Liwmonite ccours both as s stain
which permeates certain portions of the rock mess, and ss conerétions



soms of which attain dimengions of six to eight inches.

Two to three fest of gypsiferous and highly oxidized sandstone
usually constitutes the uppermost bed of this group. This bed is
truncated at a very summll angle by a highly oxidized erosional sur-
face wvhich forms the separation between this group and the series
whish overlies it. This contact ocomstitutes one of the more striking
sedimentary features of the region, and is almost sertainly the
surface wvhich Kew mapped as ths Pice-Saugus contact along the range
of hills east of Val Verde.

Unconformably overlying this group ogours a great thickness
of fuirly unifora, yellowish to grayish thin-bedded sandstones whieh
persist to beyond the limits of the area here studied, and which
constitutes the"Saugus” of Xew and others. Xew states(l, p 82) that

“the greater part (of the Saugus) is of marine origin, but it

grades eastward and northwssd intc strate that are probably

of fluviatile origin or alluvial fan deposits.®”

The uniformity and persistence of the beds in this area suggest
off-shore marine deposition. o fossils were found in these beds.

Faung of the Val Verde Dedg~- As indlcated abose, the uppermost
of the fossiliferous beds furnishes the best preserved material.
However, as far as scould be apcertained, they all seem to earry the
saze fauna. Below (Table I) is shown a list of the identifiuble forms
collected from the fossiliferous beds in the vicinity of Val Verde,
together with their geclogic range, and the geographie dntrihution
of living forms. According to Grant and Gale all of these forus
oceur in the Sam Diego formetiom, which is usually accepted as
being of middle Pliccens age; those forms which are also common to
other geologic spochs are all long renge forms which ocour fajirly

generally throughout the upper Tertiary and later epochs.



Certain forms such as Tersbrsialis ossidestelis, Arce trilinsets,
Deginle pondercga var. jacoiitosans, Ogtres Yespertins, Pecien bellus
var. heaphilli, Pegten ssirellagus ver. ssrroseugis, snd Asirues
Eradaty, are charasteristic of the Sem Diego formetion.

Although this fauna includes many species which are living today
in ¢00l morth Pacific waters it canm, never the less, be considered
a wvarm water fsuna since it ineludes no species whieh is confined

sxclusively to eocl waters, and does include some species,such as

Kelletis kellettii, which are to be found omly in sub-tropical to
tropical waters.
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. Tadle I,
Fossils of the Val Verde i'ormation, San l'artines Chignito Canyon,Upper Ssnts Clars Vslley,
‘ - Californis.
{The classification used is that of Grant and Gale).

Hiocene.L.Plice. M.Piioo. .Plicc. Pleist. Recent. Geographic Distribution.

Terebratalias cocidentalis DallecscssecscescsccocccesscscXesessssesesnsnsced
Arocas trllimta(conrad}..-............_.-X......”X...--.K........X
?Chione soouris ShumBXd.ceesncsccscssssclosnvosaelocvseel
Dosinia ponderosa(Gray)

var. jacalitosana ArnoldcesssscssseseXoncocsnslossoest
Laevicardiom sp
Optrea vesportins ConrBdecscsescsssccesslnssscseslecssnal )
Panope generodf GOUldeccsssscccsessessesclocsconesXscesseXevcocceslvnnsescelacesse¥ePuget Sound to Fexico.
Peoten b’ll”(CQW)“!’cmlli DBllssesscecsonscsosssseX
Pecten estrellsuus({Conrad)var.cerrosensis GabbeceTessseeX
Pecten hastatus SOWerDYeseccsessscesssesXlossnsscclncesseXeceseseslonssonceleseesaleoilagka to San Diego.
Pecten healeyl Arnoldver.lehri.HeXtleing sececeseXescese’
Pecten islandious Muller var.hindsil Carpenterseescssesesleese soneXescssasefecesselqoBering Sea to San Diego.
Pecton purpuratus Lomarok VArsesccesssessessescrelossseslcesosscnscnsrennsXasencsXesloquimbo,Chill to Ecusdor.
Pododesmus mrnlchim(nmhayes)..u-.........-.X......x....”...........X.n.u?(..ser!ng cea 0 ¥exlec.
Acteon painel Dall var.grandior Cranteeccssssesescsssenesl
Astrea gradata Crant & G8lBescescccsscesscssssonceecesesX
Astrea sp
?3ittiunm attenmatum CArpentor csescsscscsscssnsesssssscsssnsossenssssseeselecsnssiechilagka to Hexico,
Calyptraesa trochiformis{Gmelin).cssscccelocscvecsXecnccalecccscessrssscsnssssacesloPauamse to Perne
Cancsllaris tritonidae Gabbesssssescensossnavasvelnasnsslacosessssnnsacenel
Cencellaris hemphilii Dallesveccsscoscesosancssnsensanssaek
Cantharus ml‘om(Gﬂbb)ocnot.OQOOQQatcotcooon--xacooc.Xs.iao‘oooanooac.c?
$Clavus bottae ValenclenmeBeesscccsrncsssscsacosscnsasnailesssnssccscncssselocencsles¥arm to troplosl oceans.
tCropidulas aduncs SOWOrbhYecccccesvsvssaclssenvscsscesscclcsssessesscssssnalssnscsXsVanconver to Yexioo.
fCrepiduls onyx SOWerbYsessescsscsnssssslovessssslocscseXeccsossosscsresssXenccccXesiioOnterey to Panama.
Gyrenoum sp.cf.olsmeronse Englisheccscscensncensel
Kelletia X0llottii(FOrbef)escacceccscccescesvsosolocnscolncrcsrsssssesercelensecsXesStasBarbara to Mexico.
tLora ﬁPtcfoPdeﬂiﬂ(stM)ococc.ooocota.o;cgvoontouo?ooo;co.co'.oono.oocoooo;XocAlaﬂk‘ to Yonterey.
Hitrells BPesceccsoscessllige t0 ROCMMLecscsossucosncrssesercescrnsssnssnceescansilen Vorld wide.
Nassarius perpinguis(Hinds)cesecsscccecaTosscscsslacscselecoclocccesncanselensresiocPuget Sound to Mexico.
Naverita m:-u’im(m‘h;m).o-&.oo.t{}llgc t0 ReCeNtecessssnessssccenvessesceselelroscentCity to Yexico.

Olivells sp.
Purpura €1ldridpel (Arnold)eccscscccrcssccnccocacscelosssesel

Tarritella cooperi Car,pontor...........u......uX....uKu.....X........X...;..Xod;!ontorey to S.Dlego.



Comparison with Pigo Group Fauna~ The great lithologis contrast
vhiech exists beiweon the bods here being discussed and those of the
underlying Plso group hes already besa indiocnted: these beds consist
either of poorly sorted conglomerste or soarse sandstome, all
being typiocal of littoral or near-shore deposition, while the exposed
portion of the Pigo group consists of fine-grained argillaceous
sandstone such as would bo deposited in fairly deep quiet waters.

A similar comtrast exists beiveen the fauns of the tws groups. The
University of California‘s Fossil Locality Ho.1637 (ref.5, pp208-21l1),
which is Grant and Gale's Locality No. 217, is located about thres
niles northeest of Vel Verde, (See map), and probably represenis

the middle portion of the Pico group beds. Here a fauna of 45 specif~
ically identifisble forms was collested by ¥. A. English in 1914.

Of these 27, or almost 60%, are living forms, and the remainder all
congist of long range forus, many of which have persisted from the
Yiocene or lower. The collection represents a typical cold water
faunz in that 24 of the 27 living forus are to be found north of

Sen Francisco, According to English this faune is "lowest Pliocene®
in age. v

Of the 34 species collected by the writer in the Val Verde
beds 28 were found to be speeifically identifiable; these, as
already mentioned, constituie a typical warm water fauna.

The fauna of ths Val Verde beds have the following nine specles

in common with the lower Pliocens fauna referred to Qhoua
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(2)Chione gecuris var.
Csirea veashiiGebd (Osveapertina of Granid Gah)
(2)Pocten cwsni Arneld (P« healeyl var.lohri *
Calyptrea radiaus{Leamarck) (C. trochiformis
Chrysodomus arnoldi Rivers? (Centharus humerogus " "
(?)Crepidula onyx Sowerby
Siphonalia kelleti Forbes (Kelletia kellettii » =
Turrdtella coopsri Carpenter v
Pecten cerrosensis Cabb (P.catrellanus

var. cerrosensis o

s
2

Of these six persist imto the Resent, and sll ere long range
forms of Iidc geographie ém;-s.mm Their pressnce in the Val
Verde beds met bh-rd’or- bo considered ns boing of especial
significanse.

Susmery_and_Comclusions- Setwesn the Pieo group and the Saugus group
in the upper Senta Clera Valley occurs a suscsssion of beds whieh
differ lithologieally and faunally with both the underlying and the
overlying beds:

The Pico group is composed of fine-grained yellowish browm
shaly sandstons whieh apperently represents deep water marine depos~
ition, and which carries a ¢old water lower Pliccene fauna.

The Val Verde beds consist of coarse poorly sorted conglomerates
and sandstones which represent sub-eerial and littoral depesition,
and which in their upper portions carry a warm water middls Pliocene
fauna. “

The Seugus group unconformably overiies the Val Verde beds and
consist of well-bedded medium to coarse sandstones which apparently
represent off-shore, subagueocus deposition, and which are non-fossil-
iferous.

For these reasons it is concluded that the beds lying between
the Pico group and the Saugus group in the Val Verde region consti-
tute a distinct foramation which is of San Diego, and therefore
probably of middle Pliocene age.
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