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SUMMARY

The Val Verde tunnel of the Metropolitan Water Dis-
trict of Southern California, located thirtecen miles south
of Riverside, California, passes through 37,000 feet of a
single tonalite intrusive and aogross the intrusive contact
into a body of quartz-biotite schist.

Micrometric analyses of the tonalite along the line
of the tunnel have shown no progressive variation in the
percentage of minerals present; but the albite content of
the plagioclase increases toward the contact with the schist,
and this correlates directly with the radiocactivity and zir-
con content of the tonalite. The more acid border of the
intrusive is believad to be due to assimilation of the quartze
biotite schist.

On the basis of mineralogic and radicactivity determin-
ations, dark fine grained inclusions in the tonalite are
believed to be xenoliths of schist and gabbro.

Petrofabric diagrams obtained from the plagioclase,
biotite, and quartz of the tonalite indicate that the gneiss
rlanes of the tonalite developed as a result of a combina=-
tion of flow of the partially crystallized magma and post-
magmatic deformation, The present linear direction in the
rock may or may not represent the original direction of flow

of the magma.



CHAPTER 1
INTRODUCTION
Location and Area of Distriot

In order to bring water from the Colorado River %o
Log Angeles and vieinity, the Metropolitan ¥Water Distriet
of Southern California constructed a series of tunnels,
one of which, the Val Verde tunnel, furnished the opporitun~
ity to collect the rock specimens on which the work discuss-
ed in this paper is chiefly based,

The railroad station of Val Verde from which the tunnel
is named is located in Riverside County, California, twelve
miles south of the town of Riverside in longitude 117°15'
and latitude 33°50%'., Beginning about a mile south of Val
Verde, the tunnel extends for seven miles in a NB88OW, di-
rection. Plate 1 shows the location of the Val Verde tunnel
and gives algso data on the various tunnels and canals which
comprise the Colorado River agueduct. A strip of country
averaging about three miles in width on each side of the
tunnel was mapped following the work underground. This area
of aprroximately fifty square miles ocours within the River-
side quadrangle topographiec shect of the United States Geo~
logical Survey.

field Fork
The field work was started in the spring of 1935 and

2.

at this time the tunnel was already about one-third completed,

work progressing simultaneously from four shafts. The pouring
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of concrete, however, had just begun, so that little was
migsced by not beginning the study ecarlier. Happing of the
geology and collection of specimens was soon brought up to
date and was c¢ontinued until completion of the tunnel in
June, 1936, Part of the tunnel gould not be examined sat-
isfactorilly becauss of gunnite on the walls or could not

be seen at all because of so0lid lagging on the walls and
back, Thus, important shear zones and contacts were in many
cagseg too completely hidden to permit ocareful examination,
although commonly strike and dip could be obtéined with reason-
able accuraecy, and grab samples were frequently obtained by
reaching through gaps in the lagging., Over the last half
mile of the tunnel (western end) abundant water plus heavy
ground prohibited the collection of any samples. About the
sawe distance was missed at *h~ cagstern end due to concret-
ing activity, so that the total length of tunnel examined was
31,000 feet.

The geological work was divisible into two parts. First,
the rook types and theilr relations to one another, and struc-
tures such as shear zones and joints were mapped. Secondly,
at intervals of 100 feet, two specimens were collected, one
from each side of the tunnel. These were knocked from the
‘walls purely at random, except in special cases, so that the
personal factor of choosing a sample because of its being
unugual was largely eliminated. One of the specimens was

carefully orientad by obtaining the din of an upper surface
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rarallel and normal to the line of the tunnel and arrowvs
wvhich were later reproduced in ink were marked on the sur-
face go that the orientation of the specimen in the tunnsl
wag reproducable later in the laboratory.

The stations within the tumnel were numbered according
to their distance in hundreds of feet from the Colorads River
along the line of the agueduct. Specimenc taken from the
tunnel have been given a number corresponding to the sta-
tions from which they were taken. Specimen 11888, for ex-
ample, is located 1,186,800 feet from the Colorado River,
and specimen 11882 ig 100 fecet farther away from the river

in a direction ¥.88%;, from 11868.

Purpose of the Investigation
The construction of the Val Verde tunnel afforded a

unigue opprortunity to study a section through vart of a
batholith. The tunnel, for 27,000 feet of its length, vasses
hrough an apparently uniform tonalite intrusive whose west-
ern contact is exposed in the tunnel. Any information ad-
vancing our knowledge of batholiths is very worthwhile, and
it was thought that possibly some light could be thrown on
such questions ag: How uniform is a uniform batholith, and
what variation in composition can be expscted? Is there a
continuocus variation as the contact is approached? How rep-
regentative is a thin section of a hand speeimen, and the
hand specimen of the rock mass? How constant is the radio-
activity of the rock and with what minerals are the radio-

active elements associated? Are heavy mineral studies of
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an igneous rock rellable as a means of correlation and do
they reflect general compositional changes in the rock?

A geparate line of investigation concerned the struc-
ture of the tonalite. 4 parallelism of the plagiooclase,
hornblende, and biotite is evident throughout most of the
mass. By making a petrofabric study of this rock as well
ag of the intruded schist it was hoped sonme information
might te forthcoming concerning the structural history of
the intruslve and the country rock; or, if no evidence were
found by this procedure, this would indicate that the method
mipght not be generally applicable to this type of intrusive.

Lastly, the tonalite contains varying amounts of dark
inclusions, The origin of such has been discussed for wany
years and 1s still not satisfactorilly answered despite value-
able papers on the subject. Are the dark bodies inclusions
of foreign rock or segregations from the tonalite? If they
are inclusions, from what rock have they been derived and

in what manner have they been changed?

The kindness of the Metropolitan Water Distriect and of
¥r. R.Ww. Remp, resident engineer for the Dravo Contracting
Company in permitting access to the tumnel and in coopera=-
ting in cvery way possible was the necessary prrelude to the
investigation. The writer wishes to acknowledge the assist-
ance of professor Ian Campbell, Dr. J. R. Schultz, Hr. Cooper
Hyde, and Mr. Ygnae¢io Bonillas, III, during part of the tunn-
el mapping, and professor Campbell's help throughout the



investigation. Drs. H. S. Fairbairn of Queen's University

and James Gilluly of the U.8.G.2. gave valuable advice on

petrofabric procedure and interrretation. Radiocactivity
measurements were made by R.A.Clarke and F.W.Wright of

the Physies department of the California Institute of

Technology.



CHAPTER II

The Val Verde distriect is a small part of a large,
conspicuous topograpvhic unit in southern California named
the Perris Block by English (1925, p.54)l. Thie block is
approximately 20 miles wide, bounded on the west by the
@lsinore trough and on the east by the San Jacinbto fault
zone, and is of indefinite length, extending northward to
the base of the Ban Gabriel lountains and southward for
some tens of wiles. The region is one of generally low ro-
lief in marked contrast toc the mountainous country on all
gides., A surface hag been developed on the block at an
elevation varying between 1500 and 1900 feet, averaging
1700 feet, which some of the earlier workers (Dickerson,
1914, ».259; English, 1925, p.54; Hill, 1928, 1.168) des-
ignated as a peneplain, The northern half of the Val Verde
district is a part of this surface. Here seattered, round-
ed outecrops of weathered tonalite protrude above the eul-
tivated fields, and in a few places hills of tonalite, gran-
ite, or schist rise 100 to 200 feet above this surface., In
other varts of the Perris Bloek this "penerlain® is not under~

lain by bed rock, tut rather has been btuilt up by alluvium,

1. In the bibliography authors are listed alphabetieally
and papers by a single author are arranged chrono-
logically.



Rising rather abruptly above this 1700-foot surface
are occasional monadnock-~like masses with an average eleva~
tion of about 2100 feet., The Gavilan Hills, of which the
southern half of the region mapped by the writer is a part,
fall in this category. Park-like areas, comparable in flat-
negs to the lower country occur here, with scattered hills
rising 200 to 300 feet above. Intermittent stream valleys
meander on this surface until the rapid descent to the lower
peneplain® is reached.

Hill (1928, p.168) considered these higher areas to be
uplifted fault blocks, Dudley (1938), however, made a rathe
ey thorough study of this portion of the Perris Block and
brings forth the only real evidence thus far produced to
prove that what the sarlier writers called a psneplain is
a combination aggradational and degradational surface, that
the upper surface was not produced by faulting, and that, in
all, three surfaces have been cut. The first, or oldest,

1s the lowest, and is preserved only under the covering of

alluvium. The second, the 1700 foot level and named by Dudley

he Perris surface is a truncation of the first after allu=-
vium had filled up the old valleys to this level. Following
this period of erosion, aggradation similarly covered up the
Perris surface to the 2100 foot level at which time the high=-
eat surface was carved from the monadnocks which had protrud-
ed abvove the Perris surface. Later exhumation has revealed
the two upper erosional levels. Data from well logs, evi=-

dence deduced from the anomalous courses of presumably supel-

8.



poged streams, and lack of evidence of faulting to account
for the monadnock~like masses have led him to accept this
series of events as the most plausible for the physiogravhie
history of the region. The writer has found nothing in the
Val Verde district which would confute Dudley's thesis, and
hag found some supporb.

In the Val Verde distriet, the maximum relief is apnro=-
ximately 1000 feet. The greatest elevation is 2559 feet,
attoined by a hill of schist rising above the 2100 foot sure
face, The next highest hill, Gavilan Peak, is composed of
gabbro. Schist and gabbro in generzl exhibit a tendency to
resist srosion more effectively than the acid igneous rocks,
excepting the fine-grained aplitic dikes.

The southern, higher part of the distriet drains north-
ward through a series of canyons into the valley under which
the tunnel was constructed and thence westward into Cajzlco
Cenyon. The westward drainage into Cajaleo Canyon is across
the structural trend of the rocks and is not that normally
to be sxpected. This anomalous cross-drainage is apparently
a recent development, for three older stream valleys encounter-
ed in the tunnel at depths of from 100 to 200 feet below the
present surface trend north or northwest as shown in plate 8.
The present westward flowing stream may be superposed, having
been developed on a thick covering of alluvium. This postu=
lated origin for the strcam valley supports Dudley's hypo-

thesis that the present Perrie surface is an exhumed one.
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The northern half of the digstrict drains mainly north-
ward through Mockingbird Canyon into the Santa Ana River
Valley.
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CHAPTER III

Zzevigus Geological Fozk

Following the completion of the writer's field work,
a paper by Dudley (1938) was published dealing with the
geology of an area of about 500 square miles on the Perris
Block., The Val Verde district is a part of that mapped by
Dudley. 1In general the map by Dudley and that by the writer
coincide, but because of the reconnaissance nature of Dudley's
mapping, minor poinis of interest are not shown on his map.
Besides the excellent work by Dudley, nothing of any great
scientific value has been published on the geology of this
region. Early reports on the small gold mines developed in
the southern part of the district were published by the
California State Mining Bureau. Those by Goodyear (1888)
and Fairbanks (1893) cursorily discuss the regional geology.
varing (1919) in connection with a treatise on the hydro-
graphy of this region, describes the general geology, but
goes into no detail.

Professor E. 8, Larsen of Harvard University is at pres
ent involved in & petrological study of the rocks in the
country to the south and west of that studied by the writer,
Hurlbut, formerly a graduate student working under professor
Larsen, has published on the petrology of the igneous rocks
in the San Luis Rey Quadrengle (1235), whieh is about thirty
miles south of the Val Verde district, The rocks deseribed
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by him axe very si Hlar to those in the Val Verde district.

General Sitotement
The dominant rocks of the Val Verde district are mediume-
to coarse-grained igneous rocks which have been intruded into
a series of mebtamorphie rocks. The latter ocour as isolated
strips surrounded by intrusive rock. In order of probable
decrecasing age, the igneous rocks are: gabbro, ﬁonalite,

granite, and aecild and basic dikes.

Lekamorphic Rocks
The oldest rocks in the Vel Verde distriet are meta~

morphosed sediments, named by Dudley (1935, p.493) the
Elsinore iletamorphic Serles, They ocour as disconnected
strips elongated parallel to the strike of the beds. These
remnants of what may have been formerly a continmuous blanket
of sediments vary from a few hundred feet to seversl miles

in length, and from a few tens of feet to about a mile in
width, ¥Within the Val Verde district, twelve of these bodies
of metamorphic rocks were mapped (B8ee pl.2).

“ell indurated quartz-biotite schist which grades into
guartzite in a few places is the dominant rock types Schiste
osity ic rarely apparent, the term "schist® being used be-
cause of the advanced stage of recrystallization. Near the
contacts with the acid igneous rocks, injection or replace=~
ment gnelss has been produceds About ten miles south of the
district, near the town of ¥lsinore, Dudley's map:ing shows

that the metamorphics are the chief type of rock, and here



13.

slates, mebtavolcanics, and marble occur besides schist and
guartzite.

The strike of the schist averzges approximately N.309V,
wnioh is in conformity with the structural pattern of this
part of gouthern Californiza. The Elsinore and San Jacinto
fault zones, the less izportant shears within the tunnel, the
aplitic dikes, and the gneiss planes within the tonalite all
have in general this same average strike. The div is in most
cases steep to the east, varying from about 25° in this di=-
rection to 65° to the west. The body of schist occurring
in the tunnel has approximately a vertieal dip. A notable
exception to this structural picture is found in the case
of two smell bodies of schist located in the southwest cor-
ner of the arca. The strike here is N.80° to 70° W., with
an average dip of 75° to the north. Contrastingly, the
beds of the much longer belt of schist 400 yards to the east
vary in strike from N,10°E. to N.209%W. These two small
bodies may be examples of blocks of the metamorphic rocks
whiceh sank into the granitic magme and were rotated from
their former position.

Contortion of the beds of schist except at or near the
conbact with the tonalite is not generally consnicuous.
Several examples of close drag folds with an amplitude of
a few inches, however, were found, The best examples dis-
covered occur approximately half a mile south of the west=
ern end of the tunnel about fifty feet west of the road.

At this location the beds strike N.200%, and dip 87%.
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gtrong joints cross the beds striking N.65%E. and dipping
85°g8. On the faces of these joints the drag folds show up
clearly. Their axes plunge about 10° or less %o the north,
The shape of the folds indicates that this belt of schist
wag located on the west flank of an anticline. Possibly a
synclinal axis in the schist existed to the west, the other
limb being represented by the beds five miles to the west.

The schist is thought %o be of Triassic age although
no fossils have been reported from the Perris Block. The
determination is based on a correlation of these metamor-
phics with those in the Santa Ana Hountains immediately to
the west. Mendenhall (19128, p.505) states that the collec~
tion of fossils from the glates in the Santa Ana Mountains
is "gufficient to determine the Triagssic age of the slates",
The correlation between the %wo localities is purely lith-
ologilc.

Lzngous Hocks
The composition and structure of the igneous rocks,
especially of the tonalite, will be discussed in detail in
later chapters. Only the gensral characteristics and struc-

tural relations are described here.

GABBRO, The intrusive thought to be the oldest of the
series is gabbro which has been named by the writer the
Gavilan FPeak gabbro. This rock outerops in four localities
in the western part of the disbriect. Gavilan Peak, in the

gsouthwestemn part of the mapped area, is composed entirely
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of fresh-apvearing zabbro with the exception of s few narrow
acid pegmatitic stringers which cut it, About a mile east

of the Gavilan Hine is a second occurrence. In the westorne
central part of the distriet, although outerops are not numer-
ocug, altered gabbro is found in the bottoms of many of the
gulleys and may underlie a large arca. Then a few small
outcrops of gabbro occur in the north-central part of the
digtrict,

The gabbro is massive, dark-colored, medium~to coarse~
grained, and hypidiomorphic. Polikilitie crystals of pyribole
gseveral millimeters in length are commonly visible in hand
gpecimen. The plagioclase is, with one exception, basic
by townite, Anes-go‘ A specimen from Cavilan Peak contains
54% bytownite, 30% augite, 3% olivine, and 14% hormblende,
an alteration product of the augite. A specimen from the
area cagt of the Gavilan Mine contains less hornblende and
more olivine and augite. Specimens from the western and
sorthern localities taken a few feet from the contact with
the tonalite contain no augite or olivine, in some cases
contain biotite, and the hornblende is commonly poikilitic
enclosing fine-~grained andesine (See pl.3A.). A specimen
from the outcrops in the northern part of the distriet con-
tains 52¢% lavradorite (An.57), 48% hornblende, and 2% magne-
tite and apatite.

The average grain size is about 1 sq. mm., bhut aggreg-
ates of the mafic minerals and a few of the feldsnar crystals

attain 2 diameter of 5 mm,
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A, (Upper) Photomicrograph of gabbro at contact
with tonalite showing poikilitic crystals
of hornblende (dark) enclosing andesine.
Without analyser; x 25

B. (Lower) Photomicrograph of tonalite showing
vein=like projections of biotite cutting
andesine. Crossed nicols. x 80. Sp.11888






That the gabbro is younger than the schist is shown
by field relations in the extreme western part of the dis-
trict. Here schist, gabbro, tonalite, and granite are
intimitely mingled. The schist dips directly into the
gabbro, and bodies of the schist are cut off across the

strike, and in some casss surrounded, by the gabbro.

TOSALITE. The next youngest rock, presumably, is the Val
Verde tonalite. This name for the rock has been vreoccupied
by "Perris Quartz Diorite" used by Dudley (1935, p.s0l1).
But Wilson, in conformity with the terminology of the writer,
ugsed the term "Val Verde tonalite" in his paper (1937).
The reason for the two names having appeared in the 1lit-
erature is due to the fact that although Dudley!s paper is
dated two yesars before that of Wilson, the paper was not
actually distributed until Wilson's manuscrint had been
sent to the printer. Because the specimens used by Wilson
are the same as those studied by the writer, because these
specimens came from the Val Verde tunnel, and because the
rock is a typical tonalite, the term, "Val Verde tonalite",
will be used.

The Val Verde tonalite is the predorinant rock type
outcropping over the entire eastern and central parts of
the district. The tunnel for 27,000 of its 31,000 fect of
length passes through this rock. In the western part, masses
of the tonalite are separated from one another by bodies of

schist, granite, and gabbro. On the basis of the mapping

18,



17.

by Dudley (1935), the tonzlite iz believed to underlie an
area of at least 150 square miles on the Perris Block.

The tonalite is light grey, medium-grained, and po-
ssesses a gneissoid structure which parallels in general
the strike and dip of the schist. Discoidal masses of
dark, fine-grained rock occur in variable guantities through-
out the intrusive arranged parallel to the gneiss planes.
These dark bodies are absent in some instances over areas
in the tonalite as large as a few hundred fest in diameter,
but otherwise are almost always present and in some places
constitute 6807 of the rock., The inclusions vary in maxi-
mum dimensions from an inch or less up to several tens of
feect. In general the borders are sharp and definite, but
in some cases they fray out into the tonalite and the dark
bodies appear to have been almost entirely digested. A
tendency exicests for the inclusions to be larger and more
angular vwhere they are more mumerous. The statement, how-
ever, of Dudley (1935, p.498), "It is notable in the Perris-
flsinore region that in many instances swarmg of basgic in-
clusions lie close to precent schist contacts® was not found
by the writer to be valid for the Val Verde district. The
distribution of inclusions along the line of the tunnel is
shown graprhically in plate 6,

The tonalite varics only slightly in comvosition and
general appearance from the eastern end of the tunnel to
ite border five miles to the west, Variations in composi-

tion will be discussed in a later chapter. The proportions,
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of the minerals for an average sample of the rock are as
follows: andesine 57%, quartz 26%, biotite 12%, hornblende 4%,
and orthoeclase 1%. The andesine and hornblende are subhedral,
and the biotite and guartz are anhedral. The orthoclase is

in most cases anhedral and closely associated with the biotite.
Commonly, however, small amounts of orthoclase oceur as tiny
rectangular blocks in the andssine aligned parallel to the
cleavage directions., This suggests exsolution, but may be a
replacement phenomenon. The biotite, quartz, and orthoclase
are definltely later than the plagioclase (See pl.3B.).

The plagioclase and hornblende are thought to have crystallized
contemporaneously. The accessory minerals, occurring in

small amounts, are avatite, zircon, svhens, magnetite, and
pyrite, with rarely tourmaline. Wilson revported also mona-
zite and anatase (1937, p.124).

The inclusions are much more variable than the host
rock, but as an average, contain about 50% rlagioclage vary-
ing in comvosition from bytownite to oligoclase, 10% quartz,
and 40% hornblende and biotite, the hornblende commonly being
more atundant than the bilotite. Apatite, zircon, magnetite,
and rure.y sphene are the accessory minerals (Wilson, 1937,

p. 129).

The average diameter of the grains in the tonalite is
approximately 1.0mm., and that of the incelusions 0.25 mm,
However, a small percentage of the greins of the former attain
& maximum length of 3 to0 5 mm., and in one specimen of the

letter the grain size was 0.01 to 0.05 mm.
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The texture of the tonalite is hypidiomorphie granular,
and dominantly igneous as distinguished from metzmorrhic.
The rock possegses two characteristics which indicate some
deformation and recrystallization: (1) The contacts between
the mineral gralns are in most casss sutured, and the andesine
grains are rarely bent or broken (See pl.4a). (3) The quartz
frains not only commonly possess undulatory extinetion but
in some caseg the grainsg are divided into a dogzen or more
segments having slightly different extinction directions and
sharp boundariss (See pl.4B). The "segmented" quartz grains
may repregent quartz which has not entirely recrystallized
following deformation which rotated the mineral grains (See
Chavter IV).

The texture of the inclusions is xenomorvhic granular.
The xenomorvhism of the grains, sutured contaets, small grain
size and absence of an order of ecrystallization among the
minerals indicates an advanced stage of recrystallization.

The tonalite intrudss the schist, is therefore younger,
and orobably is prost-Triassic. The tonalite also clearly

intrudes the gabbro in a few places.

GRANITE. Granite, which ocutcrops in the western part of the
distriet and also occurs as dikes in the tonalite, ig light-
brown, medium-grained, and possesses a gneigsoid structure
parallel to that in the tonalite, Dark, fine-grained in-
clusions are sporadically present, but are not generally as

abundant as they are in the tonalite.



PLATE 4.

A. (Upper) Photomicrograph of tonalite
showing disrupted andesine crysial
and sutured contacte of the andesine
grains, Crossed nicols; x 350,
8p.11982

B. (Lower) Photomicrograph of tonalite
showing two anhedral quartz grains
divided into segments possessing
different extinction angles. Cross=-
ed nicols; x 35. ©p.11l868






Data on the relative ages of the tonalite and granite
are somewhat contradictory. In the westernmost part of the
digstrict the granite 1s later than the tonalite, and gran-
ite dikes commonly intrude the tonalite in other parts of
the district. On the other hand, the main tonalite-granite
contact near the western end of the tunnel is well exposed
for several hundred yards, and yet the exact boundary line
between the two rock tyves is indefinite, The two appear
to be gradational into one another. Either some of the
granite ia approximately coeval with the tonalite and some
later, or it is 2ll later,

The rock which the wrifer has called granite, was named
by udley (1835, p.502) the "Cajaleo Quarsz «oazonite".

The rock undoubtedly varies in composition from granite to
quartz monzonite, but four specimens of the rock which were
thought, in the field, to be typical of the locality arxe all
granite. Quartz comprises about 304 of the rock, biotite
about 5%, oligoclase 5 to 30%, and orthoclase and microcline

«f it
45% to GO%.

DIKES. Both aeid and basic dikes are common cutting all the
other rock types in the district. uost of the dikes are too
small to show on the geologic map, but those chown give the
typical configuration of these bodics. The dikes are in most
cases planar bodies accordant with the structurs of the coun-
try rock. Some of the late intrusives, however, are vlug-

like masses roughly circular in plan. This is true esrecially



of the granites and aplites intruding the gabbro in the
western part of the district, and many of the granites and
aplites iniruding the tonalite about & mile west of the
Gevilan iline also have this form. The writer has gained
the general impression that dikes are wore numerous in the
gaboro than in any of the other rock tyves, a conelusion
reached also by Donnelly in the Pala district, southern
California (1938).

The pegmatite dikes consgist of microcline and guarts,
cozmmonly in graphie intergrowth, coarse-grained biotite and
a small amount of muscovite, and in some places tourmaline.
The granite dikes are plmilar in composition and texture to
the main granite intrusive. Two of the aplite dikes were
thin~-gectioned. One has the composition of a granite, and
the other has the composition of an augite-quartz monzonite.
The basic dikes are commonly very fine-grained and in soue
cases have chilled borders. The grain size averages 0.1 mu.
in diameter or less. The plagioclase (basic andesine) occurs
as euhedral laths, the hornblende and blotite are subhedral,
and the quartz anhedral. The two basic dikes of which thin
sections were made are fine-grained diorite. A Rosiwal
analysis on one of them showed that the rock was composed
of 57% andesine, 28% hornblende, 137 biotite, and 3% gquartz.

The faet that the basic dikes commonly possess chilled
borders whereas the acid ones show no indication of a fine-
grained zone at the border is indicative of the acid-dikes'

being intruded earlier than the basic while the country rock
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was still at o high temperature. Professor Campbell points
outl, however, that the basic dikes may have been intruded
at a much higher temperature than that possessed by the
tonalite magma and the aeid dikes. Since it is the differ-
ence in temperature between the intruded magma and country
rock which is responsible for chilled borders, the basie
dikes, therefore, may be actually older than the acid dikes.
In the only observed case of intersection of the dikes, a
bagic dike was ocut by an aplite. This was at station 11772

in the tunnel.

AGE AND CORRELATION. The igneous rocks all intrude the

Triagesic metamorvhic series and are earlier than the Eocene
Alberhill clays (Dudley, 1935, p.505). 7T the Sants Ana
Hountains igneous rockssimilar to those in the Val Verde
digstrict are overlain unconformably by the Trabueco formation
which is late lower, or early upper, Cretaceous®, It geems
probable therefore, that the igneous rocks were emplaced
during the Jurassic period, or at least during the Mesozoie
era, and are corparable in age to intrusives of the Sierra

Nevada.

1, <Campbell, Ian, Personal Communication, 1937.

2. Popenoe, W. P., Personal Communication, 1837.



Strmctural Geology

The position of the Val Verde district with respset
to the main structural features of southern Californiz is
gshown in plate 5., The district is located between two major
strike-slip faults, the San Jacinto on the east and the
Elsinore on the west. These faults striks approximately
¥.300%, and dip about vertically. The main structural features
within the Val Verde district possess this same strike, but’
dip in most cases steeply to the east.

The structural trend within the Val Verde district is
outlined by the narrow body of gchist which crosses it from
northweet to southeast. In the southern and central parts
of the district the schist strikes N.20° to 30°%. and dips
steecly to the northeast. In the northern part of the dige
trict the schist swings westward, assuming a N.80° to 68°V.
strike and a slightly lower angle of dip. The gneiss planes
in the tonalite and granite, the acid dikes, and the ine-
clusions all faithfully follow this same trend. The gneiss
rlanes in the tonalite, however, decrease in dip eastward
from the contact with the schist and are essentially horizon-
tal at the eastern end of the tunnel (see pl.8).

A few well developed drag folds with an amplitude of
a few inches were found in the schist. The axes of the folds
were approximately hoxizontal. Near the contact with the
tonalite another type of fold occurs in the schist. The

beds are commonly contorted and crinkled about an axis which
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parallels the dip of the schiet. These folds are anparently
related in some way to the intrusion of the tonalite and
were formed subsequently to the drag folds.

Bumerous faults and joints cutting the tonalite occur
in the.tunnel. The position of these is shown graphiecally
in plate 6. 'In most cases the faults and joints strike in
a general northerly direction and dip steeply. No constant
relation between the faults, joints, flow struecture, and
dikes could be established. If the fractures connected with
the intrusion of the tonalite are present, they cannot be
differentiated from later structures, In a few cases some
indication of the direction of movement along the shear zones
was discovered. At station 11749 well developed slicken-
gides are horizontal on a shear striking ¥.109%E, and dipring
80%E. At station 11792 a two-inch pegmatite dike striking
N.70°W. and dipping 700N, is cut by a fault striking N.15°V,
and dipping 75°E. That part of the dike on the west side
of the fault has been displaced horizontzlly one foot to
the northwest with respect to that on the east side.

The largest shear zone is one located at the western
contact of the schist and tonalite. It is represented by
a zone of crushed and sheared rock and gouge ten to fifteen
feet wide striking N.30°%, and dipping avproximately verti-
cally. As shown on prlate 2, this fault has been traced on
the surface for a distance of about four miles., Its contine-
uation to the northwest and southeast could not be estab-

lished, Evidence for the existence of the fault on the sur-
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face is of four kinds. First, the contact between the schist
and tonalite 1s uniquely sharp and straight, unlike the true
intrusive contacts exhibited elsgewhere in the distriet.
Second, a large spring, shown on the Riverside guadrangle
tovographic sheet, is located on the line of this shear gone
where it crosses the small valley located about two miles
north of the tunnel. Third, physiographic evidence, although
not convineing, is suggestive in this connection. The valley
just mentioned crosses the fault zone and then turns abrupte
ly northwestward into Mockingbird Canyon which parallels
the extension of the shear zone. The location of Mocking=-
bird Canyon and the turn in direction of the stream valley
may be rslated to the presence of the fault. The south-
eastern extension of the fault zone also leads into a promin-
ent valley on the southern side of the Gavilan Hills, but
this region was not mapped in sufficient detail to detect
the presence of a fault. Fourth, the main body of schist
igs offset about 800 fect at the plase where the fault cross-
es it. The west eide has been shifted northwestwar’ with
respect to the east side. The displacement of the schist
as mapped eould not be established beyond all doubt, but
it is the most reasonable interpretation of the field re-
lations.

In summary, the avidence at hand indicates that horizon-
tal disrlacement along northwest striking and steeply dipping
faults with the west side moving northwest with respect to

the east has been the dominant type of movement in this dige
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trict in recent times. In this connection, Mayo (1937)
finds evidence pointing to the fact that strike slip faulte
ing was important in some parts of California prior to the

emplacement of the Sierra Hevada batholith.

Gold is the only commodity of any importance produced
from the rocks of the Val Verde district. The old Gavilan
¥ine (See pl.2) was originally worked by Msxicans with
arragtres, and between 1890 and 1892 was reopened and op~-
erated by a Riverside company (Samrson, 1935). The workings
reached a depth of about 485 feet, and it is reported that
between one and two million dollars worth of god was re-
covered. A new mining company has opened a shaft about 300
feet south of the old Gavilan ghaft and called it the Ida
Leona Mine, Drifting is going on at the present time on
the 50-foot level along narrow quartz vein paralleling a
gshear which strikes N.85%E. and dips 40° to 680°S. A small

amount of gold has been produced.



CHAPTER IV.

MICROMETRIC AND RADIOAGTIVITY MEASUREMENTS

An important part of the investigation of the rocks
from the Val Verde district was concerned with the varia-
tion in mineralogic compogsition and radiocactivity of the
tonalite. The problem was of particular interest bscause
of the unique opportunity to study fresh samples of a rock
collected at regular intervals over a distance of five miles
across a single intrusive, The study of the heavy minerals
was made by R. W, Wilson of the geology deparitment, and of
the radiocactivity oontent by R. A. Clarke and F. H, Wright
of the physics department of the California Institute of
Teohnology.

The writer's contribution to the problem is divisible
into four sections: (1) examination of the errors involved
in sampling the rock; (2) determination of the variation
in mineralogic composition of the tonalite along the line
of the tunnel; (3) correlation of these data with those ob=
tained from heavy mineral and radioactivity studies; and
(4) application of the micrometric and radiocactivity data

to the problem of the origin of the inclusions.

Errors Involved in Sampling the Rock
A large number of papers has been published on the

general problem of obtaining accurate quantitative data on

the mineralogic composition of a rock. A reecent paper by
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Larsen and Miller (1935) gsummarizes this literature, so
that only those publications directly related to the present
gtudy will be mentioned. A survey of these various contri-
butions reveals the faet that the accuracy of any method of
estimating the composition of a rock is partly dependent
upon the type of rock being studied. A coarse-grained por-
phyritic rock in general introduces a larger error than a
fine-grained one; and in some intrusives the variation in
compoaition is rapid from point t0 point while in others
the body is sufficiently homogeneous so that a grab sample
is typical of an area several feet or several tens of feet
in diameter. In short, the probable errors involved in sample
ing should be evaluated for the particular roeck being studied
before the compositional wvariation can be considered.

Two types of error are involved in nicrometric analysis.
The first is concerned with the determination of the compow-
gition of the thin section. The second is involved in the
assunmption that the thin section is representative of the
hand specimen, and that the latter is typiecal of a larger

magss of rock,

ACCURAQY 1N DETERMINING THE GOMPOSITION OF A THIE SECTION.
The linear method of Rosiwal (1898) was employed in this
study using Leitz six-spindle integrating stage. Parallel
traverses were run across the section at equally spaced in-
tervals of 1 mm., and the distance across each grain along

the traverse was automatically registered. The spacing of



1 mm. was used because the average grain size is 1 sqg. mm.,
and because thie is a convenient unit to use. The method
assumes first, that the rock is equigranular, and secondly,
that the diameters measured are proporticnal to the volumes:
and although the validity of this second premise has besen
questioned by Julien (1803) and Williams (1905), more re-
cent investigations by Lincoln and Rietz (1913) and Johannsen
(1919) have shown that this basic assumption is correct.
loreover, Thomson (1930, p.215) found that the lincar method
is slightly more acourate than the areal methods,

Several factors combine to introduce error into the
measurement of a thin section. First, it is not always pos-
sible %o identify positively every grain during the process
of msasuring. The position of the integrating stage is too
high above the eondensing leng to permit the use of inter-
ference figures. The nicols, however, could be rotated on
the microscope used by the writer. The main difficulty lay
in distinguishing andesine, cut in a manner such that the
twinning was not visible, from gquartz. Students in the
vetrology class who worked on these rocks experienced diffi-
culty in this respect. As one becomes accustomed to the
rock, however, these two minerals are seldom confused.
Second, a slight error inevitably enters due to inaccurate
measurenents. This is mostly a personal error and inersascs
ag one's eyes become fatigued, but in some cases the boun=
daries between minerals are indefinite or are inelined so

that the position of the boundary at the top and bottom of



the thin section ig different. 1If the contact between a
colored and a transparent mineral is inclined, the colored
mineral will generally be given a greater diameter than is
correct unless this possibility is borne in mind. Third,
the measuring method itself would be absolutely correct
only if an infinite number of lines were run abross the seo-
tion. Greater accuracy than is obtained by spacing the
traverses at 1 mm. intervals, however, is not nececssary be-
cauge of the larger errors due to the inhomogeneity of the
rock,

In several cases sections were measured twice to
determine how closely the valuss ochecked. The error for
an individual mineral was in almost 2ll cases less than one
per cent and never greater than two per cent, This aecuracy
of about one per eent corresponds with that found by others,
and there ¥s 1ittle reason to doubt i%s correctness. Since
the expected error is about one per eent, the wvalues are

listed only tc the nearesit per cent.

ACCURACY OF SAMPLING A ROCK BY A THIN SECTION. As Larsen
and HMiller point out (1935, p.263), the more difficult and

yed important vhase of the problem is how representative
is a thin section of a hand specimen; and the writer has
carried the inquiry one step farther to gain information
on the guestion of how repregentative is a2 hand gpecimen
of a larger rock mass.

Part of the error involved is inherent within the
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rock itself. In the case of a coarse~-grained rock, absolute
homogeneity within the area of a thin section is not %o be
expected. The larger the thin section, however, the more

accurately will it sample the rock.

BESULTS. In order to test the accuracy of the
measuring method, two oriented thin sections of the tonalite
were used. Each was cut normal to the plane of gneissosity
and parallel to the linear direction in the rock. Two measure-
ments were then made of each thin seection, one with the travers~
eg paralleling the traces of the gnelss planes and the other
with the traverses running normal %o them. The arsa of the
thin sections used was 500 sq. mm, or more., As the follow-

ing table shows, the deviation from the average value of the
two measurements was not greater than 1% for any constituent,
This is not only evidence to prove that the micrometric

method used is acourate to within atout 1% for any consti-
tuent, but also shows that in the case of the tonalite it

makes no difference in what dirveetion with respect Yo the

gnelgsosity the traverses are rTun.

IsBLE 1.
Specimen 11868
Parallel to NHormal %o Hean Deviation
Gnelssosity Gneissgosity from Mean
Length of
traverse 611, 3min. 5723 .1mm,
Plagioclase 51% 51% 51%
Quartz 29 28 38.5 0.5
Or thoclase 1 1 1 0
Biotite 12 13 13 0
Hornblende 7 8 7.5 0.5



TABLE 1 (Cont'd.)

Specimen 11983
Parallel to Bormal to Mean Deviation
Gneigsogity Gnelsgoglty from Hean
Length of
traverse 504, O0mm. 482.8mm.
Plagioclase 84% 627 631 1%
Quartz 32 33 23 0
Orthoclase 1 1 : 4 0
Biotite 13 15 14 1

Of importance to the investigation is the question of
mow large a thin scotion of the tonalite must be in order
to be representative of the hand specimen. To test the
size of section necessary to give dependable résults, ten
large thin sections were divided in half and the upper and
lower halves run sepvarately, a method used by Larsen and
Miller (1935). The length of traverse across a half seo-
tion averaged about 350 mm,, or in other words, the area
was about 250 sq. mm. The maxinmum deviation of any single
constituent in one half from the average of the two halves
was 5%. The average deviation from the mean in per cent
for the ten sections was, for plagioclase 2.1, for guartz
1.1, for orthoclasél.4, for biotite 1.7, and for horanblende
14.0. In table 2 are given the values for two of the sec-
tions. The first is the getion possessing the least corr-
espondence between the two halves, and the other is one

showing e¢lose correspondence.
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TABLE 2.
Specimen 11982 (Measured parallel to gneissosity)
Lower % Upper% Weighted Av, Hax. Deviation

from the Mean
Length of
traverse 273 .6mm, 2331 ,4mm.
Plagioclage 87% 80% 84% 4%
Quartz - 33 21 22 1
Orthoclase 1 1 1 0
Biotite 9 18 13 5
Lower » Upper % Weighted Av., Max. Deviation
from the lean
Length of
traverse 309, 3mm, 323, 4mm,
Plagioclase 407 394 39.5% 0.5%
Quartz a7 28 a7.5 0.5
Orthoclasge 15 18 17 3
Biotite 8 1} 9 0
Hornblende 9 5 4 3

The writer has concluded from the above experiment
that since the per cent of a single constituent in a sec=-
tion with a length of traverse of 250 mm., may wvary from the
mean value of a section twice that size by as much as 4 to
5%, sections less than 250 sq. mm. should not be used in
the micrometric study of the tonalite. Therefore, all sec~
tions used in studying the variation in the tonalite were
larger than 250 sq. mm. K

The next guestion concerns the accuracy of represent-
ing a hand specimen of the tonalite by @ single thin sec-
tion. Of three of the hand specimens, two sections were
made. The chips from which the sections were made were

taken at a distance apart of at least two inches.



33

TABLE 3.
Specimen 119824 112828 118884 118688 12034CA 13024CB
Length of

traverse 412.1lmm, 504.0 317.8 B611.3 563.5 598,7
Plagioclase 83% 83% 52% 51% 42% 44%
Quartz 23 22 30 20 27 28
Crthoclase 1 ; J 1 1l 14 14
Biotite 13 14 13 12 9 8
Hornblende 0 0 4 7 8 8

The correlation shown in table 3 is interesting in
that the two large thin sections of the same hand specimen
agree more closely than did the two halves of the same large
gection, The maximum deviation in a single thin section
from the mean of the two sections of the same specimen for
plagioclase, quartz, orthoclase and biotite is 1%, and for
hornblende is 1.5%. The writer concludes from these data
that one thin section as large as those used in the above
study is sufficient as a2 sample of a hand specimen of the
tonalite.

The final test made was on the accuracy of a hand speoi-
men as a sample of a larger body of the rock. At station
12024 eipght specimens of what appeared to be typical tona-
lite were taken. Later study revealed that the rock was
actually granodioritic to guartze-monzonitic in composition.
The arza from which these srecimens were taken was arproxi-
mately six feet in diameter, and the distribution of the

specim-ns is shown in the diagram on the following page.
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Table 4 1lists the composition of the samples and clves
finally the average deviation from the mean for each consti-
tuenuv, The samples are very close in composition except for
number "L, which has a rather different plagioclase~orthoclase
ratio from the others. The mineral with the largest average
deviation from the mean is orthoclase with 2 value of 3.1% .
If the tonalite along the tunnel is as uniform zs the rock
at this station, then variations in composition from point
to point greater than about 3% for a single constituent are
probably outside the limits of error of the samrling method.
This variation in composition of an apparently uniform in-
trusive rock from one hand specimen to znother, both of whioh
appear to be typical, is of the same order of magnitude as

that determined by Grout (1932, p.398). Actually the tonalite
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TABLE 4
Somposition of Zight Samples at Station 12024.
Sample Length of Plagio= Guartz  Ortho- Bio=-  Horn-
No. traverse clase clace tite Dblende
An mm,
A, 447.5 43% 27% 154 13% 4%
B. 519.6 44 28 13 2] 8
e 563,5 42 a7 14 9 8
D. 480.3 44 29 11 11 5
E. 354.5 34 25 a7 8 6
F. 598.7 44 28 14 8 8
G. 503.2 43 a9 17 8 3
H. 631.7 40 a7 17 9 T
Hean Value 41,8 27.5 186.0 9.2 5.8

BDeviation from the Hean
Sample No. Plagio=- Quartz Ortho=- Biotite Hornblende

clage clage
A 0.2% 0.5% 1.0% 2.8% 1.8%
B. 2.3 0.5 3.0 0.2 0.4
c. 0.2 0.5 1.0 0.2 2.4
D. 2.2 1.5 5.0 1.8 0.8
e 7.8 2.5 11.0 1.2 0.4
Y. 2.2 0.8 2,0 1.2 0.4
C. y W 1.5 1.0 1.2 2.8
H. 1.8 0.5 1.0 0.2 1.4
Ay, Devigtion
_iwm 2\.2 1-0 3.1 1.1 1.2

may be more uniform than the rock at station 12024 because
it was found that in the viecinity of this station the igneous
rock is varying more rapidly in composition than at any other

place in the tunnel,
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Yazxistion in Mineralogic Composition of the Topalite

Twenty nine thinp seections all larger than 250 sq. mm.
have becn used to show the variation in composition of the
tonalite along the line of the tunnel. The spacing of the
samples from which the thin sections were made is not uni-
form due o the impog:-ibility of securing fresh specimens
from some parts of the tunnel. The distance between the
gamples averages about 1000 feet., Table 5 lists the comvo-
gition of thes specimens os determined from thin sections
with an area greater than 250 sq. mm., and plate 7 shows
graphically the wariation in mineralogic comrosition of the
tonalite., No mineral tends to inerea:ze or decrease regu-
larly from east %o west through the tunnel, although the
tonalite ncar the western end contains in general slightly
more orthoclase. The variation in composition 6f the pla=
gioclase, however, is significant., As shown on the upper
graph of plate 8, the plagioclase becomes more sodic to=-
ward the western end of the tunnel. Thus, the generaliza-
tion may be made that the tonalite is more acidiec toward
the western end of the tunnel, or toward the border of the
intrusive. Wilson (1937, p.129) came to this same conclu-
gion from a study of the heavy accessory minerals. He
found that toward the wectsrn end zircon incrsased in amount,
apatite decreaged, and there was an introduction of tourma-
line, monazite, and anatase.

The more acidic border of the tonalite is helieved to

be due to assimilation of quartz-biotite schist., Incorpora=-
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TAHLE S
Specimen Rock Type Plagio= Quartz Ortho- Bio~ Horn- Radio-
clase tite  blende activity
F,11% Gabbro 52% 0% 0% 0% 487%** 0
F 29 " 48 0 0 0 48 0
F.31 # 64 0 0 0 K15 I ¢
11918 Diorite dike 57 3 0 12 28 it
¥F.36 Inclusion 53 & 1§ 13 30 25
11742 " 30 19 0 18 a3 12
11813 " 45 21 0 21 13 19
11215 " 48 18 0 18 18 21
12032A " 30
120238 8 19
119804 " 1e
119808 . 32
11983 " 19
B.450%e*e " 48 20 11 21 7
F.8 i 45 23 8 ) 17 81
¥.18 " 37 41 0 15 7 48

*The specimens marked "F" were taken from the surface and
have the following locations:

F.8== 3/4 mi, N, of west end of tunnel, 400 yds. west
of schist-tonalite contact,

F.1l- 1% mi. NE, of west end of tunnel

Fol2=- 2 mi. N. of west end of tunnel

F,13- 1 3/4 mi, N. of west end of tunnel

F,16- 2 mi. west of west end of tunnel

F.18- 2¢ mi. W. of west end of tunnel

F.19« About 30 feet from F.18

F.22~ 1500 f¢. W, of F.18

F.33- 3000 £t, NW, of F.18

F.20- 25 mi. W, of west end of tunnel

F.31l= Gavilan Peak

F.368= 100 yds. N. of station 11930

F.37=- 3/4 mi. 8. of west end of tunnel

*®Includes 2% apatite and magnetite
*w# Includes 20% augite and 2% olivine
*#¥83necimen from Bernasconi Tunnel
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TABLE 5 (Continued)

Specimen Rock Type Plagio= Quartz Ortho- Bioc~ Horn- Radio-

glage  tite blonde activity

F,19 Schist 38 25 0 1?7 30 55
F.22 . 48 7 0 12 33 25
12011 " 2 67 14 1 0 42
13012 " 15 69 3 13 0 33
F,37 " 3 84 0 15 O 73
13021 * 0 76 0 4%+ 0 50
11730 Tonalite 59 32 3 2 15 35
11733 i 48
11734 " 60 24 0 10 6

11741 " 6l 33 0 11 5 15
11750 - 58 18 0 8 18 53
11751 " 9
11782 - 58 35 0 13 4 32
11787 . 32
11771 ? 51 17 1 30 11 17
11779 . 18
11790 - 48 30 1 15 8 19
1179% . 46 37 0 8 21 9
11809 " 58 30 5 14 3 33
11803 " 56 33 0 19 3 34
11811 . 55 32 0 8 7 53
11830 » 57 26 1 13 4 25
11830 " 51 35 0 18 8 33
11831 " 24
11845 " 83 33 0 11 2 37
11868 " 51 29 i 13 7

11870 " 54 23 2 16 5 33
11886 " 16
11894 . 50 28 0 13 1l 37
11895 " 54 28 0 12 6 46
11897 “ 53 26 1 15 8

11308 " 658 a7 3 11 2

11910 * 45
11914 " 68 15 0 5 12 65
11937 " 43
11330 . 62 19 1 9 9 83
11941 " 57 23 3 7 11 83

*Tngludes 5% muscovite
** Includes 15% muscovite
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TABLE 5 (Continued)
S8peeimen Rock Type Plagio~ OQuartz Ortho- Bio- Horn= Radio-

, clase Clage tite Dblende sctivity

11953 Tonalite 58 28 1 8 5 72
11985 # 80 22 3 11 4 93
11973 " 83 21 1 9 8 89
11980 " 80
11082 " 83 23 1 13 0 52
11983 " 59 29 3 ) 0 50
11296 " 53 30 4 12 1 84
12032 " 54 18 0 20 8

12022.5 " 82 15 3 9 11 80
12024 Granodiorite 42 a8 18 9 5 95
12034 Granite 21 33 45 % 3 145
F.23 " 8 34 54 8 0 105
F.18 " 3 35 56 6 0 85
F.13 Aplite 11 33 56 0 0 52
F.13 Pegmatite 320

tion of this material into the tonalite magma would tend to
make it more aecidie; contact relations indicate that assimila-

tion may have been important; and the increase in radio-
activity of the tonalite ncar the schist is suggestive of
agsinilation since the schist averages higher in radlioactivity
than the tonalite. That variation in composition of an acid
intrusive toward its border may commonly be due to assimila-
tion of the country rock is supporited by other evidence, A
granodioritic intrusive in central Colorado (Beshre, Osborn,
and Ranjwater, 1936, p.790) is slightly more basic toward the
border where it is in contact with limestone. The writers
proposed the explanation that the more basic border is due

to assimilation of limestone. Lasky (1935) has found good

evidence for believing that the more basic border of a



granodiorite intrusive in New Mexico is due to a2ssimila=
tion of basalt. Mayo statesl that in the vicinity of Island
Pags in the Sierra Nevada, where granodiorite is in contact
with basic tuffs and limestone, the border is commonly more
bagie, and that he has observed the reverse in localities
where intrusive rock is in contact with aecidic tuffs and

quartz-mica schist,

Sorrelation of Mineralogic Data wiih Radioactivity Determinations
S8amples of rock from the Val Verde distriof were exw

amined by R, A, Clarke and F. H. ¥Wright of the physics de-

partment of the California Institute of Technology for their

radicactivity. In the following discussion the values ligted

for radioactivity are proportional to the number of alpha

particles emitted per unit time per unit weight of sampleg.

Ag far as is now known, the cnly elements involved are mem-

bers of the radium, thorium, and actinium seriesd,

HESULTS. Radioactivity measurements were made
on the tonalite from thirty five different stations along

the tunnel, on several specimens of granodiorite, granite,

1, layo, E. B., Personal Commmnication, 1937,

2. A paper by Clarke and ¥right is in press giving a detailed
description of apparatus and method, and giving more de=-
tailed results than those listed herein.

3. Clarke, R. A,, Personal Communication, 1837,



schist, gabbro, and inclusions, and on a pegmatite dike, an
aplite dike, and a fine-grained diorite dike, The resulte
are listed in table 5 along with the mineralogical composi-
tion, and the data on the tonalite are plotted in plate 8.

Although the points in the lowser graph on plate 8 are
rather scattered a curve has been drawn which correlates very
well with the upper curve which is a plot of the albite con-
tent of the plagioclagse along the tunnel., There may be some
doubt as to the existence of the wave in the curves betwsen
stations 11760 and 11850, but the rise in both curves toward
the west, or toward the contact with the schist is undoubt-
edly real.

A summary of the data concerning the correlation of
radioactivity with rogk type is given in table 6. These data
show a direct relabtion betwecen the radiocactivity and the
acidity of the rock.

IABLE 8
No. of specimens Rock Type Av,. Value of
3 Gabbro 0
1 Diorite dike 11
10 fGabbro® Inclusions 30
2 "Sehist" Inclusions 64
35 Tonalite 42
8 Sehist 46
) 3 Aplite 53
8 Granodiorite 95
D Granite 112
1 Pegmatite 230
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LITERATURE. Lord Rayleigh, in 1905, was the first to point
out the direct correlation between the radicaectivity and
aclidity of rocks (Strutt, 1905). The data presented herein
furnish additional proof of the correctness of the general=-
ization., A series of papers since 1805 has dealt with the
radicactivity of minerals and rocks, Waters (1905, and 1910)
found that in the Cornish granite the radium was concentrated
in anatase or rutile, in the Dalbeattie granite in allanite,
and in the Mourne granite mainly in gzircon and some %titani-
ferous mineral. Fletcher, in studying the Leinster granite
(1911) found that the radioactivity of the rock was due mostly
to micas containing inclusions of zircon. Piggot and Merwin
(12932) examined two granites with a high content of radio-
active substances, one from Stone Mt, Georgla, and the other
from North Jay, Maine. As a result of their work, they con-
cluded that in mica~bearing granltes, the radium is assoclated
more with the micas than with the other constituents of the
rock, Evans and Williams concluded from a study of the various
types of lavas from Lassen Volcanie National Park (1935) that
the amount of radium inecreases with the alkalies, especially

votassium,

SOURCE OF RARIOACTIVITY. Uore work is to be done by Wright
of the physics department on the radioactivity of the indi-

vidual minerals of the Val Verde tonalite, but tentative
conclusions may be reached concerning with what constituent

of the rock the radiocactive material is associated. An ex-
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amination of plates 7 and 8 is sufficient to show that the
data so far obtained indicate no correlation between the
radiuvm~-thorium=actinium content of the tonalite and the per-
entage of biotite, quartz, or hornblende. A slight correla-
tion exists between the low points in the »lagioelass and
radioactivity curves, butthis may be fortuitous. Also,
orthociase is slightly more abundant in the rock near the
contact. It is possible that the radioactive substances are
contained in zircon which Wilson (1937) found to incrsase

in amount toward the western end of the tunnel; in this case
the amount of zircon may vary directly with the albite con=-
tent of the plagioclase. It is noteworthy, however, that
the zirecon ocours almost exclusively as inclusions, surrounded

by vleochroic haloas, in the bilotite.

Qzigin of %the Dark Inclusiong in the Tonalite
LITERATURE. A nearly universal characteristic of light color-

ed intrusive rocks is the presence in them of dark, fine- to
medium~-grained inclusions. Because of their prevalence and
generally uncertain origin, these inclusions are frequently
discussed in geologic literature, and a brief summary of the
theories concerning their origin is given below.

A common exprlanation of the origin of the inclusions
ig that they are basic segregations from the magma which soliw
dified forming the host rock. Knopf and Thelen (1905), Bastin
(1911), and Pabst (1928) have expresced this view, The pro-
cess by which the dark constituents of the magma segregated

43.



and were concentrated about centers to form the inclusions
is obscure, and the value of the theory seems to lie mainly
in the fact that it cannot be easily confuted.

Formerly several writers (Backstrom, 1893; Wesd znd
Pirsson, 1896, p.8%7; and Daly, 1914, p.225} exployed a2 still
nore tenuous hypothesis, that of liguation, to explain the
origin of the inclusions. This idea has fallen into dis-
repute even among its sponsers.

A third theory supposes that the inclusions are bodies
of foreign rock which have broken from the walls and roof
of the intrusive and havéffgeorporated in the magma. The
magma has reacted with the bloeks of country rock to a vary-
ing degree. This was the explanation used by Gilbert (1908,
p.325) for the origin of the inclusions occurring in the
Kings River country of the Sierra Nevada, California. Grout
(1930, p.878) considered the inclusions in the Duluth gabbro
to be xenoliths. Hockolds (1932 and 1937), and Thomzs and
Smith (1932) have been able to submit good evidence to prove
that the inclusions studied by them are xenoliths of oldexr
rock, Buring the summer of 1933 the writer examined the in-
clusions in the Ca’umet granodiorite (Behre, Osborn, and
Rainwater, 1938, p.788), and in many casss these were clearly
blocks of the older shale, sandstone and dolomite. Hurlbut
{(1935) on the basis of mieroscopic evidence showed that the
inclusions in the Bonsall tonalite in the San Luis Rey Quadr-
angle, thirty miles south of the Val Verde distriet, were de-

rived from the San Marcos Mountain gabbro.

44,
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In summary it may be said that although all inclusions
may not have been formed in the same manuner, nevertheleass,
wherever good evidence as to their origin has been available
this has pointed always in the same direction -= that the

inclusiocns are xenoliths of the country rock.

DISCUDSION OF DATA. Two of the inclusions studied differed
from the rest and are thought to have been originally schist.
8pecimen No. F.8 wag taken from the center of 2 discoidsal
inclusion which was avrroximated five feet in diameter and
one foot thick, located three~fourths of a mile north of

the tunnel and 400 yards west of the tonalite-schist contact.
Referring to table 5, it is seen that this inclusion contains
8% orthoclase, which is unusual for any of the medium basic
or basic rocks in the district cxcept the schist which in
one case contains 14%. The plagioclase is oligoclase which
is the plagiocclase most commonly founsin the schist, but is
more acid than that in the enclosing rock. The value for

the radioactivity content is 8l as compared with an average
value of 20 for ten other inclusions which are thought to
have been derived from the gabbro. The fact that the value
for the radiocactivity is higher than that for the schist
specimens examined is not contradictory evidence, because

in the first place the schist varies notably in radiocastivity
content, and in the second place injection of acid material
from the tonalite into the inclusion may coneeivably have

raised the radioactivity content.



Specimen No. F.18 was taken from an inclusion in the
tonalite located nsar the western edre of the district twenty
feet from a schist-tonalite contact. Specimen No, F.12 is
of the schist a few feet from the contact. Specimens 7,18
and F.19 are similar in mineralogic content, nearly identical
in grain size and texture, and possess comparable radio=-
activity wvalues.

The other ten inclusions, which were examined for their
radioactivity content or mineralogic composition or both,
are thought to have been derived from the gabbro. In the
firet place, the composition of the vlagioclase is suggest-
ive. Specimens Fo. 11915 and F.326 were taken from near the
center of inclusions having a maximum diasmetsr greater than
gix feet and a thickness of one foot or more, located in or
near that part of the tunnel in which inclusions comprise
50 %o 80% of the rock (See pl.8). In both of these speci-
mens some of the plagioclase grains have cores of labra-
derite or bytownite, varying in composition in the different
grains from 60 to 80% anorthite molecule content. The only
rock in the digtrict containing plagioclase as basic as this
is the gabbro. Most commonly the plagiocl:use in the gabbro
is bytownite with an anorthite content of 85 to 90%, but in
one case the plagioclase was 1abradorite,ﬁn57. Data very
similar to this on the plagioclase in the inclusgions in the
Bonsall tonalite, about thirty miles south of the Val Verde
district, was the evidence used by Hurlbut (1935) to show

that the inclusions are xsnocliths of gabbro. If the other
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eight inclusions are gabbro xenoliths, as is thought, then
the rlagioclase has been changed by reaction with the tona-
lite magma. In the seecond place, the average value for the
radioactivity of these ten inclusions is 280. This value is
much lower than the average for the schist, and it is not
probable that the radiocactivity of the schist would be aprre-
eilably lowered by reaction with the tonalite. On the other
hand, since the wvalue for the radioactivity of the gabbro

is 0, reaction with the tonalite could change this value

only by raising it.

ONCLUSIONS. Because of the reasons given above, most of the
inclusiong studied are believed to have been derived from
the gabbro, the others from the schist. This is assuming
that the inclusions are xenoliths. Pabst (1928) described
inclusions in the acidic intrusive rocks of the §£é;§m§evada
which are identical to those in the Val Verde district,
and he decided that they were not zenoliths, but autoliths.
His reasoning, however, the writer beliesves is open to ques~
tion. He considered the inclusions autoliths because:

(1) "The autoliths are compnsed of the same mincrales as the
enclosing granitic rocks,” (p.388). This should be true also
in the case of xenoliths immersed in a magma, however, if
reaction is complete (See Bowen, 1928). (2) "Chemically
and texturally the autoliths have the characters of igneous
rocks."® If the inclusions are xenoliths of gabbro, then
they are of igneous origin. Furthermore, the ineclusions in

the Val Verde district do not poasess a typical igneous tex-
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ture in that no order of crystallization is apparent except
that quartz is the latest forming constituent. This suggests
recrystallization. (3) "Although they represent a concentra-
tion of what are believed to be the early crystallization
constituents of granitic rocks, thelr fine grain does not
permit the interpretation that they are merely the rroducts
of synneusis." The method by which Pabst believes the auto-
liths to have formed is obscure, but the fine-grained text-
ure of the inclusions ig doubtful evidence in support of their
being autoliths. (4) "The autoliths show, under favorable
circumstances, a flow gtructure conformable to that of the
enclosing rock." The origin of the flow structure is some-
what in doubt, but recrystallized xenoliths moving with the
magma would have the same opportunity for orientation of their
grains as autoliths. (5) "The flattening and orientation of
the autoliths in certain localities gives definite evidence
that they were able to undergo plastic deformation at the
time of the emplacement of the enclosing rock or even later.
lkoreover, they were then not fully crystallized." It is a
well known principle that so0lid rock undergoes plastic de-
formation under conditions of high temperature and pressure.
Moreover, autoliths would have to be firmly held together to
remain intact during the movement of the magma to possess at
congolidation the sharp boundaries exhibited by some of the
inclusions. (8) "They are not restricted to any narrowly
limited set of conditions as to nature of enclosing rock, re-

lation to contact or position in the intrusive mass." The
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writer does not view this as evidence for the inclusions be-
ing either autoliths or xemoliths., (7) "The distribution
of the autoliths is apparently related to magmatic movements
at the time of intrusion.® The writer found no evidence

in the Val Verde district that the distribution of the in~-
clusions was related to magmatic movements, but if this is
the sltuation in the Sierra Nevada, the implication is =¢ill
obscure,

In short, from Pabet'’s own arguments, the writer be-
lieves the éase is not better for the inclusions! being auto-
liths than for their being xenoliths, and furthermore, the
mineralogic and radiocactivity data on the inclusions given
earlier in the discussion is in support of their being xeno=-
liths.

The origin of the fine-grained texture of the inclu-
gions is an enigma. Were the inclusions basic segregations,
one might reasonably expect the grain size to be large be-
cause of the long time available for eorystallization. On
the other hand, if, as thought by the writer, the inclusions
are mostly xenoliths of gabbro, the fine-grained nature is
gtill not definitely explained. A possible explanation, how-
ever, is here suggested. Joplin (1935) examined the problem
of hybridization of basic rocks by acidic magma and found
the following: 1In the first stage, a granoblastic texture
is produced in the basic rock and granular masses of pyroxene
and ecriss-cross flakes of blotite may form., During and follow-

ing this stage large, highly poikilitic crystals of hornblende



and/or biotite are developed. As Joplin points out, slight
movement in the magma would disrupt the poikilitic crystals
produecing a fine-grained aggregate. This same process was
observed in the case of the gabbro. The gabbro at Gavilan
Peak is uncontaminated by the tonalite and it contains augite
altering %o uralite, and olivine., The gabbro in the western
and northern parts of the district is closely associated with
the tonalite, and thin sections of this gabbro contain only
hornblende and biotite as the mafic constituents. loreover,
a thin section of a specimen of gabbro taken from the con-
tact with the tonalite contains unusually large, highly
poikilitic crystals of hornblende enclosing fins-grained
andesine (See pl.3). If a block of this gabbro dropped into
the tonalite, was flattened into a disc, and was carried
along with the magma, the movement probably would be suffi-
cient to disrupt the poikilitic crystale and produce a fine-
grained rock.

The gabbro is a rock which would probably furnish in-
clusions to the tonalite more readily than the schist. The
sehist at its contacts tends to be assimilated and revlaced
by the tonalite rather than to break off into blocks; whereas
the gabbro, because of its massive nature divides into largs
blocks which are surrounded by stringers and dike-~like masses
of the tonalite.
| The distribution of the inclusions offers no clue as
to their origin., Plate 6 shows that the inclusions are not

wost abundant ss the schist contact is approached, but rather
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the greatest concentration of inclusions is in the vicinity
of 11200. The localized swarms of inclusions may represent
the fractured lower parts of roof pendents or large engulf-

ed magsses of the country roock.



CHAPTER V

STRUCTURAL PETROLOGY

Introduction

Although an important part of the groundwork of struc-
tural petrology was laid by two imericans-- Becker (1893),
and Lieth (1305) ==, the subject is primarily a ruropean
development, A paper by Bruno Sander (1911) first enun-
cisted the fundamental principals of structural petrology,
and much of the technique involved as well as the theory
was developed by Walter Schmidt (1917 and 1925). ¥ach of
these men nas now published a book -- Sa&ander (1930), and
Schmidt (1932) -~ and these superbly cover tie field as far
as 1t has advanced,

2 paper by T. Be Enopf (1953} was the first paper in
¥nglish to summarize the previous work and to show the
possibilities of this method of rock study. Since 1933 a
series of publication in English has appeared. “{hose by
Sander (1934), Gilluly (1934), rairbairn (1934), Bell (1936),
Ingerson (1936), Osborne and Lowther (1936), and ¥inchell
{1937) are of particular interest. Several of these publi-
cations, especially Fairbairn's "Introduction to Petrofabric
Analysis®™ lucidly explain the general technigue and funda-
mental principals of structural petrology. In the following
pages it is assumed that the reader is femiliar with the con-
tents of one or more of these publications and thus has at

least an elementary knowledge of the field.
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The methods of structural petrology were aspplied to
the rocks of the Val Verde district in an effort to deter-
mine the origin of the gneissoid structure of the tonalite.
It has been asssuned by those of the Cloos schocol that this
type of structure in an intrusive nass was dsveloped during
the emplacement of the partially crystallized magma, and
that the orientation of the grains may therefore be used
to determine the direction of flow of the magma. There is
always the possibility, however, that the structure was im-
pressed upon the tonalite by post-magmatic deformation. ‘rhe
problem 1is one which cannot be defiritely settled at the
present time, but tne methods of structural petrology applied

to the tonslite nave introduced some interesting evidence,

#icld and Laboratory Fechnigue

In the field detalled mapping wss confined mostly to
the roclsz within the tunnel,; sn. the surrounding country wsas

mapped on o scele commensure.e with its importance to the
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problem. The work involved t e examination and plotting of all

megastructures suci: ac c.ntacts, folds, faults, joints,
schistosity, gneissosity, orientation of inclusions, and
&f the linear element in the tonalite. Oriented specimens
were selected to be used in thne laboratory study.

‘the laboratory technique involved first the grinding of
oriented thin sections. 4 flat surface was ground on the
specimen in the desired direction and an arrow marked on this
plane. A chip containing this surface was broken off and the

surface cemented to a glass slide on which an arrow had been
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scratched corresponding to the direction of the arrow on
the chip. The accuracy of orientation of the resulting
thin section was within two or three degrees. +ihe accuracy
of orientation of the specimens in thie field wes probably
slightly iless than this, but undoubtedly the error in the
stated orientation of the tiin section was not greater than
ten degreecs,

The oriented thin cections were examined by mesns of
a Leitz Universal 8tage. The directiong of the optic axis
of cquartz grains, the poles to the cleavage planes in bio-
tite, and the g-sxis and poles to the 010 faces of plaglioclase
were measured and plctted., In the case of the tonalite all
guartz and bictite grains occurring in s thin section were
measured, =nd in =som= instances it was necessary to use two
parallel thin sections to sece:re sufficient grains.

rhe data were recorded on an equal-area projection
mounted cn & Leitz turntsble covered with a sheet of trans-
parent paper. ‘ihe projection of the points was made from the
lower hemisphere to tre equatorial plane of the sphere in
conformity with the conventions established by schmidt and
followed by other workers in the fileld.

The number of points measured was next counted, a con-
tour interval determined, and the diagram contoured using,
in the process, two celluloid counters each of which has a
circular area ecual to 1% of the total area of the projection.

Tn a few casges 1t was advisable to rotate the diagrems
ninety degrees asfter they had been contoured for comparison

with other diagrams.
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Tectonite Orientation Patterns

Sander (1911) formulated the principle that the defor-
mation of rock masses is commonly produced by the integration
of the partiasl movements within the mass. a8 "partial move-
ment” he means “each movement of any element in a rock, as a
result of which , after the deformation, and for the time un-
der consideration, the rock retains its continuity”™ (#airbairn,
19554, p.32i. HKocks wich have undergone deformation in this
manner and whose graln orientstion is resolvable into some

tectonic pattern or symmetry are known as tectonites.

Tectonites have been divided into vwo groups depending
upon the type of pattern exhibited by the grain crientation.
S-tectonites, the flrst type, are characterized by nhaving an
orientaticn diagram w.ich shows one clear cut maximum or two
or more clearly separated maxima., B-tectonites, the second
and more common type, show a girdle, complete or incomplete,
and with or without imporisnt submaexima, Diagram No.l3, pl.
12, is the type of orientation exhibited by “-tectonites.

The quartz diagrams obtasined from the schist (Rlee pl.l0)

ere B-tectonites. #Most of the orientation patterns obtained
from the cuartz and biotite of the tomalite are intermediate
in type between - and B-tectonites.

Briefly, the inferred origin of the two types of orienta-
tion patterns is based on the various methods by which differ-
ential, or partial, movement may produce grain orientation.

If the movement is produced by gliding along parallel shesr

surfaces, S-tectonites will normally be formed. If the movement,



on the other hand, is of the rolling type, in which the
grains tend to be rotated about an axis, a B-tectonite will
probably be developed. The gliding planes within the min-
erals are commonly cleavage or twinning planes. In the case
of quartz, gliding parallel to a prism face 1is thought to
be the commonest method of translatior, although some evidence
has been found suggesting gliding parallel to a rhombohedrsal
face., The explanation for the formation of a girdle of optic
axas of quartz during rotation may lie in the fact that the
crushing strength of guartz is nearly 10j% grester parallel
to ¢! then normal to thid& direction (Berndt, 1927). fs a
result, quartz crystals oriented originally with ¢! in the
plane of rotation are more durable than those oriented other-
wise. As deformation proceeds, gralns rotated into this pre-
ferred position tend to remsin thus with ¢! in the plasne of
rotation. Likewise, conditions ol dynamic equilibrium de-
mand that small grains which would be formed by crushing of
larger grains, dissolve as lar:er grains increase in size.
Furthermore, since the direction of easiest gliding in quartz
as far as we now know is parallel to the prism, grains oriented
with their c-axes sub-parallel to the direction of movement
might escape crushing by gliding ~n planes parallel to the prism.
The surfaces in a rock along ~hich material has moved or
shearing has ocecurred are cslled s-surfaces, a non-commital
term expressing the idea of schistosity, shear, cr stratifica-
tion. These are not always visible in the hand specimen but

show up in the orientation diagrem. From many clear cut cases



that have been studied (sender, 1930) in which the direction
of shearing along a surface was known, it has been found thst
the optic axis of quartz tendsto orient tﬁg%selves parallel
to the surface and in the direction of movement, and the
cleavage planes of mica and the 010 faces of feldspar tend to
be aligned parallel to the surface. On the diagrams (pl. 11,
12, and 13) various s-surfaces "save been marked by dashed
lines corresponding to the concentrations of optic axes of
quartz, cleavage planes of biotite, snd 010 faces of feldspar.

A plaiting surface is a visible surface within a rock

along which shearing has not taken place, (See Fairbairbairn,
1935B, p.898)e It is formed largely by a dimensional arrange-
ment of the grain fabric, and is the result of gliding, or
shear movements whicn vake plece inclined to it. The surface
thus corresponds to the AB plane of the strain ellipsoid, and
the shearing surfaces inclined to it correspond to the planed
of least distortion of the ellipsoid. plaiting surfaces are
thought to form by a combination of shearing on surfaces in-
clined to the plane and rotation. ‘hrough rotation minerals
such asmica tend to be plaited in tie AB plane of strain, If
shearing is dominant over rotation, however, much of the mics
may be caught up in the shear surfaces and rotate no farther.
The gneiss planes in the tonalite possess the characteristics
of plaiting surfaces.

Structural Petrologx g{ the Schist

AXi’S OF REFERENCE. Following the method of sander, three axes
of reference were set up for the oriented hand specimens of the

schist. The b-axis is the tectonic axis, or that direction

peralleling the axes of drag folds and small crinkles in the
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rock. The a-axis is that direction lying in the plane of
schistosity or ab plane, 90° from b. The c-axis is normal
to the ab plane. 1In the field the b-axis is horizontal or
dips at an angle less than ten degrees to the northwest and
is directed in a general north to northwest direction. The
a-axis, therefore, approximately parallels the dip of the
beds, whici is in most cases steep to the east.

ORIV NTATION DIAGRAMSs Of four specimens of the schist,

oriented thin sections were made and the orientation of the
quartz and blotite studied, PpPlate 10 shows the results ob-
tained on two of the specimens. Diagrams 1 to 4 are of biotite
and cuartz from two thin sections cut normal to the b-axis,
Three features of disgrams 1 and 3 should be noted, ™irst,
the poles to the basal planes of the biotite are concentrated
about ¢. “ince the foliation, or ab, plane in the rock is
outlined in the hand s ecimen by the basal planed of biotite
flakes, this orientation is exectly as would be expected.
Second, the biotite not only is concentratec at ¢, but forms
a nesrly complete girdle about b. Third, the biotite shows

a tendency to extend from ¢ toward b, or in other words, to
be rotated in the plane normal to &a.

‘The optic axes of guartz, ss shown in diagrams 2 and 4
describe a girdle about b with no significsnt maxima. 7These
diagrams indicate also 2 slight tendency for the optic axes of
quartz to be rotated about a.

Diagrams & and 6 were made from thin sections cut normal
to the a-axis of the schist. UDiasgrams comparable to these could

be produced by rotation of diagrams 3 and 4 90° about the c-axls,
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but a new scction cut normal to a was measured instead in
order to find how closely the orientetion patterns of min-
erals in two sections correspond. The correspondence is
fairly good, but, especially in tie cese of quartz, obvious
discrepencies are present. n lack of complete correspondence
is apparently commonly found and may explain the fact that
most writers show rotated patterns for their a- diagrams
ratiher than diagrams from sections cut normsl to a. Dlagrams
© and 6 are importsnt in that they show more clearly t-an

the others the tendency for the quartz and biotite to form

girdles about a as well as about b.

JOINTSs AND RAULTS,., Joints are not conspicious in genersl in

the schist, but in the body of schist hsalf a mile south of
the western end of the tunnel well developed joints sre common
striking approximately normal to the strike of the schist
and dipping vertically or steeply to the soutn. 'rhese are
thus approximately parallel to tie ac plsne of the fabric
and undoubtedly represent the ac joints of Sander,

The main fault in the district lies slcng the western

border of the schist and parallels the schistosity.

INTZRPRETATION. The conclusions drawn from these diagrams are

as follows: (1) The degree of concentration of points is too
Paerns are Coo comsrstent e Yoo for fhe orcesztation

great and the orientatioqAPf the minerals to be fortuitous.

(2) Movement in the rock during its deformation was produced,

in the case - f biotite, by rotation of the grains, with accom-

panying recrystallizationy into a preferred position with the
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basal planes parallel to the plane of schistosity, and by
gliding parallel to the clesvage planes. (3) The cuartz
diagrams strongly support the contention that the quartz
grains have veen oriented chiefly by external rotation in

2 plane normal to b. Although the optic axes of the quartz
are not concentrated in a, nevertheless it is most reason-
able to assume that the shearing movement was parallel to
the ab plane rather than along other pisnes, because if other
shear planes were important these should show up eithee meg-
ascopliecally or in the orientation patterns. 4 cage similar
to this is descrited by Gilluly (1935). (4) The diagrams
indicate a slight tendency toward rotation alout a as well
a8 about b. Diagrams 5 and 6 are the best i1llustrations of
this. This would mean movement parallel to the schistosity
and approximately parallel to the strike of the beds. It is
reasonable to assume thatthis deformation was later than,
end therefore superimposed upén, the earlier and more impor-
tent deforma ion —hich produced the drag folds in the rock.
“s will be seen later, this second deformation is the onse,
and the only one, recorded in tiie tonalite diagrams. Were the
main deformation of the sthist the later one, it should also

be more important in the tonalite.

Structural Petrology of the Tonalite

AYFS O® RFWFERENCE. The axes of reference used for the tonalite

have in general the same significanee as in the case of the

schist. 7The b-axis is parallel to the linear direction in the
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PLATE 9

(Upper left) Index diagram illustrating relation
of axes of reference to dimensional orientation
of grains in tonalite.

(Upper right) Photograph of ac face of sp. 11870
of tonalite. & is verticalj c is horizontal.

(Lower left) ab face of sp. 11870. =2 1s vertical;
b is horizontal.

(Lower right) be face of sp. 11870. ¢ 1is
vertical, b is horizontal,

The photographs are natural size.
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rock. The a-axis lies in the plane of gneissosity, and is
normal to b. The c-axis is normal to the ab plane, or the
plane of gneissosity. Plate 2 illustrates the scheme of
orientation and also gives an idea as to the degree to which
thhie minerals are oriented in some of the tonalite specimens.
The degree of orientation of the minerals is commonly not

as hign as in the specimen figured.

The c-axis of the tonslite parallels the c-axis of the
scnist since the gneiss planes parallel the schist pleanes.
lowever, ¢ gradually approaches the vertical as one goes
eagst from the schist contact because of the flattening out
of the gneiss planes (See pl.6). The b-axis in the tonalite
is oriented 90° from that in the schist for the linear
element parsllels the dip of the gneiss planes rather than
the strike. The a-axis of the tonalite is approximately
horizontal, and is directed north to northwec«t fcllowing the
the strike of the gneiss plenes. It is thus parallel to the

g-axis of the schist.

ORIENTA  ION DIAGRAKS. Nine specimens of the tonalite from

the tunnel, distributed between stations 11734 and 12022, were
examined by the methods of Sander and sehmidt, Typical diagrams
obtained from four specimens of the tonalite usnc one specimen
of aninclusion are shown in plsates 11, 12, and 13.

ffihe degree to which the linear element in ths rock is de-~
veloped was examined by plotting the a crystallo:raphic axis of
the plagioclase in sections cui normal vo the lineur direction.

viagrame 7 and 13 are illustrative of this.



Disgrams 8 and 14 are plots of the poles to the 010
faces of the plagioclase in the two specimens used for
diagrams 7 snu 13. a discontinuous girdle is present in
the plane normal to b, and 1in this girdie conspicuous con=
centrations occur in two intersecting planes labelled 35
and Sp, symmetrically arranged with respect to the ab plane.

‘“he quartz diasgrams 10, 16, and 18 possess in general
the same characteristics. Diagram 10, however, has an

adcditional concentration at a. Diagram 11 is from & thin
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section cut normal to that from which diagram 10 was produced,

and then this has been rotated 90° about ¢ to produce diagram

12 for direct comparison with No.l1l0. The object, as in the
case of the schist, was to observe haw closely two sections
of the same specimen, one normsl to & and the other normal
to b, would correspond., is in 10, a girdle is developed in
12 and a strong Sy is present, but Sz is weaker andu not in
exactly the same position, and Sg is missinge. Diaygram 22,
from an inclusion, ana diagram 20 are similar and show the
development of only one s-surface, The angles which Lhe 8=
surfaces, produced by the arrangement ofthe optic axes of
cuartz, meke with the 8b plane were plotted for all the sec-
tions of the tonalite studied and are shown in aiagram 24,
with one exception, the s-surfaces all lie between 30 and

70 degrees from the &b plane. A pough correlation, which

may be fortuituous, exists between the égle of the s-surfaces

of guartz with the ab plane and the distance oﬁ&he specimen



from the schist contacts As shown in table 7, the angle,

measured from the ab plane tends to increase eastward or

away from the contacts

TABLE 7

Specimen Angles of g-surfaces from
ab plane 1n degrees
12022 T30 and 28
11982 36
930 (P. 36) 35
897 37, 65, 65, and
870 65, and 50
868 55, 70, and O
820 65
741 70
734 40, and 50

the biotite diagrams are similar to those of quartz,
differing fundamentally only in the one respect that an s-
surface sub-parallel to the ab plane is commonly developed
{See diagram 23).

The orientaetion patterns obtained from the minerals in
the Val Verde tonalite differ in important respects from those
obtained by Murlbut (1936, p:623) in the Bonsall tonalite of
the san Luis Rey guadrangle, southern (slifornia, and from
those obtained by Pabst (1936) from granodiorite in the
Yierra Nevada. The quartz was unoriented in the specimens
studied by thess men and the 010 faces of plagioclase were
aligned only parallel to the gneiss planes, with no indica-

tion of intersecting planes inclined to the gneissosity.

INTERPRETATION. Since the main object of this study is to

uncover ovidence on the origin of the gneissoid structure

in the tonalite and thus to obtaln a more complete picture of



the history of the intrusive, let us take up in order the
three possibilities: (1) thet the structure was developed
during the magmatic stage of the tonalite, (2) that the
structure was developed after complete solidification of
the rock, and (3) that the structure is a result of stresses
operative on the rock both during and after solidification.
(1) In support of the hypothesis that the gneissoid
structure is entirely a result of magmatic flow the following
points may be listed: (a) The texture of the tonalite is
essentially that of an igneous rock, in that the normal order
of crystallization for a medium basic rock is present, and
evicdence of either recrystallization or cataclaesis is slight.
(b) The attitude of the gneiss planes and the direction of
the linear element are that normslly to be expected were the
gneissosity the wesult of primery flow. 4That is, the gneiss
plancs are parallel to the schistosity of the country rock,
and the linear direction is parallel to the dip. (c) The
inclusions are oriented parallel to the gneissosity, and
it is most ressonable to assume that the inclusions were
oriented thus before complete solidificstion of the tonslite.
(d) In the detailed studies of intrusives carried on by
members of the Cloos school, suci: an arrangement of minerals
as is found in the Val Verde tonalite is assumed to be primery
and apperently no evidence to the contrary has been uncovered

by them. Hayo reportst that intersecting planes of biotite,

l. Meyo, F. B., Personal Commnicetion, 1937,
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hornblende, and plagioclase may be seen commonly on a face
normal to the linear element in the intrusive rocks of the
Sierra Nevada. He gives no explanation for this, but assumes
it to be the result of magmatic flow, and he takes the acute
bisector of the two plsones as the planar direction in the
rocke (e) Joint and fault patterns might be of use in dis=-
tinguisnhing primary and secondary gneissosity, but the wriﬁer
has not been able to use the fault and joint patterns mapped
in the tunnel as evidence for any theory on the origin of the
flow structure.

The only evidence opposing this first hypothesis on the
origin of the flow structure in the tonalite is that furnished
by the petrofabric diagrams. Petrofebric data have not been
used by the Cloos school as complementary evidesfice and therefore
their theories have not been generally opposed and have been
spplied to igneous rocks of ell types without question. The
intersecting plsnes in tne rock formed by biotite flakes and
the 010 faces of plagioclase are not readlily explained as
being toe result of primary flow. A wavering of the flow lines
is to be expected, but the development of two definite planes,
or in some cases one, inclined to the plane of gneissosity
is & different case. Horeover, the optic axes of cuartz are
oriented in & similsr msnner. The cuartz grains are irregular
and are not flattened or elongated in any direction bearing
a constant relation to the optic axis. The arrangement of the

quartz, therefore, 1s undoubtedly not the result of magmatic flow.
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Furthermore, the optic axes of the quartz grains form a
girdle normsl to the linear direcction in the rock, and,
from studies of metamorphic rocks, this 1s assumed to mean
rotstion of the arains in a plane normal to the linear
direction. If the orientation of the quartz is a result
of post-magmatic deformation, then since the orientation
of the bLiotite and plagloclase is of ithe same type as, and
is correlatable with, the cuartz orientation pattern, may
not the arrasngement of all of these minersls be tie result
of ceformation following solidification of the tonalite?

(2) Two lines of evidence favor the hypotiesis that the
gneissosity was develo.ed following the solidification of
the tonalite: (a) The orientation patterns of the minersls
can Le explalined by deformation following solidification of
the rock. MNuch is yet unknown about the process of crien-
tation of minersls during metamorphism, but patterns similar
to those presented nere-in have been found in metamorphic
rocks. In the disgrams of the quartz, a girdle has developed
normal to b, and s-surfaces occur inclined to the gnelss planes
at angles varying between 30 and 70 degrees. 'This is interpreted
to mean that @uring deformation the quartz gralns rotated about
an axis and also glided along lines whiech lay in the plane of
rotation. A similer movement on the part of the plagloclase and
biotite produced the observed plaiting structure which is a
dimensional orientation of the grain fabric. (See p.57). In
most of the biotite and plagioclase diagrams a strong concentra-

tion of the poles to bassl planes and 010 faces, respectively,
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occurs at c¢3 or in other words, a large proportion of the
grains lie in the plaiting surface. It is to be expected

that during rotation such platy minerals would be aligned
parallel to the surface bisecting the shear directions

(See p.57). The elongation of the plagioclase and horn-
blende parallel to b is also compatible with this hypothesis,
for in tectonites the direction of elongation is most commonly
normal to the girdle of guartz end biotite.

The inclusions pos<ess the same type o! mineral orientation
as the tonalite (Diagrams 21 and 22) but this is not necesserily
proof that the orientation pattern wes imposed upon the rock
following solidification.

(b) In support of the theory that minerals in an igneous
rock have in some cases been oriented by post-magmatic defor-
mation, we have the results of petrofabric studies made on
other intrusive bodies. Johs (1933) examined a guartz porphyry
which possesses a linear structure paralleling that in the
mica sbhist with which it is in contact. 4 quartz girdle normsal
to the linesr direction is present in both rocks. e concluded
that deformstion had played some part in the orientation of the
minerals of the cuartz porphyry. A4 granite, which is largely
massive, was studied by Maroschek (1933). Even though no linear
uirection in the rock was observable, girdles of quartz were
found to occur, and these correlated with the joint pattern in
the rock in the same manner s in the case of ordinary tectonites.
In some of the gneisses studles by sahlstein (1935) girdles of
quartz were found to occur oriented at right angles to the gneiss

planes and to the linear direction in the rock, & case similar to



that of the Val Verde tonalite.

Two lines of evidence oppose the hypothesis that the
arrangement of the minerals in the tonalite wss produced
entirely following solidification: (&) Since the inclusions
are notably flattened parallel to the gneiss planes, the
development or the gneissosity and the orientation of the
inclusions probably occurred during the same stage in the
history of the tonalite mass. If stresses in the solid
rock were sufficient to flatten an inclusion several feet
in diametcr, evidences of cataclasis and recrystallization
should be much more evident than they are. If the inclusions
were flattened parallel to the gneiss plsnes during intrusion,
then the gneiss planes must also have been formed then, (b)
The gneies planes dip steeply near the schist contact, but
flatten out to the east. ‘his flattening of the gneiss planes
could be explsined, if they are the result of magmatic flow,
by a horizontal thrusting movement of the magma from the
east during intrusion; but the structure is difficult to ex-
plain cn the basis of post-magmatic deformation since the b
tectonic sxis is parallel to the dip.

(3) £ third hyposthesis on the origin of the gneissoid
structure in the tonalite explains the structure as having
been produced by a combination of tlow before, and deformation
following, solidification. ‘he development of the gneissosity
according to this postulate would be sas follows: During the
intrusion gneiss planes were developed to some extent psrallel
to the schistosity in the country rock, and the inclusions

were flattened parallel to this gnelssosity. TDeformetive stresses
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which may have been active in the region during the intrusion,
took ef"ect on the tonalite after it possessed sufficilent
rigidity to transmit differentiel stress. <he stresses were
of such & nature thst the rock tended to be sheared parallel
to the strike of the contsct, with resulting rotation of the
minerals; and the existing gneiss planes in the rock influenced
the attitude of the plane of rotation of the minersls to the
extent that this plane was maintained normal to the gneiss
planes. The gneiss planes were transformed into plaiting
surfaces by the rearrangement of the mineral grains. The
present linear direction in the rock, as exhibited by
plagioclase and hornblende, may be parallel to thst develop-
ed during magmatic flow, or may have been entirely produced
during deformation and so ma; not be the same as the original
flow directicne. Since the 0lO faces of the plaglioclase have
been arranged to some extent by apparently the same forces
that produced the orientation of the quartz, the s-axes may

slso have been rearrsnged.

Conclusion

On the basis of the above discussion, the writer con-
cludes that the gneissosity developed in the tonalite as a
combined result of flow before complete solidificetion,
end of pogst-megmaetic deformation. The se-surf:ces and girdles
may heave been produced before the ma;me was completely
crystallized, but 1t is difficult to understand how snear
planes could have developed 1f the rock were not essentially

golid. The actusl movement of the crystals within the mess
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and the strain producing the movement may have been small,
The linear diroction now visible within the rock may or
may not have been the originsl flow direction.

The geologic history of the district may e divided
into four stages: (1) During the Triassic “eriod arenaceous
sediments were deposited. (2) Later in the ilessczoic, after
buria%,consolidationland recrystallization of the sedimentary
series, the beds were folded along axes striking northwest.
shearing p:rallel to the beds accompatied the folding,
rotating the grains about the tec¢tonic axis. (3) Wollowing
the folding of the schist and before the lower Cretaceous,
magma was injected into the scnist and the psartially
cerystalline magme assumed a flow structure parallel to the
schistosity. wither before the rock had become cntirely
crystrlline, "r following this stage, shearing parallel to
the strike and dip of the schistosity and gneissosity
occurred. This altered the crientation of the cuartz and
biotite in t=e schist to a small extent, and effected a new
orientation for the minerals in t.e tonalite. Hovement along
the strike slip faults which occur with.in and bordering tie
rerris Block (“ee pls. 2 and 5), may have been associated with
the strikéshearing in the schist and tonalite. (4) The history
of the rerris Block during the tertiary period is incompletely
knowe. At present the block appears to be down-dropped with
regpect to the district to the north, west, and east, and

it also is epparently tilted downward toward the east,.
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PLATE 10

Diagram of poles to basal planes
of 308 biotite grains in sp. 13012
of quartz-biotite schist.

Contours 5,4,3,2,1%.

Diagram of optic axes of 183 quarts
grains in sp. of fig. 1.
Contours 5,4,3,2,1%.

Diagram of poles %o basal vlanes of
343 bio*ite grains in sp. 12011 of
quartz Piotite schist. Contours
5,4,3,2,1%.

Diagram of optic axes of 319 quartz
grains in sp. of fig. 3.
Contours 5,4,3,3,1%.

Dizngram of poles to basal planes of
173 biotite grains in sp. of fig.
3 from section normal to a.
Contours 5,4,3,3,1%.

Diagram of optic axes of 273 quartz
grains from thin section of fig. 5,
Contours 5,4,3,2,1%.
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ELATE 11,

Diagram of a-axes of 108 andesine grains
in sp. 11888 of %onalite, Contours
10,8,6,4,3%.

Diagram of poles %o 010 faces 106
andesine grains in sp. of fig, 7.
Contours 5,4,3,2,1%.

Diagram of poles %o bassl planes of
88 biotite grains in sp. of fig. 7.
Contours 4,3,2,1%, |

Diagram of optic axes of 185 quartz
grains in sp. of fig. 7. Contours
5,4,3,2,1%.

Diagram of optic axes of 284 guartz
grains in sp. of fig. 7 from section
normal to g. Contours 4,3,2,1%,

Rotation of diagram in fig. 11 90°
about g.
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PLATE 12

Diagram of a=axes of 130 andegine
grains in sp. 11870 of tonalite.
Contours 12, 10, 8,8,4,3%.

Diagram of poles to 010 faces of
130 andesine grains in sp. of
fig. 13. Contours 10,8,8,4,2%,

1a§ram of poles to bagal planes of
biotite grains in sp. of fig.
13. Contours 4,3,2,1%.

Diagram of optic axes of 183 quartz
grains in egp. of fig. 13.
Contours 4,3,2,1%.

Diagram of poles to basal planes of
181 biotite grains in sp, 12022 of
tonalite. Contours 3,2,1%.

Diagram of optic axes of 243 quartz
grains in sp. of fig, 17.
Contours 3,2,1%.
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PLATE 13.

Diagram of poles to basgal nlanss of
165 biotite grains in sp. 11982 of
tonalite, Contours 4,3,2,1%.

Diagram of optic axes of 280 quartz
grains from sp. of fig. 19.
Contours 4,3, 2 ,1%.

Diagram of poles to basal planes of
143 biotite graine in sp. F.38
of an inclusion in the tonalite.
Conteours 6,4%,3, 1%%.

Diagram of optic axes of 108 guartz
grains in sp. of fig. 21.
Contours 8,6,4,3%.

Diagram of orientaticn of s-surfaces
of biotite in the nine specimens of
tonalite examined,

Diagram of orientation of s-surfaces
of quartz in nine gpecimens of .
tonalite examined.
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