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PETROLOGY OF THE IGNEOUS COMPLEX NEAR LANG, CALIF,

Introduction:

The region to be considered in this report is in Los Angeles
County, Calif, and is included in the Lang Quadrangle surveyed in
1929 with a scale of 1 : 24,000 and a contour interval of 5 and 25
feet. The region is also shown on the San Fernande Quadrangle with
a scale of 1: 62,500 and a contour interval of 50 feet. The arsa
mapped is included between iwo canyons, Pole Canyon immediately
gouth of Lang, and Little Bear Canyon about a mile and three quarters
east of Lang,

The area may be reached on the Sierra Highway by turning east
into Soledad Canyon just before the Sierra Highway enters !int Canyon,
a distance of about thirtyeeight miles from Los Angeles. Lang is
about five miles east of the junction of Mint Canyon with Seledad
Canyon. The area may be reached by the Southern Pacific Lines which
has a siding at Lange

The problem was undertaken in partial fulfillment of tihe
requirements for the degree of Master of Science at the Calif.
Institute of Technology. The work has been done under tha‘direction
and guidance of Dr. Ian Campbell, Associate Professor of Petrology
at the Calif., Institute.

Topography: |
The San Gabriel Mountains, a small portion of the northewestern

part of which this report covers, are a deeply dissected, rugged



fault-block range. Soledad Canyon, Little Bear Canyon, and Pole Canyon
are cut some eight-hundred feet below their rims and in their steeper
portions are bounded by nearly vertical walls,

Rxposures:

By far the bulk of the field work in this area has heen restricted
t0o deep recenily cut canyons, because it is only where the freshest
rocks have been exposed that accurate interpretations can be drawn.
Along Soledad Canyon the rocks are badly altered and sheared, In the
upper parts of Litile Bear and Pole Canyons, the rocks are likewise
badly altered and often poorly exposed. The beet exposures, then, are
found near the mouths and central portions of Pole and Little Bear

Canyons,

Previous Work:
Hershey (1) in 1902 published the first paper of importance on the

erystalline rocka of the region.

Arnold and Stromg (2) in 1905 contributed some petrographic
descriptions of rock specimens collected along the trails north of
Pasadena.

Kew (3) in 1924 published a paper on a large region but mapped
the c¢rystallines as simply "basement complex".

Nobel (4) 1927 and Hill (5) 1930 made additions to the knowledge
of restricted areas.

Miller (6) was the first to make a complete study of the western
San Gabriel Mountains. His "Geology of the Western San Gabriel iits.
of Calif." is a rather complete work on a large and complex area, but
it necessarily omits many details and leaves a number of probleme

unsolved..
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General Geologic Conditions:

The San Gabriel Mountains are a large fault block mass of
pre=Cretaceous (possibly pre-Cambrian) metamorphic and igneous rocks.
Around this are variably occuring Tertiary and Quaternary gravels. The
mountain mass is believed to have been uplifted to its present height
in Quaternary time. There are three great bounding faults: the Sierra
Madre on the south, the San Andreas on the north-east and the Soledad~
Lang fault on the north-west.

The metamorphic rocks consist of the metamorphosed Placerita
sediments and the injected and mixed rocks which have been callsad
the San Gabriel Formation, The latter is made up mostly of Placerita
injected with Rubio Diorite and Echo Granite. The relation of these

rocks to the Anorthosite and its related Mafic Phase is not too clear,

Following the above, probably in Jurassic time, came the Wilson diorite,

Parker diorite, Lowe granodiorite followdd by aplite and pegmatite.
In Tertiary time the region was intruded By lamprophyre dikes and in
some places lavas were extruded. Around the generally rising mass,
Miocene strata were laid down followed by Pliocene strata. The subse-
quent history has been one of dissection of the rising mass.

The relations of the Anorthosite to the Mafic Phase of the
Anorthosite and the origin of some of the textures found in these
rocks is the chief interest of the present report.

Approaching the area from the west along Soledad Canymn, one

can see to the south-east, beyond the terrestrial uint Canyon Formation
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Fige 1 Lang fault scarp, in distsnce, as seen when
approaching the arss from the west. Mint Canyoen
Fermetisn in the foreground.

Fige 2 Pure Anorthesite in upper Beer Cenyon
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through which one drives, the great fault scarp of the Lang fault. See
Fig. 1. Soledad Canyon leads to the north of this very straight
south-westward trending feature. Parallel and lying immediately to
the north of Soledad Cenyon is the east-west Soledad Canyon fault.

To the south and east of these two intersecting faults is the San
Gabriel Igneous mass. The siding, Lang, is just west of the inter-
section of these two faults. This north-westem corner of the San
Gabriel ¥t. mass included between the two faults is an anorthosite
complex consisting of two major portions: a dioritic phase which will
in the remainder of this paper be called the Mafic Phase of the
Anorthosite and a pure anorthosite. Figs 2 shows a view of the pure
anorthosite in upper Bear Canyon. Fige 3 shows & view of the Mafic

Phase in central Pole Canyon.

' Fige 3 View of Mafic Phase of Anorthosite in Pole Canyon
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The rocks of the western fault scarp first seen upon approaching the
.area are the Mafic Phase types. About one and one half miles east of
Lang, one comes upon & great mass of pure anorthosite which extends
some ten miles to the east. The lower portion of (Little) Bear Canyon
is the approximate locus of the contact between the two rock types.
The contact trends to the south-east for about two miles, turns for
a time to the west where it crosses the upper portion of Pole Canyon
( the first major canyon to the west of Bear Canyon ) and then turna
to the east. In addition to this major contact there is a repetition
of the contact by the Goat fault displacement of a small triangular
block in the north-west corner of the mass. See Map.

CRYSTALLINE ROCKS:

The crystalline rocks of this area are almost entirely relasd
to the anorthosite complex. The two phases which make up the
anorthosite complex will be considered separately and this will
be followed by a comsideration of the dike rocks which make up the
remainder of the crystalline rocks.

Anorthosite:

The pure anorthosite occurs in two places. The first, occuring
in the north-west corner of the igneous complex, makes up a portion
of the triangular block formed by the Lang, Goat, and Soledad faults.
It is well exposed in Soledad Canyon. To the north of the Canyon it
is partly bufiod by recent alluvium. To the south it extends for
a short distance and then stops at the contact with the Mafic Phase

immediately to the north-east of Pole Canyon.



The second occurrsnce is east of the first. Bear Canyon forms
the approzximate western boundary of this larger anorthosite nass.
The mouth of the canyen is in the HMafic Phase, but a short disiance
up the canyon ithe contact cresses i1 and the canyen remains in the
pure anorthesite for ithe remainder of the distance with the coniast
moving well up on the west wall of the canyen. The pure aunsrihosiie

for & distance of some nine or ten miles teward the sast.
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In hand specimens most of the anorthosite hss & fine motilad
sppesrance which suggsests by the size of the spois that the grain
slze averages about one quarter of an inch. Fig. 4 shows a typical
mattlsed ancrithosite boulder. In many casss 1t can be ssen that
the twinning stristions on a single grain sxtend considersbly beyond
the limits of & single spot,and therefors i1 cmn be sald that the
average gzrain size of the anorthosiie varles from ome half inch d9

one inchs

Fig, 4 Moittled sppearance of typical anorthosite



Fig. 5 Photomicrograph showing granulation of feldspar
in aporthesite giving it & white eolar in
hand specimen.

—%ﬁsé

Fig., 6 Photomicrograph of ungranulated feldspar
in anorthosiis which in hand specimen
retaine & pale blus-gray colorw
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Fig. 5 is a photonierosgraph sf a thin section of fractured and

e

futhe

granulsted snorthosite which,2s & result of this granulatioen,
whits in hand specimen. Fige & is a photomicrograph of a thin
gaction of fresh, blus-gray anorthesite which shows an absence of
fractures end granuleiisn. Fig. Tshows an subtersp in upper Bear
Canyon which demonstrates on a large scele the effsct of fracturing
and alteration on the color of a roci. The rhombohedral frasturs

pattern in this reck shows how & minute frechture resulis in an

alteration of as zuch a8 an inch on sach side of the fraciurs.

Figs T Bffect of fracturing and altsration on the color
of anerthosite as shown on & large scale in Bear Canyou.

The effect of slteration may be sesn on a still larger scale in
Soledad Canyon along the new road where the rock is & uniformly dull

white. Usually the freshest and consequently darkest feldspars are

e



to be found in stream boulders which, because of their freshness,
have survived transportation. These are usually a pale blue-gray
colore. In the deepest parts of the canyon fresh feldspars may be
seen in place.

The mottled appearance of the anorthosite appears to be the
result of fracturing, granulation, and alteration which, singly or
combined, produce white borders around fresher blue-gray areas.

In addition to the one-half to one inch size of feldspar grains,
one may find feldspar crystals up to four inches long. These are
mostly found in siream boulders and are rather uncommon.

In order to make a systematic study of the anorthosite, nine
specimens of fairly pure anorthosite were taken along Bear Canyon
from areas where there was a relafively high percentage of Mafic

rocks to where the only Mafic rocks occurred as dikes. These wsre

10.

thin sectioned and studied under the microscope. Because of the frequent

oxtopsive alteration and the consequent small number of feldspar
grains which would lend themselves to a determination of the compo-
sition by the common statistical method of Michel-Levy, it was found
necessary to use the Federov Universal Stage. In this study there was
found no relation between proximity to the contact with the more
mafic phases of the anorthosite complex and the composition of the
feldspar. In the group all degrees of alteration were observed, but
almost all of the alteration was restricted to the larger grains
leaving the fragmental finer grains, which are found abundantly

surrounding the larger grains, in a fresh condition. Akl of these



sections show considerable granulation. Fig. § is typical. A number
of sections show bent itwinning as illustrated in Fig, 8, and all

exhibit nearly as much pericline twinning as albite.

Fig. 8 Bent twinning lamellae in feldspar of anerthosite

#ith the Federov Stage the composition of the feldspar was found to
vary {ren Aaga% o éﬁ%ag This gives for the feldspar compositien,
Andesine varying toward QOligoclasze. ?iagi@giaag makes up mors than
ninety percent of the rock. The most important mccessories arse spidots,
apatits, hsﬁ&isaﬁgg and sphene. Orthoclass and frequently large amountis
of muscovite occur but are probably related to later intrusive activity.
Kaelin, gefigitag and ehlerite are the chief alteratisn minerals.
Perhaps squally as interesiing as the composiiion of the anerih-

o8ites are the textures which may be seen in thin sections of these
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rocks. The most outstanding feature of the larger feldspar grahs
is the presence of two twinning systems. These are found intersee¢ting
and interpenetrating each other at various angles, but chiefly at
right angles. Often pericline twinning lamellae are found in onse
albite twin but not in the adjacent albite twin. The twinning lamellae
are usually narrow and often appear to be single lines both according
to the albite and pericline laws. Rarely do twinning lamellae of either
system cross the entire grain; either they stop where they intersect
another twinning system or else they fade out into untwinned feldspar,
The finer material surrounding the large grains also contains abundant
pericline twinning which often occurs as broad clear twinning lamellae
more typical of the albite law. It also shows a very interesting
structure resembling secondary growth as is commonly seen in quartzites,
with the boundary beiween the original grain and the new material
marked marked by a narrow band or line resembling the banding of a
zoned crystal. This is probably due to reversal in the zoning which
makes the center and the outer edge of the grain have the same optical
orientation while the band in between has an optical erientation
which indicates that it has a higher percentage of albite molecules.
The problem of the origin of the twinning characteristics of
these rocks offersan oportunity for some interesting speculation.
The formation of twinning in feldspar must be the result of two of
three conditions. 1. Theres must be a crystal lattice which will

readily respond to conditions inducing twinning. 2. There must be



changes in conditions during formation of the crystal, or 3, there
must be changes in conditions following the formation of the crystal.
It is generally accepted that andesine is capable of‘twinning.
In the rocks studied, it is known that some of the best iwinning
is found in the recrystalized, fine grained material which has
essentially the same composition as the coarse grained materisal.
This shows that the first requirement is satisfied.
It remains to be determined why much of the coarse grained
material shows no twinning, and where twinning does occur, albite
and pericline are almost equally abundant. The absence of twinning in
much of the feldspar leads to the following. Although it cannot be
definitely stated what the conditions are that induce twinning, it
is fairly logical to assume that, since twinning itself represents
a crystalline change of conditions, i{ must normally be the result
of changing conditions in the magmatic or rock mass. The absence of
twinning in the present case may mean that these changes required
for the formation of twinning during the formation of the crystal
hava not occurred. In other words, untwinned andesine might be formed

if it were allowdd to grow sufficiently slowly 3%? sufficiently free

13.

of disturbances There remains the other possible reason why the feldspar

is not twinned. This is that the twinning which may have formed, may
have been destroyed by later agents. It may be said in general that
the chemical state of a thing becomes increasingly simple as the

entropy becomes increasingly great. Conversely, the physical state

becomes increasingly complex as the entropy becomes increasingly great.
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Since twinning is a condition of the physical state, & loss of it
would violate the above general statement. Also, the presence of

good twinning in the granulated and recrystalized material restricts
the period of early twinning destruction to a time antedating the
recrystalization of granulated material. This eliminates the most
expectable forces that might destroy twinning, since they wers accon-
panied by the formation of twinning. Consequently for lack of other
evidence, it will be concluded that the untwinned andesine has never
been twinned, and that this condition is due to the uniform conditions
under which it formed.

We have a feldspar of the proper composition for twimning, but
conditions have been so uniform that in many areas no twinning has
occurred, If now we assume that a certain amount of twinning can be
induced by strain, as has been postulated in the case of microcline,
it may be that the twinning which is observed is ithe result of
changing conditions following the formation of the crystal, as stated
above in the third requirement for the formation of twinning. Although
little can be proved in this direction, the evidence available certainly
is suggestive of this view. Whenever bent twinning lamellae are found,
the twinning is highly developed; see Fig. 8. Granulation and bent
twinning show that the required forces were present to produce the
necessary strain. The twinning which is found is typically discontinuous,
rather than like the long ciear cut andesine twins of a normally

formed andesine crystal. Finally, there is the abundance of pericline
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twinning which is not common in ordinary dioritic rocks. This implies
that some special process has been active here that does not occur
in ordinary igneous rocks. The twe proposed special conditions are
very uniform conditions during formation and considerable dynamic
activity following the formation of the rock. Since the first could
not be expected to form twinning, the second will be considered to

be the cause of abundant pericline twinning.

In conclusion then, the feldspar, although capable of twinning,
was formed under such uniform conditions that twinning has been, at
least, reduced in amount, and that following the solidification of
the mass, a certain amount of discontinuous twinning has been induced
by mechanical strain. This latter effect may be the cause of the high
percentage of pericline twinning.

Mafic Phase of the Anorthosite:

In meking a study of the Mafic Phase of the anorthosite, &
procedure was used similar to that used in the study of the pure
anorthosite. Pole Canyon lies well within the Mafic Phase of the
Anorthosite, and from this canyon a series of samples was taken to
supplement the rocks showing interesting textural relations which
were taken from scattered localities throughout the area. These have
been thin-sectioned and studied under the petirographic microscope.
The Mafic Phase of the Anorthosite includes a great variety of rocks
between which all gradations may be observed.

There are a few features, however, that are constantly found.
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iineralogically the rocks are diorites. The feldspar, so far as can
be told, has the same composition, and usually the same appearance in
hand specimen and under the microstope, as the feldspar in the pure
anorthosite. The ferromegnesian minerals are almost exclusively
actinolite and hornblende, and they usually meke up fifty percent of
the rock. Hegnetite is usually preminent and apatite is occasionally
80. In addition to these constant mineralogical characters, there
are two textural relations found in a great percentage of the rocks.
The first is the relation of the three most common minerals as shown
in the frontispiece. This hand specimem shows & narrow reaction rim
of hornblende between the feldspar and the actinolite. The second.
is the relation of the hornblende reaction rim to the feldspar, quartz
and magnetite, as shown in Fig. 41,

The following classification will be used to separats the types
and thereby limit the number of specific descriptions:

Banded Hybrids

Plain Hybrids

Spotted Diorites

Amphibolites
These will be described in the order given and then their variations
will be included.

Bandedggybtids: Fige 10 shows an outcrop in upper Bear Canyon showing

typical banding in the Hybrids. Fig. 11 and fig. 12 show close-up views
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of this same outcrop. Fige. 13 shows a banded hybrid outcrop from
lower Bear Canyon. In all of these pictures the variability of the
ratio of ferromagnesian minerels to feldspar is obvious, end on the
basis of this variability and the strong and variable banding, the
rocks are thought to have been produced by mixing of the pure anorthe
osite with the Mafic Phase of the Anorthosite by primary movement
during emplacement of the mass. The literature on the origin of
primary banding has been reviewed by Robert R. Coats (7). Rhy thmi cal
accumulations of crystals, 1lit par 1it injection, and movement of

a partially solidified magma are the chief methods by which primary
banding has been explained. Since the banding here found could not
have been produced by either of the first two methods, them remains
only movement of a partially solidified magma as a possible origin
of these structures.

Included also within this group are the rock types shown in
fige 14. This picture shows masses resembling inclusions which have
been more or less mixed with the enclosing rock and which have been
elongated by movement within the mass, Masses of this type are
thought to be either intruded masses into the Anorthosite which have
been distorted by later movement or else local segregations of
dark minerals in the Anorthosite.

Figs 13 may be taken to be most typical of the Banded Hybrids.
In the hand specimen, the rock is mottled with elongated patches

of ferromagnesian minerals in a matrix of feldspar. The relative



?iggzé Q&@ﬁ%é gv%rié% included in the anorthosits in

quantities of minerals are so variable that & percentage tabulation

@»M

is useless. The feldspar is blue-gray to white and the ferromagnesian
mingrals may be seen to be gray-green and black. Hers, as is gensrally
the cuse, & constant relation beitween the feldspar and two ferromage
nesian minerals mey be seen with the darker ferromagnesian minersl
separating the lighter from the feldspar.

Under the microscops the feldspar is found to be andesine with
& compesition aversging Any. The darker ferromagnesian mineral is
& highly pleochroic hornblende. X::yellew, Y::green, Z::blue. It has

a maximum extinction angle 2 to C 187, 2v :: 60° aprox. Biref.::0.016
{=) The lighter ferromagnesisn mineral is colorless to variable pale
green but is not pleochroic. It has the same extinction angle bui

seems to have a higher 2V, epproaching 80% 1% has a high birefringencs

b

of 0,028, () This lighter mineral is probably actinelits. Considerable
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amounts &7 brown bistite ccour. It shows no pleochrois haloss.
Hegnstite occurs in appreciable quantities, &aé apatite is freguenily
founds

The chief varistion in this rock type is in the amount of
biotite. Accompanying an increase in the amount of biotite thers is
& corresponding decreass of actinolite and hormblends. Frequently
biotite takes the place of all of the actinolite and possibly some
hornblende. Apparently the Limiting case in the direction of bistite
inerease ie when the rock contains enly feldspar, biotite, and

magnetits.

Fig. 15 Transitional ityrpe
between banded hybrids snd
plain hybrids. The derk
band through the center of
tle rock containing the
smell feldspar inclusien
is typicsl of the plain
hybrids in that they eppear
t6 beve been formed by
introduction of basic
material rather then by
movement in & semi-golid
rock masg, a8 is the case
ir the banded hybrids.
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yorid in upper Bear (Canven

Figs 17 Plain Hybrid in Upper Besr Cenyon. Note dark
hernblende reaction rim between actinolite (gray) end

feldsper (whiie). Note fractures in feldspar filled
with horsnblends.
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Figs 18 Remction rims in the plain hybrids, Bear Canyon

Fige 19 Hand specimen % naturel size which appears to
have developed in part &8 & plain hybrid end in pari zs

a banded hybrid. That is, pertly by introduction of basic
material snd partly by movement.

23.
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Plain Hybride: The second group of mafic rocks related to the anorth-
osite is called the plain hybrids. These rocks sre gradationel into
the banded hybrids but do not seem to have had their origin so
closely related t¢o primary flow mov;ment as the typicel primary
gneisses. Their formation seems t¢ have resulted from introduction

of material along fracture zones as is suggested by fig. 15 which

ie intermediate between the banded and plain hybrids. Figs. 16,17,
and 18, teken in mid-Bear Canyon, give an excellent idea of the

more typical appeerance of these rocks in the fielde It is fairly
clear that movement has not been the dominant factor in the formation
of the textures shown. Fig. 19 shows a hand specimen of a rock whose
structure is thought te¢ be due both to introduction of basic material
and also to movement.

The minerelogy of the plain hybridgis the same as the bended
hybrids with the exception that there is more actinolite and practically
no biotites. The frontispiece is an excellent example of this group
of rocks. All of the specimens of this group show the typical hornblende
reaction rim around the feldspars. This same relation may be seen on
a large scale near the end of the mine road between Bsar and Pole
Cenyons. Fige 20 shows an outerop along this road. The reaction border
is not too clearly shown in the picture éue tc the altered condition
of the rocks, but it was found to be about one-half inch wide, while

the tongues of actinolite are of comparably larger size.



Fige 20 Reactien rim of hornblende shown on & large scale
slong the mins read between Bear snd Fols Canyons. '

Fige. 21 Fifty foot suterop of Spotted Diorits in Pole L.

25.
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Spotied Dierites: The third group, which is cslled the spotted

diorites, meke up most eof the great mess of Hafic rocks west of the
enertheosite~-Mefiec Phase contact. Fig. 21 shews an outcrop of these
rocks in Pele Canyon. Fige 22 ehows & more itypical cutcrep of the
spotted diorites. This picture wes teken south of the mep in Pols
Ceanyon. These rocks do not seem te have develeoped their banding seo
much by mixing of twe rock itypes as by movement of & rock which had
a nearly uniform mineralogical composition, thereby producing a
certain amount of segregeiion. In other words, these rocks do¢ not

vary greatly along their strike, while the banded hybrids vary slmost

Fige 22 Typicel spotted diorite in Pole Canyon (off mep)

Note the intersection of two directions of banding.
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s much in this direciion as they do acroes their sirike. The spotted
diorite is fairly uniform to the west of Pole Canyon as fer as the
Lang fault ecerp and ae far south as the head of Freel's Canyon

( one and one-third miles south of Lang).

The name spotted diorite has been given to these rocks becsuse, in
the first place, they are of the composition of dicrite, having
practically the seme composition s the banded hybrids. The feldsper
is andesine. The ferromaegnesisn minerals sre hormblende, actinolite,
and piotite, in smeller amounis than in the bended hybrids. Magnetite
is cemmonly found. Secondly they are celled "spotied” because of &

peculisr texture which many of the rocks have developed. Fig's. 23 end

Fige 23 Photomicrogreph of spetted dierite, plain light
showing spot development.
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24 ere photomicrogrephs which exhibit the tendency for star-like
growthe of hernblende crystals te¢ develop from a centér, producing

a texture, which when seen in hand specimens, is made up of circular
or ovael spots and often rings of hornblende with a center medeup of

& fine grained mixture of quartz end hornblende. This rock is the most
constent texturally of the four types, but there is comsidersble
veriation in the ratio of derk minerele t¢ light as may be seer in

the accompanying figures. Fige 25 sghows one of the more feldspathic

varieties.

Fig. 24 Photomicrograph showing ster like growth of horn-
blende in feldespar corndaining numerous inclusions.
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Fige 25 (ne of the more feldspathic spotted diorites in
Pole Cenyen, south of the map.

Amphibolites: The fourth and last group of recks of importance
making up the Mafic Phase of the asporthosite might equally well be
considered to be later dike rocks, which in some cases they certeinly
ere, but because of their direct rslation to the anorthosite mass

end their abundance in the Mafic Phase of the Anerthesite, they have
been grouped with these rocks. This rock is an smphibolite. It is
composed chiefly of actinoclite with smeller amounis of hornblende,
with relatively sbundant apetite, and verisble amounts of megnetite.
It contains alsc veriable emounts of feldspsr. In many cases ithe
apatite is so abundant and in such large crystels that it might be
misteken for feldspars See fig. 26. In other cases the apatite occurs
in swerms of small crystele about a millimeter in diameter. Fig. 27
shows an exemple of the rock whern it conteains considerable amounts

of feldspar. The feldspar in the illustration occurs in elongate forus.

the remsining light material is apatite. The amphibolite cccurs in



Fige 26 Amphibelite; light material is apatite, dark
meterial is mostly actinolite with some hormblends.
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dike-like structures parallel to the general banding of the rocks in
the Mefic Phase ¢f the Anerthosite and else as rether irregular
messes ef generally lenticular form. Fige 28,2 picture teken in the
bottonm of & stream channel, shows the eontmct surfeace between
anorthosite and a lenticular shaped amphibelite mass. The sefter
amphibolite has been largely removed by stream ection and now exists
only where it has been protected by the harder anorthosite. Whersever
the amphibolite comes in close contact with the anorthosite, as may
be seen in this case, ithe typicel hornblende reaction rim is formed.
The small white grains included in the actinolite and hornblende are

apatite.

Fig. 28 Contact surface between anorthosite and amphibelite
mess showing hornblende reesction rims

31.
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Probably related tec these amphibolites are the magnetite deposits
found in the region, one of which is loceted at the south end of the
uine road between Bear and Pole Canyons. The transitional rocks are
made up entirely of actinclite and magnetite. The magneitite deposits
seem to be simply places where the actinolite occurs in minor gquantities.
The large messes of megneiite are not made up of accumulations of small
crystals but are.cemposed of crystals as large as two inches in diameter.
Lerge apatite crystals frequently occur within the masses of almost
solid magnetite, and rutile is frequently encountered. These magnetite
deposits may be the result of the introduction of sufficiently large
quantiticl.of amphibolite so that differentiation could teke place
within the intruded mess by settling of the magnetite crystals and
thereby form the present sccumulations. A polished section was made
of a piece of magnetite, and it was found to contain small amounts
of ilmenite. Stream boulders of almost pure magnetite may be found in

Pole Canyon as large as eighteen inches in diameter.

PETROGENESIS OF THE ANORTHOSITE COMPLEX:
The Anorthesite Problem:

The problem of the anorthosites is one which requires en
explanation of the origin of s monomineralic plagieclese feldsper
rock-mess. One musf believe either that the magme from which such
& rock was formed has slways existed with its roquir;d composition,
or else it has differentiated from a parent magma of basaltic or |

similar composithon. The associetion of expectable differentiates
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with the anorthesite and the general acceptance ¢f a parent magma
makes differentiation an almest umiversally accepted origin fer
these rocks. The nature of the precess of differentiation, héwever,
is the chief subject of discussion.

N.L.Bowen (8) is the originator and chief supporter ef the
theory eof gravitatienal crystal settling. He bases his choice of this
origin on the followinglovidcnco. It has long been known that the
temperatures of crystelization of megmas are much lewer than the
melting points of the individual minerals. This is due to the effect
of mutual solution. Now if the melting peint of an smeribosite rock
is considered, it is found that a temperature as great as 1450° for
Ab, An, would be required, while Lodochuikow (9) states that Jaggar's
precision measuremsnss of the temperature of the Hawaiian Islend
lavas gives a value of eonly 150% 850°% Previous messurements have
given 1260% 1230° and 1200°-1300°. Very few messurements have been
recorded higher than 1260° while most are near 800°- 900°% These
measurements recorded from normally high temperature magmas suggest
that magmss as high as 1400° are not to be expected. Observations on
contact offects, even on easily affected rocks, show that the mass
has not been raised nearly to the temperature required for an
anorthosite magma.

Bowen offered the following explanation fgm the origin ef the
‘enorthesites which he bases on the evidence of physicel chemistry.

" A consideration of the methed wheredby ascumulation of plagieclase
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crystals might $ake place leads te the conclusien that the mest
promising is the sepsration by gravity eof the femic constituents

from gebbroic magma, while the plagioclase crystals which are basic
byto'nifo, remain practically suspended. Then at a later dierite
syenite composition the plagioclese crystels which are now labradorite
accumulate by sinking and give mesees of snorthosiie at the same time
leaving the liquid out of which they settle of a syenitic or granitic
composition.” (8) p. 242

The results of this manner of erigin are that the anorthesite
must conteain a‘m{ninun of 15 or 20% bisilicate, quartz oF orthoclase
before itcmp intrude other rocks as small dikes. Secondly, anorthosite
should not occur as an effusive rock. Its absence, however, as such,
does not serve as very good evidence, since it is believed to form
at greet depth and would not, therefere, be apt to reach the surface
in a fluid state. Angthosite might be expected ito show considerable
cataclastic texture due to post formational movements. These features
are fairly well exhibited in the field although a few exceptions have
been stressed by eppenents of the theory.

Bowen's chief sdversaries are Harker, Iddings, Pirsson, paly. and
Lodochnikow. It has been suggested that the anorthosite magme might
be kept liquid by the presence of mineralisers, but the minerals
which dovoiop frem such materials are not feund in anorthesites.
L@doghnskov points out that many of the New Englarnd pegmatites do -

not shew the presence of mimeralizers either, so he cencludes that
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their presence is not alwery associated with typical minerals.

J+.P.Iddings objects to the theory on the basis that the magme
would be too visecous for crystals to settle, alse due to super
cooling (however such a phenemenon is possible under these circum-
stances) the interval between erystalization of the different minerals
is too short for separation by settling to take place. One might
say in answer to these oh;octions that neither the viscosity not
the time available for settling is known and consequently these
factors cannot be used as evidence against the theory. In regard
to the possibility of super coeled silicate solutions, it seems
rather questionable whether such things are possible when silicates
are in suspension in the magma. Also Lodochnikow's postulation that
the rising of bubbles of mineralizer gases would produce convection
currents sufficient to prevent crystal settling would make the
existence of super cooled liquid difficult te accept.

keV.Pirsson states that convection would more then make up for
any settling of crystals ané theredy prevent differentiation.
It appears that Pirssen and Iddings, in objecting to Bowen, Mave
attempted to prove that differentiastion is ar impeossibility, as
ovidenced by their statements, that in many places several thousand
feet of rock show-evidence that ne differentiation has teken place,
and implying that, if it did not occur in these cases, it weuld not
oceur at any other time, place or circusstance. Since these ebjections

Spply egually well te any theory of liquid differentiatien, and therefore
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to 8ll types of differentiation, the evidence set up is an attempt

to prove the impossibility of differentiation by any process. Thers
is, however, abundant and excellent field evidence that such a process
does occur.

Although there are published many objections tc Bowen's theory
it is surprising how many of them when subjected to unbiased analysis
appear trivial, and also how many of the objections conflict with
one another. The attack upon Bowen's theory unfortunately has not
carried with it any expression of a mechanism by which liquid
differentiation could teke place. If such & process is to take place
by diffusion, it is much moredifficult to accept than is crystal
settling. If it is to teke place by local diffusion and setiling of
small droplets, this is more nearly possible than by simple diffusion,
but is still less expectable than by crystel settling. It appears
then that thie choice is given, whether to accept no theory on the
origin of the anorthosite or else accept Bowen's theory. The latter
is preferred until a better one is offered.

The Anorthosite Complex:

Because of the limited area which could be covered in detail
during this study, a complete and satisfactory explenation of the
origin of the Anorthosite ie more than could be hoped for. It was
found, however, that considerable information on the origin of thesse
particular rocks could be found by a detailed stucy of the contact
between the Anorthesite and the Mafic Phase of the Anorthosite. It

was also felt that a knowledge of the pertogenesis of the Mafic Phase
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of the Anorthosite might indirectly give some idea of the origin
of the pure Anorthosite.

The esteblishment of the genetic relation betweer the Wafic
Phase of the Anorthosite and the pure Anorthosite is based on field
evidence, mineralogicel evidence, and on the evidence of Physiceal
chemistry. The field evidence consists of the asscciation and
comparable age relations shown in the field. The best mineralogicel
evidence is found in the nature of the feldspar. So far as can be
determined, the feldspar of both rocks has the same composition.

Both show an abundance of pericline twinning. Both show the same
discontiruous twinning lsmellee, and both show the same clouds of
inclusions. Abmost all theories dealing with the origin of anorthosite
rock essume a parent magme which has differentiated into anorthosite
and various more acldic and more basic associated rocks, so that when
an anorthosite is found, the other associated rocks are immediately
sought. On the basies of these facts, it is concluded that they are two
related parts of a much greater unit which might be celled the
anorthosite complex. Let us first see what can be learned from the
nature of the Anorthosite - Mafic Phase conteact.

Anorthosite - Mafic Phase Contact:

The gradational nature of the contact necessitates that the
contact is'the result of one of three processes. It is of replacement
origin,or it is due to large scale differentiation, or it is due to

intrusion.
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Origin by Replacement: If the contact is of replacement origin,
either the Anorthosite is the replacement product of the Mafic Phase,
or the Mafic Phase is a replacement product of the Anorthesite. If
the Anorthosite formed by the replacement of the Mafic Phase, it
would be difficult to explain why the amphibolites also were not
repleced, since they were probably intruded intc the Anorthosite

at the time when the Mafic Phase - Anorthosite contact was being
formed, and the amphibolites contain the same minerals as the Mafic
Phase rocks. The regularity of the contact, which would consist of
interfingering tongues of the two rock types if it were due to
replacement, also eliminates such an origin. That the Hafic¢ Phase

is = replacement product of the Anorthosite, however, may on a small
scale be demonstrated by the development of reaction rims. (See
Petrogenic Problems Relating tc¢ Reaction Rims). If such & process as
this hag taken place over a considerable distance, however, it is
expectable that the replacing solutions would, as in the preceding
case, follew channels and thereby meke an interfingering contact
such as is typicael of large scale replacement. No such structures

as this have been found. The general mineralogical unifermity of the
Mafic Phase of the Anorthosite elso points to the improbability of

@ replacement origin over any considerable distance.

Origin by Immiscible Liquid Differentiation: The probability that

the contact is due to this type of differentiation may also be

eliminated. If one assumes the poseibility of differentistion by



imnigeible liquids, in which two liquids were formed, one with the
composition of andesine, end one with the composition of a dierite,
one is confronted with the vigoroue objections of N.L.Bcwen which
cannot be disregarded. Whatever the nature of the evidence which
supposedly disproves Bowen's theory on the origin of the anorthosite
in other parts of the world, no such evidence has been found by the
author in the San Gabriel Mountains. The evidence which W.J.Miller
cites in the way of disproving the Bowen theory has been examined
in the aresa under study, and in each cese, it was found to be based
on misinterpretation or on evidence which is admittedly indecisive.
Miller figures two illustrations of portions of the area studied
which he claims are evidence that the pure Anorthosite intruded the
Mafic Phase of the Anorthosite. Fige 29 , taken on the south side of
Soledad Canyon about & mile east of Lang, shows what Miller caile

en intrusive contact, but which the author prefere to call the Goat
fault on the basie of the topographic expression, straighiness of
the feature, the exposure of the fault at the west portel of the
tunnel for the new road and the east portal of the nearestrailroad
tunnel in Soleded Canyon (See fige. 30), and the dissimilarity to the
typical gradational contacte in the area. A short diatapce to the
west the fault intersects the typical contect zone and this apparent
connection might mislead one to the conclusien that the contact

shown above is intrusive. On the right side of the picture (fig. 29)



405

Fige 29 Goat feult in Soiédad Cenyon Fig. 30 éoat faulf hear’east portal of
On right, amphibolite dike in ths railroad tunnetr in Soledad Canyon,
Anorthosite north-east of fig. 29
may be seen a long mese of dark rock which ¥iller steted wes en
inclusien of the basic rock in the intruding Anorthosite. In the
first cese the proximity of the"inclusion™ to the contect has no
significence since it is & fault contact. In the second case, the
material meking up the inclusioen is whai has been classified above
&z amphibelite, which is known 10 be & dike rock that hes intruded
the Anorthesite in e number of places in Bear Canyon as the last
stage of the Ancrthosite sequence of emplacements. Since the

emphibolite cannot be sald to be later than the Anerthesite in

evary'case, it is 8till poseible that the amphibolite ®inclusion”
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was intruded into the Mafic Phase of the Anorthosite and et a later
period broke out of it and was included in the pure Anorthosite
during the latter's supposed intrusion. This, however, is an unlikely
possibility, and the field evidence cannot therefore be taken as
definite proof that the pure Anorthosite intruded the Mafic Phase
of the Anorthosite, end that the mass is an inclusion rather then a
dike.

The second illustration which Miller shows is at the mouth of
Pole Canyon. Here he has failed to appreciate the age relation of
the lamprophyre dikes to the pure Anorthosite,or else he has failed
to distinguish the lamprophyre dike from the Mafic Phaee of the
Anorthosite. He finds here am inclusion of an elongate piece of
anorthosite which has broken partly away from the enclosing anorthosite
wall of a lamprophyre dike and is now found projecting inte the
lamprophyre dike. This, Miller interpreted to bs a tongue of
snorthosite intruding the Mafic Phase of the Anorthosite, whereas
it is actually a dike of lamprophyre intruding mixed Mafic Phase
and pure Anorthosite and including a plece of wall rock within it.

The last line of evidence which Miller gives to prove that the
pure Anorthosite intruded the iafic Phase of the Anorthosite, and
which can be studied in the area covered by this report, is the
presence of "inclueions of Metadiorite" in the Anorthosite. Fig. 31
shows an outcrop along the new road in Soledad Canyon about & mile

east of Lang. Due to the extreme alteration of the rocks in most of
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Soledad Canyon, it is difficult to make a mineralogical correlation
between these rocks and the fresh rocks found in the deeper portions
of Bear Canyon, but as far as can be told, the white rock is chiefly
anorthosite ( there is some pegmetite and aplite ) and the dark rock
is relatively recent {probably Tertiary) lamprophyre, which has intruded
the anorthosite along numerous fractures in the Soledad fault zone.
Within the canyén at a number of places, these basic rocks are seen
t0 intersect and cross one another and follow fracture patterns as
is typical of dikes. This together with the absence of similar
structures, other than typical lamprophyre dikes, close to the
contact in the deeply dissected portions of Bear Canyon, makes one
feel that these structures are not inclusions but dikes. During a
recent discussion given by Dr.Mdiller at a Geology Club meeting of
the Calif. Inst. af Tech. on the subject of the anorthosites, he
frankly admitted thet he was not sure whether the structures in
question were dikes or inclusions.

To conclude the discussion of W.J.Miller's findings of evidence
that the Anorthosite intruded the Mafic Phase of the Anorthosite as
an immiscible segregated liquid as opposed to Bowen's view that the
anorthosite never existed in a liquid state, there appears to be no
evidence in this érea that Miller was correct and that Bowen was
incorrect. Since there is a great deal of positive evidence, based on
physical chemistry, and negative siructural evidence that the

Anorthosite could not have occurred as a liquid mass, the possibility
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that the pure Anorthosite - Mafic Phase contact is due to immiscible
liquid differentiation is eliminated.

Origin by Crystal Settling Differentiation: The problem of whether

the contact between the pure and Mafic Phase of the Anorthosite

could be produced by crystal settling has yet to be settled before
the possibility of a contact origin by differentiation can be elim-
inated. Although it is believed that some such process as crystal
settling has been the fundamental process by which the Anorthosite
has come into being, it is not believed, however, to be the process
which produced the present contact. In the later stages of the
process of segregating the Anorthosite from the diorite there must
have been great amountis of intermediate rocks formed as a result of
the capture of descending femic minerals by feldspars et relative
rest with a resulting lowering of the feldspar group into the region of
more femic minerals. Coats (7) has suggested a process similar to
this for the formatioy of banding in basic rocks. A process of this
£;pe should produce a widely gradational contact considering the large
amounts of material involved. Although many such gradational areas
may be seern within the Mafic Phase of the Anorthosite, the contact
between the pure Anorthosite and the Mafic Phase of the Anorthosite
is relatively sharp, with an average width of about 500 ft. Bowen
stated that if all of the units of differentiation were exposed they
would be,from top to bottom, syenite or granite, anorthosite, gabbro,
amphibolite, and magnetite. The presence of amphibolite only in dikes,

and the probable similar origin for the magnetite deposits, and their
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distribution without regard to the spacial relations which Bowmn
stated should occur, as also the absence of appreciable quantities
of syenite, lead one to belisve that only a small part of the entire
complex is present, and this not in its proper relation. In addition
to this, the fact that the banding is approximately parallel to the
contact suggests that the movement which formed the contact was
parallel to it and therefore would not be due to group settling of
crystal masses. It may be concluded, then, that the present pure
Anorthosite - Mafic Phase contact is a structural feature brought
about by movement following segregation.

Origin by Intrusion: Since a replacement origin and one due to large

scale differentiation for the Anorthosite - Mafic Phase contact have
been eliminated, there remains only the possibility of an intrusive
contact. Since the possibility of an anorthosite magma is not acceptable
and since the Mafic Phase of the Anorthosite shows the presence of
banding over a large area, it can only be that the process of emplace-
ment was one in which the Mafic Phase intruded the Anorthosite. That
the banding found in the Mafic Phase has no relation to later
metanorphic activity may be proved by the preence of two directions

of banding, one cut off by the other,as shown in fig. 22, This
structure must be the result of successive intrusions of the Mafic
magma. At the time of the Mafic Phase intrusion the pure Avorthosite
was probably sufficiently solid,in most cases,to move as a unit,while

the Mafic Phase was only sufficiently solid to develop banding over a
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Fig.31 Lemprophyre dikes intruding the Anorthosite in
the Seledad fault zone, Soledad Canyon.

Fig. 32 Photomicrograph of reaction rim shown in the
hand specimen in frontispiece. At boltom, fine grained
is actinelite. In center, dark gray, hornblende. Top,
light gray, feldspar. Plain light.

45.
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considerable distance. Some evidence that the Mafic Phase intruded
the Anorthosite may be found at the mauth of Pole Canyon where the
Mafic rocks show a strong drag or viscous flow effect as if they had
been forced up from below. See map. The result of the semi-solid
condition of the two units was that when the two masses were forced
by probably nearly vertical movement against one another, they mixed
freely at the contact producing the banded hybrids and distorted

the Mafic mass sufficiently to develop banding in the spotteddiorites.

Petrogenesis of the Mafic Phase of the Anorthosite:

The Hornblende Reaction Rims: Foremost among «petrogenic problems

concerning the Mafic Phase of the Anorthosite is the problem of the
origin of the hornblende reaction rims. Three types of hornblends
reaction rims have been observed: the actinclite-hornblende-feldspar
rims best shown in the plain hybrids, the actinolite-hornblende-
feldspar rims in the spotted diorites, and the magnetite-hornblende-
feldspar rims in the spotted diorites.

In plain hybrids:

The specimen shown in the frontispiece is one of the best to
show the relations. Fig. 32 is a photomicrograph of a portion of this
same rock. In the hand specimen, the outlines of the feldspar grains
mey easily be determined by examining it in reflected light. In the
largeat mass of feldspar shown in the frontispiece, there are about
thirty erystals which makes thenm a;:rage about one centimeter in

diameter. In the thin section, figz. 32 however, the actinolite,

(gray at bottom) can be seen to be very fine grained,averaging



about one-half mm, in diameter. In addition to this anomalous grain
size relation, there are textures which lsad one 1o the belief

that the actinelite iz a replacement, alteration or inversioen

product from some sarlier mineral., If the frontispisce iz examined
closely in the areas of actinolite, one will see that there are areas
which show parallel narrow bands running through them to form by
their incorporation, a larger unit which is in contact with similsar
areas with bands running in other dirvectioms. Fig's. 33, 34, 15, end

36 show similar areas under the microscope with plame light. Thess

Figs 33 Photomicrograph showing relict texiures in the
actinolite of the plain hybrids. Note two directions of
banding,intersecting.



Fig. 34 Relict structure in actinolite of plain hybrids

Fige 35 Relict structure in actinelite of plain hybrids



Fig. 36 Relic structure in actinolite of plain hybrids

bands appear to be a little greener than the remainder of the minersl
.but seem 5 be made up of the same mineral, sectinelite, zs the
lighter areas. Fig. 33 shows the interssction of two sets of such
lines, indicating that they are not due to fracturing aleng lines

of siress, but more prebably related 1o the crystal directions of

an garlier mineral. In the thin seciione thereappsar to be two

types of actinolite, & very fine actinolite which makes up the ground
masa, and'in which the relic textures are preserved as shown in Fige
36, and the coarser actinelite crystals which usually interrupt the
relic textures whenever they occur, as shown in thin sections 34 and
35. In the hand specimen shown in the frontispiecs, thers is an arss
of actinolite beiwsen the upper two feldspar areas which appears to
have one orientation. If this represents an sarlier crystal, the

material must have been very coarsely crystalized, since this is
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nearly an inch in diameter. This is much more nearly comparable in
size to the feldspars and suggests that this early mineral and the
feldspar formed under nearly the same conditions controling crystal
growth before the former mineral was altered to actinolite.

The question as to what this early mineral may have been is a
difficult one to answer. On the basis of mineralogy, one would expect
the mineral to be a pyroxene, which would probably be in the diopeide-
hedenbergite group close to diopeide. The presence of considerable
limonite staining suggests that the end product equation would be
something like the following:

Magnetite Diopside Actinolite Calcite Limonite
Fo,0, + 4CaNgsi 0 + 200, +nHa0 — HyCa,(Mg,Fe) gBig0,, + 26C03 * Fe,0;.nH,0

In regard to the relic structures, there is the difficulty that
if the bands found here are relic  twinning bands, it is seldom that
such a structure is developed so abundantly in diopside. Although
the bands may be the result of cleavage, and might more sasily be
explained as relic: structures on this basis, the present structures
more closely ressmble twinning lamellae. If the original Bimeral
were fal#apar, the twinning lamellae would be accounted for, but
it would be expected that an aluminous mineral like feldspar would
produce hornblende instead of actinolite, if conditions for such a
replacement were existant. Qualitative chemical tesis were made of
the actinolite to see if aluminum was present, but the results were

conflicting, partly because of the unreliability of the chemical



procedure. The evidence is far from conclusive es %o whet the original
mineral was, but it ie preferred %o conalder it %5 be in the diopside-
hedenbergite group near dispside until furiher evidencs is obiained to
the contrary.

Another rock specinen suggests that there might have besn more
than one minsral which has altered to actinolite. Fig. 37 shows a
thin section 6f 2 rock which, seen in hand specimen, is compoassd of
apatite, actinolite and magnetite, with sirange gray areas unlike
any of the minerals composing the Mafic Phase of the Anorithesites.
When this is sxamined under the micrescope, it i® found to be an

intimate mixture of megnetite and actinolite, with the magnetits

, ESANE . AN, B Ty TR e Dty
Fig.37 Intimate actinolits-magnetite mixture,probably
an alitsration of a pyroxens near hedenbergite.
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forming bands in the rock. The large areas of magnetite are surrounded
by areas of actinolite which inélude very little magnetite, and it is
concluded, therefore, that the large areas of magnetite are formed

by the segregation of the fine magnetite. There appear to be two
explanations for this fine mixture of magnetite with actinolite. The
firat is that the magnetite was introduced into the rock at a late
stage in its history, but this does not explain why there is no finely
disseminated material near the large areas of magnetite. The preferred
explanation, therefore, is that the magnetite is a reaction product

of the conversion of an earlier mineral by uralitization to actinolite
and nmagnetite, both because of the distribution of the disseminated
magnetite aleng probable cleavage lines, and the absence of disseminated
magnetite near areas of magnetite concentration. The original mineral
which would contain the required elements would be in the diepside-
hedenbergite series close to hedenbergite.

It therefore appears that the actinolite which makes up most of
the ferromagnesian material in the rock has altered mostly from
diopside and partly ffom hedenbergi te.

Returning now to the larger features shown in the handspecimen
(frontispiece) and thin section, fig, 32, there appear to be a
number ‘¢ ways in which the feldspar-hornblende-actinolite relation
may !.ave formed. To détermine the origin of this relation, two
questions must be answered. What are the age relations of the
ferromagnesian minerals to the feldspér! When did the reaction rim

fdrm! The first question involves three possibilities. First the



feldspar might have intruded the ferromagnesian minerals; second,
both minerals might have formed simultaneously; third, the ferro-
magnesian mineral might have intruded the feldspar. The second
question involves two possibilities. First, the reaction rim formed
at the time of the introduction of one mineral into the other, or
gecond, it formed at some later period of tiume.

Due to the fact that there may have been originally diopside
where actinolite occurs and augits where hornblende occurs in thesse
rocks, the following combinations are possible. (The reaction rim
minerals will be shown in capitals.)

1. feldspar magma intrudes diepside - AUGITE or HORNBLENDE + Andesine

later uralitization actinolite HORNBLENDE

2. feldspar magma intrudes actinolite - HORNBLENDE + Andesine
3. femic magma intrudes feldspar >  AUGITE or HORNBLENDE + Diopside
v

later uralitization HORNBLENDE Actinolite
4, femic magma intrudes feldspar —> HORNBLENDE + Actinolite
5. feldspar and ferromagnesians

form simultaneously Andesine + Diopside

N &\
later uralitization HORNBLENDE Actinolite

The occurrence of fractures in the feldspar which are filled with
ferromagnesian material as shown in fig. 17 and the occurrence of
beautifully developed dendritic replacement patterns along siailar
fractures in the feldspars show beyond doubt that the ferromagnesian
material intruded the feldspar. This mafic material, however, may

either have been a part of the originel intruding mafic magma, or
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since it is restricted to small quantities, it may be due to later
minor introduction of material accompanying uralitization. If this
latter is true, it implies that the feldspar might have originally
intruded the ferromagnesian minerals. But, it this were true, one
would expect to find some fractures in the ferromagnesian minerals
filled with andesine feldspar. These, however, are not found. From
this it can be concluded that either both minerals formed simultaneously
or else a mafic magma intruded the feldspar. From the fact that the
feldspar crystals occur in large clusters and the ferromagnesian min-
erals also occur in large clusters, the peessibility that both minerals
formed simultaneously may be eliminated,fér if this were true, the
feldspar and mafic minerals would be intermingled as in a normal
diorites In answer then to the question of the age relations of
ferromagnesian minerals to feldspar, it can be said that a mafic
magma intruded the feldspar and therefore the feldspars are older

than the ferromagnesian minerals.

In regard to the quesiion of when the reaction rim formed, if it
formed at the time of the introduction of the mafic magma, it would
probably be augite, which, during the period of uralitization would
alter to hornblende while the early diopside was altering to actin lite.
On the other hand, the reaction between the feldspar and the diopside
might not have taken place until the latter had changed to actinolite,
in which case, the hornblende would be the stable product. The micro-
scopic evidence on this point is conflicting, The hornblende crystals,

nlfhough of very small size, in a given area usually all have one



orientation. This may be simply the result of the tendency for the
crystals to grow perpendicular to the contact between the mafic mineral
and the feldspar, or it may be that they are the alteration products
of larger earlier pyroxene (augite) crystals. It might be thought that
the shape of the hornblende crystal groups would give the answer to
this problem, but the evidence here is not clear. Although there are
many hornblende groups that are fairly short, there are also many
slender needle shaped crystals. These needls shaped crystals, however,
may be the result of a recrystalizing process which would take place
at a time when augite was altering to hornblende. Many of the horn-
blende crystal groups appear to have been partly replaced by the
adjacent feldspar, but since the evidence is clear that the ferromage
nesian minerals intruded the feldspar, this minor replacement of the
hornblende fits well into the view that the reaction rim, as we ses it
now, is at least a recrystalization of $he;hé§blande and probably a
recrystalization of an earlier sugite reaction rim to form hornblende.
In addition to this insufficient evidence there is the observed field
ovidence that the width of the reaction rim is proportional to the
size of the intruding mass of ferromagnesian material. If we assume
that there has been a closed system, for which there is some evidencs,
the above could only be explained on the basis that the amount of
replﬁcemont which went on &t the border was proportional to the
amount of specific heat of the intruding magma times the amount of
iagma in relation to the cooling surface. This requires that the

reaction rim formed at the time of the intrusion of the basic magma
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and was, therefore,probably composed of augite. Case (3) page 53,
therefore, appears to be the best explanation of the age relations
of the minerals of this rock type.

For the saeks o6f simplicity in discussing the mineralogical
relations at the reaction rim it can be assumed that the minerals
occurring there have always been hornblende and actinolite instead
of their pyroxenic equivalents, since it is generally accepted that
under the proper conditions these minerals can alter from augite and
diopsides If fige 32 is examined closely, it can be seen that at the
contact between the hornblende and the actinolite, there is a string
of small white dotes. When these are exemined under the microscepe,
they are found to be quartz. This is a remarkable mineral to find in
a rock of this type and more remarkable for it to occur in the rock
only in this relation. If the equation for the reaction between actin-
olite and feldspar to produce horablende is written, it becomes obvious
why quartz should occur in this rock, and why it is concentrated at
this point. Before an equation can be written and balanced, it is
necessary to have at least some idea of the composition of the
reacting substances. The feldspar was determined to be andesine

o« Since the

Ang, which has a combined formula of Nl3082Al731130‘0

ratio of Mg to Fe is variable in\both actinolite and hornblende,
the equation éan be written:

actinolite AbgAn, hornblende quartz

Hzcﬂz(MS’FQ)SSiSOZ‘ + N&30a2u7811304° - 232Nl0ﬂ2("g,F9)4A13516024+ 93102
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The formulas for all minerals used in this paper have been taken from
Winchell(10). A small amount of Fe and HZO added to the left side of
the above equation with the £emoval of an atom of Na and Al from the
right balances the equation perfectly. It may appear from the ratio

of two molecules of hornblende to nine of quartz that there is too
much quarsz formed by this equation, but it is really not as much as
it appears to be. The approximate molecular weight of hornblende is
1038; quartz is 60, If these are divided by their respective densities,
the relative volumes will be obtained, which gives for the ratio of
quartz to hornblende, according to the reaction, one third quartz to
two thirds hornblende. In some places along the reaction rim there

are concentrations of quartz, so the above equation probably describes
the process fairly accurately.

Although the above described reaction appears to have taken place
at a time of the introduction of the ferromagnesian minerals, there
are other occurrences of reaction rims which lead one to believe
that they did not form at the time of the precipitation of the first
ferromagnesians, but delayed reacting until temperatures were sufficiently
low, or hydrous solution sufficiently abundant, for hornblende to be
the stable mineral. This second type of hormblende reaction rim was
found in the spotted diorites. Fig. 38 shows a photomicrograph of
this second type of reaction rim. Fig. 39 is a higher magnification
of the same area. The figures show & hodium sized grain which has the

p#le greenish color of actinolite, but which does not show the proper
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38 Photomicrograph of actimolite-hornble

reaction rim in the spotted diorite

Fige

39 Higher power of same érea'as»fig. 38

figi R

nde-feldspar
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birefringence. From the fact that the entire ground mass area extinguishes
in one position, it is obvious that it was originally one grain, although
there are many small variously oriented actinolite grains scattered
through it. Close to the border of this pale green grain there is a
narrow band of hornblende (black) with a wider calcite and epidote band
(gray) surrounding the hornmblende.

The smooth curved border which outlines this grain is certainly
not a natural crystal border, and therefore must be formed by some
special process. There are a number of ways in which it might have
developsd. The ferromagnesian mineral might have been iniruded as
solution,with the result that, as in the hybrids, e hornblende reaction
rim was formed, but the composition of the feldspar might not have
been right for the direct replacement of any appreciable guantity of
feldspar, and so instead, the feldspar was saussurized to calcite
and epidote. Or secondly, the ferromsgnesian mineral might have been
formed, partly resorbed, giving it its characteristic shape, the sur-
rounding feldspars crystalized, and at some later time such as when
{the pyroxenes were uralitized to actinolite, the reaction between the
ferromagnesian mineral snd feldspar might have taken place with the
productiosn of hornblende, epidote and calcite. Thirdly the hornblende
might have been formed by either of the above processes which removed
some of the feldspar constituents and thereby made the feldspar more
susceptable to later altering solutions. Later alteration then

produced the calcite and epidote. In this last case the shape of the



grain would be due to replacement activity.

The fact that the groundmass of the ferromagnesian mineral ex-
tinguishes all at once and was therefore only one crystal makes it
unlikely that the mineral was introduced as a solution into a cavity,
since one would expect such a cavity to contain more than one crystal
or to be relatively fine grained. This eliminates the first possibility.
The resorbed appearance in thin section looks rather convineing, but
it has taken place on such a small scale that when the section is
examined without the microscope, it seems more likely that it is the
result of a replacement process. The development of hornblende, etc.
at the contact with the feldspar might have taken place as the
feldspars were forming around the ferromagnesian mineral, but like
the reaction rim in the typical spots of the spotted diotites (to
be described shortly), it ie believed to have formed at & later stege,
perhaps at the time of the uralttiz#tion of the pyroxenes. It is
thought that the formation of the calcite and epidote might be a still
later process, because cutting the section is a small vein which is
lined with biotite and filled with calcite, quartz, and epidote.
See fige. 40. Such an occurrence is more typical of epithermel alteration
than mesothermal seusseritizatior.
Ir_spotted diorites: MAGNETITE-HORNBLENDE=FELDSPAR RIMS

The 1ast>type of reaction rim,which is the most sbundently

produced,is found in the spotted diorites.Fig. 41 is & photomicregraph
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Fig. 40 Photomicrograph of vein in spotted dierite
containing biotite (black), celcite (gray), and guerts
(white), which is probably related to the alteration

Fige 4) Photomicrograph of spet develepmeni in spotied
diorites.
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showing an area of one of these rocks. At (A),fig. 41, ie o magnetite
cryetel with two quartz grains at one end surrounded by & tiny ring
of hornblende. At (B) is a smaller magnetite crystel surrounded by a
ring of small quartz graine, and this is surrounded by a larger horne
blende ring. At (C) there is no magnetite left; there is a large ares
of mixed quartz and hornblende, and the whole is surrounded by a ring
of hornblende. It is believed that this, t¢ & certain extent, indicates
an evolutionary series. That is, first we heve just magnetite in
feldspar. A reaction between these tw minerals begins with the formetion
of hornblerde and quertz. The reaction continues until all of the
magnetite has been used up and there remains only quartz, hornblende
and feldspar. Why one megnetite grein should be replaced more than
another is difficult to answer, unless it is due to titeniferous
impurities or to more resistant crystal structure, such as is often
recognized in the replacement of the surface of crystals eof ore
minerals. If these are the true conditions, it is to be concluded
that the spotted diorites were originally mostly feldspar with large
quantities of megnetite included in them. At a later period, probably
when uralitization of the pyroxenes was teking place, the reaction
between the feldspar and megnetite produced the hornblende reaction
rims.

The mineralogicel relations in the spots is of interest. Assuming
e closed system, it eppears possible in this case to make & fairly
accurate measure of the reaction products and thereby determine the

hature of the process with more assurance. First of all, it should
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be reslized that here we are dealing with bodies which approach
spherical shape, and so it will be seen that the proportion of shell,

or outer hornblerde, te the proportion inside of the shell, depende
upon where the sphere is cross sectioned, and that at the center of

& sphere there should be & higher percentage of centrally located
minerals showing, than in any other section. Both because of the

size of the spot (C) fig. 41, and the high percentege of quartz exposed,
this spot was chosen for measurement.

The volume of & shpere is proporticnal to the cube of the radius.
Likewise, the volume of & shell is proportional to the cube of the
outer radius minus the cube of the inner radius, or R% - Bg and the
percentage of material in the shell as compared to the entire sphere
including the shell is Ri - Rg / Rf . In measuring (C), R, wes found
to be l.8cm and Ry was found to be l.3cm. 1.8° - 1,33 / 1.83 = 624
hornblende in the outer ring. This leaves 384 inside of the hornblende
shell,but ebout half of this is hornblende and therefore there is
about 204 quartz end 8074 hornblende. The moleculer weight of hornblende
is 1038 and quartz is 60. The relative mol volumes are respectively
346 and 20.4 cr epproximetely 17 : l. In other words, for the same
volume, there must be 17 quartz molecules for every hornblende
molecule. Since there is only 204 quartz by volume, the equation
which will describe the resction must produce 7 melecules of quartz
for every 2 of hornblende. If the reaction products are teken in

this proportioen, it should be possible to work backwaerd and findwhat
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composition the feldspar would heve te¢ be in order to make the

reaction with magnetite produce the observed results.

comuon quartz magnetite required elements
hornblende
2H2NaCa2Fe4A13Si692‘ + 1810, = 8Fe + 2H,0 + Na20a4A163i19050

. 2(NaCa2A13Si9025)
A close approximetion to such & feldspar is found in labradorite
Ab, An, NaCa2A15517024 but the Al : 8i ratio is not correct. If the
feldspar were considered which conteined more of the anorthite molecules,
the percentege of Al would be increesed but at the expense of 5i, and
vice versa if a feldepar richer in albite were considered. At this
point a number of things may be called to ones aid. The composition
of the feldspar occurring in the section cannot be determined by the
use of extinction angles, since there are no twinning leamellee, and
the presence of & perthite-like structure in the feldspar makes an
index determination very difficult. (The characteristics of these
feldspars will be considered at length below.) The feldspars are
filled with acicular and platy inclueions which mey be & source of
required material, although they seem to be mostly composed of horne
blende. Or if one does not accept & closed system, one may have an
introduction of celcium and & removal of sodium.

By way of summary of the character of the hornblende reaction
rins, it may be said that there are two mejor tﬁpee, those which have
doveloped between a ferromegnesiean mineral and feldspar, and those
which have developed between megnetite and a feldespar. The first group

wae found to have developed under two situations. The first of these
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was by the introduction of & mafic megma inte a feldspar fock with

& probeble formation of the reaction rim at the time of the intrusionm,
and later a conversion of the resulting diopside mees and augite
reaction rim to an actinolite mess and a hornblende reaction rim. The
second of these, which occurs only on a microscopic scale, was found
to have developed probably at a time of widespread conversion of
pyroxeres to amphiboles. The second major type, which has given the
spotted diorites their name, hes probably alsc developed during the
period of conversion of pyroxenes to amphiboles.

Probably much could still be done ir the way of developing a
more convincing proof of the origin cof these features, but beceuse of
the varisbility in the composition of the various units involved,
quentitative chemical analyses would be necessary to positively
prove their origin, andthis would offer some trouble because of the
difficulties in obtaining pure samples of the unitwe

The Relaticn of Bietite to Hormblende, etc:

The second most importemnt petrogenic problem related to the

origin of the Mafic Phase of the Anorthosites is one dealing with

the relation of biotite to the other minersls. Fige 42 ehows a typicel
associmtion of biotite with magnetite. This relation never appesars

in the form of radiating érystals of biotite around magnetite, but

in general, the biotite is scattered eéhtically ebout the magnetite,
increasing in amount close tc the magnetite. Hornblende often alsoc
occurs mixed with the biotite, and it may occur in isolated patches,

bﬁt these are usually not in contact with magnetite. It appears in
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many ceses that the magnetite ie intrdduced at & late stege, and that
the biotite ig ir part sn alterstion ¢f the hornblende, which is
brought ebout by the introduction of minerslizing soclutiens, which
lower the melting point of the megnetite meking it possible to have
this nermelly high temperature mineral occur as & final stage in the
petrogenic history of the rock. It is entirsly possible, however, that
the magnetite is not introduced inte the rock at a late stage, but
gives this sppearance because of recrystalizetion at e time when
widespread uralitizetion wes teking place. If this is the case, it

is equally possible that the bietite had not replaeced the hormblends
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Pig. 42 Photomicregraph of asscciation of biotite with
magnetite in Mafic Phese of Anerthosite.
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but has developed simultenecusly with it es & result of the presence
of potessium or leck of calciums Why such & condition should be as-
soclated with megnetite is difficult to expleain.

The Feldspar Petrogenesis:

hs hes already been mentioned the feldspars of this reglen ars
remarkeble for the abundance of pericline twinning. Figs. 43 and 44
show feldepar grains in the center of the field showing only pericline
twinning. These plciures were taken on the Federov Universal Stage,
end the greing are so oriented that,if they were slbite twins, ons
would be leoking at the €19 zone with the lamsllae parallel to the

vertical c¢cross hair,and the twins would conssquenily have the same

Fig. 43 Photomicrograph of pericline twinning on the
Federov Universal Stege.



Fige 44 Photomicrograph of pericline twinning on the
Federov Universal Stage.

i R SAINE. S S, i '
Fig. 45 Photomicrograph of penetration of pericl
albite twinning in Mafic Phase of Anorthosite.
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birefringent celer. Simce this is obviously not the sase, the twin is
not slbite but pericline. A mors typicel occurrence of the presence
of two twinning systewms is shown in fig. 45, in which an intimate
penetration is shown. This type of occurrence is typical for both
the Anorthosite and ithe Mefic Phase of the Anorthesiis, except in
the places where spet development has gone onm te & congidersable
extent.

Where spet development is sbundant, the feldsper has comwpletely
changed its appearsnce. No lenger are thers tc be found twinning
lamellase of eny type,and in their place a perthite-like texture

as illustrated in fig. 46 sppears.

Fig. 46 Photomicrograph of perthite-like texture in the
feldepars near areas of extensive spot development in
the spotted diorites.
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This texture is produced by the interfingering of spindle shaped
gtringere of high index material in a ground mass of low index.

The high indez is digtinetly high and eppesrs to be somewhers near
anorthite, and the low indez ie lewer than balsem snd is probably
close to that of albite. In eddition 4o this there sre occasional
greins which contain practdcally mene of the high index minersl end
have developsd an excellent, nearly rectanguler, cleavege which is
very open, and in thethin sectien is filled by balsam. Bes fig. 47.
This structure closely resembles the cleavege produped by lese of

volume as frequently observed in ore minerals. The narrow borders

Fige 47 Shrinkage cleavege in ths feldspar asscciated
with spot development in the spotted diorites.

10
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which surround almost all of the grains have about the seame index as
bal sam. They show no twinning, and they may be quartz.

The best expleanation for the unusual texture developed in the
feldspars seems to be that the reactions which tcok place when the
spots were growing, extracted some of the constituents of the feldspar
from each of the components, that is from both the albite molecule
and from the anorthite molecule. To recell the last suggested reaction
for the formetion of hornblende from magnetite and feldspar, it was
noted that in order to balance the reasction, celcium had to be added
end sodium subtracted. If this deficiency of calcium was obteined
by breeking up the anorthite molecule and the surplus of sodium was
put in its place, it is quite possible that the resulting mineral
would no longer form a solid solution, since the two elements are not
equivalent and a change in the 5i ~-Al ratio would be necessary te
convert the anorthite to albite and thereby maintein conditions for a
solid solution. If this is what hes happened, as a consequence the
twinning would be destroyed; the two feldspars would separate out
of solid solution, and if the exchange of elements was not volumetricelly

equal, shrinkage cleavage might develope
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DIKE ROCKS:

Fourd intruding the Anorthosite cemplex at various times following
its emplacement, are & series of dikes of widely verying compesitioen.
These in the erder of their irtrusion are: l. amphibelite, 2.lemprophyrs,
and 3, pegmatite,aplite, and granodiorite. The relations of the last
group &re not well shown in this ares snd ere therefers included in
ene group.

Amphibolite Dikes:
Fig. 48 shows ome of the largest and best expesed amphibelite

dikes in Bear Canyon. Fige. 49 is & clese-up picture, about hall way

Fig. 48 Amphibelite dike in Bear Cenyon
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Fig. 49 Detail of contact betwesen Fige 50 A smaller emphibelite dike inm
amphibolite dike end enorthesite wall Bear Canyon which eappeare to be & feed-
rock showing the cross cutting rela- er 1o a large lenticular mess above.
tion of the dike te the primary band-

ing in the anorthosite. Bear C.fig.48

up the cliff, of the contact between the dike and the anerthosite.
This clearly shows that ithe amphibolite is not an inclueien in the
enorthosite, for it cuts the primezy banding of the sneorthesite

at right angles. Fige 50 eshows another occurrence of an amphibolite
dike in Bear Cenyen. Fig. 51 shows & close-up view of the same dike.
Thie dike leeds upwerd inte a larger leniicular mess, for which it
wes possibly the feeder. This larger mass is shown on the map about
half way yp Bear Canyon. The irregular shape of the mess as mapped

is due to erosion. About three-querters of the way up Bear Canyon



Fig. 51 Detail of amphibolite dike shown in fig.50

Fig. 52 Amphibolite dike in Besr Cenyon showing relative
emounts of feldspar{large white crystels at bottom of
picture) apatite,(remeining white meterisl) and amphibolee
{dark).

14.
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ie another mess of amphibolite which outcrops chiefly on ithe east
wall of the cenyon. Around the corner to the scuth-east of this
point the mass may be seen in section, on the north wall of the
cenyon. It consists of a series of tongues and dikes as shown in
Plate I.

In the Mafic Phese of the Anorthosite there are numerous outcrops
of this same rock type which occur interlaminated with the banded
spotted diorites which occur there.

Minerelogically the emphibolite dikes which occur in the
Anorthosite are identical with the occurrences in the Mafic Phease
of the Anorthosite. Fig. 49 shows a feldspar inclusion under the label
on the pick and another ebove it. The remainder of the whiie material
ig apatite. Fig. 51 shows & close up of the other dike which conteins
neither feldspar nor apatites It consipte almost entirely of smphibole
with minor amounts of magnetite. Fig. 52 shows a fairly fresh surface
of one of the dikes in the bottom of Bear Canyon about half way up
the canyon. Some large masses of feldspar may be seen at the botiom
of the picture; the remaining white materiasl is epatite. The ground
mess,es usual,ie & mixture of eactinoclite and hornblende. Fig. 28
ehows the contact between this dike and the Anorthosite with the
relations as previously described.

Gold has been reported irom these amphibolites by a number of
the natives in the region.

Lamprophyre dikes:
Because of the fact that in the relatively rigid Anorthosite



Fig. 53 Lemprophyre dike cuiting emphibelite dike which
due to later movement in the emphibolite has been broken
and displaced. Upper Bear Cenyon.

Fig. 54 Materiel introduced inte lamprophyre dike
probably during leter pegmatitic activity
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the amphibolite dikes have acted largely as zones of weskness, it
reguired two months work before the relation of the amphibelite
t¢ the lamprophyres wes found. Fig. 53 shows the relation of the
amphibelite 1o the lamprephyres. Later & better exemple showing
thet the lemprophyres cut the amphibolites was found, but it was
in such an inacecesslible place that a picture could not be obiteined.

The lamprophyres are massive to somewhat schistcse with the
coarser grainéd sxamples being messive. They are dark gray to bleck
and frequently contein initreduced meteriasls as shown in fig. 54.
The introduced meterial has a fairly high percentage of quariz,
some orthoclase and more biogtite than hormblende.

One of the schistose dikes which &8s & result of its develepment
of feliation was very fine grained with an average grain size of

0, 2rms had the fellewing composition:

Andesine AbgoAnag 40% by volume
Hornblende 40%
Biotite 159
Sphene 5%

This rock was feirly fresh. The hornblende haé a pleochreism of
yellew-green to blue=greens

Mors frequently the dikes had an average grain size of one-halfl
mm. Dikee conteining introduced material often showed considersable

alteration as in the fellewing:

Andesing 60% by volume
Hornblende 30%
Epidote 5%
Chlorite 3%

Sphene 2%
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The andesine was largely altered to calcite and sericite. Epidote
end chlorite were probebly alterations of hernblende. The absence
of biotite in the above rock is not unique with dikes conteining
introduced meterisl,as another dike rich in initroduced meterial
contained 15 % biotite.

A polished section wes made of one of these dikes and found te
contein small amounts of marcasite,which is suggestive of shallew
depth replacement.

The lamprophyre dikes are clustered in three localities, upper
Bear Csnyorn, Soledsd Canyon and lewer Landgard Cenyon (located
between Bear and Pple Cenyons). They occur scattered more or less
in other lecelities, but in the above three, they are generally
larger and follew & more comsistent structural patterns

With the development of feliation which is greatly emphasized
by weathering, it is not surprising that when these dikes were
intruded into a fracture zene and later due to movement in ihe zone,
they were reduced in meny ceses to almost nothing but gouge, that it
is difficult to prove that they were not originally sechist inclusions
in the Anorthesite. This is the situation in Seledad Ceanyon where
Miller has reported the presence of old schist inclusions.{ Refer
to bottem of page 19, fige 31 for further discussion of this matter. )
The opposiﬁe conclueion on this metter was based on the fect that if
thess bodies are schist inclusions, it should be possible to find

somewhere in the deeply dissected portions of Bear Canyon some fresh
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examples ¢f these inclusiems, but wherever the recks are fresh, snly
dikes can be found. It is leogical, therefore, to consider that sll of
the bodies are dikes until some inclusions are found that can be
definkiely recognized as such.

Foliation

= g

d Bevelopment of Piygmatic Folds:

Because of certain structures to be described later which will
give some infermation on the temperature of mafic dikes end the origin
of ptygmatic folding, it is necessary to prove that these lamprophyres
are dikes end not inclusions. Fig. 10, in Bear Canyon, shows one of
the dikes sutiing the pribary banding at a high engle which could
not ocour if the body were an inclusien. & few hundred fee? up the
canyen from this point, one can see similar dikes in a 200 £4.
vertical section. See plate I. These long slim bodies may alse be
geen t¢ eress one snother, and fer this resson, also, they could not
be inclusions. Occesionally e small inclusion of anorthosiie may be
found in one of the dikes.

In upper Bear Canyon (see map,stetien 55) may be found oue of
the larger dikes which has split inte two emsller dikes. Fige 55
ghows this dike from screse the canyon. Hers mey be found some inter-
esting informetion on the possibility of remeliing anorthosite.
Extending dewnward from the mass of anorihosite forming the croich of
the ferk is a thin stiinger of anorthosite. This band of anorthosite
extends dowpward, across the canyon, and fer up on the other side.

Fige 5¢ shows & detail of the lower quarter of fig. 55. Fig. 57 shows



Tig. 55 ‘ Fig. 56

Fige 55 Lemprophyre dike in upper Bear Cenyon (station 55) which has
split, remelied some of the emorthosite in the fork and carried it
inte the center of the dike., Later ocscilleztory movement in the dike
hae folded the included anorthosite band into ptygmetic folds, and
at the same time it hes developed & varisble schistosity ir the dike.

Fige 56 Detail of the lower quarter of fig. 55 showing the ptygmatic
folding of the anorthosite band.

& photomicrograph of some of the ptygmatic materiel, It has the ssme
composition a8 the other anerthosite in the area, but it will be noted
that it is very fine grained, averaging in grain size about O.2mm. as

compered to the section in fig, 6 which has an aversge grain size of

20rm,
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?ig. 57 Photomicf;graﬁﬁ §f ptygmé;ie matefial of fig.56
This stringer ¢f enorthosite beceuse of its shape and fine grain
gize could net be considered to be en inclusien. There remsins only
the possibilities that it wes intruded as & dikelet inte the lampro-
phyre, or it wes remelted from the enclesing walls of the lamprephyre
dike and carried inito the dike. The stringer is continuous with the
crotch of enorthosite where the dike gplite, If it were & dike, it
would have to be the same age as the enclosing enorthosite, or it
would have to be later. If it were ithe same ege as the enclosing
enorthosite, the lawmprophyre dike would be en inclusion in the
anorthosite and the feldspar stringer would have about ihe same
grein size ss that enclesing the lamprophyre. This,however,is net
the case since the lamprophyre is not an inclusion,snd the average
grain size in the stringer is asbout 1 / 100th.as coarse as the

enclosing anorthosite. If the sitringer were a dikelet, it would be
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an unexpected eoincidence that it should enter the lamprophyre at the
end of the long slim crotch where the lamprophyre splits and remain
centrally loceted in the dike for a distance as much as 75 feet, at
which point it dwindles away. The explanation, therefore, which
beatztith the observed facte is that the lamprophyre dike intruded the
anorthosite, remelted some of it, and due to lateral movement or
vertical oscillatory movement of the magma, carried some of the
remelted materieal inte the dike. The material which was melted along
the crotch of the dike was carried into the center while the materiel
remelted albng the outer edges remained along these edges. This latter
effect is frequently found in the lamprophyre dikes of the region and
was thought before close examination to be the effect of later dioritic
intrusion along the borders, but it apparently is due to incorporation
of remelted feldspar in the lamprophyres.

Bowen recognized the possibility of remelting enorthosite but
stated that there was no evidence to indicate that such a phenomeron
occurs on a large scale as evidenced by the lack of extrusivese The
presert evidence is not contradictory to¢ Bowen's views, but it does
indicate that a small amount of meterial may be remelted by = basic
dike. The temperature required to dry melt anorthosite with a
composition of andesine An, is 1250°C. The amount of mineralizers
in s magma of this type are typically low, and sg9 their importance
in the remelting of the faldspar is doubted.

This occurrence also gives a possible clue to the origin of
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ptygmatiec folding. Along the borders of many of these dikes and some-
times along the entire dike foliation resembling schistosity has
developed. This is most noticable toward the boarders where small
amounts of anorthosite have been incorporated in the dike. It is
fairly obvious from examining the uppermost double loop in fig. 56
that the material which was formerly beiween the two broad ends of
the anorthosite band has been drawn out into two loops. The schistosity
which has developed as a result of the shearing is parallel to the
direction of shearing as indicated by the looping of the band of
anorthosite. This is believed to have developed at a time whdn the
dike acted as a highly viscous liguid.

Undoubtedly during a period of intrusion of a magma into a system
of dikes., there must be great changes in the pressure of the intruding
magma accompanying the fracturing of the country rock, and subsequent
filling of the fractures to form dikes. If fractures which opened up
in the present case were at about 45° 10 the maximum load, one would
visualize the process as follows: A system of fracturses in the
Anorthosite were formed and filled with a basic magma. As this magma
was crystalizing a new fracture somewhere in the dike system occurred
releasing the hydrostatic pressure in the magmatic column. The over-
burden in response to this release of support settled, but gradually
the pressure in the magmatic column built up again to its former
value forcing the overburden back .to its former position. Now another
fracture developed in the dike system and the whole cycle was repeated.

This vascillation of the magma in and out of the entire dike systen
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as a result of the opening of new fractures is belisved to have been
the cause of the schistose borders of many of the dikes and of the
pYygmatic folding in the dike under comsidsration.

Pegmatite, Aplite, and Granodiorites

The later group of dikes consist of pegmetits, aplits and
granodiorite. Fig. 58 shows some of the granodiorite intimately
intruded inte the Anorthosite. This picture is typical of large
areas of rocks te the sast of Bear Canyon. Fig. 59 shows an aplite
dike cuitting soms banded hybrid. Fig. 50 shows the relatién of thess
two rocks to the lamprophyre. The granodiosrite cccurs as a thin

border of variable width along the upper side of the aplite diks

= »

Fig.58 Intimate penetration of anorthosite by granodiorite
dikes east of Bear Canyon.



Fig. 60 Aplite dike in Bear Canyon cutting anorthosite and
lamprophyre dike. Note narrow border of granodiorite along
uppsr edge of aplite dike. The gray band along the upper
edge of the lamprophyre is due to incorporation of anortho-
site in the lamprophyrs.

85.
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and both cut the lamprophyre. Often it is difficult to follow the
aplites as they cut through the anorthosite, because they are so
nearly ithe same coler, as can be seen in fig. 60. True pegmatites

are not well exposed in the area, bui mey be seen to be associated
with the aplites. The granodiorites are distributed quite widely,

but they are found mostly in the Anorthosite mass and increase in
number toward the east. The aplites are next most conmon and are
scattered throughout the anorthosite. The pegmatites are lsast coumon
in dikes, but they occur intimately penetrating fractures in the
Anorthosite, so that one might be lead to think from the appearance
of many anorthosite outcrops that muscovite, which is one of the chief
constituents of the pegmatite, is a characteristic mineral in the
Anorthosite.

The pegmatites in this area are mostly pink in color. They are
moderately coarse grained. They contain lower percentages of quart:z
than most pegmatites and are made up of about equal quantities of
microcline and orthoclase (untwinned microcline?!), The chief accessory
mineral is muscovite which in some places makes up an appreciable
amount of the rock. In Soledad Canyon, just east of the mouth of
Bear Canyon, there is an excavation where muscovite has been mined.
on & small scale.

In the aplites, garnets are occasionally developed. Variable
amounts of muscovite are found. Aside from this they are rather
typical.

| Gradational with the aplites are the granodiorites and related
rocks. The chief ferromagnesian mineral in these rocks is biotite

with occasional hornblende crystals.



81.

The relations between these rocks is not clear and since they
occur in minor quantities in the area intensively studied, little
time has been devoted to their study.

AGE RELATIONS OFTHE IGNEOUS UNITS:

Miller gives the following ssquence: Sequence found by author:
preCambrian?

Placerita metasediments

Rubio Diorite - Anorthosite
Echo Granite and pegmatite—~_ ~~ Mafic Phase of Anorthosite
Anorthosite ><_ ~~ _\ Amphibolite dikes
~~. TLemprophyre dikes
late Jurassic? _ -~ Pegmatite, aplite,etc.
-~
Wilson Diorite ,»—”

Parker Qiz. Diorite| _-~

Qtz. Syenite

Lowe Granodiorite

Lamphophyre
Miller's age relation of the Anorthosite to the Rubio Diorite is
based on the following findings. Rubio Diorite,which he states is
somewhat like some of the basic phases of the Anorthosite, is
contained as inclusions in the EBcho Granite. The Anorthosite,he
states, intruded the Echo Granite. And on the basis of this, the
Anorthosite, he states, is younger than the Rubio Diorite. If his
evidence that the Anorthosite intruded the Echo Granite is no better
than his evidencs that the Anorthosite intruded the Mafic Phase of
the Anorthosite, it is quite possible that the Rubio Diorite is
younger‘thén the Anorthosite, and the Echo Granite is younger than

the Rubio Diorite. If the lamprophyre dikes found in the Lang region

are the same as the Rubio Diorite, it will be seen that the sequence
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thus proposed agrees perfectly with the sequence found in the Lang
regioh. Since Miller stated that the lamprophyre dikes in Soledad
Canyon might be inclusions of Rubio metadiorite,the similarity
of these two rocks was obvious. To compare them a trip was taken
40 Rubio Canyon, In hand specimen the finer grained phases of the
diorite were found to be identical with the lamprophyres. The only
difference under the microscope is in the presence of sphene in the
lamprophyres and zircon in the diorite. In addition to the above
suggestive relations, there is the fact that thea pegmatites of the
Lang region have been found cutting dikes which Miller has called
lamprophyres, but Miller states that the last acidic dikes to invade
the region came before the lamprophyres. Either there has been another
period of intrusion of aplite, pegmatite, etc which Miller has missed,
or else the lamprophyres found in the Lang region are related to the
Rubio Diorite, and the lamprophyres found by Miller to be definitely
younger than the pegmatites,etc. are abseni in the Lang region.
Becauss many of the relations which Miller has described have not
been observed by the author, it is difficult to do more than suggest
possible relations as has been done on page 87.
SEDINENTARY ROCKS:

The only sedimentary rocks occurring in this area are the Mint
Canyon formation, Quaternary Terrace Alluvium, and Quaternary Sitream
Alluvium.

Mint Canyvon Formation:

Lying to the north and west of the Igneous Complex is a series
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of poorly siretified and poeorly sorited terrestrial deposits which
extend to ths norih for about {ive miles and form an importent unit
in the Santa Clara synclinal basin, Fig. 61 shows a typical outcrop
of the gently dipping Mint Canyon beds. This formation is dated by
an ocgurrence in it of a Neohipparion skull which is of middls Miscens
828

The sedimenis are quite variable in composition. From previsus
studies in the area (11), it was found that there occurs at the
base of the Mint Canyon foemetion a high percentage of lave deilritus,
the source of which was some Oligocene(?) lavas. To the west of the
Lang fault there are exposed soms sediments which contain about

thirty percent lava material and as a conseguence have a pink

Fig. 61 HMint Canyon formation seen from Soledad Canyon.
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coloration. These, therefore, must be not very high in the strati~
graphic section. The other HMint Canyon bedes in thisregion are gray

in color. &t the head of Freel's Canyon (one and one-third miles

south of Lang) the sediments are composed of lava pebblew in con-
siderable amounts; large numbers of old metamorphics, mostly gneisses,
and occasional anorthosite pebbles. The lava pebbles are mostly acidic
types and so do not color the formation. The typical spotted diorites
or other Mafic Phase rocks are not found in the sediments.

The sediments vary from conglomerate to sandstone. The conglome
erate contains boulders in this region up to twelve inches, but most
of them average two inches. The conglomeratic members are usually
thin and often consist of a single layer of pebbles between adjacent
sandstone beds. The occurrence of Sulphur Springs in Soledad Canyon
suggests ﬁhe presence of close by volcanics.

Quaternary Terraces:

Occurring in numerous places throughout the region there are
to be found terrace deposits. These are probably all of recent or
lats Pleistocene age judging from their state of preservation and
distribution. Moet of the detritus is angular, but some places have
considerable subrounded material. A typical occurrence of the terraces
in Soledad Canyon contained 90% anorthosite, about 5% fine grained
basic dike material, undoubtedly from the lamprophyres, and about
5% pegmatite and rélated types. The largest boulders in this area
averaged eight inches, but in many places very large masses measuring
foet in diameter occur. Fig.

Fig. 62 shows an outdrop of the large terrace east of the legend
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Fig. 62 Large terracs deposit
sast of the legend on themap.
Note angularity of maisrial.
Dog on cliff,standing two
feet high, serves as measurs
of soarseness of materisl.

on the map, The dog at the edge of the cliff stands two feel high
and gives a measure of the coarseness of this materisl., This and

its angularity indicates that the material is of leocal origin.

Fig. 63 shows a spur projecting into Solsdad Canyon just sast of
Bear Canyon. The terrace material which caps this spur is typical

of the terrace deposits. Fig. 54 shows ithe poor sorting and variable
nature of the terrace deposits along the new road on the north side
of Soledad Canyon. The deposits of which this ie a part may be found

by mapping to be an old river channel which carried a stream flowing
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Fig. 65 Crose bedding in terrace deposits along the new
road in Soledsad Canyon

Pig. 66 Terfaée deposits north of Soledad Canyon near
point from which plate II wes taken.
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Fig. 67 Terrace alluvium filling old Fig, 68 Terrace aliuvium in upper Pole
strsam channel in centiral Bear C. Canyon, 13 miles B-E of edge of map.
in approximately the direction in which the pleiure was taken. Fig.
65 shows some of the cross bedding in these deposits. Fig. 66 shows
soms higher tsrrace deposits close to the point frem which plate II
was taken. Fig. 67 shows an old stream channel in central Bear Canyon
about 100 ft. above the present stream channsl., Fig. 68 shows some
terrace gravels in upper Pole Canyon about ons and ons guarter
south=east of the edge of the map.
Bear and Pde Canyons contain very little Quaternary Alluvium

except at their mouths. Soledad Canyon contains considerable Alluviuam.



STRUCTURE:

The structural history of the rocks of this region is almost as
comples as is their petrogenic history. The earliest history of the
region is most clearly shown in the upper portions of Bear Canyon
as shown in the detail map.

Following the production of the primary banding in the Anorthosite
came the irregular intrusions of amphibolite masses. Following this
at a considerably later period there was north-south vertical tension
jointing and filling by the lamprophyre dikes. In general the primary
banding, amphibole dikes and lamprophyres were all parallsl making
their age relations difficult to determine. There were some exceptions
to this trend, however, especially in the case of the lamprophyres,
which also filled low angle frectures as shown in fig. 10. Next came
a period of chisfliy N 70°W tension fracturing and introduction of
pegmatites, aplites, etc. This must have been a period of extremely
intense diastrophism for the Anorthosites were intensely fractured,
meking it difficult to find a cubic food of rock which does not
contain fine veinlets of silicious material. Fig. 7 shows an area
whers these minute fracture planes have only developed in three
directions. It was probably at this same time that the lamprophyre
dikes were replaced by considerable amounts of quariz. A still
later poriqd of deformation is evidenced by the fracturing of the
pegmatites and intense bending of the muscovite 'books' occurring in
the pegmatite. This is probably also related to the large number of

open joints throughout the Anorthosite.
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The recent structure of this region is dominated by faulting.
Three major faults have been mapped, Soledad fault, Lang fault, and
Goat fault. Where Soledad fault is well exposed on the north side of
Soledad Canyon, it can be seen to dip about 60o north. Toward the
east it is buried under alluvium, and toward the west it is buried
under terrace deposits. This fault is of post Miocene age as evidenced
by the displacementi of the Anorthosite up against the middle Miocene
Mint Canyon formagion. It is earlier than the terrace deposits or
the physiographic surfaces which have developed over it. The fracture
zone which was filled by the lamprophyre dikes is probably an expression
of a much earlier Soledad Fault. Willer (6) states that the lamprophyres
are of mid-Miocene age. It the dikes were intruded at the same time
as the Mint Canyon formation was being laid down, then the fractures
which they followed existed before the present Soledad fault displacement
took place. It may be concluded, therefors, that the fracture zone
has been in existance at least since middle Miocene time, and may have
been one of the causes which induced the deposition of the Mint Canyon
formation. Although the relations are rather obscure, to the west of
the mouth of Bear Canyon, it appears that some Mint Canyon sediments
have been deposifted on the igneous block south of Soledad fault, and
80 the fault movement might have been in part contemporaneous with
the doposifton of the Mint Canyom formation, |

The Lang fault forms the western boundary of the Igneous Complex

and has formed the scarp shown in fig. 1. The fault is not as well
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exposed as is Sokedad fault, but because of its straightaess, it is
thought to be a high angle fault, It cannok be itraced north of
Seledad Canyon and is therefore thought to be of the ssme age as
ths Seledad fault.

The Goat fault which breaks off the corner formed by ths
intersection of the Solsdad fault and Lang fault, runs from the
west portal of the new Seoledad Canyon road tunmnel, through a goat
rench, across a spur in Soledad Canvon, up the south wall of Ssledad
Canyon, south-west across Pole Canyon until it mesis the Lang fault.
Fig. 69 Goat fault at the west

portal of the nsw rosd tunnel
in Soledad Canyen.
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At the west portal of the tunnel it is small and is dipping 80°
south-sast. Fig. 69 shows the west purtal of the tunnel. Fig. 70

teken from the south wall of Soledad Canyoen, shows the trend and placse
whereﬁit erossss the spur in $he canyen. Fig. 30 shows the fault in
the spur kooking toward the south-wesi. Fractured inclusiens of

aplite diks in the fault zome indicate that movement has besn up on
the east (left side of the picture)s In other words, as the Igneous
Complexz has been brought up with respect t9 the surrounding sediments,
the north-west corner of the mass betwesn Soledad and Lang faulis has
broken off along the Goat fault and lagged behind. In this way the

Mafic Phase of the Anorthosite has been brought up in contact with

Figs70 Goat fault crossing Seledad Canyon looking toward
the north-east.
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the pure Anorthosite, and so one might conclude that the contact
between the iwo phases dipped toward the east although in the vicinity
of the contact the primary banding is nearly vertical. The eastward
dip of the contact is confirmed to a certain degree by the ropetition‘
of the contact a short distance toward the south-west where again
Mafic Phase rocks are encountered. Mafic Phase rocks continue to the
Lang fault. The Goat fault is thought to be of the same age as the
Soledad and Lang faults. All three in their latest movement are
probably of pleistocene age as indicated by their present topographic
expresasion.

GEOMORPHOLOGY :

The physiographic history of this region has been rather complex,
Plate II shows the various surfaces that have developed in the
sediments north of Soledad Canyon. Surface (A) is the oldest and
occurs over an area of about one-half square mile. Considerably
lower is surface (B) which occurs only in small patches. Fig. 66
shows a terrace deposit on this surface. Surface (C) is the present
degradational surface which is removing surface (B) rapidly end will
eventually also remove (A) provided it is not interrupted.

In the Igneous Complex the map clearly shows an old surface
along which the mine road between Bear and Pole Canyons has been built.
Into this surface has been cut Bear,:Pele and Soledad Canyons with
wide V shaped cross aoctiona as can be seen in the case of Bear
Canyon in Plate II. 6n the walls of these canyons, especially Bear and

Pole, there are numerous terraces as have been illustrated under the
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Fig. T2 Recent gorge &

Fig. 71 Recent gorge near the mouth 7 uppér Baar C.

of Besr Canyen
heading Quaternary Terraces. In the center of this V shaped canyon
there has developed a recent gorge which is deepest at the mouth of
the canyon and diminishes in depth up the canyon. Fig. 71 shows the
deepest portion near the mouth of Bear Canyon. Fig. 72 shows a
smaller gorgs about three-quarters of the way up Bear Canyon. About
one-half mile above this point (eff map) the caenyon is quite opene
Fig. 73 shows the size of one of ithe boulders in the uppsr part
ef Bear Cahyon end also the polish which has developed from streanm

action, Fig. T4 shows how weathering affects the banded hybrids.
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Fig.T73 Stream boulder in uppsr Bear Canyen which has
developed & high polish dus to stream actisn.

e P
Fig. 74 Bffect of weathering and stream action on the
banded hybrids. Bear Canyon.

101.
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It is difficult to correlate the old surface on top of the
Igneous Comples with the surfaces in the sediments, but it can
probably be safely said that it is as old, if not older than any
of the surfaces in the Mint Canyon formation.

HISTORICAL GEQLOGY:

The purpose of a geological report is two fold, first to find
what occurs in a given region, and second, to determine the time
and manner of its origin. It may be seen that the foregoing fulfills
the first requirement in that it is a collection and evaluation of
data. Now follows an explanation of how it may be best fitted together
in a chronological erder, and thersby the secomd requirement is
fulfilled.

Judging from the size of the crystals found in the anorthosite and
the way in which they must have formed, the entire process is believed
to be one in which cooling took place at an extremely slow rate and at
great depth. Ordinarily the primary magma is thought to be of the
composition of basalt, but in view of the fact that the anorthosite
is made up almost entirely of andesine, the parent magme may have
had the composition of an andesite. At any rate, the magme cooled
slowly and differentiated by crystal settling, producing at least
three phases (possibly more but only three are to be found at the
present tiho); a pure Anorthosite, a mixed andesine-magneiite phase
with variable amounts of included ferromagnesians, and a ferromagnesian-

magnetite-apatite phase. The Anorthosite finally became a fairly
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rigid mass. At this time mountain meking forces pushed the partly
solidified andesine-magnetite-ferromagnesian phase up into contact
with the more rigid Anorthosite producing widespread banding in the
Mafic Phase, and mixing of the pure Anorthosite with the Mafic Phase
at the contact, producisg the hybrids.

At about the same time, the third phase of the differentiation,
the amphibolite, was introduced; in some places it formed sharply bounded
dikes; in others whers the rocks were not as solid it formed lens
sheped bodies. Wherever this mass came in contact with the pure
Anorthosite, it reacted with it, forming, probably, augite reaction
rims, As it cooled, apatite, magnetite and finally diopside came out
of solution. In some cases either magnetite was the chief mineral that
was carried in or more probably a sufficiently large mass of magnetite-
diopside-apatite was introduced so that differentiation could take
place, producing large masses of magnetite at the base of the chember.
This is the probabls source of the magnetite deposits found in the
arsee.

The above events, judging from similar areas in other parts of
the wofld. probably took place in the preCambrian.

The next hypothicated event is one of widespread uralitization
in which the diopside was altered to actinolite and ihe augite reaction
rime were altered to hornblende reaction rims, now so obvious throughout
the area. Probably at the same time the diopside which was included
in the spotted diorites altered to actinolite and ppoduced a microscopic
reaction rim of hornblende around it. Also the magnetite inclusions

in the spotted diorite reacted with the feldspar forming hernblende



rings with quartz inside, giving the spotted diorites their present
eppearance end consequently their name,

Sometime in prefurassic time, tension fracturing took place wi
the resulting introduction of lamprophyres. Variations in the hydr-
stetic pressure in the megmatic column during the cooling process
produced variable degrees of schistosity end developed ptygmatic
felding in remelted feldspar which has been carried into the dikes.

Possibly during the Nevadian Revolution in post Juraseicpre
Cretacecus time, the region wes agein frectured eand intimately
intruded by pegmatite and releted rock types. Comsiderable emounts
of silicic material wes introduced into the lamprophyre dikes,
replacing them, and depositing maresesite in small quentities.

This period of diastrophism is undoubtedly the greatest which the
rocks of the region have suffered.

In middle Miocene time, after another perioéd of minor disturb-
ance, in which the adjacent Escondido formation (Oligocene?!) wes
folded isoclinally, the Anorthosites were sufficiently exposed so
as 10 contribute an aspprecieble amount of detritus to the Mint Cany

formetion,
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Finally ir the Fleistocene movement took place along the Soleded,

Lang and Goat faults lifting the range in a series of stages,

eccompanied by correspomding terrace deposits, to it present positi
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Plate I Composite of fifteen photographs covering a horizontel angle
of 160°. The center of the picture is facing approximately
north. The view is of the north wall of Bear Cenyon, to the
left is down stream. The wedge shaped bodies on the ridge
about a third of the way from the left edge of the picture
are emphibolite. About & third of the way from the right edge
of the picture is one of the better exposed lamprophyre dikee
intersected by a smaller dike to the left of it



Plate II

Erosional surfeces developed north of
Soleded Canyon









