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ABSTRACT

The Little Chief stock of Upper Miocene (?) age, located in the
central Panamint Range near Death Valley, California, crops out over
an area of 2.5 by 4.5 miles and through an elevation range of 6300
feet. It is a crosscutting diapir-like body with contact attitudes
ranging from vertical to 80° outward except along the eastern margin,
where the contact attitudes range from 450 outward to 350 inward. The
stock appears to neck downward into a thin, east-west, dike-like body
at a depth of less than 6000 feet below the present surface.

The stock has lifted a nearly rectangular "trapdoor" of later
Precambrian and Precambrian (?) rocks bounded by vertical faults on
the north, west, and south. The trapdoor opens to the west with a
vertical throw of 3000 feet on the western margin and with a roughly
north-south hinge line located just east of the stock. East of the
hinge line, the trapdoor has been slightly depressed. The’trapdoor
offsets an earlier set of westward-dipping normal faults along
which a porphyry dike swarm has been intruded.

The stock consists of two intrusive phases, a south and a
slightly later north phase. The stock magma moved to a pbsition
roughly 6000 feet below the present surface and formed the westward-
dippihg normal faults by stretching the sedimentary rocks over the
megma chember roof, which were immediately injected by the porphyry
dikes. The magma moved to the present level, truncating the normal
faults and asscclated dikes, forming the trapdoor, and doming the

sediments of the roof. The interior of the north phase then moved



slightly upward to the present level, disrupting the eastern part of
the trapdoor and renewing movement on some of the trapdoor faults.

The stock is a hornblende-bilotite granite porphyry‘with 2-10mm
normally-zoned sanidine and plagioclase in a quartz-alkali feldspar-
plagioclase groundmass. Detailed electron migroprobe analyses yield
the following feldspar compositions. The plagloclases have distinct
normally-zoned layers separated by abrupt compositional gaps. The gaps
formed by sporadic, abrupt water pressure decreases as the magma moved
upward. Assimilation of water-rich calcic material caused large calcic
oscillations on the plagioclase zones. Zonation in the outermost edges
of the plagioclase phenocrysts to very low-Or plagioclase could be due

to increase and/or the effect of the peristerite solvus on the

P
H2O
ternary feldspar solvus.

Sanidine coexisted with AHEO plagioclase in a magma chamber 12,000

feet below the present level, which had an undifferentiated, un-

saturated (P = 1-1.5 Kb., T = 71500) core surrounded by a differ-

H2O

entiated, saturated (P = 2-2.5 Kb., T = 680°C) exterior. This P.
Hgo 520
variation was equalized as the magma moved up to its present position,

where the groundmass crystallized at PH20 = 0.5 Kb., Pfluid= Pfotal =

0.7 Kb., T=77500, some TOOO feet below the contemperaneous ground surface.
Sanidine was removed from equilibrium, due to its rapid crystal-

lization and shift of the feldspar boundary on Py o
2

different times. It was rimmed by Ango plagioclase in the water-poor

increase, at

core of the magma chamber before the magma started to move upward.

Toward the exterior sanidine began to be replaced by sodic oligoclase
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as the magma moved upward, and in the water-rich exterior parts
sanidine exsolved to a patch perthite while the system was 50 percent
melt, and the K-phase was then replaced by sodic oligoclase. In the
very water-rich parts, sanidine crystallized in equilibrium until the
groundmass was formed.

During upward movement assimilation of dolomitic rock formed a
contaminated marginal phase which was then intruded by uncontaminated
magma and carried upward as inclusions.

Fracturing of the roof of the present stock led to volatile
concentration in certain restricted portions of the stock, and
formation of quartz macrocyrsts, graphic textures, pegmatitic pods,

coarse lamellar perthite in the sanidine, and numerous vugs.
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I. STRUCTURAL RELATIONSHIPS
INTRODUCTION
The main objective of this investigation is to reconstruct in
as much detail as possible the intrusive history, both structural and
petrologic, of a shallow acidic intrusive igneous body. Of prime
concern is the determination of the mechanisms through which the
crys£al—melt equilibrium adjusted to keep pace with changes in physi-
cal conditions.

Two things provided the impetus for this investigation. With
fhe advent of the electron microprobe, it is now possible to obtain
quite easily and directly vast amounts of compositional information
on .the crystalline phases, and hence the crystallization history can
be determined in far greater detail that has been possible in the past.
Secondly, the large amount of recent experimental work on feldspar
phases relationships has provided a backlog of information which has
not been compared in any great detail with naturally crystallizing
feldspars-.

The Iittle Chief stock was chosen for detailed study for three
reagsons. First, i1ts composition is such that it can be treated
accurately in the Or-Ab-An-Q-water system. Second, the feldspar tex-
tural relatlonships are exceedingly complex; and, finally, the stock
is well exposed in all three dimensions.

The mapped area (Fig. 1) comprises some 55 square miles of the
eastern flank of the Panamint Rangs, which defines the western side
of Death Valley, California. It is roughly outlined by the meridians
llTOOO' and llTOOT' west longitude and the parallels 36OOA' and

1
) s <o . Lo "
36712 north latitude, and lies 105 miles west of Ias Vegas, lNevada
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Fig. 1. Location of mapped area, Central Panamint Range near
Death Valley, California.
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and 118 miles east-northeast of Bakersfield, (California. The stock
occupies the central 15 square miles of the mapped area. The western
boundary of Death Valley National Monument passes through the western
part of the area, and the area itself occupies the northeastern
portion of the Telescope Peak 15-minute Quadrangle.

The eastern edge of the area can be reached by jeep roads in
Hanaupah and Johnson Canyons from the Death Vélley side, and the
western edge by a graded road leading up Surprise Canyon to
Panamint City, an abandoned mining town, from the Panamint Valley side
of the Panamint Range. The higher parts of the area can be reached
from the Telescope Peak trail which comes into the mapped area from
the north side along the crest of the range.

The roughly north-south oriented Panamint Range drainage divide
passes through the western portion of'the mapped area, and Bennett
Peak (elevation 9980 feet), Telescope Peak (11049 feet) and Sentinel
Peak (9636 feet) occur along this divide, respectively, at the north
edge, in the west-central part, and at the south edge of the mapped
area. The eastern edge of the mapped area, some 3 to 4 miles east of
the divide, lies ét elevations of 3000 feet in the canyon bottoms.
Three evenly spaced east-west canyons extend eastward from the range
divide: 'These are, from north to south, Hanaupah, Starvation, and
Johnson Canyons. The local relief of the ridges between the canyons
ranges from 2000 feet to 3500 feet. The topography is extremely
rugged within the outcrop area of the stock, and vertical elevation

changes of 2000 feet in the same horizontal distance are quite common.
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The area was mapped over a period of 80 actual field days by the
author working alone in the period from the summer of 1963 to the
spring of 196L4. The higher elevations were mapped during the summer
from a base camp located on the east face of Telescope Peak at an
elevation of roughly 8000 feet, and during this period, temperatures
seldqm exceeded SSOF. The lower elevations were mapped during the
fail through spring months from base camps located at Hanaupah Spring
in Hanaupah Canyon, at the springs at L4000 feet elevation in
Starvation Canyon, and at the corral just below Hungry Bill's Ranch in
Johnson Canyon. Most of the specimens from the stock itself were
packed out from the Starvation Canyon base camp. Springs with potable
water were present at all the base camps, and were shared with moun-
tain sheep, coyote, wolf, desert fox, mule deer and the everpresent
burro. OFff the jeep roads and the Telescope Pegk trail, no persons

were seen within the mapped area.

Thesis Outline

The thesis has been divided into two sections which represent two
basically different approaches to the determination of the intrusive
history of the stock.

In the first section, a structural approach is used, and an
intrusive history is worked out on the basis of the sequence of defor-
mation of the country rqck by the emplacement of the stock. The crux
of this section is the construction of a detailed structure contour
diagram on one of the stratigraphic contacts. With this as a basis,

the displacements on the various faults associated with the stock
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emplacement are determined, and the amount of deviation of the
contoured contact from its original pre-stock position is estimated.
Using this information, and by comparison of the.structures associ-
ated with the stock's emplacement with structures associated with the
emplacement of salt domes and salt diapirs, an intrusive history is
worked out for the stock.

In the second portion of the thesis, a detailed intrusive history
is worked out for the stock on the basis of detailed feldspar composi-
tional variations obtained using the electron microprobe in combination
with optical work. Since this is the first maJjor petrologic study on
an igneous body using the electron microprobe, this portion of the
thesis is discussed in somewhat more detail than would be normal in
future work.

After a brief general description of the stock, several phases
of the stock are discussed in great detall, and crystallization

sequences for each phase developed. On the basis of the prote work

%)
-

the mechanisms by which the crystals adjusted to the various changes
in physical conditions are outlined. The distribution of the various
phases, textures, and derived crystallization sequences is then
discussed, and an effort is made to estimate the distribution and
composition of the fluid phase. Finally, after a discussion of the
Or-Ab-An-Q-water system, the physical conditions of the stock magma at

the various stages of crystellization are estimated an
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intrusive history outlined.
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SEDIMENTARY ROCKS

General Statement

The rocks in the vicinity of the Little Chief stock consist of
a series of slightly-metamorphosed sedimentary rocks which can be
correlated with formations present throughout the area to the east of
the Panamints (Hazzard, 19375 Johnson, 1957; Stewart, oral communication,
1965). Starting with the oldest rocks, the formations present are: 1)
basement of the Panamint Metamorphic Complex (Murphy, 1932; Ianphere
et al, 196L; Albeeand Isnphere, 1962); 2) The Pahrump Series, cousisting
of the Crystal Spring, Beck Spring and Kingston Peak Formations in this
ares (Albee and Lanphere, 1962); and 3) The Noonday, Johnnie, Stirling
and Wood Canyon Formations. Major unconformitles occur a) between the
Pahrump Series and the metamorphic complex (Nbble and Wright, 195k4;
Lanphere, 1962; Albee and lanphere, 1962), and b) between the Pahrump
Series and the Noonday Dolomite (Ianphere, 1962; Johnson, 1957; Noble
and Wright, 195L). Rocks from the Noonday through Wood Camnyon Forma.-
tions are apparently conformable.

The lowest Olenellus zones (Iower Cambrian) occur within the
upper Wood Canyon Formation (Hunt and Mabey, 1966; Hopper, 19L47), so .
that in this area the rocks below the Wood Canyon Formation have been
broken into 3 age groups. The Noonday-Johnnie-Stirling Formations are
assigned a Precambrian(?) age; the Pahrump Series is assigned to the
later Precambrian; and ﬁhe metamorphic complex is assigned to the

earlier Precambrian on a stratigraphic basis (Noble and Wright, 1954)

and also on a radiometric basis as 1400-1800 m.y. ages (U-Pb) have been
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obtained on it (Ianphere et al, 1964).

In the Wildrose area (Ianphere, 1962), rocks equivalent in age to
the Pahrump Series have been metamorphosed in the}75—85 m.y. age
interval to such a degree that it is difficult to distinguish between
earlier and later Precambrian rocks. To the south, the distinction
between earlier and later Precambrian rocks, based in part on degree
of metamorphism, is clear, although all rocks (Ianphere et al, 196k)
seem to have been affected by the Cretaceous metamorphism. Earlier
workers (prper, 1947; Murphy, 1932; Johnson, 1957) used the degree of
metamorphism as a major criteria for distingulshing between earlier
and later Precambrian rocks, with the result that much of the rock
termed earlier and later Precambrian is in fact equivalent to later
Precambrian Pahrump Series rocks.

The Panamint Range, in the mapped area, may be thought of as a
series of gently eastward dipping sedimentary formations, with the
east slope of the range essentially a dip slope, and the west slope
cubtting down across the various formations. This simple pattern is
perturbed by the intrusion of the Little Chief stock, which crops out
mostly on the east slope of the range.

The stock itself, and its related rocks, is in intrusive contact
with Noonday and Johnnie Formations over most of its area, except in
the extreme northeast and extreme southwest corners of the stock,
where upper Kingston Pesk, and Kingston Peak and Beck Spring Forma-

tions, respectively, are intruded by the stock at the present
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exposure level. In terms of working out th

of the stock, most of the important deformation is confined to the
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outcrop belts of the Johnnie and Noonday Formations; hence in the
following section, major emphasis will be placed on descriptions and
stratigraphic variations within these two formations. Descriptions of
the Panamint Metamorphic Complex and the Crystal Spring and Beck Spring
Formations are taken from various published and unpublished work by
Albee and/or Ianphere, and Johnson (1957), as the outcrop extent of

these rocks is minimal in the area mapped in detail.

Farlier Precambrian Rocks

The rocks which lie unconformably below the Pahrump Series have
been termed the Panamint Metamorphic Complex by Murphy (1932).
Included are gneisses, schists, amphibolites, marbles and quartzites
of‘both igneous and sedimentary origin. In the area between Plesgsant
and Happy Canyons, southwest of the mapped area, probable meta-igneous
rocks occur which were called the World Beater Porphyry by Murphy (1932)
and renamed the World Beater Complex by Albee (Ianphere et al, 196L).

The World Beater Complex, which makes up better than 90 percent cf
earlier Precambrian outcrop area in the Pleasant and Happy Canyon area,
consists of two intimately intermingled units, an older foliated
K-feldspar-quartz-plagioclase-biotite augen gneiss with quartz and
K-feldspar augen, and a younger locally crosscutting porphyritic
granite. The augen gneiss contains biotite-quartz schist inclusions,
and both the gneiss and the granite are cut by small pegmatite bodies.
(Ianphere et al, 196L). The few presumebly metasedimentary rocks in
this area consist of quartzitic gneiss, granulite, amphibolite and
quartz-mica schist. In the Surprise Canyon area, the earlier Prescam-

brian rocks consist of feldspar-quartz-muscovite gneisses and schists,
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quartzites, amphibolites and marbles (Murphy, 1932).

Pb-U ages on zircons separates from the augen gneiss and the
porphyritic granite of the World Beater Complex yield ages of
approximately 1800 m.y. and 1350 m.y., respectively (Ianphere et al,
1964). Rb-Sr and K-Ar ages from muscovite from a‘pegmatite which cuts
similar augen gnelss in the earlier Precambrian rocks of the Warm |
Spring area yileld ages of about 1700 m.y. (Waééerburg, Wetherill and
Wright, 1959). Zircons obtained from the gneiss, and from units
thought to be metarhyolite or metadacites, from the same Warm Spring
area, yleld Pb-Pb ages of about 1800 m.y. (Silver, McKinney and Wright,
1961).

In the Wildrose area (Ianphere, 1962) the relationships between
the earlier and later Precambrian rocks are obscured due to the super-
imposed later metamorphism of Cretaceous age. In this area,‘Ianphere
has divided the rocks of the Panamint Metamorphic Complex into two
groups; an older group made up of dominant micaceous quartzite with
amphibolite and rare marbles, and a younger group of dominant marble,
mica schists and rare amphibolites. The younger group is overlain
unconformably by the Kingston Peak Formation. Both the Beck Spring
and Crystal Spring_Formations are not recognized, and Lanphere tenta-
tively concluded that these formations were missing in the Wildrose
area. Recent work, however, (Albee, oral communication, 1965), has
suggested that the rocks which make up the younger metamorphic rocks
in the Wildrose area may be equivalent to and continuous with the Beck

Spring and Crystal Spring Formations in the Surprise Canyon area.
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Iater Precambrian Rocks-The Pahrump Series

The type sections of the Pahrump Series are in the Kingston
Range (HEWett, 1940) where it is made up of threé formations; the
Crystal Spring, Beck Spring and Kingston Peak Formations. These
total TOOO feet in thickness. In the Panamint Range, a similar
seriés of rocks about 4500 feet thick occur which show the same
sequence of litholeogies and which have been correlated with the three
formations of the Pahrump Series (Johnson, 19575 Albee and lenphere,
1962). These formations, along with the earlier Precambrian rocks,
outcrop for the most part west of the main Panamint Range divide, on
the western edge of the area mapped in detail.

The contact of the Pahrump Series with the underlying earlier
Precambrian rocks is a major angular unconfomity which truncates
structural elements and mappable units of the earlier Precambrian
rocks, and in the southern part of the area separates low grade
(biotite zone) later Precambrisn rocks from high grade earlier

Precambrian rocks. Cobbles of earlier Precambrian rocks occur

w0

scattered throughout the Kingston Peak Formation of the Pahrump Series.

The unconformity is best exposed in the upper reaches of Hapoy Canyon,

in the southwest corner of the mapped ares.

Crystal Spring Formation
In the type section of the Crystal Spring Formation in the
Kingston Range (Hewett; 19&0), the formation 1Is made up of 2000 feet

of a varilable interpedded sequence of shales, sandy shales, sandscones,
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300 feet of distinctive diabase sills scattered throughout the section.
This formation mekes up roughly the basal third of the Pahrump Series.

In the southwest corner of the mapped area, 'spproximately 1000 to
1500 feet of Crystal Spring Formation rest unconformably on the earlier
Precambrian récks. It is characteristically highly variable in thick-
ness and lithology, and is made up of laterally discontinuous
interbedded quartzite, dolomite, quartzite conglomerate, argillite
and arenite, with 50 to 600 feet of diabase sills included within the
section. Iocally, as on the west side of the domical World Beater
Complex outcrop area in Happy and Pleasant Canyons, a thick basal
cobble conglomerate with quartzite and dolomite clasts occurs, and the
diabase sills are absent (Albee in Ienphere et al, 196L4).

Murphy (1932) placed all rocks below his Marvel Dolomite in the
Panamint Metamorphic Complex, and since it now gppears that the Marvel
is equivalent to the Beck Spring Formation, this implies that the
Crystal Spring Formation is either absent in this area or is Incluced
in rocks of the metamorphic complex. Albee (1965, oral communication)
reports that rocks equivalent to the Crystal Spring Formation are
present throughout the Surprise Canyon area and probably also extend
into the Wildrose area as part of the Panaemint Metamorphic Complex. He
also observes that the formation appears to change laterally in
thickness and lithology over short distances a great deal in this
region. This would be gquite consistent with published work of cther
geologists of the Death Velley Region, as the formation is everjwhers
characterized by its varisbility. For instance, thicknesses repcried

for the Crystal Spring Formatlon are 2000 feet in the Kingston Range
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type section with 300 feet of diabase, (Hewett, 1940), probably over
3000 feet in the Silurian Hills (Kupfer, 195L), L4300 feet with 1000
feet of diabase in the Alexander Hills (Wright, 1954), 1000 feet with
no diabase in the Tecopa area (Mason, 1948), and 2300 feet including
200-600 feet of diabase in the Saratoga Hills (Wright, 1952). The
formation is present in the Virgin Spring (Noble, 1949) and Warm
Spfing (Wright in Wasserberg et al, 1959) areas, but is not present in
the Manly Peak guadrangle, directly southwest of the mapped area
(Johnson, 1957). Judging from the large variations in thickness, and
assoclated variations in lithology and amount of diabase, the exten-
sion of Crystal Spring equivalent rocks into the Surprise Caﬁyon and
Wildrose Canyon area would appear to be quite reasonable.

The Crystal Spring is exposed in the mapped area only in the
extreme southwest corner, where it is locally exposed by uplift along
some of the faults which appear to be related to the intrusion of the
stock. It is extensively exposed on the west flank of the range,

which is for the most part west of the mapped area.

Beck Spring Formation

In contrast to the Crystal Spring Formation, the Beck Spring
Formation is characterized by its lack of wvariation in lithology and
thickness. In the type section in the Kingston Range, it consists of
1100 to 1200 feet of 2 to L foot beds of massive light blue-gray
dolomite, with minor interbedded shales and sandstones in the upper
200 feet. Its top and bottom are defined as the uppermost and lower-
most dolomite beds, respectively, against the shales, sandstones, and

conglomerates of either the Crystal Spring or Kingston Pesk Formations.
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The formation is 1200 feet thick in the Alexander Hills (Wright, 195k)
and 1300 feet thick in the Saratoga Hills (Wright, 1952).

In the mapped area, the Beck Spring Formation consists of about
1200 feet of massive light-medium blue-gray dolomite or dolomitic
limestone, with argillite, arenite and conglomerate beds in the upper
quarter of the section. The dolomite of the lower three-quarters of
the formation tends to interfinger with the dolomite and clastie
sequence in the top quarter, and this in turn appears to lie uncon-
formably below the Kingston Peak. Oclite beds occur throughout the
massive dolomite seQuence. The Beck Spring Formation is not present
as the south and west sides of the World Beater Complex outcrop area
to the southwest of the mapped area, and appears to be cut out by an
unconformity at the base of the Kingston Peak (Albee in Tanphere et al,
1963). The basal Kingston Peak unit, which overlies the Beck Spring
in the southwest corner of the mapped area can be traced continuously
westward and southward until it lies directly on Crystal Spring lith-
ologies. The Beck Spring Formation is also missing in the Warm Spring
area to the southeast (Troxel, oral communication, 1966).

The name Mervel Dolcmite was applied to this series of rocks in
the Surprise Canyon area in 1932 by Murphy; well before the name Beck
Spring Formation was applied by Hewett (1940) to similar dolomites in
the Pahrump Series of the Kingston Rangs. However, the correlation of
the Marvel with the Beck Spring was not reslized until Johnson's work

in 1957, when Kingston Psak and younger formations were described in

9]

the Manly Peak Quadrangle. During the period 1940 to 1957, Hewett'
Vi g D
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terminology has become the standard terminology for the Death Valley
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Region, and for this reason the name Beck Spring is used in this
region. This é&tuation applied to Murphy's other. formation names
also.
As mentioned previously, the Beck Spring-Marvel Dolomite may
extend north into the Wildrose area, where it was mapped (Ianphere,

1962) as part of a younger metamorphic complex.

Kingston Peak Formation

In the Panamint Range, the Kingston Peak Formation outcrops
extensively on the western flanks of the range as a distinctive
series of dark colored conglomeratic graywackes, argillites, and
arenites. Murphy (1932) originally subdivided these rocks into five
unifs, three of which are now thought to belong to the Kingston Peak
Formation. These three consist of the older Surprise Member, the Sour-
dough Limestone, and the younger South Park Member, and all three have
been mapped in the Manly Peak Quadrangle to the south (Johnson, 1957) .

The type section of the Kingston Peak Formation (Hewett, 19hO),
located in the Kingston Range, can be subdivided into three roughly
equal units; a lower shaly-sandstone unit with sporadic pebble zones,
a middle coarse conglomerate unit, and an upper iIntermixed shaly-
sandstone and conglomerate unit which contains graded beds and
numerous other features related to a turbidite origin (Jonnson, 1957;
Troxel, 1966). At the type section, Heweti reports that the total
thickness of the formation varies from 1000 to 2000 feet, but Troxel
(1966) reports a total thickness of 6000 feet in the southern Death

Valley Reglon. The thick upper unit is red colored, while the other
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two units are black.

In the mapped area, the Kingston Peak Formation occurs only at
the northeast and southwest corners of the stock, both areas that
have been dragged upward by the intrusion of the stock. In the ares
to the northeast, in Hanaupah Canyon, the formation has been exten-
sively metamorphosed and deformed by the dike swarm which passes
through it. Here the South Park Member is dominantly dark gray
;rgillite and arenite, with light gray quartzite and scattered zones
of conglomerate and conglomeratic argillite; all thick bedded, all
massive, and all weathering dark brown or red-brown. Clasts include
dolomite, limestone, muscovite-rich quartzite, argillite, and quartz
diorite or granodiorite gneiss. OCther members here, and in the ares
in the southwest corner of the magpped ares are so deformed and meta-
morphosed that further description will be taken from exposures just
outside the mapped ares.

D)

The Surprise Member, in the Manly Peak Quadrangle to the souin
of the mapped area (Johnson, 1957), is dominantly dark zray conglcm-
eratic graywacke or conglomeratic mudstone, with a few interbeds ©
graywacke or mudstone. The Sourdough Iimestone Member is z distinct-
ively coarsely leminated limestone with persistant dark and medium
gray laminations spaced 3 to 30 mm gpart. It is O to 170 feet thicx

5

he midpoint of the formation, making =z

k}_
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and occurs essentislly &
convenient marksr bed. The South Park Msmber is an interbedded sariszs
of gray quaertzose sandstones, cobble coaglomerate, conglomeratic mud-

stone, queartzite, and mudstons. The formeflon ranges in total Tnicanss:
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from a few tens of feet on the south edge of the Manly Pesk Quadrangle
(Johnson, 1957) to 2700 feet at the north edge of the same quadrangle,
and finally to roughly 2000-2350 feet in the Telescope Pegk Quadrangle,
at the southwest corner of the mapped ares (Ianphere et al, 1964).

In the Manly Peak and Telescope Peak Quadrangles, the size distri-
bution of the clasts is decidedly bimodal in the conglomeratic units,
with size maxima which fgll in the clay-silt, and pebble-cobble ranges.
In most of the units, the percentage of clasts is about 10 percent,
although rarely a féw true conglomerates with greater than 50 percent
clasts are present. This bimodal size distribution is present in ail
sections of the Kingston Pesk Formation throughout the whole Death
Valley region. Johnson (1957) feels that these distinctive conglomer-
ates have a turbidite origin while Hewett (l9hO) feels that they were
fanglomeritic material. Hazzard (1939) observad strigted and facited
pebbles 1n the conglomerates which he attributed to glacial processes.
Troxel (1966), in a recent regional study of the formstion, feels thab
the bulk of the formation has a turbidite origin, and to account for

the presence of the striated clasts suggests that the deposit represernts

D

in part glacislly derived sediments which were deposited along th
shores of a merine basin and then redeposited further off-shore as
turbidites.

Both the upper and lower contacts of the Xingston Peek Formaticn

west of the mapped ares (Alpse in Ianpnere et al, 196L) tris besal



-17-
conglomerate rests progressively on the lower parts of the Beck Spring,
on the Crystal Spring, and finally stlll further south on the earlier
Precambrian basement. The upper contact of tne Kingston Peakr Formatlon
with the Noonday Dolomite 1s a slight angular unconformity throughout
The whole Death Valley region. In the Wildfése arca Just Lo the north-

1

west of the mapped aresa, truncation of many of the mapped units in the
i
Kingston Peak by the Noonday 1s readily apparent (Isnphere, 1962) .

Within the mapped area, basal conglomerates are locally present in tne

Noonday Dolomite which contain clasts which could have been derived

1

From the underlying Kingston Peak Formation. Wright and Troxel

+

(in press, 1966 ms.) report that the Noonday Dolomite, in the southern
Deatin Valley region, progressively truncates the Kingston Peak, Beck
Spring and Crystal Spring Formations in a northesstward direction until

the Noonday Dolomite rests directly on earlier Precambrian rocks.

Precambrian(z) Rocks

The Noonday Dolomite and the Johunle Formation of PTeoambrian(?> age
are present over most of the eastern slope of the central Panamint Range
and make up 75 percent of the country rock in the mapped area. The Torm-
gtions can be correlated with the type section (Hazzard, 1937, p- 300).
The distinctive cliff-forming Stirling Quartzite, also of Precambrian(?)
age, lies conformably above the two formations, and an unconformitvy is
present at their base belcow which the Kingston Peak Formation usually
occurs. However, any units of the later Precambrian Pahrump Series, or

the earlier Precambrian rocks can occur below the unconformity. The

aggregate thickness of the Noonday Dolomite and Johnnie Formation is
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3800 feet in the type section (Hazzard, 1937), 1100-2200 feet in the
southern Death Valley area (Wright and Troxel, 1966), and 3600-4200 feet
in the mapped area.

The type section of the Noonday Dolomite and the Johnnie Formation
is in the Southern Nopah Range (Hazzard, 1937). Here the Noonday is
some 1500 feet thick, and consists of light gray or yellow-gray,
massive algal dolomite in 1-3 foot beds with a pronounced unconformity
at the base. The upper 100 feet contains red-brown weathering sandy
dolomite beds which contein gravel-, sand-, and silt-sized white quartz
and red Jjasper grains in a dolomite matrix. These sandy beds are
commonly crossbedded. The Johnnie Formation sbove the Noonday Dolomite
in the type section is about 2550 feet thick, and consists of an Inter-
bedded series of dolomite, sandy dolomite, and quartzite which grades
upward into a dominantly shaly section. Hazzard places the Johnnie-
Noondey contact below the lowest quartzite (orthoquartzite) ped which
interrupts the continuous sequence of massive dolomite and sandy
dolonite of the Noonday Dolomite. This definition has been strictly
followed by Johnson (1957) and by J. H. Stewart (1966).

The lower portion of the Johnnle 1s considered transitional from
typical dolomite of the Noonday to typical Johnnie shale, siltstone,
and quartzite. This contact between dolomite below and dolomite plus
quartzite above is apparently of regional significance and can be used
to define the Jchnnie-loonday contact from the type section to the

Penanint Renze (Stewsrt, 1966).

1

Dolomite in the type sectlon as algsl, but he presents no descripiion
Py je>) Py
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of the structures he terms algal. Several structures which have been
termed algal have been noted in the Noonday or lower Johnnie in the
mapped area.

The first are concentric thinly-leminsted almost hemispherical
2-5 inch structures - reminiscent of & cross section of half s cabbage
head. These have been seen in severagl dolomite beds including seversa

in the Johnnie Formation. The second type, which had been termed algal-

like by Wright, Troxel and Stewart (oral communication, 1965), consists
of round tubes 2-6 inches long, with diameters of 1/3 - 1 inch. These
invariably have a concentric structure with a thin rim of coarse cal-

cite about a thick gray quartz core. The tubes are parallel

-
~d
noao secn
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to lie perpendiculer to the bedding. They tend to be spaced quite
regularly at a distance of 6 inches to a Toot throughout the rock, and
invariably when well-developed pass completely through the bed in

which they lie. Ellivsoidal or eye-liks pods, with the sams ccrcentric

[
8

calcite-quartz structure, 1/3 - 2 inches meximum dirension, ars sezn

throughout many of the massive doleonites of the mapped area. Ihe

relationships of the syes to the tubes is not known, nor 1s thes ori

of the tubes known. The three structures will be referred to 23 alzzl-

like tubes, or eyes, or neads - for the purposes of fubture discussion.

Noondsy Dolcmite

The liconday Dolcmite was Tirst noted in the Psnsmint Ranzs o
Noble (193L4) in %the Wsrm Sprinz sres, bus it was not until Jeznson's
work in 1957 that the sectlions of carcongie on the westsrn SiCLs:s O

th

[

Noonday Dolonite. Murvhy (1932) subdividad the rocks which Jonnson
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has correlated with the Noonday Dolomite into three formations, the
Sentinel Dolomite, Radcliffe Formation, and Redlands Dolomitic
Limestone, and named rocks equivalent to the Johnnie Formation the
Hanaupah Formation. While Hazzard's (1937) formational names have
taken precedence in the Death Valley region, Murphy's three-fold
division of what is now called Noonday Dolomite is still valid.

The Psnamint Range Noonday section in the mapped area is best
observed in the east or west sides of Telescope Peak, where the
complete section is exposed in upper Hall or Jail Canyons, and in
Hanaupah Canyon at the northeast corner of the stock. Because of
accessibility problems the only complete section was measured in
Hanaupsh Canyon area. This section will be described in detail.

The lowest member of the Noonday in the Hanaupah Canyon measured
section consists of a lower 100 feet of medium.yellow—brown weathering

medium gray, very siliceous limestone in 3 to 6 inch beds which terd

[9)]

to be thinly laminated in the upper 20 feet, and an upper 100 feet of
massive light gray, yellow, or brown weathering gray or white dolomite
with algal-like tubes and eyes throughout. This member corresponds to
Murphy's Sentinel Dolomite and will henceforth be termed the Sentinel
Member.

The middle TCO feet of the Nooznday in Hanaupah Canycn consists of
a varicolored, thinly laminated sequence of yellow-brown, brown, and

limeston

I
b

gray weatherinz, zray, pink, green, or brown crystallins

Q)

0.1 to 0.5 inch lamelilae, Interlamirated with darker yellow-brown,
brown or red-brown wegthering, medlum to dark grey-Ireen Or Zray

argillaceous limestone and arziilite in 0.05 to 0.3 inch lamellsze. The
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percentage of argillite and the thickness of the argillite lamellae
increase Loward the base, so that the lower 140 feet of the middle
menmber 1s entirely dark red-brown, dark gray-greeﬁ or gray thinly-
laminated to massive argillite with a local lensstic conglomerate
beds, and the 100 feet above that i1s about 7O percent argillite. The
conglomerate consists of argillite clasts in an argillitic matrix, and
its conglomeratic nature 1s apparent only in weathered surfaces. A
50 foot laminated argillite, like that at the base, also occurs 80
feet from the top of the member. This member, including the basal
argillite units is equivalent to Murphy's Radcliffe Formation, and is
here termed the Radcliffe Member of the Noonday Dolomite. Both the
upper and lower contacts of the Radcliffe M=mber are sharp.

The upper 500 feet of the Noonday Dolomite consists of massive
light yellow-brown weathering, light gray dolomite with rarely less
than 6 inch arzillitic beds scattered throuchout the upper 100 feeb.

The dolomite is essentially indistinguishable from the dolomite

&)

within the overlying Johnnie transitional member. Algal-like eye
occur scattered throughout the upper portions of the upper dolomite.
This is equivalent to Murphy's Redlands Dolomitic Limestone and is
henceforth referred to as the Redlands Member. In many parts of the
area, this member becomes distinctly sandy, with varying percentage of
fine-coarse sand, of pebble-sized quartz grains, znd silt to medium
sand-sized dolomite zrains. In the Hanaupah Canyon area, these three
menbers definitely occur below the lowest quartzite bed in the continu

ous dolomite segquence and hence are by definition within the HNoonday
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Plate 2 shows nine stratigraphic scctions measured in various
localities in the Telescope Peak and Manly Peak Quadrangles of’ the
Psnsmint Range, and it can be seen from the figure that there are
some lateral variations in the various members of the Noonday Dolonite.
The Sentinel Member is L25 feet thick in the Middle Park arca and
appears to thin in a northwestward direction. In the Wildrose area,
Ienphere (1962) notes that Sentinel-type dolomite is present only in the
south part of the area, and appears to pass northward into sandy and
argillaceous limestones. Since lithologically these latter appear o
belong to the Radcliffe Member, it sppcars that in this ares the
Sentinel Member grades both laterally and upward into the Radclifie
Member. There is no evidence of an unconformity between the two. A
conglomeratic unit appears at the base of the sandy limestone north
of the last distinctive Sentinel Member outcrop, with clasts of quartz-

Bay)

ite. Thin bedded Radcliffe-like limestones occur irresularly tThroughoul

ot

shows various algal-like tubes or eyes, with the best exemples being

found in scme of Johnson's secticns in the Middle Park ares.

"y

The Radcliffe Member contains the most variable lithologiles ol
three members. In the Manly Peak and Middle Park sections (Plate 2,

Imost entirely of lamellar
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limestone with minor arzillite, although the exposure 1s very poor in

the Middle Park secticn due %o Taulting. The menber zppears simple in
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his sketchy descripiions. In cther areas, the nedcliffe conuvsins
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especially at the top and bottom of the member. It veries in thickness
from 300 feet in the Manly Peak Quadrangle (Plate 2, section 2) to 800
feet in the Pleasant Canyon area. In all cases except the Wildrose
area, the contacts of the Radcliffe Member with the Sentinel and
Redlands Members are sharp and easily mappable. The Rgdeliffe locally
contains penecontemporaneous conglomerate beds, and a few limestone beds
in which 1-3 mm magnetite octahedra are scattered throughout.

The Redlands Member varies in thickness from 40O to 800 feet, and
its chief lithologic variation consists of changing percentages of fine
grained crystalline dolomite, carbonate silt-, or sand-sized grains,and
quartz sand to conglomerate-sized grains. In some sectigns, as in
Hanaupah Canyon (Plate 2, section 2) there 1s little or no visible
clastic material, which in others, as in Johnson (section L) and
Pleasant Canyons (sections 6 and T), very coarse quaritz or carbonate
sand 1s present and the beds are locally conglomeratic. The carbonate
sand varies from silt to medium sand sizes, and is visible only on
weathered surfaces as medium yellow-brown grains on a light yellow-
brown dolomite background. The quartz sand, always well rounded,

B 4

varies from fine sand to pebble size and shows up In fresh roc:

™

a8
clear grains and in weathered surfaces as dark red-brown grains on a

light yellow-brown dolomite background. Crossbedding 1s cormon In

both types of send. The ratio of quartz grains to dolomite matrix

4 —a A S ol 1 74 R - —~ T L 3 - | PR B
Johnrnis contact difficult at times, as 1t is very hard ©O
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Redlands.Member. The critical factor is whether the matrix is silica
or carbonate. There is no guestion thet the sandy dolomite of the
Redlands Member is laterally equivalent to the massive dolomite of the
Redlands, as numerous examples of continuous lateral gradation of
sandy dolomite to dolomite have been observed in the mapped ares.

Comparison of the various described sections of the Noonday
Dolomite throughout the Death Valley region reveals some very important
differences. As was noted above, the Noonday Dolomite can be subdivided
on the basls of lithology into three members throughout most of the
Panamint Range; the lower Sentinel Member algel dolomite, the middle
Radcliffe Member thinly laminsted limestone and argilllite, and the
upper Redlands Member massive sandy dolomite. In the areas to the east
of Death Valley, a significantly dirferent section is reported (Wrizhi
and Troxel, 1966 and unpub. ms.; J. H. Stewart, oral communication,
1965). Over most of that area, the Neonday Dolomite consists of Lwo

menbers, & lower massive alzal dolomite like the Sentinel ]

Ui

an upper massive sendy dolomite like the Redlands Member. This two-fold

o

division holds true over all the ares east of the southern part of Desih
Valley except along a northwest trending belt Immediately to the east of
Death Valley itself.

In this belt, which marks the outcrop of the lNoondsy Dolcmite

closest to the Panamint Range, the lower algsl dolcomite menmper Is

-

abruptly cut out by a southwesitwerd thickening wedge of shale and zray-
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50 Thalt in the westernmost scctlons exposced on the cast side of Deatn
Valley, the Noonday Dolomite consists of a lower clastic shale and
sraywacke menber and an upper sandy dolomite member as before.

In the clastic wedge of the Ibex Hills, a very few thinly Zlam-
inaved limestone beds occur wnich are similar to the Radcliffe
lithologies in the Panamint Range, and the shales are difficult <o
distinguisn Trom the slightly more met amorpnooed arglllites in the
Radcliffe Member. This suggests that the Radcliffe Member is the
western equivalent of the clastic wedge facles. This would ecuate the
Redlands Member with the upper sandy dolomite member to the east of
Death Valley, and the Sentinel Member with the algal dolomite below
the clastic wedge or sandy dolomite. This in turn suggests that the
contact between the Radcliffe and Sentinel Members may be a discon-
formity in the southern part of the Panamint Range, and a gradational

contact in the northern part as already noted.

Jonnnie Formation

The Johnnie Formation in the Panamint Range has been subdivided
into three members which are, starting at the base: a gradationgl memper
which consists of 300-600 feet of interbedded dolomite or sandy dolomite
and quartzite, overlaln by 120~300 feet of quartzite, which is overlsin
by 40-130 feet of massive dolomite at the top; a middle argillite member
consisting of 600-900 feet of gray-green argillite with carbonate inter-
beds 1in the upper quarter; and an upper limy argillite member which
consists of 600-1000 feet of ripple-marked, purple limy shale and lime-

svone and/or sandstone. ALl three members can be mapped consistently

throughout the Telescope Peak Quadrangle.
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The most.cmnplete measured section of the Johnnie Formabion in the
mapped ares is Tound in Hanaupsh Canyon, and this is also one of the few
places in the Panamint Range where an undisturbed section from the
Kingston Pesk to Stirling Formations may be seen. A detailed section is
described below.

The basal unit of the gradational member is 550 feet thick and
consists of 60-100 foot intervals of light yellow-brown or brown
weathering, massive gray dolomite with some sandy dolomite containing
quartz grains of sllt- or fine-sand size, and rare limestone beds,
alternating with 5-10 foot intervals of dark red-brown weathering, cross-
bedded, coarse-grained gray orthoquartzite or dolomitic quartzite. he
interval between the quartzite beds increases dowaward. Algal-like
heads occur only in the uppermost dolomite beds of this unit.

The middle unit consists of 120 feet of dark red-brown westherin
brown, gray or blue-gray, 2-6 foot, cross-bedded gquartzite beds and rare
medium red-brown weathering, brown sandy dolomite. The member Torms &
distinctive dexk band Iin outcrop and makes an excellent mapping horizon.

The upper unit of the gradational member is 130 feet thick and
congists of less than 10 feet thick beds of light brown or yellow-brown
weathering, mediwn gray or blue-gray dolomite, sandy dolomite, limestore,
and sandy limestone. The quartz sandy beds are cross-bedded. One darx
gray, thinly-lsminated, limestone bed occurs 100 feel from the top orf
the member.
¢ snd 1s made up dominantly;

gray-green weathering, gray, green or grey-sreen very thinly
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percent of the rock is dark yellow-brown weathering, gray or red-gray
quartz-sandy, crystslline limestone and dolomite. The lower 300 feet
of the argillite tends to weather red-brown rather than gray-green,
and has scattered rusty spots after pyrite(?); its general appearance
is suggestive of a rock of tuffaceous origin. This will be discussed
in more detall later. In the upper 200 feet of the gray-green argil-
lite member, numerous dark brown or medium red-brown weathering,
medium-1light red-gray crystalline limestone beds and dark gray
aphanitic limestone beds are interbedded with the argillite in 0.1 -
0.4 inch laminations.

The limy argillite member is about 900 feet thick end consists
dominantly of a ripple marked and flute-caste unit in which medium
red-gray and rare green, gray-green and purple crystalline limestone
lenses less than 0.8 inches thick or lsminations less than 0.3 inches
thick are interbedded with micacecus nurple blue-gray, very thinly-
laminated argillite peds less than C.5 inches thick. The argillite

beds are draped over the elongate limestone lenses, producing secticns

L

4 .
151

which look like typical aircrait wing cross-sections. There are also
zones in which only the micaceous blue-grsy argillite, strongly ripole-

marked, occur.

In the top 200 feet,

inch quertzite beds occur

contact 1s approsched. A
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pink crystalline limestone clasts in a medium-dark gray siliceous
limestone matrix occurs. This 1s present throughout the Hanaupsh
Cenyon area and is used locally as a merker bed as 1t forms a massive
dark-brown weathering cliff in the otherwise slabby to platy, lighter-
weathering section. The upper contact of the Johnnie Formation with
the Stirling Formation 1s sharp and marks the abrupt break between the

darker, finer-greined quartzites and argillites of the Johnnie and the

2

very light-colored, coarsecr-grained quartzites of the Stirling
Formation.

The type section of the Johnnie Formation occurs in the liopan
Range (Hazzard, 1937). The formation was originally named and des-
cribed by Nolan (1929) in the Spring Range of lNevsda, bubt since the
section there ig incomplete and bounded in part by faults, the section

later described by Hazzard has become the working type sec

J. H. Stewart has recently <raced the rezional veriations of the

description of the type sechion will be given using Stewarst's Sermin-
N s - 5 . ) = i<
ology and correlationsz (oraL cormunicacion, L960).

The basal 185 feet of the Johnnie Formation consists of an inter-

bedded series of dominantly sandy dolomite with subordinste pebdly

cross-tedded quartzite teds. This has been referred 1o as the

L P - SRR P I e i Lo
transitional member by Stewart, and appears to correlzte Witn the
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the Johnnie Formation in the type section

-

consists of gray-green to maroon, cross-bedded, ripple-marked, micaceous
shaly sandstone with sandy dolomite iIn the baszgl part. This pars
appears TOo be equivalent to the limy argillite member in the mappad arse
and has been termed the 'rainstorm member” by Stewars. A 10 foot thick
oolite Ted occurs 25 feet Irom the base.

The oolite ved noued atove 1Is epparent.iy very widespresl, 2na
appears at The seme relative stratizraphic vposition in all the various

gx)
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measured sections between the Panamint Range and the type section in
the Nopsh Range some 60 miles to the east. (Wright and Troxel, 1966;
Stewart, 1966, oral communication). It occurs ig the lower part of
Johnson Canyon, just at the edge of the mapped area, and it is
apparently equivalent to the penecontemporaneous conglomerate notea
in the detailed section from Hanaupah Canyon.

The basal 200-300 feet of the argillite member of the Johnnie
Formation in the mapped ares is characterized by rusty red-brown or
yellow-brown wegthering, cliff-forming beds which contain minute cubic
cavities in the more argillitic portions which appear to be hematite
after pyrite. Within this section, several distinctive light gray or
blue~gray, massive, dense "argillite" beds which often have irregular
close-spaced fractures filled with a dark brown material to produce g
mosalc-textured rock. These bresk with an almost concoldal fracture,
and produce fracture surfaces which In detail are quite hackly and
irregular. Their general appearance 1s that of fine-grained tuffa-
ceous sediments.

In the Pleasant Canyon and Happy Canyon area to the southwest of
the mapped area, similar beds in the same stratigraphic position con-
tain angular patches (<0.3mm) of white mica which have an overall form
suggestive of feldspar crystals. Thin sections of these rocks, and also
some from the mapped area, show that about 80 percent of the rock
consists of a less than 0.0km subparallel mesh of sericite grains with
some minor feldspar and quartz, and the remaining 20 percent consists
of rounded C.1-0.2mm detrital guartz grazins. Scme sections of these

rocks contaln up to 95 percent sericite. By way of comparison, the
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cray-green arglllite which makes up the bulk of the section contains
consistently 60-80 percent sericite plus some chlorite.

Pirrson (1915), in one of the Tew articles which deals in any
way adequately with slightly altered felsic tuffaceous sediments,
notes that many fine tuffs "...may be changed into minute scales of
sericitic mica mingled with granules of quartz." His general

Y
description of some of the tuffaceocus rocks is almost ldentical with
the descriptions of some of the distinctive light-gray beds noted
sobove, both in mineralogy, color, and mode of fracture and alteration.
On this basis, it is felt that much of this lower 200~300 feet of the
argillite member of the Johnnie Formation is tuffaceous in drigin, and
the distinctive light colored beds within this portion of the section
were probably beds that originally contain the least material o non-
volcanic origin.

Hazzard (1937, p- 304), in the type section, feels that the
shaly beds in the middle part of the Johnnie Formation, which Stewart
refers to as his "siltstone member,” are in part of tuffaceous origin.
These beds, as was noted above, are equivalent to the lower part of
the arglllite member which is thought to be of tuffaceous origin in
the mapped area. Noble (1937, in Hazzard) also independently reached
the same conclusion about the same beds in the type section.

Wright and Troxel (1966, p. 853) have also noted beds which they
feel are of tulfaceous origin in the Johnnile formation, and they have
correlated these beds throughout the area to the east of southern

-

Death Valley. However, while the descriptions oi the beds arc the

same as those in the mapped area which are referred to as tuffaceous
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in origin, their stratigfaphic position is quite different. They
state that this shaly unit of tuffaceous origin "lies 20-L0O0 feet
stratigraphically below the oolite unit.” This would place the
tufTaceous beds in the upper parts of Stewart's "upper carbonsate
besring meriber,  which is equivalent to the uppermost parts of the
argillite member in the mapped arca. Thisis distinctly above the
rocks which Hazzard refers to as tufTaceous, and 1s also gbove the
suspected equivalent beds in the Johnnie Formetion of the mapped
area. In the mapped area, “tuffaceous appearing”'beds were not noted
below the oolite bed.

The lateral variations present in the Johnnie Formation in the
southern Panemint range ares are noted in Plate 2. The three membcr
can be consistantly correlated from section to section, but minor

variations occur within the members.

member its distinctive ripple-marked appearsnce are almost wholly of

crystalline limestone, while on the west side of the ranse these sanms

o)

lenses are wholly quartzose and consist of fine to medium-grained
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The oolite bed nesr the vase of

can be found excensively tTo the egst of She nes a very
erretic distribution in the sres under discussion. In the lover

Jchnscon Canycn-3ix 3pring Canyon ares, the oollie 1s present 25 a < I0C
bed of thinly laminateda dolonite with O.5 To Znin oollues n the midcl
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Johnson Canyon area, on tﬁe southeast edge of the mapped area, the
oolite is present as a distinctive penecontemporaneous conglomerate
bed some 20 feet thick which contains slabby clasts of the thinly
laminated oolite in a dark brown dolomitic matrix. In Hanaupsh

. Canyon, at the same stratigraphic position, the non-colitic penecon-
temporaneous conglomerate occurs, and mapping suggests that the two

are equivalent.

Similar non-oolitic penecontemporaneous conglomerates have been
reported (Albee, oral communication) in the Johnnie Formation of the
Pleasant Canyon-Heppy Canyon area to the southwest of the mapped area,
but no normal oolitic dolomites have been reported from that area.
Johnson (1937) notes neither oolite or penecontemporaneous conglomerate
in this part of the Johnnie Formation in the Manly Pesk Quadrangle.
Hence it appears that the Panamint Range 1s at The western limit of the
oolitic dolomite marker bed that is so common to the east of Death
Valley.

Aside from the above minor variations, the limy argillite member
of the Johnnie Formation is grossly unchanged throughout the southern
Panamint range area. It ranges in thickness (Plate 2) from 800 feet
to 1200 feet, and in weathered outcrop 1t forms a series of distinc-
tive low irregular dark red or purple clirffs which can be traced Tfor
niles. Tten, toward the base of the member, alternatlons of the
scale of tens of feel between marocn and gray-sreen argillite are sczen.
These are especially prominant in upper Johznson Canyon and areas o the
south.

L]

The argillite member, the middle membter of the Jcohnnie Formation,
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forms slabby brown weathering slopes In which the exposures are poor

-

and slumping widespread. The upper 200-300 Tect of the member tends
to have red-brown cliff Tormers because of the relatively higher per-
centage of dolomite beds there. These dolomite beds are laterally
discontinuocus and tend to irregularly pinch and swell. The menber is
TOO to 1200 feet thick, and tends to thicken toward the south and
southwest and at the same time show an increase from silt to fine-
medium gquartz sand as its major constituent. Iocal pebble conglorer-
ates occur. Slaty cleavege 1s weakly developed in the Hanaupsh Canyon
area, and the eguivalent rocks in the Wildrose area to the northwest of
the stock are pvhyllites and schists. The lower tuffaceous portion of

the member appears the same throughout the range.

The contact tetween the argillite member and the underlyinz dolo-
mite unit of tThe zradational member 1s taken at the top of the first
massive dolomits bed, csrester than 10 feet thick, below the Lulfsceous
beds. Thus cacsen, the contact is very sharp and very conuinucus

field, and structure contours have veen drawn on it to aid
2
minations of the deformetion associated with stock emplacement. In the

section of structural geolczy, this zradational member-argillite member

The dolomite unit of the zradational menber warissz In thiciness
o T~ ) ~ R = o U 1 ~ T A - - -
from 130 Feet in Haraureh Canyon <o only 20 feev 1n the Johnson lonpon
Plessant (Canvorn sras “lna a0t A 3 mmmaral Tha 1vit farnis 0 e
RESISASTENS) ol o gr2z 0 Tnge S0UTn, 24 Lin o mTiislida vl deolv LZILWD vy LT

pure dolomite to Tthe norish, and quertz sandy coiomlie Lo the 30usi.
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The quartzite unit of the gradational member varies in thickness
throughout the area from 120 feet to 300 feet, but is remarkably con-
stant in lithology. It appears to thin by lateral‘addition of dolomite
or sandy dolomite beds which soon dominate the immediate section and
hence by definition are then put in the lower or uppér units of the
gradational member.

Variation within the lower unit of the gradational member almost
exactly parallels the variation in the Redlands Member of the Noonday
Dolomite immediately below. When the Redlands passes from dolomite to
sandy dolomite, the lower unit of the gradational member does likewise.
In general, this unit tends to thicken to the north at the expense of
the Noonday Dolomite by the addition of new quartzite beds in the
dominantly dolomite section. The highest percentage of quartzite in
the lower unit occurs in the Hanaupah Canyon section, and.to the south,
as the percentage of quartz sand in the adjacent dolomite increases,
the percentage of quartzite beds decreases.

Correlations of the Johnnie Formation with the section in the
Wildrose area are uncertain. The limy argillite and argillite members
of the Johnﬁie Formation appear to be at least in part present in the
Wildrose section, as are the Sentinel and Radcliffe Members of the
Noonday Dolomite. But much of the Redlands Member of the Noonday, and
the gradational member of Johnnie appear to be missing in the measured
sections (Ianphere, 1962; Stewart, 1965, personal communication).
Whether this change is stratigraphic or due to faulting is not known,
ard solution of this problem must await further work in the Hall

Canyon~Jail Canyon area to the northwest of the mapped area.
N pp
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Correlation of the various Johnnie sections with the section measured
by Johnson (1957) in the Manly Peak Qradrangle 1s also difficult due
to the poor exposure in the latter section. Tentative correlatiors are

shown in Plate 2.

Stirling Quartzite

The Stirling Quartzite outcrops only on the eastera edge of the
mapped area, and for the most part, only the basal portion of the
formation occurs. The formation will be described only briefly, as
no sections were measured.

The contact between the Stirling and the Johnnie is ab

=

upt and
obvious, with massive white quartzite and conglomerate quartzite of

the Stirling lyirng atop red-gray or red-brown weatherirg gray quartz-
ite and argillite of the Jonnnie Formation. The basal Stirling forms

a massive continuous white cliff wnich can be easily seec orn alr

protos and which can be easily mapped for great distances. Imrmediately
below the Stirling, a 1-3 foot light yellow-brown weatnering dolomite
bed occurs walch has great lateral extent and is seez at this position

througnout most of trhe mapped area.

ic

The lower 300-500 feet of the Stirling consists of gquartzit

sandstone and conglomerate, with rose or smoky quarvz clasts
gray or lignt browan siliceous matrix. OSandy and argillite lecses are

t is consistentl; cross-

[

common, and weather out in pockets. The un

bedded, ro matier whe size of tre clasts. Occasicrally clasTs of dark

gray very Tine gralred norsfelsic-like rock are seer. Ixcept Tor uie
lower 50-100 feet, tre Stirling wesihers a light-uedium red-trovwn ard

. - o it an ) - e
forms massive discontisuous cliffs. Abocut L00-600 feet above =iz tase,
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there is a distinctive sequence of T5 Teel of thinly-laminaled purple
argillite or limy argillite followed by 50 feet of quartzite, another
50 feet of purple argillite, and finally another 100 feet of medium
red-brown weathering quartzite similar to that below the argillite
sequence. These argillites show up prominantly as twin very dark
bands inset in the medium red-brown cliffs of quartzite, and form g
very convenlent marker horizon for mapping. Abcve this sequence is a
thick section of light brown weathering quartzites. These are exposed
on the high ridges in the lower Starvation Canyon area, east of the
Telescope Peak Quadrangle. Since the higher portions of the Stirling
and the Wood Canyon Formations do not occur within the mapped area,
they will not be described here.

Johnson (1957) reports at least 1000 feet of Stirling formation
in the Manly Pesk Quadrangle, and Hopper (1947) reports 1200 feet in

the Harrisburg Flat asre
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IGNEOQUS ROCKS

Little Chief Stock

The major igneous body within the mapped area is that of the
composite Little Chief granite porphyry stock, a hypabysssl hornblende-
biotite-granite porphyry which occupies some 15 sguare miles of area in
the center of the mapped area.

The stock consists of two major intrusive phases, a north and a
south phase, which have a roughly east-west contact in the vicinity of

4o

Starvation Canyon. The south phase is earlier than the north phase, as
the latter is chilled against the former. The later rorth phase is in
turn made up of two portions, an exterior portion, and a very slightly
later interior portion. The exterior portion trurcates a dike swarm iz
the Hanaupah Canyon area which formed when the mazma of the stock's
nortn phase was at some slightly deeper level. All contacts of tre
stock, in both the ncrih ard south prases, were intruded by dike rocks
which formed a sheath around the stock. Remrants of ar early igneous
phase of the stock, emplaced at some level deeper than the presext leve
of exposure of the stock, are found only as irnclusions iz the rorth ard
south phases of the stock.

Two important dike swarms related to the stock extend from the
norvheast and southeast parts of the steck, and areas of brecclated

rock thought to be vents for trhne dike rocks that exterded to the sur-

face at the time of emplacermest of the stock also occur.

with the Crystal Sprirg, Eeck Spring

Formations, but of thess Tour, the liconday Dolonive is in convtacs wit!

-~ - Ea) + - T 3, LI LT o -
eXposgure, T, e svock is din intrusive conzazt
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the stock over 66 percent'of the length of the contact and the rest of
the contact is roughly equally svbdivided among the remaining three
formations. In several areas, the stock has a very thin buffer of
Noonday Dolomite (or lower Johnnie dolomite-rich portion) between it
and the argillaceous portions of the Johnnie Formation. This is
accomplished by faulting parallel to the stock contact, or by dragging
the dolomitic rocks up along the margins of the stock, thinning them
in the process. This tendency of small intrusive bodies to surround
themselves with envelopes of carbonate rock is also characteristic of
the stocks in the Inyo and White Mountains (Sylvester, 1965, oral
communication) .

The stock can be subdivided into two major phases, a northern arnd
southern intrusive phase. The northern phase coasists of two portions,
an interior noranblende-biotite granite with plagioclase and sanidite

phenocrysts up to 10mm in size in an O.5mm grourdmass mede up OT

l._l

roughly equal amounts of alkali feldspar and guartz + plagioclass. Malic
mineral percentages commonly reach 9 percent. The oufer portion of the
north phase of the stock is a biotite * hornblende granite with plagio-
clase and sanidine pnenocrysts up to Tmm 1n size 1n an O.bmm gro.rdmass.
The sanidinze shows evidences of extreme replacement by sodic oligoclase.

Near the contact with the wall rock, the grain size of the groundmass

0Q

decreases to O.lmm except in those areas wiere & leucocratic contact

tional over 100 feet, indicsting explacenernt of the interior portion
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while the exterior par:
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The southern phase of the stock 1s a hornblende-biotite granite
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with plagloclase ard sanidine pherocrysts in the 1-5mm rang
less than 0.5mum grourdmass of glkali feldspar and quartz * pla
Tne mafic minerals consistently make up less than 6 percent of ithe
rock. The contect between the northern and southern phese is always
sharp and indicates that the northern phase is enough later than the
southern phase for a contact chill zone to have formed irn the norithern

phase.

Physical Details Along the Stock Contact

In the majority of locations, the dike-sheath eplitic or porpiy-
ritic gplitic rocks are interjected between the granite of the stock
and the country rock. Dikelets of the dike-sheath rock are comncs in

the country rock, 2and in most cases, are non-porphyrytic. In several

cases, agnzular frazients of the wall rock, eitrer the Noonday or

slabs, often up to 30m in lenzth, are seen along the contact 1n positicrss

IR

such that the dike-sheatnz rock nas almost surrounded *thenm and apresrs O

occurrence 1s very rare, and almost always Iavolved tre do

Neonday Dolomite. Zowever, 20 larzs slats of this sort were ssen wiolly
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at the contact. In rare instances, apophyses of the granite extend out
into the country rock Tor distances of up to 1000m Trom the contact.
The largest of these, shown on the map at the northeast edge of the
stock, 1s some 100m thick, but other apophyses are found which are
less than 0.5m thick. While most of these apophyses are of normal
granite of the stock, in a few instances, the material within the
apophyses has an unusually high concentration of hornblende, which in
terms of optical properties is very much like that in the normal stock
granite. Commonly a flow banding of various concentrations of hornblende
occurs in some apophyses, and hornblende selvedges occur around many of
the inclusions of the Kingston Peak Formation which are caught up in the
apophyses or in the dike—sheath or granite at the stock contacts.

In general, all the stock contacts are sharp, no matter which

phase of the granite or the dike-like rocks 1s at the contact. The

.
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number of country rock inclusions found in the stock is very suall, an

except 1n rare instances 1s less thaa 1 perceat of the rock.

Contact Metamorpnic Rock

The contact metamorphism attributable to the stock 1s restricted
to scarn-like or hornfelsic zones less than 1 foot thick, and usually
less than 2 inches thick. Often, a single thin section spans the contact
zone .

Against the argillitic rocks of the Kingston Peak Formation, horn-
felsic zones up to 1 foot wide have been forned which consist of The

assembl.
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order going away from the stock. At the actual contact, and in inclu-
sions of the Kingston‘Péak argillitic rocks in the stock, large
concentrations of hornblende and biotite occur, and fringes of these
two minerals grow out into the granite from the actual plane of the
contact. In this region within 2 inches of the contéct, one can see
the diopside assemblage give way to the hornblende assemblages first
by patches of separate hornblende grains, with common optical orienta-
tions, which appear in locally diopside-free patches in the diopside-
rich areas, and which, going toward the contact, coalesce into equant
hornblende crystals as the percentage of diopside éecreases. Finally,
in many cases, no diopside is left, and the hornblende assemblage
occurs at the actual contact.

In some cases, the hornblende assemblage has not formed, and the
diopside assemblage appears to be stable up to the contact. It is in
areas like these that diopside crystals and reaction rims on the
igneous hornblende are found in the granite adjacent to the stock
contact. In general, the contact metamorphic and igneous nhornblendes
appear identical.

In other areas along the Kingston Pesk contact, the assemblage
quartz-biotite-cordierite-magnetite was noted.

In the area of the dike-swarm, stock junction gt the northeast
corner of the stock, the metamorphic effects due to the closely spaced
dikes have extended the metamorphic aureol away from the stock for
some distance. In this area, the Sourdough Limestone Member of the
Kingston Peak Formation has developed assemblages of andradite-

grossularite garnet and calcite with unidentified opaque mirerals.
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Rarely, calcite—opaque(?)hdiopside assemblages are seen. The smount of
garnet, easily visible in the field, appears to die out away from the
nearest dike contact. It is suggested that metamorphism occurred in this
region because of a combination of the heat provided by the dike swarm,
which makes up 50 percent of the rock in many areas, and abundant vola-
tiles associated with the dikes.

The contact zones with the Noonday Dolomite are seldom thicker than
3 inches, and conslst for the most part of calc-silicate scarn against
the carbonate rocks, and hornfels against the argillaceous rocks. At
one locality, the following assemblages in well-defined bands are noted
going from wall rock toward the contact. First, diopside with talc reac-
tion rims-dolomite-phlogopite-serpentine (Chrysotile?), then phlogopite-
diopside, then diopside with talc reaction rims-doloﬁite—quartz, and
finally coarse diopside-dobmite with reaction rims against diopside
only-quartz-oligoclase at the contact. Another scarn-like assemblage
is a wollastonite-diopside-sphene assemblage in which coarse wollaston-
ite crystals form patches with tabular rectangular shapes in a matrix of
fine wollastonite. The mineral which had the tabular form was not seen.
In this case, a talc(?) band occurs at the contact itself. The argilla-
ceous rocks of the Noénday Dolomite have quartz-oligoclase-diopside-
magnetite, and quartz-oligoclase-hornblende-biotite-magnetite assemblages
similar to those of the Kingston Peak Formation.

Ace of the Stock

Several general lines of evidence suggest that the stock is Tertiary

in age. In comparison with known Mesozoic intrusives In nearby areas, the
textural features of the granite of the stock, the small amount of contact

metamorphism, the style of deformation, and the shallow depth of
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emplacement all tend to support a Tertiary age as opposed to a Mesozoic
ace. The country rock to the northwest of the stock has yielded radio-
metric ages which suggest that they were regionally metamorphosed in
Upper Cretaceocus tinme (Ianpheré, 1962). The lack of evidence of metamor-
phism of the stock, relative to the chlorite to biotite-grade regional
metamorphism of the immediately surrounding country rocks, suggests that
the stock was emplaced after the time of regional metemorphism.

The stock itself cuts rocks of Precambrian(?) age or older, and near
to the stock, faults associated with the emplaceﬁent of the stock, oﬁt
only Cambrian or older rocks. One fault which is thought to be assoclated
with the emplacement of the stock, appears to extend well to the south of
the mepped area, and at its southern end cuts andesitic volecanics of an
unknown Tertiary age. Assuming only one stage of movement on the fault,
this also supports a Tertisry age for the stock. However, on the east
flank of the range, similarly oriented faulis have cut tertiary volcanics
but in this case the evidence is quite good that there were several
periods of movement on these faults (Hunt and Mabey, 1966).

Recently (Stern, Newell and Hunt, 1966) radiometric ages were
octained on some of the volecanic and shgllow intrusive rocks on the east
edge of the Panemint Range. A K-Ar age of L m.y. (K—feldspar) was ob-
tgined on & quartz monzonite which lies below, or to the east of, the
basal fsult of Hunt's Amargoss fault system, and 11 ard 1 m.y. ages
(biotite) were obtained on the augen gneiss which was intruded by thre
above quartz monzonite. Hunt and Mabey suggest that this quartz monzon-

tock. Zircons from the gugsn
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southern Panamint Range, 1700 m.y. (Wasserberg et al, 1959) K-Ar and
Rb-Sr ages and 1800 m.y. (Ianphere et al, 1964) (Silver, McKinney
and Wright, 1961) Po-U ages were obtained on roughly similar earlier
Precambrian rocks. The above data suggest that the biotite of the
augen gneiss re-equilibrated at the time of the Upper Miocene
igneoﬁs activity (Stern et al, 1966).

Al2m.y. K-Ar (K—feldspar) age was alsq/dbtained on a rock
described by Stern et al (1966) as a monzonite porphyry which was
collected from a boulder at the mouth of Hanaupah Canyon. Since
boulders of the Little Chief stock are common in that canyon, and
to my knowledge no coarse igneous phases other than the stock are
present upstream of the collection point, it is entirely possible
that this boulder was indeed from the stock. It is not possible
to make a petrographic comparison from the published information.

If, as indicated by Hunt and Mabey (1966), the shallow intru-
sives discussed above are related to the volcanic tuffs and
sediments in that area, then this supports an Upper Miocene age
for the stock, since the volcanics lie on an erosion surface which
projects to a point roughly a mile above the stock, and petrographic
work indicates a depth of emplacement of the stock of roughly the
same amount. This would also agree with the tentative 12 m.y. age
on the boulder cited above.

Stern et al (1966) have also determined 30+10 and 20410 m.y. Pb-a
ages on zircons from the quartz monzonite below the basal Amargosa
fault, and from the monzonite porphyry boulder, respectively. In
the light of the above upper Miocene ages, coupled with evidence of

xenocrystic zircon of possible Precambrian age in these rocks, the
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authors feel that the Pb;o<ages are too high.

On the basis of the above discussion, the age of the Little

Chief stock is thought to be Upper Miocene.

Soda Minette S5ill-Johnnie Formation

In the Hanaupah Canyon area, a 50-150 foot lamprophyre sill
occurs just below the top of the argillite member. The sill has
contacts which are irregular in detail but in general are parallel
to bedding. Sediments at the upper and lower cdntacts are highly
indurated, and the sediments adjacent to the contact have been
extremely plastically deformed in many area. In g few areas, above
the sill, portions of the argillite have been converted to pods of
breccia in which shattered angular purple hornfelsed argillite
clasfs occur in a white chalky matrix. The best developed breccia
trends perpendicular to the upper dike margin and extends about 25
feet into the‘argillite as a zone 2-4 feet wide well through the
hornfelsed zone into the unaltered argillites and carbonates. When
it reaches the sill, it flattens out into a pod against the sill,
parallel fo the sill contact. It is suggested that this breccia is
due to steam explosions assoclated with the intrusion of the sill
into a series of wet sedimeﬁts. The sill 1s deformed in the same way
as the rest of the Johnnie Formation by the faults mapped in the
area, so that it was at least emplaced before most of the faulting.

The sill may be properly termed a soda minette. It shows a
typical lamprophyric or panidiomorphic texture, made up of subhedral
to euhedral feldspar crystals and euhedral biotite and hornblende

crystals, all in the 0.5-5mm size range. The rock is highly altered,
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so that any estimate of the original nineralogy 1s only approxi-
nmate. An estimate of the orizinal mincralogy includes; a) LO-60
percent sodic orthoclase, now finely patch perthitic with roughly
60 percent K-phase and LO percent Na-phase as estime
stained thin section, with a 2V of about 65 degrees. It is highly
saussuritized and fractured, with fracture fillings of calcites;

b) 15-25 percent pleochroic medium-dsrk brown biotite, in stumpy
plates of about 0.5-lmm in size, and c) 5-15 percent ferrchast-
ingsitic hornblende, in typical hornblende prisms 0.5-2rm in size.
It shows the following pleochroic Fformula: Alphs = mediwi yellow-
brown, Beta = deep blue green, Gamma = light to mediwn yellow or

yellow-brown, and has a negative 2V of less than 15 degrees.

d) about ercent sphene in 0.5-1mm euhedrgl, of
P

crystals. e) about 2 percent plagioclase. ) about 2 percens
apatite and ovagues. The cpzcue 1s probably a2 Ti-rich meznetite.
A light yellow-drown plecchrolc biotite 2130 1s present which

occurs as an gilveration product of toth the trown vlowite and the

hornblende, and also occurs
the thin sections along grain bo
of some slides, and nay hav
tion product or hydrolherme

Most of the ferrohastinzsit

yellow-trova piotite, chlord
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appears to be later then most of these minerals. The brown biotite
is flecked and spotted with dark brown-black patches which sppear to
be leucoxene(?). The brown biotite is often rimmed by the light
yellow-brown ﬁiotite.

Both biotites, and possibly some riebeckite, have altered to
radial or Tfibrous bundles of chlorite. In some slides, only relict
patches of the brown biotite and the Terrohastingsite are left, and
most of the malic minerals consist of yellow-brown biotite, sphene,
chlorite, leucoxene and magnetite. Rarely, zeolite minerals fill
interstitial positions, and large calcite crystals and calcite
fracture fillings are common. In some cases, the sill is 15 percent
calcite.

The late alteration to chlorite may be associated with the
chlorite zrade regional metamorphism of the surrounding Johnnie
Formation while the previous alteration to bilotite and riebeckite
occured &t the time the 3111 intruded tThe wet sadiments.

+

Diorite or anissive dike swarms occur throughout the area to
the southwest of the mapped area (Albee, oral communication), and
similar dikes of Triassic(?) age have been mapped by Johnson (1957)
in the Manly Pesk Quadrangle still further to the southwest. Dikes
of this type have not been noted 1n the mapped area.

ite dikes of Tertiary age within the mapped area intrude

+
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the Little Chief stock, and sinilsr dikes and plugs are expoesed

extensively Lo The east of the mapped area (Bunt end

s
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Regional Metamorphism

Throughout the eastern part of the mapped region, the rocks of
the Kingston Peak, Noonday and Johnnie Formations.are metamorphosed
to roughly chlorite grade or equivalent assemblages.‘ To the west,
biotite grade assemblages appear, and higher grade assemblages
are reported by Ianphere (1962) still further to the west. Thus
it appears that the stock was emplaced in an area in which the
metamorphic grade is gradually increasing to the westward.

The Kingston Peak Formation, in the areas aﬁay from the stock
contact, consists of argillite with the assemblage clastic quartz-
calcite-epidote-chlorite-opaque. In the conglomeratic graywacke,
reaction rims of talc occur around the carbonate clasts égainst the
séndy'quartz—feldspar—epidote—chlorite—opaque assemblage of the
matrix.

To the northwest, Ianphere (1962) reports dominantly quartz-‘
biotite-muscovite-chlorite-opaque assemblages, indicating a slight
increase in grade to the northwest. DNo.Kingston Peak is exposed in
the mapped area between the stock and Ianphere's area. Garnet,
chloritoid, staurolite, and cordierite are present in the Kingston
Pesk to the southwest of the mapped area (Ienphere et al, 196L).

The massive dolomite and limestone beds of the Noonday Dolomite,
for the most part, consist of slightly recrystallized calcite or
dolomite-rounded quartz-minor epidote—oﬁaque—phlogopite assemblages.
The Radcliffe Member limestone consist of calcite-albite-minor epidote,

while the argillaceous beds have muscovite-chlorite bearing assemblages
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very similar to those of the Johnnie Formation argillites.
Tremolite rosettes occur in the Redlands Member (Albee, oral
comunication, 1966). Similar assemblages, with the addition of
biotite in the argillaceous beds, are reported by lanphere to the
northwest.

The .Johnnie Formation, to the east of the stock, consists of
argillaceous, or locally phyllitic, muscovite-quartz-chlorite-opaque
+ calcite i+ albite rocks for the most part. The dolomite beds in
the lower part of the formation have the same assemblages as the
massive Noonday Dolomite noted above. In a few of the dolomite
beds, small eyes, less than 2 inches wide, of calcite with phlogo-
pite rims occur. The only significant feldspar in the Johnnie occurs
in the suspected tuffaceous beds toward the base of the formation, or
in the matrix of the penecontemporaneous conglomerates in the upper
part of the formation.

To the northwest and west of the stock, the typical assemblage
observed was muscovite-quartz-bictite-chlorite-opaquetepidotetcalcite
in the argillaceous rocks. In this region, the rocks are consistently
phyllitic. In one specimen, taken only 1000 feet from the stock con-
tact, the assemblage muscovite-biotite-andalusite-quartz-opaque occurs,
and traces of andalusite in chlorite-poor argillite in the Bennett
Peak area are observed.

Similar quartz-nuscovite-chlorite-opaquexbiotite assemblages are
noted by Ianphere to the northwest, and one quartz-andalusite-
muscovite-biotite-opaque assemblage is noted by him some 2.5 miles

northwest of the stock. Cordierite and andalusite bearing assemblages
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are reported to the southwest of the mapped area (Ianphere et al,

196L4) .
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STRUCTURAL GHOLOGY

Distributicn of Rock Types

In a gross sense, the whole Panemint Range wmay be considered a
single fault block which has been tllted gently to the east, and
in which the strike of the Cembrian end later Precenbrian sediments
is slightly to the northwest of the trend of the range, so that going
both to the north and to the east, progressively younger strata are
exposed. The eastern slope of the range, especially that portion just
to the cast of the range divide, may be thought of as a dip slope.
Further to the cast the topographic slope decreases and the dip of
the sediments becomes greater than the ground slope. The western
slope of the range cuts across the eastward dipping sediments, and

hence progressively older beds are exposed to the west.

The regioral dip of the later Precambrian and Cembrian strata
1s consistently 10 to 20 degr=es to the east. This regional dip is

well shown in two easgt-west cross sectlons throuzn the mapped ares,

section A-A', just to the north of the stock, and section I-L',

to the south of the stock: REoth are shown in Plate 3. In

ct
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section A-A' the blocks tetween the north-south striking, wesitward
dipping faults which interssct the section at right angles, have

each been rotated toward the east, so that the eastward dip of Ihe
beds within each Tault plock is in genersl

regional div aversgsd over the numerous fault blcocis. In section

somewhat sregter O Lthe nortn OF the stock than to the south O
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This eastward regionél dip is shown in Fig. 2, a very simplified
geologic map of the area around the Iittle Chief Stock (see also
Plate 1). The oldest rock units-the World Beater Complex, and the
Beck Spring, Crystal Spring, and Kingston Pesk Formations of the
Pahrunp Series crop out in general to the west and southwest of the
stock on the west side of the range divide as a roughly north-sout
belt. The younger units-the Noonday Dolomite, and the Johnnie and
Stirling Formations-crop out extensively along the range divide and

to the east of the divide.

Form of the ILittle Chief Stock

Because of the excellent exposure and high relief in the mapped
ares, very good control is agvailable on the attitude of the stock
contaét over 1ts whole extent. The stock contact ranges in altitude
from roughly 10,400 feet to 4000 feet in a distance of three miles,

N

ner

ct

and crosses several 3000 foot ridges. Hence, is adequate

@

control on the stock contact along most short segments for vertical
distances of 3000 feet or more.

Figure 3 shows the form of the stock by means of structure
contours drawn on the contact. DNote that the solid lines refer to
the portions of the contact which dip away from the stock, and the
dashed lines refer to the portions which dip toward the stock. Contact

attitudes were obtained through direct measurements, through graphic

solutions on mapred secments of the contact, and through the combined
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In general, Fig. 3 shows that the overall form of the stock is

simple, and that the stock contacts dip outward at very steep angles.
Thus dips of vertical to 80 degrees outward predominate along the
entire portion of the contact from the southeast corner through the
western side to the northwestern side. In the north and northeastern
edges of the stock, the contact for the most part dips outward at
angles of 60 to 65 degrees with the exception of a small portion that
dips inward at an angle of 45 degrees. T is oﬁly along the east-
central margin of the stock that the contact becomes complex.

Roughly 60 percent of the stock contact is vertical or outward
dipping at angles of 80 degrees or greater, 12 percent of the contact
dips outward at angles of roughly 60 degrees, 12 percent of the con-
tact dips outward at angles of 45 degrees or less, and 16 percent of
the contact dips inward at angles of 35 to 55 degrees. All the
shallow outward dips, and all the inward dips except for the small
grea mentioned above, are found in the east-central extension of the
stock.

Cross sections through the various parts of the mapped area are
shown together in Plate 3, and the individual section lines are
located in Plate 1 and L. In some sections, information has been
projected onto the sections from various distances up to 1000 feet
in a direction perpendicular to the section. In these cases, the
amount and direction of projection has been noted.

Sections which cross the vertical or steeply-outward dipping
portions of the stock conmtact, (K-K', M-M', J-J', D-D', and C-C'-C")

illustrate that the stock contact clearly crosscuts the country rock.
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Very near the actual contact the sedimentary rocks are either abruptly
folded, or dragged upward, as in section D-D', or a fault occurs, as
in section C-C' or D-D'. In this latter case, the fault is essentially
parallel to the stock contact and usually less than 1000 feet horizon-
tally from the contact, and the block between the fault and the stock
has been moved upward with the stock.

In several of these sections, such as K-K', J-J', and C-C', the
probable elevation of the roof of the stock has been shown. This
has been located on the basis of the distribution of contact phases
in the stock, and other textural features within the stock which
indicate proximity to the stock contact as described in Part IT.
In general the roof of the stock occurs at an elevation of roughly
10,500 feet and is fairly flat. Hence, the sedimentary units are
probably concordant with the stock contact in the roof portion of
the stock.

Cross sections in Plate 3 which pass through the eastern sxten-
sion of the stock in the Starvation Canyon area are sections z-3I',
F-F', G-G' and H-H'. TFor descriptive purposes, this portion of
the contact, which is complex and irregular, has been divided into
two parts. The northern part, as shown in Fig. 3 and section E-Z',
dips inward at angles of roughly 35 and 53 degrees, and represents
a significant increase in the width of the stock at higher elevations.

1

the stock. The scuthern
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This portion was formed by the north phase
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part, which was Tormed by the south phase of the stock, co

a Tlat shelf-like extension of the stock which mekes up the nart of

the stock east of the 6000 foot contour in Fig. 3. To the west, at
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elevations of 6000 feet or greater, the stock contact again appears
to become vertical or steeply outward dipping, as is common along most
of the stock's contact. The placement of the 6000 foot contour and
the location of the shelf-like area is based on the distribution of
roof-pendants, contact sheath rocks, and contact phases of the stock
in that area.

The shelf-like portion east of the 6000 foot contour is bounded
on its south side by a vertical contact, and on the east and north-
east sides by shallowly outward dipping contacts. The distribution
of faulting associated with the stock just to the east of this
shelf-like area indicates that the stock does not extend to the
east, at depth, for any great distance as a major intrusive body.

It is significant that the shelf-like expansion of the stock is
along the contact between the Noonday Dolomite and the overlying
Johnnie argillaceous rocks, since as noted before most of the stock
contact 1s very near, but below, this contact. Indeed, the only ares
of the stock which clearly crosscubs the Jomnnie argillaceous rocks
is in the overhanging area just to the north.

The dips of the stock contact at the surface indicate that it
is essentially a vertical plug, with steep, and sometimes overhanging
contacts. The most likely feeder area for the stock is an east-west
band that passes through the widest part of the stock in the Starvation
Canyon area, essentiglly along The contéct between the north and
south phases of the stock. This i1s also along the westward extensilon

of an east-west striking vertical tear fault which extends from the

Hh

east side of the stock to the east edge of the range. Fragmenis o
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the earlier igneous phase‘are concentrated along this zone, and
later zones of alteration occur here also. This suggests the
possibility that the stock changes from an elongate north-south
mass to a very much narrower elongate east-west body at depth.
Whether this takes place through the formstion of a flat floor,

or by a gradual necking downward is not known.

Deformation of the Country Rock

In this section the emphasis is on the structural relationship
of the stock to the surrounding sediments. An attempt will be made
to determine in what way the emplacement of the stock disturbed the
sedimentary rocks, and whether the mode of deformation can be made
to fit any logical pattern relative to the emplacement of stocks in
generél.

The structure of an area can be particularly well illustrated
and understoocd from the three-dimensional distribution of one well-
defined sedimentary horizon, but this requires good topograrhic
control and rock exposure. In the area around the stock the contact
between the gradational member and the argillite member of the
Johnnie Formation is an excellent marker horizon. It marks the
break between the pastel green or gray argillites of the Johnnie
above, and a dominantly white dolomitic section below which includes
the lower Johnnie member and all of the Noonday Dolomite. t 1s made
even more counspicuous by the tendency of the thick dolomite beds to
form massive white cliffs. In Fig. 2, this contact is just above
the Johnnie-lioonday contact, but at the scale of the figure the two

contacts appear as the same line. The extensive outcrop of this

iy
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contact around the stock is clearly shown.

The topographic relief over the mapped area is 8000 feet, and
7000 feet of this change takes place in a horizontal distance of 3
miles, from Telescope Peak to the floor of Hanaupah Canyon. The
local relief over any given ridge, aside from the main range divide,
is usually 2000-3000 feet in a horizontal distance of a mile or less.
Hence, three dimensional control on the contact is excellent.

Structure contours on the contact noted above, which will
henceforth be referred to as the contoured contact, are shown in
Fig. 4. Contours are labelled in thousands of feet, and drawn every
500 feet. All contours over the stock are dashed, as they have been
projecfed in from outside the stock contact.

The general eastward dip of the strata can be seen in the
figure, as well as the high area over the stock itself. t is

evident that the stock has domed the sediments to some degree,

ct
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although it appears that doming does not extend very far frcm
stock itself. The contoured surface dips more steevly in the areas
adjacent to the stock as a function of the degree of doming. The
13,000 feet contour in the extreme southwest corner of the Tigure

indicates the location of the edge of the World Beater Dome.

Faulting

The distribution of the important faults in the mapped ares is
shown in Plate L (also Fig. 4). The stock outline is shown by the
row of circles, and the contact tetween the north and south phases
of the stock 1s shown by the dotted line. The faulls are shown oy
the various line-, dash-, and dot-symbols. In most cases, the

throw of the wvarious faults, as determined from the contoured surrace
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of Fig. L, is shown in thousands of feet and is always placed on the
upthrown side of the fault. The “X" indicates the upthrown side of
faults which have displacements of less than 500 feet in a vertical
sense.

For purposes of discussion, the faults shown in Plate 4 will be
subdivided into four major groups. The most obvious fault system in
the mapped area is the ring fault shown by the solid line in the
figure, which completely surrounds the stock. Most of the faults in
the area have north-south trends and are truncated by the ring fault.
These faults can bé subdivided into three groups. In the north, the
short-dash symbol indicates a westward dipping system of normal
faults with west-side down motion along which the major dike swarm
associated with the stock was intruded. In the south, two systems
of vertical, west-side-up, faults are indicated by the two dot-one
dash and four dot-one dash symbols, which trend roughly north-
northeast and north-northwest, respectively.

The ring fault is very well exposed throughout its whole
extent. In general it is vertical and the interior portion has
risen relative to the surrounding rocks in such a way that maximum
displacements are on the western side and a hinge line of no
vertical motion occurs near the east side, giving the interior
block the form of a trapdoor which opens to the west. This fault
will henceforth be referred to as the trapdcor fault.

At the north edge of the trapdoor, the trapdoor fault dips

T5 degrees south. Along this edge, displacement of the trapdoor
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ranges from O at the northeast corner to 2000 feet up at the
northwest corner, and both drag folds and graphical solutions of
fault movement indicate that the interior moved vertically upward
with a slight eastward component.

The western part of the trapdoor fault shows east-side-up
displacements of 2000-3000 feet. Along much of the western side of
the trapdoor, the edge of the trapdoor and the edge of the stock
coincide. The magma apparently intruded upward; using the trapdoor
fault plane as its western boundary.

On the south side, the displacements of the trapdoor increase
from O at B to 5000 feet up at the southwest corner. To the east
of B, from B to the southeast corner of the trapdoor, the displace-
ments increase to 1500 feet upward with the south side up: That is,
the trapdoor portion dropped down relative to the surrounding rocks.

Extending roughly in a straight line from B to the northeast
corner of the trapdoor, there is a line of no relative vertical
motion which acted as a pivot for the westward opening trapdoor.

The small portion of the trapdoor to the east of thilis line actually
moved downward relative to the surrounding rocks.

On the southeast side of the trapdoor, the simple trapdoor con-
cept breaks down in that a portion of the rocks outside the "ideal"
trapdoor were lifted up with the trapdoor itself. The two faults
which define the extension of the trapdcor are the Stone Corral and
World Beater faults. To the north of point D, the throw on the Stone
Corral fault increases from 1500 feet to 5000 feet at the edge of the

trapdoor. On the World Beater fault, the west-side-up motion decreases
2 -
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to zero north of point C, and still further north, the fault has

east-side-up displacements, on the trapdoor side, of 1000 feet or
so. It thus appears that the obvious effects of the trapdoor
forming stage were confined to the area to the north and east of a
line from C to D.

The east side of the trapdoor has been offset by an east-west
fault in the Starvation Canyon area. This fault, which will be
referred to as the tear fault, offsets the hinge line of the trap-
door, but does not cut the stock. In fact, the exterior portion
of the stock's norfh phase has extended itself to the east along

the fault plane. Thus, while the tear fault post-dates the
fofmation of the trapdoor, it predates the emplacement of the
exterior portion of the north phase of the stock.

Near the trapdoor, the tear fault dips roughly 70 degrees
north. A graphical solution of the movementon the tear fault indi-
cates that the north side moved roughly 2000 feet vertically and
1000 feet to the west, relative to the south side. Further to the
east, the apparent vertical motion appears to reverse itself so
that roughly 2 miles east of the stock, the south side of the fault
has moved relatively upward. The fault therefore has a scissors-
like motion.

The tear fault appears to extend to the eastera range front
as a.zone of highly brecciated rock, and is the same fault as the
tear fault which Hunt and Mabey (1966) refers to as truncating the
Burro Trail thrust aad other faults related to his Amargesa Thrust

Fault system.
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Plate 4 shows that the west-side-down displacements on the
trapdoor fault just north or south of the tear fault are quite
different. The displacements are consistently larger to the
south of the tear fault, and the change in the magnitude of the
displacements takes place very abruptly across the tear fault.

This fact, combined with the north-side-up motion of the tear

fault may indicate that at the same time that movement was taking
place on the tear fault, renewed movement was occuring on the por-
tion of the trapdoor to the north of the tear fault. Thus, on a
portion of the trapdoor fault in which the west side movéd down as
the main trapdoor formed, the sense of movement was reversed and
the west side later moved up when the tear fault formed.' This sort
of motion is consistent with the later intrusion of the north phase
of the stock, which is thought to be the cause of the tear fault.

The attitude of the faults to the north of the trapdcor (short
dashed lines, Plate 1) is roughly N15°E, L5-60°W. The major dike
swarm associated with the stock was intruded along this fault
system beforg the trapdoor was formed. Both the dike swarm and the
fault system have been offset by the movement of the trapdoor fault.
The apparent vertical motion on most of these faults is west-side-
down with throws of 500 feet or less.

This fault system appears to extend some 6 miles to the north-
east, where it merges with the north;souﬁh striking faults, with
similar westward dips, which Hunt and Mabey (1966) consider as part
of their Amorgosa Thrust Complex. This fault complex extends along
the eastern foothills of the Panamint Range from the tear fault in

Starvation Canyon some 32 miles to the north to Tucki Mountain, and
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Hunt feels that it is related to the Armorgosa thrust system in the

Black Range to tne east ot Death Valley. Both Noble (personal
communication in Hunt and Mebey, 1966) and Hunt and Mabey (1966)
feel that the low-angle faults in the Panamint Range foothills are
related to the various rhyolitic-felsitic volcanics which are
intruded along the faults, and Hunt in turn relates these volcanics
to the Little Chief Stock, and suggests that the stock itself was
emplaced along the basal fault of this system of low angle faults.

The majority Qf the low-angle faults are confined to the
eastern foothills of the range. Hunt's mapping indicates that the
only two areas in which low-angle, westward-dipping faults are
commonly present in tne nigher parts of the range to the west are
in those areas in whnich there are large Tertiary intrusives; nanmely
the Little Chief stock and the granite at Skidoo, an elongate
intrusive body some 9 miles north of the Iittle Chief stock. This
supports the contention that the low angle faults are related to
the emplacement of the stocks.

The faults south of the trapdoor, which are shown by the two
dot-dash symbols in Plate 4 consistently show west-side-up apparent
vertical displacements, and in general, the fault planes have dips
that are within 15 degrees of vertical. The apparent vertical dis-

placements are roughly 500-1500 feet. The eastern set strikes

Hy

roughly N15OW while the western set is oriented N20°E. Both o
these feault systems are truncated by the south side of the trapdoor
and none of these faults has been correlated with any of the faults

within the {trapdoor.
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The fault systems to the south of the stock are continuous for
distances of up to 10 miles south of the stock. The relative dis-
placements on the World Beater and Stone Corral faults, south of
points C and D, are constant with west-side-up motions of 1000 feet
and 1500 feet, respectively. Graphical solutions of fault movement’
indicated that the west side of the former fault has a slight north-
ward component.

The Porter Mine fault extends some 10 miles'south of the stock
to Butte Valley (Albee, oral communication, 1965), and the west-side-
up displacement is 500-1000 feet over the whole distance. To the
south of Butte Valley, Johnson (1957) has inferred a fault on strike
with the Porter Mine fault which has a similar sense of displacement.
This fault offsets a series of Tertiary andesitic volcanics. If this
fault and the Porter Mine fault are the same, then this suggests that
the displacement on the Porter Mine fault occured after the volcanics
were deposited. If the Porter Mine fault is related to the emplace-
ment of the stock, then, assuming faulting at one time only, this in
turn suggests that the stock was emplaced after the andesitic volcan-
ics were formed. This must be balanced against the possibility that
there have been several periods of movement on this fault, as Hunt
has suggested for some faults in the eastern foothills of the range.

The eastern set of vertical normal faults (dash-four dot symbol,
Plate 4) which occur to the south of the trapdoor and which end
against the south side of the trapdoor, also extend well to the south
and have consistent west-side-up displacements for the entire distance.

The easternmost of this set of faults in the mapped area ends against
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the tear fault in Starvation Canyon. No offset portion could be
found. Faults with similar orientation and sense of displacement
are mapped by Hunt and Mabey (1966) in the area to the east of the
mapped area, and their maps show these faults as consistently
offsetting the westward dipping faults which occur.only to the north
of the stock in the mapped area. Indeed, the area east of the stock
appears to be a transitional zone, with the westward dipping faults
dominating to the north, and the younger vertical faults dominating
to the south. The above relationships indicate that at least the
eastern system of faults south of the trapdoor are younger than the
westward dipping faults found to the north of the stock, but are
older than the tear fault in Starvation Canyon. The same is
probably true of the western system of faults.

The faults within the trapdoor are few in number. The westward
dipping fault which meets the north side of the trapdoor at A is
clearly an offset part of the fault system to the north of the trap-
door. The fact that its dip is less than the dips of the faults to
the north of the stock is consistent with its having been rotated to
the east with trapdoor movement.

The most interesting fault within the trapdoor is that at point
F. This fault strikes roughly north-south, and dips EOOW. To the
north of point F, the fault motion is such that the west side has
moved relatively up, or to the northeast, making that portion a true
thrust fault. To the south of point F, the west side has moved
relatively downward, and the fault is a low angle fault. The overall

motion appears to have been a clockwise rotation of the upper plate
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with dominant movement toward the northeast. This fault, which will
be termed the thrust fault, was truncated by a short vertical normal

fault on its west side.

Doming

It is readily apparent from Fig. 4 that extensive doming of the
sediments has occured around the stock, with the main axis of doming
coinciding with the north-south axis of the main part of the stock.
Because of the tentative nature of the contours‘in Fig. 4 over the
stock, closure produced by the doming can only be roughly estimated
as 2500 feet at the south end of the stock. However, the actual
amount of doming is greater due to the eastward regional.dip of the
sediments in this area.

It is also apparent that, for all practical purposes, the doming
is wholly confined within the trapdoor fault, except at the southwest
edge. The configuration of the contoured surface within the trapdoor,
even allowing for the eastward rotation of the trapdoor, cannot be
matched across any of the edges of the trapdoor. For instance, at the
point where the simple trapdoor meets the Stone Corral fault, the dome
within the trapdoor cannot be matched by a similar dome to the south,
outside the trapdoor.

This strongly indicates that doming and trapdoor formation were
simultaneous, since 1f doming had preceeded the time of trapdoor
formation there should be some evidence of doming centered on the
stock in the area outside the trgpdoor.

In order to obtain a better idea of the amount of deformation

relative to the pre-stock configuration of the dolomite-argillite
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contact, an attempt has been made to show the amount of deviation of

the contoured surface at present from its original position. A very
simplified estimate of the pre-stock contact configuration was made,
using the overall regional trend of the bedding in the range and

the elevations of the contoured contact at present in the areas away
from the stock which appeared to be the least deformed. The very
simple surface was then subtracted from Fig. 4 to obtain a rough esti-
mate of the degree of deviation of the present éurface from this
estimated original surface.

The .result is shown in Fig. 5. The amount of deviation has been
noted in thousands of feet, and the spacing of the lining in the various
aréas reflects the degree of deviation. Once again, the major axis of
doming is seen to be directly over the axis of the stock, where the con-
tact in question has been domed upward by roughly LOOO feet from its
original position. The pronounced depressed area, in the southeast
corner of the trapdoor, is also readily apparent, and its abrupt trunca-
tion by the tear fault shown. The area of considerably less deviation
immediately to the north of the tear fault may represent the renewed
later upward intrusion of the stock's north phase to the present level
- of emplacement. The extension of the north phase of the stock to the
east is indicated by the slightly positive area against the north side
of the tear fault which extends across the edge of the trapdoor. The
high area in the southwest extension of the trapdoor is also apparent._

The very prouminant extension of the highly deviated area to the
east, in the central part of the trapdoor reflects the estimated lifting

of a small portion of the contoured contact above the overhanging portiocm
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of the stock.

Outside the trapdoor itself, there has been relatively little
change in the contoured surface. Just outside the northwestern and
western edges of the trapdoor, there is an area of slight positive
devigtion. This is matched, just outside the eastern edge of the
trapdoor, by a slightly negative area-with the exception of the
small positive area related to the tear fault and eastward extension
of the stock. The combination of the positive area to the west with
the negative area to the east indicates that this change in the

" contoured surface outside the trapdoor occurred at the time the trap-
door was formed, since it accurately reflects the movement of the
trapdoor itself. It was probably caused by the drag effects of the
trapdoor during its movement.

Considering the argillite-dolomite contact just outside the
trapdoor itself, 1t is apparent that in several locations, the rocks
outside the trapdoor have been dragged upward as the trapdoor moved
upward. Such features show up in the contoured surface just outside
the trapdoor fault, as, for instance, along the northwest side by
the 9000 foot and 7500 foot contours, along the northeast side by
the 3500-L000 foot contour, and along the south side by the 6000
foot and 7500 foot contours. Some of the larger folds which show
up in the contoured surface at varicus distances outside the trapdoor
are probably also related to the formation of the trapdoor. Thus the
northward plunging-anticline due north of the northwest corner of the
trapdoor appears to be related to the normal fault to the south,

which in turn seems to be related to the trapdoor itself.
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If the majority of the doming tock place during the time of

trapdoor formation, then the pre-trapdoor configuration of the
dolomite-argillite contact must have been fairly simple, and

should have approximated the regional eastward dip of the sediments.
Assuming the various north-south striking faults outside the trapdoor
have formed at the time of intrusion of the stock, then very few major
faults cut this pre-trapdoor surface. It was only at the time that
the stock initially moved relatively close to its present position
that this surface was disturbed and the north-south striking faults
formed.

Two cross sections through Fig. 5 are shown in Fig. 6. Both
sections are oriented perpendicular to the regional strike of the
dolomite~argillite contact, and hence both are approximately east-
west sections. Section 2 crosses the south part of the stock,
south of the tear fault, and section 1 crosses the north part of
the stock, just to the north of the flap-like area lifted by the
overhanging portion of the stock. In both sections, the original
pre-stock contoured surface, and the deformed post-stock surface are
shown by the light and dark solid lines, respectively. The estimated
outline of the stock is shown by the light dashed lines, and the edges
of the trapdoor are shown by the heavy, steeply dipping lines. DNote
that in both sections the vertical scale is equal to the horizontal
scale.

In both cases, the doming of the dolomite-argillite contact over
the stock is very well shown, and the restriction of the area of most

extreme doming to the position of the stock is obvious. Once again, 1t
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must be noted that the post-stock position of the contact directly

over the stock has been estimated, although in both cases control
on the contact is good at the edges of the stock.

In section 1, the dotted portion of the stock outline, and the
dolomite-argillite contact shown by the dark dashed line, represent‘
a cross section that passes through the overhanging portion of the
stock, immediately to the south of section 1. In this case, the
contacts have been projected onto section 1 from less than 1000 feet
to the south. This serves to illustrate the prying up, as it were,
of a flap of the dolomite-argillite contact in that area of the stock
that has extended itself to the east out over the country rock.

Both these cross sections indicate that the original length of
the rocks above the stock has been extended. In numerous instances
near the stock, the beds have been observed to thin as they are turned
upward along the stock contact. This is especially true of the
dolomitic units, which dominate the rocks immediately adjacent to the
stock. Thinning adjacent to the stock 1s especially well shown in
cross section K-K' (Plate 3) at the east side of the stock. Here a
two~fold thinning of several massive dolomite beds can be observed as
they approach the stock. In this case, the overlying argillaceous
beds of the Johnnie Formation also show evidence of thinning.
Imediately to the southwest of the stock, oolitic carbonate beds of
the Beck Spring Formation have stretched oolites which suggest, in
that area, an elongation of the beds by a factor of two or so.

Thus it appears that the dominantly carbonaceous sediments have

deformed by stretching and thinning in a "plastic" manner, and in
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this way they have accounted for the absolute lengthening of the beds

required by the emplacement of the stock. It is probably true that
the beds have undergone considerable disruption over the roof of the
stock, in the area now removed by erosion, and in this case some of
the required lengthening of the beds can be accounted for by normal

faulting.

Time Relations Between Faulting, Doming and Stock Fmplacement

The time of formation of the trapdoor is clearly later than the
emplacement of the dike swarm in Hanaupah Canyon, but the tear fault
in Starvation Canyon, which offsets the trapdoor fault, is itself
older than the emplacement of the exterior portion of the north
phase of the stock. Thus the time of trapdoor formation is bracketed
by the earlier emplacement of the dike swarm, and the later simul-
taneous formation of the tear fault and emplacement of the stock's
north phase exterior portion to near its present level.

The fact that the magma reached the fault plane which forms
the western and southern side of the trapdoor suggests that trapdoor
formation was simultaneous with emplacement of the stock to, or
almost to, the present level of emplacement. There is no evidence of
shearing along these contacts which would indicate trapdoor movement
after emplacement of the stock.

The exterior portion of the north phase of the stock truncates
the dike swarm at the northeast corner of the stock. The existence
of mineral textures indicating high volatile concentrations in the
part of the stock nearest the truncated dike swarm suggests that

this portion of the stock, at the present level of erosion, 1s not
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very far vertically above the point at which the dike swarm was
released from the then deeper magme chamber.

The general form of the trapdoor indicates that both the north
and south intrusive phases of the stock were involved in its forma-
~ tion. However, the sense of movement on the tear fault is such that
it could have been formed by the emplacement of the north phase of
the stock, and then immediately intruded by the stock to give the
eastward extension of the stock along the tear fault place. This
fact, along with the truncation of the dike swarm by the north phase,
the reversed motion on the east side of the trapdoor, and the distri-
bution of volatiles in the stock, suggests that while the north phase
was involved in the trapdoor formation, it reached its p:;'esent level
after the bulk of the trapdoor had been formed.

This suggests the following relationships between the faults in
the area, and the formation of the trapdoor. The first faults formed
were the westward-dipping normal faults now present to the north of
the stock. These were probably formed by stretching over a magma
chamber located some depth below the present erosion level, and were
almost immediately intruded by the dike swarm. Upward movement of the
stock magma then caused trapdoor formation and doming. At this time,
the south phase was at its present position, while the north phase was
at a slight distance below the present erosion surface.

The north-south striking, vertical‘faults present to the south
and east of the stock may have been formed at this time. However,
similar faults are present to the west of the mapped area (Albee,

oral communicetion, 1965), and therefore, these faults probably
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predate the time of stock emplacement. Renewed movement occurred on
the portions of these faulté nearest to the trapdoor at the time of
stock emplacement, and renewed movement may have occurred further
south on these faults at this time.

After the original trapdoor was formed, the north phase of
the stock then moved up to its present position along a zone of
weakness reflected by the east-west tear fault. The upward motion of
the stock renewed movement on the tear fault, reversed the movement on
the east side of the trapdoor north of the tear fault, and truncated the
dike swarm. Thus,.the north phase essentially broke the trapdoor into
two halves, and lifted the north half still further above its original
level.

The form of the stock (see Fig. 3), while elongate in a north-
south direction, does not appear to be controlled by any of the visible
systems of faults seen in the mapped area.

The feeder of the stock appears to have been an elongate east-west
dike under the stock in the Starvation Canyon area along the zone of

weakness colncident with the tear fault.

The Room Problem

Figure 6 may be used to illustrate the relationship of the volume
of the stock relative to the volume created for the stock through
doming and faulting. In both sections, the lower limit of the approxi-
mate area of the stock in cross section that is accounted for by the
deviation of the contoured surface from its original position is shown

by the broad horizontal bands.
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Thus in sections 1 and 2, the area of the stock above the broad
dotted 5and is accounted for by the deformation of the exposed country
rocks. Consideration of the volume of the stock indicates that all
the stock above approximately the L4000 foot elevation plane can be
accounted for by the volume created by the deviated surface. This ‘
result agrees with the results gotten in the cross sections.

The steep contact dips of the stock suggest that the stock extends
downward below an elevation of 4OOO feet. The presence of the east-west
feeder zone in Starvation Canyon suggests that the stock necks downward
from the shape seen at the surface to the narrow zone in Starvation
Canyon, and the suggested depth for this downward necking is less than
6000 feet below the present level of exposure. Thus the room problem
remains at depth, although only to a slight degree.

Two other mechanisms by which the stock may make room for itself
arethrough assimilation, or by stop ing of large blocks which then sink
into the magma chamber. There 1s some evidence that some large slabs
of Noonday Dolomite were in the process of being pried away from the
magnma chamber walls at the present level of erosion, but no wholly
enclosed clocks were seen. Similarly, there is evidence that assimi-
lation has occurred. However, neither of these processes appears to
be volumetrically significant and to be able to account for large
volumes of displaced country rock.

It may be possible that the unaccounted~-for volume of the stock
may have been formed by lateral shouldering aside of the country rock
through the processes of shortening by folding and stacking by
thrusting. However, there is no evidencé of these processes at the

present level of exposure.
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Relationship of Structures Associated With Stock Emplacement to

Stfuctures Associated With Salt Domes

It is very informative to compare the deformation associated with
the stock with the very well-known ceformation associated with salt
domes and salt diapirs. Because of the similarity of form and emplace-
ment mechanism with small, shallow, ilgneous intrusive bodies, certain
structural features associated with salt intrusives should at least
roughly correspond to the deformation around igneous bodies.

The driving force behind salt diapir movement is the density
difference between>the salt and the overlying rock , and this is
basically the same as in the case of igneous intrusives. A density
difference which amounts to roughly O.3-O.2g/oc in the case of salt
domes, is also easily attainable in the case of granitic magmas. The
density of a homogeneously hydrated rhyolitic obsidian with roughly
6 percent H20 by weilght is 2.30g/cc (Shaw, 1965), and this is probsbly
a good estimate of the magma density of tne Iittle Chief stock due to
its high water content. Allowing for the percentage of phenocrysts,
the effective density of the stock magma was roughly 2.h5g/cc at the
time of emplacement.

The estimated density of the country rock near the present level
of emplacement of the stock is roughly 2.70—2.85g/cc, yielding a
density contrast with thé stock magma of roughly 0.3-0.k. This,
coupled with the much lower viscosity expected from the granite magma
relative to crystalline salt, should be more than ample to provide a

driving force for upward movement oI the magma.
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- Some characteristics associated with salt domes that are
important in the present analogy are as follows (Murray, 1966; Trushein,
1960) . _In general, the diapiric salt bodles tend to dome up the over-
lying sediments, and produce domes which have diameters roughly 3 times
~ the diameters of the salt masses involved, although many have no domes
at all. Stretching of the sediments over the roof of the salt body
" yilelds a complex of normal faults which can take several forms. If the
salt mass is perfectly round in plan, the faults tend to be radial. If
the salt mass 1s elongate, then the fault pattern in plan will tend to
have faults with one dominant strike, and that parallel to the axis of
elongation of the dome. In cross section, the ideal salt dome has two
sets of opposing normal faults in the overlying sedimenté which tend to
converge on the highest point of the salt body. The dips of the faults
are in the range of 45-60 degrees (Wallace, 194L4). Several cross sec-
tions through typical salt domes or diapirs are shown in Fig. 7.

The sediments adjacent to the dome tend to be dragged upward with
it and often thinned. True reverse faults are commonly present only
adjacent to those portions of the salt mass which actually overhang the
surrounding sediments. A ring-like, or moat-like marginal syncline is
present around most salt domes and diapirs.

Model studies tend to duplicate the above observations, and the
relationship of the shape of the salt body in plan to the faults in
the overlying sediments is very well shéwn in many of the model
studies (Earker and McDowell, 1955). Currie (1956) noted, on the
basis of medel studies, that the faults over the salt mass tend to

steepen upward, and Néttleton (193h) observed in models that the sal®
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mass could actually 1lift its roof as a discrete block.

The cross sections in Fig. 7 illustrate many of these features,
with variations. In the Bayou Blue dome, the sediment directly
above the dome has been lifted upward, and the opposing set of normal
faults has developed above and to the southwest of the lifted block.
The E1 Plan and Reitbrook domes show the opposing set of normal faults
very well, and in both cases, one member of tﬁé paired fault sets has
dominated the deformation over the salt dome. In both sections, the
fault set that dips to the left on the figure is dominant. In the
El Plan dome, one member of the pair is almost completely missing,
while in the case of the Reitbrook dome, the dominant set consistently
offsets the subordinant set, although both sets are present. These
faults in cross section center on and interject the highest parts of
the salt dome. The Gueydan dome again illustrates the iifting of the
roof of the salt plug, and in this case, shows very little tendency
to form the normal fault sets over the dome.

Comparison of these structures with structures related to the
stock indicates some striking parallels. First, the trapdoor
related to the stock is exemplified by the lifted portions of roof
in some of the salt domes. The chief difference is that the trapdoor
extends much further away from the stock to the east, while the lifted
blocks over the salt bodies tend to be restricted to the area directly
above the salt bodies. This difference may be due to the fact that the
metamorphic rocks around the stock pose much greater strengths than the
semi-consolidated unmetamorphosed sediments adjacent to the salt domes,

and hence can transmit stress to the extent of allowing the trapdoor to
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act as a relatively simple block.

No marginal syncline has been observed around the stock, but
none should be expected using the salt dome analogy since the
marginal synclines related to the salt domes have been caused Tor
~ the most part (Néttleton, 1955) by lateral flow in the normal salt
bed which supplies the salt for growth of the salt dome. This tends
to thin the supplying salt bed and hence cause a peripheral sink.
Since the granitic magma has probably not undergone this lateral
accretionary process, no rim syncline should form. The small thrust
fault within the trapdoor is immediately adjacent to that portion of
the stock which overhangs the country rock, and is directly comparable
with similar thrusts formed next to fhe overhanding portions of salt
domes.

Thus far, the structures discussed have related to the stock at
or just below its present level of emplacement. However, the north-
south striking faults which the trapdoor truncates are thought to
ﬁave developed when the stock was at some deeper level. These faults
should then be analogous to the various faults which form over the top
of the salt diapirs.

The faults to the north of the stock, with westward dips of L45-60
degrees, could well represent one palr of the two sets of normal faults
that are normally found above salt domes, and in this case, as in
some of the domes, one set only is presént. The fact that the faults
strike north-south can be related to the fact that the stock itself
is elongate in plan and would hence favor one dominant strike direc-

tion. If one were to extend these westward dipping faults downward,
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and require them to roughly intersect the top of a magma chamber
directly below the present one, the top of the magma chamber would

have to be roughly LO00-6000 feet below the present level of outcrop.

Comparison With Hunt's Conclusidﬂs

On the basis of reconnaissance mapping near the stock, Hunt and
Mabey (1966) stated that the form of the Little Chief stock (Murphy,
1932), which he refers to as the "granite at Hanaupah Canyon,” is
"wedge shaped, the form to which the names sphenolith (Burckhardt,
1906) and harpolith (Cloos, 1921) have been applied." In cross sec-
tion, he shows the granite as being floored, with upper contacts on
both the east and west sides that dip away from the granite at angles
of roughly 25 degrees.

An east-west cross section through the granite drawn by Hunt and
Mabey (1966, Fig. 90, p. Al122) is shown in Fig. 8, section A. The
shallowly westward dipping series of low angle faults in the eastern
part of the section belong to Hunt's Am%rgosa thrust system, a series
of north-south striking low angle faults which he feels are related to
the similar Armdégosa thrusting in the Black Range to the east of
Death Valley. The main fault of this system, labelled as the Amﬁfgosa
thrust in the figure, is felt by Hunt to define the entire floor of
the‘stock, and he feels that this fault extends completely under the
granite and intersects the grbund surface west of the range divide.

In the figure, the main break has been extended as the dotted line in
the western part of the section through T and on to the extended ground

surface shown by the dashed lines. This portion of the section has been
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added to Hunt's Fig. 90 from his Fig. 108 (p. A139).

Hunt feels that the granite was intruded along the main thrust
plane from a source under its western side, and extends well to the
east and appears at the ground surface along the eastern edge of the
range.

Section B of Fig. K is a similar east-west cross section through
the northern part of the stock which is based on the detailed mapping
done by the author in the area around the stock. It is approximately
the same as secﬁion C of Plate 3. It shows that the stock is consid-
erably narrower than shown by Hunt, and that both contacts of the
stock are relatively steeply dipping. As was previously noted in the
discussion on the form of the stock, approximately 60 percent of the
stock's contact is within 15 degrees of being vertical. Only a
small part of the stock's contact dips shallowly outward, and the
overall form of the stock is of a sharply cross cutting igneous body
with steep contacts. There 1s no evidence of a major extension of
the stock to the east. Hence the stock 1s by no means wedge shaped.

No evidence has been found of thrusting immediately to the west
of the divide, in the area of the number 1 in section B. Indeed,
there is no convincing evidence that the westward dipping low angle
faults which Hunt shows on the east side of the range change to east-
ward dipping low angle faults, as would be required by Hunt's cross
section. In fact, westward dipping faults present in the mapped area
to the north of the stock, which belong to the same set of faults as
Hunt's Amorgosa thrust system, tend to dip more steeply to the west as

one goes toward the west. By analogy with diapiric-salt dome
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structures, these faults most probably developed sbove the stock when
it was present at some sliéhtly deeper level, and hence were related
to the emplacement of the stock.

Hunt and Mabey (1966) have pbstulated that the stock was the
source of some of the dikes and plugs which occur in Hunt's Amargosa
Thrust system on the east flank of the range, and they show the stock
in cross section to extend along the postulated fault system (Fig. 8)
from its present position to the east side of the range. As was noted
previously, the form of the stock does not support the concept of a
large conformable igneous body, but rather suggest that the stock is
a diapir-like body with only a small area of possible ea§tward
extension in the Starvation Canyon area. The westward extension of
the fault system also was not found in the present mapping.

However, along the trace of the westernmost major low-angle fault
of Hunt's Amargosa Fault system, which he terms the Burro Trail fault,
Just to the north of the tear fault which defines the southern end of
the fault system, a small plug of porphyritic rhyolite was found which
contains sanidine and plagioclase phenocrysts that are clearly related
to the phenocrysts of the stock. Alteration has obscured many of the
textural relationships, but it appears that the magma which produced
this plug was separated from the main stock magma at the beginning of
the groundmass crystallization stage in»the stock, after the time that
the stock's roof was fractured and the normal faults over the magma
chamber were formed.

The fact that this plug is at the nearest point along the Burro
Trail fault to the sfock, at the portion of the stock which shows the

small eastward extension in Starvation Canyon, indicates that some stock
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magma at least found its way well to the east. However, the majority
of the nearby igneous bodies along the Burro Trail fault belong to
the dacitic-andesitic rocks and are not directly related to the stock.
Thus while the major eastward extension of the stock postulated by
Hunt does not appear to exist, some magma directly derived from stock
magma was able to move this far to the east of the stock-a distance of
some 4 miles. It is significant that this plug occurs directly to the
east of the east-west feeder zone postulated for the Little Chief stock,
and also occurs very close to the east-west striking tear fault zone
which also lines upAwith the feeder zone. This aipports the concept
of a major "zone of weakness" occurring at this point which allowed
therstock to move up to its present position, the tear fault to form,
and the magma which formed the plug to move laterally eastward.

Still further to the east, on the east side of the fault that
Hunt feels is the basal fault of his Amargosa fault system, a quartz
monzonite‘body is exposed which, according to Hunt, represents the
major eastward extension of the stock. This intrusive cuts only
earlier Precambrian augen gneiss of the lower, or eastward, plate of
the basal fault, and does not reach the fault itself. It consists of
a subgraphic intergrowth of alkali feldspar and quartz, with oligo-
clase laths and scattered biotite flakes. While compositionally it is
gsimilar to the Little Chief stock, texturally it is quite different,
and can only be compared to the volumetrically minor contact vhases of
the stock. If the small plug noted above can preserve the characteris-
tic feldspar textures of the stock, it is not apparent why the much

larger quartz monzonite did not also preserve these textures if it were
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directly connected to the stock. On this basis, and also because of
its greater distance from the stock, it is felt that there is no
direct connection of this body with the main ILittle Chief stock.

In the light of the discussion of the relationships of the
faults in the country rock to the emplacement of the main stock,
another possibility is suggested. This eastern quartz monzonite boay
could be an entirely separate intrusive body which was emplaced at
roughly the same period as the Iiftle Chief stock and possibly the
grénite at Skidoo to the north. This being true, then the common
westward dipping low angle faults, which Hunt places in his Amargosa
fault system, could rather be due to deformation of the country rocks
associated with emplacement of the various granitic bodies just -
mentioned. They would then be analogous to the similarly oriented
"roof stretching" faults to the north of the Iittle Chief stock.
Based on Hunt's mapping, as was observed before, the distribution of
these westward dipping faults suggests a relationship to the igneous
bodies in the Panamint Range.

In the mapped area, and especially along the lower flanks of the
fanamint Range east of the mapped area, minor amounts of volcanic rocks
are found. On the basis of the work of Hunt and Mabey (1966) and on
reconnaissance mapping and petrology by the author, the volcanics may
be described as follows.

The dominant rock types are andesites and dacites which contain
phenocrysts of plagioclase compositionally zoned from sodic bytownite
to the dominant calcic oligoclase, and microphenocrysts of biotite or

oxybiotite, hornblende, magnetite, augite or diopside, all set in a
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matrix which ranges from a cryptocrystalline to a felted mass of

plagioclase with interstitial alkali feldspar and quartz. Rarely,
embayed quartz phenocrysts occur, but in several cases inclusions of
quartzite are found in the rocks and the embayed quartz may be related
- to these rather than being a true'igneous mineral. The volcanics occur
as dikes, sills and small plugs. Their emplacement appears to have
been controlled by the north-south striking, westward‘dipping faults
which are related to the emplacement of the stock and which Hunt

places in his Amargosa thrust system. Rocks of this group cut the
stock, and hence are clearly later in age than the stock.

Some of the above contain feldspars which are so altered that it
is very difficult to identify them optically, but probe %ork suggests
that in the majority of cases the feldspar is albitized oligoclase and
therefore these rocks probably also are related to the dacitic-
andesitic rocks.

On the lowest slopes of the range, various volcanic breccias,
fuffs, tuffaceous sediments, perlitic domes and rare welded tuffs occur
which compositionally appear to be related to the above rocks. These
were deposited on a relatively smooth erosion surfacevwhich, if
extended to the west, would pass roughly a mile above the top of the
stock (Hunt and Mabey, 1966). Since petrologic work on the stock has
indicated that it was emplaced roughly 7500 feet below the ground sur-
face, this suggests that the above erosion surface, and the ground
surface above the stock at the time of emplacement, could be the same.

The volcanics have been tilted to the east from their presumed original



position by 15-20 degrees (Hunt éga?habey, 1966) .

Probe work on the dacitic-andesitic rocks indicates that the
plagioclases crystallized at significantly lower water pressures
throughout most of their crystallization history than did the plagio-
clases of the stock, and the zoning indicates quite g different
sequence of events during that crystallization history. On this
basis, the andesitic and dacitic rocks were not derived from the
stock magma directly. It is possible that these rocks represent
magma that was untimately derived from the same source as the stock
magma,, but which underwent a considerable degree of contamination to

produce the more basic compositions.

Summary Structural History

Before summarizing the structural intrusive history of the
stock, it would be well to preview some of the results of the detailed
petrologic studies in the latter part of the thesis. Based on the
feldspar phase relationships, the stock at the present level of expo-
sures 1is estimated to have been at a total pressure of 0.7Kb., or a
depth of roughly T500 feet below the surface. The coexisting feldspar
phenocrysts crystallized at pressures of roughly 1.3 and 2.0Kb., or at
depths of roughly 13,000 and 20,000 feet, respectively. The assimila-
tion stage, noted briefly above in the discussion of the room problem,
occurred immediately after this coexisting feldspar stage, and excensive
devolatilization of the system occurred in the interval between the
assimilation stage, and groundmass formation at the present exposure

level.



~-903-

Based on the structural evidence, the westward dipping faults to
the north of the stock, and the dike swarm, formed roughly 5000 feet
below thé present outcrop level. Combining this with the above data,
fracturing and dike formation took place when the stock magma was
roughly 12,000 feet below the surface at the time of emplacement of
the stock.

On the basis of the preceding discussion, the following outline
of the structural emplacement history of the stock may be given.

The first effect of the stock's magma on the development of
structures in the mapped area was to form the roughly north-south
striking set of westward dipping normal faults that are now found to
the north of the stock. These faults formed as a result of the
stretching of the sediments over the top of the magma chamber, and at
this point, the magma was roughly 12,000 feet below the surface. This-
event occurred shortly after the period of coexisting feldspar devel-
opment 1n the magma, which took place at a depth of 13,000 to 20,000
feet for various parts of the stock. TImmediately before the faults
were formed, but after the coexisting feldspar stage, the contaminated
early igneous phase had developed and the magma had undergone a stage
of assimilation of carbonate-rich rocks. This most probably occurred
in the basal members of the Pahrump Series, immediately above the
dominantly granitic earlier Precambrian basement rocks, at a depth of
12,000 feet or less.

The dike swarm was then formed, using the tension faults over the

roof of the magma chamber as a means of exit, and the devolatilization



-94-

of the magma and further upward magma movement was initlated. While
the magma moved upward, extensive reaction of the feldspars took place
in the volitile-rich environment.

The first portion of the stock to reach its present level was the
southern phase of the stock, which along with the northeru phase formed
the trapdoor and domed the sediments over the top of the magma chamber.
At this point, the northern phase was just below its present level of
outcrop. The sediments adjacent to the stock were dragged upward and
simultaneously thinned, and much of the doming related to the stock
emplacement occurred at this time. Renewed movement took place on the
faults south of the stock.

The northern phase then moved up to its present level, truncating
the dike swarm, forming the thrust fault, and finally forming the tear
fault and reversing the sense of motion along the east side of the
trapdoor north of the tear fault. At this point, the bulk of the stock
was approximately T500 feet below the ground surface.
| The magma can reliably be located in two positions, one 12,000 -
13,000 feet below the ground surface, and the other 7500 feet below
the ground surface. The latter 1s now represented as the stock at the
present level of erosion. The source of the stock appears to be an
east-west zone directly below the contact of the present north and
south phases of the stock, in Starvation Canyon. This suggests that
the stock necks downward in form, and changes from an elongate north-
west body at the present levels to a very thin elongate east-west

feeder body at depth.
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The presence of inclusions of only the early igneous phase of
the stock, and their distribution, indicates that as the magma passed
through this feeder, the only rock it was in contact with was the
early igneous phase of the stock. This phase is probably the outer
contaminated margin of a magma chamber at a depth of roughly 12,000
feet and probably was formed when the magma first reached this level.
Eventually the roof was fractured, forming the westward dipping faults
and the dike swarm as the magma moved upward.

The granite seen at the present level of erosion was probably part
of the magma that was present in the center of this deeper magma cham-
ber. This magma broke through the contaminated contact phase which
made the roof of the magma chanber, incorporated numerous inclusions,
and moved upward to the present erosion level through the east-west
feeder zone. This requires that the form of the stock mapped be such
that it changes from the north-south to the east-west elongation at
some level shallower than 12,000 feet below the original ground surface,

or roughly 5000 feet below the present ground surface.
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II. PETROLOGY AND PETROGENESIS

INTRODUCTION

The following portion of the thesis is devoted to the petrology
and petrogenesis of the Little Chief stock and associated rocks.
Emphasis is placed on the variations in composition within individual
feldspar phenocrysts, using microprobe chemical analyses, and a
correlation of these compositions with textupes in various parts of
the stock. These data are then used to reconstruct in as much detail as
possible the crystallization history of the stock, the mechanisms by
which certain textures were produced, and the physical conditions that
prevailed during the crystallization sequence.

A general outline of the way in which this study was carried
out is given in the following paragraph. Initially, the area was
mapped in some detail with emphasis on structural relationships of the
stock, and variations within the stock itself., Numerous samples were
collected from the various mapped phases of the stock, (see Fig. 9) and
these were examined in thin section in order to work out the general
petrology of the stock. Then, on the basis of this extensive optical
work, samples were picked that were representative of each of the
various features in the stock that were critical to a determination of
its intrusive history. These samples were then investigated in detail
with the microprobe.

In effect, the sampling procedure was a method whereby an
igneous body as large as the stock could be effective reduced to a
small number of samples that could, with the time available, be inves-
tigated using the microprobe. This is necessary because the microprobe
is an instrument with which it is only possible to investigate an
exceedingly small area, and hence much effort must be put forth to
bridge the gap between miles and microns. With regard to the igneous
petrology of large intrusive masses, this problem of scale is the most
serious drawback of the microprobe.

In the light of the problems just discussed, the major section
of the thesis on the petrography and petrology of the stock has been



Fig. 9. Location of samples collected from stock. Samples
referred to in text are numbered.
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arranged in the following way. After a brief introduction in which the
general petrography of the various portions of the stock is discussed,
several specimens will be discussed in great detall, and their features
correlated with microprobe analysis. Fach specimen was picked as being
representative of a certain area, or feature, in the stock, and hence
while the discussions that follow will constantly refer to one specimen,
it is to be understood that a larger feature is being referred to.

ter the various specimens of the stock an@_dike rocks have been
described in detaill, an attempt will be madévto discuss the variations,
in the light of optical studies, that occur relative to the reference
specimens. Finally, the petrogenesis of the stock and its associated
features will be discussed.

Throughout the section on the detailed description of the
various reference specimens, numerous compositions will be noted, eilther
in the text or graphically or both. Iach of these compositions is the
result of many probe analyses of a specific Teature or area, and hence
represents a true chemical analysis. As a rule, as for instance in the
case where many individual lamellae of a perthitic feldspar were
chemically analysed with the probe, each stated or graphed composition
is effectively the averaged result of a great many chemical analyses of
a given feature. This 1s, in effect, a new concept in petrology, since
previously one chemical analysis required considerable effort in terms
of time and money. The probe is, by contrast, capable of producing
incredible amounts of accurate chemical information. Thus the problem
of chemical analysis of minerals is completely inverted. With the
probe, the problem becomes one of assimilating, correlating, and gen-
erally making sense out of very large amounts of accurate data. 3Because
of this fact, much reliance has been placed on graphical presentations
which average many probe scans on many grains. It becomes a necessary
evil, as 1t were, that all compositions reported in a study like this
must have undergone considerable sifting and averaging before they are
in a form that can be assimilated by anyone who wishes to benefit from
the work.

Several actual data scans are shown in Appendix B, and the
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methods of averaging and compiling the data are briefly outlined.
PETROLOGY OF THE LITTLE CHIEF STOCK

The intrusive Little Chief hornblende-biotite granite porphyry
stock may be divided on the basis of field work into two intrusive
phases. (Plate 1) The northern intrusive phase occupies the northern
two-thirds of the stock from Starvation Canyon to Hanaupah Camyon, an
area of some 8 square miles, and may in turn be subdivided into an
exterior portion and an interior portion. The southern intrusive phase
of the stock, which crops out in southern Starvation Canyon over an
area of some L square miles, is clearly earlier than the northern phase.
Two granite porphfy dike swarms, a major one in the Hanaupah Canyon
area and a minor one in the Starvation Canyon area, are related to the
stock. The stock, along T5 per cent of its contacts, is surrounded by
a sheath of granite porphyry dike-like rock which separates the stock
granite from the wall rock.

The major intrusive phases of the stock consist of 2-10 mm
phenocrysts of sanidine and plagioclase in an 0.1-0.8 mm groundmass
consisting of quartz, alkali feldspar and some plagioclase. Minor
minerals include hornblende, biotite, magnetite, sphene and apatite.
The phenocrysts make up 30-50 per cent by volume of the granite.

The plagioclase phenocrysts are always grossly normally zoned,
and usually show three broad zones in normal succession with minor
abrupt irregularities in zoning at the outer edges of the rheno-
crysts. They contain interior calcic cores which show evidence of
embayment. While the calcic cores are albite-twinned, the outer
sodic zones are untwinned so that optical compositional determination
is made very difficult.

Plagioclase commonly forms glomeroporphyritic aggregates which
are assoclated with hornblende and biotite crystals. Again the more
calcic cores show evidence of embayment.

The sanidine phenocrysits vary in texture throughout the stock,
and a brief outline of the varous textures will be given below. In

the simplest case, clear rounded sanidine cores are rimmed by wide,
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clear sodic plagioclase rims. These, along with the plagioclase pheno-
crysts, commonly have very thin outer alkali feldspar rims. This type
of sanidine phenocryst is typical of the interior portion of the north
phase.

In many areas of the stock, the outer portions of the sanidine
are rimmed by cloudy, quartz-bearing sodic plagioclase. In other areas,
this cloudy, quartz-bearing plagioclase appears to have extensively
replaced the sanidine, almost completely in some cases, and the sanidine
itself is patch perthitic. All gradations are observed between the
two types Jjust described. The former type 1s characteristic of the
south phase of the stock, while the latter is characteristic of the
exterior portion of the north phase.

The sanidine megaphenocrysts commonly show regular oscillatory
zoning, and on their outer edges, show the same types of textures
observed in the sanidine phenocrysts of the rock in question.

The groundmass consists of quartz and alkali feldspar, and
variable amounts of plagioclase, along with the minor minerals. Quartz
usually makes up 30-45 per cent of the groundmass, and in most cases
the remainder is dominantly alkali feldspar. The most common ground-
mass texture is a typical granitoid texture, but in much of the
southern phase of the stock, and near the outer contact of the northern
phase, aplitic textures are observed. In the contact phase rocks and
volatile-rich areas, the groundmass becomes distinctly micropegmatitic
with vermicular to graphic quartz-alkali feldspar intergrowths. In
these areas, radial quartz-alkali feldspar intergrowths typical of
granophyric rocks are noted, and the groundmass tends to be coarser.

Vugs are lined with euhedral quartz and albite-rimmed sanidine,
and in the intercrystal areas, or in some cases the entire vug, a
filler of cristobalite has formed.

In gross aspect, the southern phase of the stock is a uniform
medium gray color, with very little variation even when contacts are
approached. The sanidine and plagioclase phenocrysts have a restricted
size range, from 2 to 5 mm, and tend to be very evenly distributed

throughout any given hand specimen. The few megaphenocrysts that do
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occur range in size up to 15 mm and usually consist of a single alkali
feldspar phenocrysts which may or may not have thin outer plagioclase
rims, depending on the type of textures present in the normal pheno-
crysts of that particular specimen. DPlagioclase aggregates may reach
10 mm in maximum dimension on rare occasions. The plagioclase, either
as rims or phenocrysts, stands out as white material against the smoky
gray translucent sanidine or the gray groundmass. The mafic crystals
are small, usually less than 1 mm in size.

The northern phase of the stock, in gross aspect, is much
more variable than the southern phase, and can be itself subdivided
into two portions on the basis of hand specimen examination. The
interior portion of the northern phase is white to very light gray in
color and consists of phenocrysts which range in size from less than
2m to 10 mm set in a very light gray groundmass. The white color
of the rock is mainly due to the presence of wide plagioclase rims and
numerous plagioclase phenocrysts. Megaphenocrysts consisting of
plagioclase aggregates and single sanidine crystals are as large as
20 mm and are quite numerous in this portion of the northern phase of
the stock. The sanidine tends to be an opaque white or light gray
color, much lighter in color than that of the southern vhase of the
stock. The mafic minerals make up T-10 per cent of the rock and are
as large as 6 mm. Of the mafic minerals, hornblende is always the
coarsest and mskes up almost half of the mafic minerals, while
biotite, magnetite and sphene, in that order, make up the rest of
the mafic minerals.

The exterior portion of the northern phase of the stock
appears very similar to the bulk of the southern phase on hand
specimen examination, with a few significant differences. The color
ranges from light to medium pinkish-gray, while the southern phase
has no hint of pinkish color. The phenocrysts are generally less
than 7 mm in size, and range downwards to 1 mm or less. Rare
megaphenocrysts up to 15 mm are seen. The mafic minerals make up
less than 5 per cent of the rock and are always less than 1 mm in

size.
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Along some areas of the contact of the northern phase of the
stock with the wall rock, a contact phase occurs which grades into
normal granite porphyry. The major change in the contact phase is a
general coarsening of the groundmass until it no longer can be
differentiated from the phenocrysts, coupled with extensive development
of very coarse lamellar perthite in the alkali feldspar crystals.

The contact between the interior and exterior portions of the
north phase of the stock indicates that the interior portion was
intruded into the exterior portion while both portions had significant
amounts of melt present, as no chilling effects were noted, and the
contact ranges from sharp to transitional over a distance of 100 feet.
The groundmass is identical in the two portions across the contact.
This supports the concept of the "effective" immiscibility of two
viscous‘crystal—rich silicate magma pulses, which allowed only slight
amounts of mixing along the contact between the pulses.

The contact between the north and south phases of the stock,
where it is not completely obliterated by a zone of intense alteration,
is sharp, and the northern phase has chilled against the southern
phase, indicating a relatively long time gap between the intrusive
pPhases.

The dike rocks, and the dike sheath rocks, are very similar
in appearance and consist of dense, very fine-grained white or light
gray rocks, with spherulites and regular gray laminations similar to
the flow banding in the dike rocks, in which scattered white alkali
feldspar phenocrysts occur. Most of the dike sheath rocks are later
than the granite, but in a few cases, the dike sheath rocks are
transitional into the normal granites. Similarly, the dike rocks
are cut by the dike sheath rocks in some cases, and grade into them
in other cases.

Vugs are scattered throughout all the phases of the stock,
but they are seldom over 5 mm in size and usually make up less than
2 per cent by volume of the rock. However, in the northeastern
portion of the north phase of the stock, an area with 10-15 volume

per cent vugs, and associated pegmatitic pods, aplitic and
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graphic-textured areas, and very coarsely perthitic alkali feldspar,
is found, immediately adjacent to the major dike swarm in Hanaupah

Canyon.

Resorbtion-Rimming Sequence-Specimen DV56

The first specimen to be described in detail, DV56 is represen-
tative of the interior portion of the north phase of the stock. It was
collected near the western edge of the north phase of the stock, as
shown in Fig. 9. The relationships among the feldspars is simple, as
the rock contains zoned plagioclase phenocrysts and sanidine pheno-
crysts which have clear oligoclase rims. Very thin alkali feldspar rims
occur on both the plagioclase and oligoclase rimmed sanidine phenocrysts.
The groundmass consists of a microgranitic mosaic of less than 0.5 mm
grains of alkali feldspar aund quartz, with hornblende and biotite micro-
phenocrysts and smaller crystals of magnetite, sphene and apatite. The
mode and simple calculated norm of the rock, and the groundmass, are

listed in Appendix A.

Plagioclase Phenocrysts

The plagiociase phenocrysts of DV56 range in size from 1 to 10
‘mm, and as a rule the smaller phenocrysts tend to be euhedral while the

larger ones are subhedral, with rounded corners and smooth edges. The
plagioclase is invariably zoned, with calcic cores which have well de-
veloped albite twinning, intermediate-plagioclase zones, and outer sodic
zones. The albite twinning dies out in the intermediate plagioclase
zones, and is rarely present in the more sodic outer plagioclase. The
calcic plagioclase cores are often slightly altered to a fine-grained
micaceous mineral.

Figure 10b shows the results of microprobe scans of the
plagioclase phenocrysts of DV56; it is a composite diagram using data
scans from six different phenocrysts. This diagram will be discussed
in some detail in order to develop some of the terminology that will
be used throughout the thesis, since the features seen in the

plagioclase phenocrysts here are the same as those seen in all other
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specimens in the stock.

The overall pattern in Fig. 10b is one of three broad zones,
the calcic, intermediate, and sodic or oligoclase zones, which are
progressively more Ab-rich toward the outer parts of the phenocrysts.
The breaks or gaps in zoning between these broad zores differ, and
this specimen shows the two common types observed throughout the stock.
One is very abrupt (b to f), while the other is transitional (g to h)
so that plagioclase of compositions between those of the intermediate
and sodic zones is found. This latter type is very informative
regarding the mechanismswhich were responsible for the breaks in
zoning.

The calcic zones commonly show oscillatory zoning, as noted in
Fig. 10b (a to b), while the intermediate (f to g) and sodic (h to J)
zones have very little variation in percentage within the broad zones.
In many cases, especially in the sodic zones of the plaéioclase
Phenocrysts, however, strong oscillations in zoning occur. For
purposes of illustration, the strong oscillation in the calcic zone
will be used. Here, the plagioclase composition abruptly increases
in percentage from the general composition of the broad zone (c) to
a high percentage (d) and then just as rapidly decreases to the
general composition of the calcic zone (e). To avoid confusion with
the normal magmatic oscillatory zoning, which has a much lower
variation in An percentage these large oscillations will be termed
reversals, and this term will be taken to include both the increase
and decrease in An percentage. The most prominant, well developed and
continuous reversals in most cases are those located in the outer
parts of the sodic zone.

The sodic zone, when necessary, will be divided into two
sections. The broad inner portion (h to i) will be referred to as
the stable oligoclase portion because of the lack of variation in
An percentage, while the outer portion will be referred to as the
unstable oligoclase portion due to the large variations in An
percentage. The outer reversals, such as the two shown in Fig. 10b,

always occur on this outer portion of the oligoclase or sodic zone.
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The thickness of the lines in Fig. 10b roughly represents the

amount of scatter in the data that was averaged to give the composite
scan shown; thus the greater thickness near j indicates greater
variability than, for instance, the intermediate zone compositions
between f and g in the figure. Finally, an arbitrary distance scale
has been used because of the problem of orientation of the phenocrysts.
The zone Widﬁhs shown are based on optical study and hence are all
relatively correct except for the outer unstable oligoclase portion,

" which has intentionally been slightly extended to show the details
better.

A summary of the compositions of the plagioclase phenocryst
zones from DV56 is as follows: (see Fig. 11) the calcic zone of the
core of the phenocrysts oscillates regularly in composition between
Orl.EAb38—39An59-6O and Orl.5Ab35~36An62-63’ and contains one large
reversal near the outer edge of the zone which reaches OrlAb3lAn68 in
composition. The intermediate zone is simple, and shows slight normal
zoning. Its composition is Or2-2.5Ab54-57Anhl-hh’ and in some cases,
very small reversals are noted at the outer edge of the zone or in
the transitional region to the sodic zone.

The sodic zone, in the stable portion, zones steadily from

to Or6. in all grains analyzed, while two An percentages occur;

01'9'5

AIl19—21 22-2L°
comnon and is the same as the oligoclase rim compositions. In the

5
and An The latter of the two An percentages is the more
unstable oligoclase region, while the Or percentage steadily decreases
from 01'6.5 to Org, the An percentage increases from Anl9-2l in most
cases to An23_24 and then rapidly drops off to Anll—l2' This is best
illustrated in Fig. 11, which shows the same compositional data
plotted in the Or-Ab-An system. The reversals in the unstable

oligoclase portion are especially prominant and commonly occur in pairs.

Rimmed Samjdine - Phenocrysts

The rimmed sanidine phenocrysts range in size from 4 to 10 mm
and are euhedral to subhedral in shape. The clear very faintly

albite-twinned oligoclase rims are 0.5 to 1 mm in width, and are
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present on almost all the sanidiné phenocrysts. The rims tend to be
thickest at the ends of the slightly elongate phenocrysts. A typical
rimmed sanidine phenocryst is shown in Fig. 12a.

While the outer edge of the phenocrysts, defined by the
oligoclase rim, is usually euhedral, the sanidine core-oligoclase
rim contact tends to be quite irregular in detail, and in overall
shape to be rounded and anhedral. The gross form of the core is much
like that of the outer phenocryst outline except that the sharp corners
are rounded off and the contact made much more irregular.

Figure 10a shows the results of microprobe scans across the
oligoclase rims of three such phenocrysts. The reversals at the
outer edge of the rim were present in all phenocrysts examined, and
are visible continuously around the entire phenocryst. In most cases
two reversals were noted, but in a few cases only one reversal was
present.

The An percentage of the stable portion of the oligoclase rim-
from 1 to n in Fig. 10a- is exactly the same as that in the majority

of the plagioclase phenocrysts; namely, In fact, in the

Anl9-21'
outer one-~third to two-thirds of the rims, the Or percentage is also
as expeéted for the outer part of the stable oligoclase zone. But in
the inner one-third to two-thirds of the oligoclase rims, the Or

percentage is relatively low and is in the range Or The compo-

sition of the unstable portion of the oligoclase rii zs exactly the
same as thét same portion on the plagioclase phenocrysts. Thus it
appears that, except for the inner portion of the oligoclase rims,
the oligoclase rim compositions duplicate the oligoclase zone compo-
sitions on the plagioclase phenocrysts, and both were formed in the
same manner at the same time.

In all cases minute optically oriented patches of K-feldspar,
less than 50 microns in maximum dimension, occur in association with
the relatively Or-poor oligoclase of the inner portion of the rims.

The composition of this K-feldspar is Or80_85Ab An<o 37 and it

15-20
makes up, by volume, roughly 2 per cent of the inner, Or-poor portion

of the rim in which it occurs. In the light of the similarity in
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composition of the rest of the rimé and the sodic plagioclase zones,
it 1s likely that the Or percentage of this inner portion of the
rims was once higher, and has been decreased due to the concentration
of the Or-component in an antiperthitic K-phase which now makes up
the K-feldspar patches. A rough calculation as to the amount of the
K-feldspar expected by starting with oligoclase with 8-9 percent
Or and ending with oligoclase with 5-7 percent, (X, Fig. 11) Or,
yields roughly 2 per cent which is the amount of K-feldspar actually
observed.

The sanidine cores are clear and, relative to most other
areas in the stock, have a minimum amount of clouded or turbid areas
within the feldspar. The approximately 15 per cent of the sanidine
that is clouded tends to concentrate in several areas: along the
contact plane of the carlsbad twins, around inclusions in the sanidine
core, along fractures, and at parts of the outermost edges of the
sanidine core. Under high magnification, these clouded areas appear
as minute, hairlike, brown-stained aggregates in parallel orientation,
and probe analysis indicates that it consists of an exceedingly fine-
grained lamellar perthitic intergrowth in which the individual
perthitic lamellae are seldom greater than 2 microns in width.

The sanidine cores, in this specimen, are unzoned, and consist
of alkali feldspar of composition or6O—6hAb35-39Anl-l.5‘ In detail,
small areas differ in composition slightly more than the analytic
error. Thus one 100 micron scan may have values ranging from Or6l—63’
while another similar scan may range from Or62—6h' There is no
logical pattern to these variations, but the fact that all sanidines
that were X-rayed indicate strong cryptoperthitic intergrowths are
present may indicate that this variation is related to perthite
formation.

The sanidine phenocrysts show three types of "included"
Plagioclase. The first are true inclusions of albite-twinned
plagioclase grains with euhedral shapes, sharp boundries, and an
orientation within the sanidine core such that the long direction

is commonly parallel to the nearest edge of the phenocryst. The
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Albite Overgrowth )
on Alkali Feldspar

Fig. 12, a) Sketch showing replacement of oligoclase rim by graphic
groundmass quartz and alkali feldspar.
b) Sketch of filled vug. Sanidine-shaded, quartz-speckled,
cristobalite-jagged pattern, albite overgrowths-clear.
Vug from specimen DV49.
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composition of these grains is consistently Or5_6Ab74_75An20_21.
They are located anywhere within the sanidine core, and can occur
well away from any other areas of "included" plagioclase. These are
felt to be true inclusions of plagioclase crystals incorporated
within the rapidly growing sanidine crystals.

The second type of plagioclase that occurs within the sanidine
has the same composition as the above, but it is invariably of much
more irregular shape, has in detail a much more irregular contact
with the sanidine, is present only in the outer portion of the sanidine
core, and is oriented in such a way that the weakly developed twinning
is Parallel to that present in the plagioclase rim. Indeed, in some
cases, these patches are continuous with the rim plagioclase. These
patches are probably due to resorption of the outer portions of the
sanidine core. This is supported by the rounded shape of the sanidine
core and its irregular contact in detail with the plagioclase rim, as
noted above.

Finally, the third type of plagioclase "inclusion" in the
sanidine core takes the form of very small (less than 100 microns)
irregularly shaped, untwinned patches with very diffuse boundries and
which are invariably surrounded by clouded sanidine. The composition

Ab An .
«5-194-95h-5.5
suggests a patch perthite development. One patch of this type, on

of these patches is OrO Their form and composition
examination with the probe, was found to be completely ringed by a
20 ﬁicron thick band of feldspar of composition or90—94Ab6—lOAn 0.2
~-probably the corresponding K-phase of the patch perthitic albite.

In summary, there are three identifiable plagioclase phases
associated with the sanidine phenocrysts--an included oligoclase,
an oligoclase which crystallized after sieve-textured resorption
features were formed in the outer edges of the sanidine phenocrysts,
and an albitic patch perthitic phase. The timing of the first two is
relatively well fixed, and the suggested timing of the patch perthitic
phase will become clear in the discussions of later specimens with

different plagioclase rimming relationships.
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Quartz Distribution

The composition of the groundmasé feldspars is shown in Fig. 11
by the square. This groundmass composition is roughly that of all the
specimens examined in the main portion of the stock. This feldspar, as
was noted before, is almost always perthitic and feldspar compositions
were obtained using the moving spot technique to obtain bulk grain
compositions. The very thin alkali rims on all the phenocrysts have
the same composition as the groundmass alkali feldspar.

The distribution of quartz iz spscimen DV56 indicates that it
began to crystallize late in the crystallization sequence. Quartz
crystallized as a definite part of the groundmass, and apparently did
not crystallize before this time. All quartz grains or aggregates of
grains which occur within the phenocrysts, as for instance along rim-
core contacts, or along grain boundaries in glomeroporphyritic
aggregates, appear to have been formed at the same time as the ground-
mass and hence represent replacement or filling of cavities in the
phenocrysts due to resorption. Fig. 12a shows a sketch of a
particularly informative relationship. Here a quartz grain and an
associated patch of graphically intergrown quartz and feldspar, occur
wholly within the oligoclase rim in a sanidine phenocryst, along the
rim-core contact. The presence of the graphic intergrowth, which
occurs only in the groundmass stage of crystallization, suggest that
this quartz and graphic patch formed by replacement at the time of
groundmass crystallization.

Many of the sanidine phenocrysts contain very small, worm-
like quartz blebs which tend to concentrate in imperfections within
the sanidine core, such as along fractures or along the carlsbad twin
composition plane. In a majority of cases seen, these quartz blebs
are intimately associated with small patches of perthite, and in some

cases with subgraphic K-phase-quartz intergrowths.
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The drusy cavities wﬁich occur in specimen DV56 tend to be
small, usually with a maximum dimension of less than 2 mm. The
mineralogy in thin section of the vugs is the same as in other
specimens and hence this description will serve as a general descrip-
tion of the wvugs of the stock. Fig. 12b shows a sketch of a wvug.

The bladed, carlsbad twinned sanidine phenocrysts, which may or may
not be visibly perthite, have a very thin rim of almost pure albite
along parts of the edges adjacent to the cavity. The ends of the
blades are commonly corroded. The quartz crystals which extend into
the vugs range from euhedral to slightly rounded in the portion
within the void. Both the sanidine and the quartz grains are
continuous with typical anhedral groundmass grains away from the vug.
Cristobalite occurs as a filler, either filling in the void areas
bétween the euhedral sanidine blades, or filling in the whole cavity.
It always shows a very irregular, jagged extinction, and has a 2V
ranging from O to 250. Compositionally, the sanidine of the cavities

is the same as the groundmass feldspar.

Sumary of Crysvtallization Sequence

Based on the textural relationships of the feldspars along
with the compositional data obtained with the probe, the general
crystallization sequence of the feldspars in specimen DV56 is as
follows. (refer to Fig. 11) Initially, plagioclase of labradoritic
composition began to crystallize and formed regular oscillatory
zoning throughout its history. Near the end of the period of
labradorite crystallization, a distinct reversal was formed, and
immediately after this event, an abrupt change in conditions occured
and the labradorite was briefly resorbed by the melt. Andesine then
crystallized, and formed a zone around the labradorite cores, with a
small reversal at the outer edge. Again conditions changed such that

the andesine was resorbed.
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Immediately after the period of andesine resorption, both
sanidine and oligoclase crystallized. The sanidine then went out of
equilibrium, was briefly embayed in a few cases, and then was imme-
diately rimmed by oligoclase. Throughout this whole period oligoclase
crystallized in a stable manner on the plagioclase phenocrysts. This
period of stable oligoclase crystallization was followed by a period
of unstable oligoclase crystallization, during which time the Or
percentage of the oligoclase steadily decreased while the An percentage
initially increased and then rapidly decreased to sodic oligoclase
compositions. Major reversals were formed during this time. Finally,
conditions changed abruptly, and the alkali feldspar of the thin rims
and groundmass crystallized with quartz.

Patch Perthite Replacement Sequence-~-
Specimen DV151

The next specimen to be discussed in detail is specimen
DV151, located on the north edge of the stock. (Fig. 9) It is
representative of both the outer portions of the north phase of the
stock, and in terms of feldspar textures is similar to the textures
seen throughout all the southern phase of the stock. It consists of
alkali feldspar ani plaggicclase prhenocrysts with microphenocrysts of
biotite set in a groundmass of quartz, perthitic alkali feldspar,
biotite, magnetite, and sphene. The alkali feldspar phenocrysts
range in size from 1 to 8 mm and consist of stumpy subhedral laths
that grossly preserve a typical sanidine morphology, but tend to have
slightly rounded corners. Carlsbad twins are common.

The plagioclase phenocrysts consist of more elongate laths in
the size range of 0.5 to 5 mm, and tend to form into glomeroporphero-
blasts which reach 15 mm in size. The groundmass, which makes up
65 per cent volume of the rock, has a normal granitoid texture except
for occasional large quartz patches, and ranges in grain size from
0.2-0.5 mm. The modal volume percentage of biotite, magnetite and
sphene is 5 per cent, and the rock contains 0.5-1 per cent drusy

cavities. -
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Fig. 13. Sequence of sketches showing different stages in the
replacement of the sanidine phenocrysts from specimen
DV151. S=sanidine, Q=quartz, L=lamellar perthite,
P=sodic plagioclase and patch perthite, A=very finely
perthitic alkali feldspar, K=K-rich phase.



-116-

Sanidine Phenocrysts

The most important, and striking, difference between this
specimen and the one previously described is the internal texture of
the alkali feldspar phenocrysts. No clear oligoclase rims exist, and
the alkali feldspar phenocrysts consists of various proportions of
sanidine, very fine perthite with the same bulk composition as the
sanidine, two types of K-rich feldspar, and two types of albite-
oligoclase--all intimately associated and imbermixed to create very
complex textures on various scales. In fact, the proportions of these
various phases change in such a manner that, speaking in terms of bulk
phenocryst compositions, there is a complete transition in compositions
from the sanidine of roughly Or5OAb5O com@ositionvto albite-oligoclase
of composition in the range Ab92—85An8—15'

This range in bulk composition is interpreted as being due to
the progressive replacement of sanidine by sodic plagioclase. To
illustrate this replacement series, six typical alkali feldspar
phenocryst textures have been illustrated in Fig. 13, and this figure
will be used as a basis for the following textural and compositional
descriptions. -

Figures 13a and 13b show the initial stages of the feplacement
sequence. Here, the phenocryst is dominantly sanidine(éb, but various
parts have been changed to the a very finely lamellar (< 1 micron)
perthite, shown by the shading. (A). This perthite, which has a bulk
composition essentially the same as that of the adjacent sanidine,
will be referred to as the cloudy perthite because of 1ts appearance
in thin section. Irregular, rounded patches of quartz blebs (Q) and
sodic plagioclase patches (E) are associated with, and surrounded by,
this cloudy. perthite.

As the degree of replacement progresses, the amount of sodic
plagioclase patches (P) increases, as shown in Fig. 13b. Note that
the plagioclase patches tend to concentrate in a band roughly 0.3 mm
inside the outer edge of the phenocryst. When detailed scans are made,
a K-~rich phase is found which ié invariably adjacent to, and often
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surrounds, the plagioclase patches. In these initial stages of replace-
ment, however, this K-rich material is seldom greater than 5 microns in
width and is very difficult to see optically.

The sanidine itself is compositionally zoned, with a range in

composition from Or65Ab3hAn at the center continuously to OrlP5

Ab53An2 at the outermost edgéz.l Rarely, large oscillations in the zon-
ing occur superimposed on the normal zoning which appear to change the
Ab percentage by roughly 5-10 percent. These oscillations tend to con-
centrate in the outer third of the phenocrysts, and in several instances,
can be shown to have been preferentially replaced by the plagioclase
patches and associated K-rich phase, forming the band as noted above.
Oceasionally, coarse lamellar perthite (L) is developed in the

sanidine, as shown in Fig. 13a. The compositions of the two phases are

O7g0-g5ibs_10f0g 5 80d 07 Abgc 500MRy s (1) 4 vononts will be made
later that this relatively pure perthite is later than most of the
textural features in the alkali feldspar phenocrysts.

The intermediate stages of the replacement sequence are shown
in Fig. 13c and d. In the case of l3c, there is no sanidine left, and
the phenocryst consists of sodic plagioclase patches (?) in cloudy
perthite (A). Again, note the concentration of the plagioclase
‘patches in the outer portion of the phenocryst. Fig. 134 illustrates
a very commonly occurring texture in which almost the entire outer
portion of the phenocryst, inside the outermost thin alkali "rim," has
been replaced by the sodic plagioclase, leaving relict rectangular
patches of cloudy perthite scattered throughout. The variation in the
percentage of the cloudy perthite relict patches shown in the figure
is quite common. The quartz blebs tend to concentrate at the edge of
the interior relict sanidine core, forming almost a complete ring around
the core in many cases. ’

In the intermediate stages of the replacement sequence, the size
of the K-rich phase has increased to a maximum of 50 microns (0.05 mm),
and is scattered throughout the sodic plagioclase.

The final stages of the replacement sequence are shown in Fig.

13e and f. By this time, no sanidine is left, and the percentage of
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rectangular cloudy perthite patches (A) is small. The K-rich phase
(X) ranges in size up to 100 microns (0.1 mm) and is shown in the two
sketches as the small clear rectangular patches. Quartz blebs (@) are
scattered throughout the sodic plagioclase, and in some instances, as
shown in Fig. 13e, have geometries which suggest that they once were
located at the edge of a relict sanidine core that has since been re-
moved. In the extreme case, there is no cloudy perthite left, and the

. "

phenocryst, inside the outermost alkali "rim,"

consists entirely of the
sodic plagioclase with scattered patches of K-rich phase and quartz
blebs. Commonly, however, there is a small core of cloudy perthite re-
maining, as shown in Fig. 13f.

It is to be emphasized that all gradations exist between
phenocrysts that are essentially unreplaced, like 1l3a, and phenocrysts
that are entirely replaced, like 13f. Moreover, all these textures are
present in a single thin section or rock specimen. The'sanidine pro-

gressively gives way to increasing amounts of the sodic plagioclase.

Replacement Mechanism

The observed range in bulk compositidns could have been produced
by two mechanisms. The favored mechanism is the progressive replace-
ment of sanidine by plagioclase. However, another mechanism which must
be considered is that the range in bulk compositions is original, and
is due to phenocrysts which had compositions ranging from sanidine to
albite-oligoclase.

The replacement mechanism is favored, firstly, because of the
irregular distribution of the sanidine within the phenocrysts, and, in
the initial stages at least, the textures illustrated in Fig 13b, c,
and d, which support the replacement mechanism. Phenocrysts were seen
in which unaltered sanidine occurred in both the outer and inner por-
tions, while other parts of the pvhenocryst were wholly sodic plagiolcase,
cloudy perthite and K-rich phase. In no case did the outer composition
of the sanidine exceed Ab55 in composition. In cases like these, it is
clear that the sanidine made up the whole phenocryst, and no

anorthoclase was present.
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Secondly, there are two distinct feldspar phenocrysts

morphologies, one of elongate laths of the plagioclase phenocrysts with
calcic cores, reversals and so on Just like the normal magmatic
plagioclase of DV56, and the other with the stumpy laths of sanidine
and the textures of Fig. 13. The overall shape of all the feldspar
phenocrysts of the above replacement sequence is most similar to that
of the "unreplaced" sanidine phenocrysts. No form characteristic of
the plagioclase phenocrysts were seen in feldspars of this suggested
replacement sequence. A

The sodic plagioclase of replacement origin has a very distinc-
tive appearance. It has a characteristically mottled extinction and
contains or is intimately associated with K-rich phase patches and
quartz blebs. Occasionally, very finely-lamellar albite twinning is
observed. All the magmatic sodic plagiolcase of the outer zones of
the plagioclase phenocrysts, which has roughly the same composition
as the replacement plagioclase, is clear, rarely coarsely albite-
twinned, and lacks both the K-rich phases and the quartz blebs.

Finally, if indeed Or-rich albitic plagioclases or
anorthoclases did exist, by analogy with other reported occurences,
the sodic plagioclase of the plagioclase phenocrysts should increase
in Or percentage and grade iﬁto anorthoclase at the same time that the
sanidine zones toward more Ab-rich compositions. However, this has
not been observed, and in fact, as in specimen DV56, the plagioclase
zones to more Or-poor compositions with no suggestion of antiperthitic
textures.

In many of the sanidine or alkali feldspar phenocrysts, rim-
like outer bands of plagioliase occur, and several typical examples are
ghown in Fig. 1l4. The position of the band is the same as the position
of the sodic plagioclase patch concentrations in the outer portions of
the phenocrysts, and.in a few cases, this band has been observed to
pass into these plagioclase patch concentrations. In other cases, the
band is abruptly terminated by sanidine and cloudy perthite, and as a
general rule, the band tends to pinch and swell.

As shown in Fig. 1k, the plagioclase band can occur on
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Fig. 14. Four sketches(A, B, C, &D) of the rim-like
' outer bands of sodic plagioclase in some of
the sanidine phenocrysts of specimen DV151.
S=sanidine, A=very finely perthitic alkali
feldspar, K=K-rich phase, N=more sodic
plagioclase(Ang_1q), C=more calcic plagioclase
(Anyi-13), R=clear outer plagioclase rim.
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Phenocrysts of any of the stages of the replacement sequence. In a few

instances, a clear plagioclase rim (R) occurs outside this band, as
shown in Fig. 1ld.

The plagioclase band, under crossed nicols, shows evidence of
having a slightly more calcic plagioclase (C) in its central portion,
and invariably contains elongate K-rich (K) patches which tend to be
oriented roughly perpendicular to the margin of the phenocryst. In
Fig. 1k, this more calcic plagioclase (5) is outlined by the light lines
and has been stippled lightly. Probe studié; indicate that the compo-
sition of this more calcic plagioclase, which occupies most of the band,
is Orl-3Ab85-87Anll-l3' If one examines the composition of the
plagioclase which occurs in the completely replaced phenocrysts, such
as 13e and f, or 1h4d, one finds that it is uniformly of the same com-
position as the more calcic plagioclase of the bands noted above,
throughout the entire phenocryst.

However probe work on the plagioclase patcheslwhich occur in
the initial stages of the replacement sequence consistently indicate a
composition of Orl—3Ab88-92An6-lO' This is alsa the composition of
the more sodic plagioclase (N) adjacent to the more calcic plagioclase
of the bands, and this slight difference in An percentage accounts for
the difference in extinction noted above. Hence, somewhere in the re-
placement sequence, the plagioclase that originally appears to have
partially replaced the sanidine is itself replaced by a more calcic
plagioclase.

Fig. llhc shows the Ang . to An

11-13
prhenocryst had an optical orientation such that the extinction differ-

change taking place. This

ence could be easily seen. It shows that there occur patches of the
more calcic plagioclase (Gj wholly within the more sodic plagioclase
(N) as shown by the small stippled patches in the interior of the
phenocryst. K-rich phase (K) patches also occur in the interior and
these both appear to have an elongation that is roughly parallel to the
(001) cleavage. It is not parallel to the (081) plane found in
peristerites. The distribution of these patches of Anllal3 plagioclase
in the An6-10 plagioclase suggest progressive replacement of the latter
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by the former. This change appears to take place in the intermediate
stage of the overall replacement sequence.
The larger K-rich patches associated in the plagioclase
replacement, in the interior of the phenocrysts, and the smaller K-rich
patches in the more calcic plagioclase of the band, both have composi-

tions in the range Or The size and orientation

86-90Ab9—13Ano; 5°
differences of these two types of K-rich patches, as shown in Fig. lkc,
are so consistant that the location of the band can be seen in Fig. 144,
a wholly replaced phenocryst, even though the entire phenocryst is of
the more calcic plagioclase (N) and the extinction difference no longer
exists between the two plagioclases. This location has been stippled
in the figure.

If the bulk composition of the more calcic Anll—l3 plagioclase
(¢) portion of the bands in the outer parts of the phenocrysts, or the
bulk composition of the wholly replaced phenocrysts is obtained by
point counting, one gets a composition of Or4-5Ab82—85Anll-13' This
composition is exactly that of the outermost zone on the plagioclase
phenocrysts of this specimen, and suggests that the Anll—l3 bands form-
ed at the time that the outer plagioclase zone was crystallizing. The
suggestion is also supported by the formation of these bands on the
outer portions of the alkali feldspar phenocrysts, and the tendency of
the bands, in the most completely replaced phenocrysts, to appear more
like the true magmatic sodic plagioclase zones. This tendency is
emphasized in the phenocrysts of Fig. lhd, as here, the stippled area
of the band, with its cloudy feldspar and characteristic K-rich phase,
is in turn rimmed by a clear outer zone (R) with exactly the appearance
and composition of the sodic zones on the plagioclase phenocrysts. The
K-rich phase of the band would then have originated by antiperthitic
exsolution.

The thin outermost perthitic alkali feldspvar rims, which occur
on both plagioclase and alkali feldspar phenocrysts and which are shown
in Fig. 13c-T énd in Fig. 1lha-d, are thought to have crystallized
directly from the melt. In many cases, the rim alkali feldspar is

continuous with groundmass grains, and often the orientation of the rim,
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or parts of the rim, is different from the orientation of the sanidine

or cloudy perthite of the core of the phenocrysts.

Plagioclase Phenocrysts

The plagioclase phenocrysts can be summarized as follows.. (See
Fig. 15) The calcic core has a composition of Or1.5Abh6—50An48-52 and
is slightly embayed, with the direction of embayment preferentially
parallel to the albite twin composition plane. The composition of the
next, narrow rim, which conforms to the outline of the calcic core, is

A . . R R .

Or3 b60—6hAn33-38 It contains reversals which range in composition up
to Anh2 or so. There is then a very abrupt change to an outer thin
zone of plagioclase of composition Oru_5Ab73_76Anl9_22, which contains

reversals in composition up to An2 In its outermost portions, this

T
appears to change continuously in composition to that of the Anll-l3

plagioclase of the alkali feldspar phenocrysts. However, in some

phenocrysts, there is no outer An zone, and the composition changes

19-22

abruptly from An34—&0 to An Optical study indicates that this

11-13°
latter type of zonation predominates.

The sanidine, like that in DV56, appears to have coexisted
with the Ango or so plagioclase. The correlation of the Anll-l3 zone
on the plagioclase phenocrysts with the late plagioclase of the replace-
ment sequence then brackets the time of reaction of the sanidine as
being after sanidine crystallized but for the most part before the most
sodic plagioclase crystallized. Sanidine reaction clearly took place

before the groundmass crystallized.

Crystallization and Replacement Sequence

In the light of the above, the following tentative crystalliza-
tion sequence of the feldspars is suggested, and plotted in Fig. 15.
Crystallization began with the(Anu8_52 plagioclase cores. This was then

resorbed slightly, and rimmed by plagioclase of An 8 composition.

33-3
Reversals were formed at this time. Next, plagioclase of composition

Anl9_22 crystallized simultaneously with the sanidine. As the sanidine
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zoned from Or65 to Or45’ the plagioclase apparently zoned from An22 to
Anl9 or so. This is shown by the tie lines in Figure 15. But by the
time the plagioclase composition in equilibrium with the melt started
to decrease below_An19 and toward Anl2’ the sanidine was out of equili-
brium with the melt and the replacement process started. Iocally, some
of the Anl9_22 Plagioclase may have been resorbed.

The following model of the replacement sequence is suggested.
Instead of being rimmed by the sodic plagioclase, as in DV56, the
sanidine was replaced by a complex mechanism. The initial response of
the sanidine, was to form the cloudy perthite, and then, as evidenced
by the close association of the plagioclase patches and the K-rich phase,
to exsolve into a patch perthite with phases of composition Or85—9OAb9-l3
Ano.5 and Orl-3Ab88-92An6~lO (N). There is in detail little evidence
that initially the An6—lo plagioclase directly replaced the sanidine--
apparently the patch perthite formed first.

The general concentration of the patch perthite in the outer
portions of the alkali feldspar phenocrysts reflects the zonation of the
Phenocrysts toward more Ab-rich sanidine in the outer edges. In this

specimen, the most sodic sanidine observed was Ab The crest of the

solvus in the alakli feldspar system is rougnly azsAb65, and the
observations has been made by numerous workers that alkali feldspars
in the region Ab5o_70 tend to ummix very easily relative to other com-
positions. Hence, initial patch perthite formation: would occur in the
outermost, more sodic, portions of the sanidine phenocrysts preferenti-
ally. The interiors of the phenocrysts, on the other hand, would tend
to resist patch perthite formation due to their relativwey more potassic
compositions. This is supported by the observations already noted.

As replacement progressed, it is suggested that the K-rich phase
of the patch perthite was then preferentially replaced by the sodic
plagioclase. The growth. in size of the K-rich patches represents a
coalescence of the existing smaller K-phase regions as time progressed.
The end result of this would be the wholly replaced phenocrysts which
contain approximately 3-4 percent by volume of the K-rich phase.

Somewhere in the middle of this sequence, plagioclase of
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composition Orl-3Ab85—87Anll-l3 appears to have begun to replace the
first plagioclase of composition Orl-3Ab88-92An6-lO' This probably

occurred when the An play first started crystallizing from the

melt onto plagioclasilpiznocrysts. Hence in the outer portibn of the
phenocrysts, the plagioclase that had originally replaced the K-rich
phases exsolved from the patch perthite, was in turn replaced by a
slightly more caldc plagioclase. In the phenocrysts at the end stages
of the replacement process, as those in Figz/l3e and £, or 1k4d, all
the more sodic plagioclase was replaced, and/the entire phenocryst

became essentially the An plagioclase. 1In a few instances,

11-13
An rims crystallized on the phenocrysts directly from the melt

11-13
(Fig. 14d).

The K-rich phase in the "rims" of Fig. 14 is due to anti-
perthitic exsolution of an original plagioclase of composition exactly
similar to that on the plagioclase phenocrysts. Hence the second re-
placement plagioclase probably originally had L4-5 per cent Or in
solution in it. This suggests,'then, a limiting case for the removal
of the K-rich phase of former sanidine phenocrysts. The K-rich phase
would be removed, or replaced by the plagioclasé, until it was present
in the plagioclase in such per cent as to make the bulk composition of
the plagioclase of the interior the same as that of the outer zones on
the plagioclase phenocrysts, i.e., Orh—E' Hence, while the K-rich

phase of the calcic plagioclase "rims" may have originated via true
antiperthitic exsolution, the K-rich phase of the interior of the
phenocryst could have just as well been relict from the patch perthite
exsolution stage at the beginning of the replacement sequence.

This sequence was followed by quenchihg of the system and
crystallization of the outer alkali rims and the groundmass.

If this suggested sequence is valid, here is a situation where
perthite formation occurred before the bulk of the system had crystal-
lized--in this case, when the system was only 35 per cent crystalline.
It is also a case where patch perthite formation is an integral part of
the replacement process by which sanidine is converted into sodic
plagioclase. The compositions of the sanidines in this specimen are in

the range which has been observed to form perthites most réadily in
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in the laboratory.

If this replacement model is correct, then it seems likely that
the total energy required to form the patch perthite, replace the K-rich
phase with the sodic plagioclase, and change the composition of the
plagioclase slightly was less than that required to replace the sanidine
Girectly with the Anjq ;3 plagioclase. Also, the formation of the
perthite --either the fine cloudy perthite or the patch Pperthite--tends
to form discontinuities within the phenocryit and therefore make
access to the interior that much easier duriég the later replacement
stages.

It appears that the sanidine could exsolve, for the most part
at this time, only to a Na-phase which contained 6-10 per cent An.
Hence the secondary plagioclase replacement process was necessary. How-
ever, there is some evidence from one alkali feldspar Phenocryst that
the perthitic plagioclase patches that formed in the most interior parts
of the sanidine phenocrysts are more An rich than those in the exterior
portion of the phenocryst. Fig. 16 shows a sketch of this phenocryst
on which the probe-determined patch perthite compositions have been
plotted. While the dataane’rather scanty, it does suggest that the
more potassic sanidine of the interior initially exsolved to a more
calcic plagioclase in the Anll-l3 range, while the more sodic sanidine
of the exberior exsolved to a more sodic plagioclase in the An6elo range.
This would agree with the expected tie lines, and also allow some of the
Anll-lB plagioclase to be of perthitic origin.

No quartz phenocrysts occur in DV15l, and it appears that, as
in DV56, the quartz did not start to crystallize until groundmass
crystallization started. Occasionally one sees large quartz crystals,
up to 4 mm in length, in the groundmass which have a grain size range of
0.2 to 0.5 mm. These are exceedingly lobate, as shown in Fig. 17, and
contain all the other minerals of the groundmass in the elongate areas
that penetrate into the quartz grain. Its extremely irregular shape, and
the distribution of features like these within the stock, which will be
discussed more fully later, suggests thet it is due to late growth in the

groundmass crystallization stage which enveloped and replaced some of the
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Cloudy
Plagioclase
Phenocryst | Rim
~ Center Groundmass

Sanidine Core with
Patch Perthite

Fig. 16. Distribution and
composition(weight percent)
of patch perthite and rim
plagioclase in sanidine
phenocryst.

Normal Groundmass
\ l Groundmass
= Alkali Feld-
Quartz N

£~ " mass
Quartz

\Normol Groundmass

Fig. 17. Quartz macrocryst in groundmass of specimen DV151.
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surrounding groundmass feldspar.

The origin of the quartz blebs in the various phenocrysts is
thought to be dominantly duvue to a late stage replacement process which
occurred at the time that quartz was in equilibrium with the melt. The
much greater percéntage of the gquartz blebs in the wholly replaced -
phenocrysts, and the common association of the cloudy perthite and.
the plagioclase patches with the quartz blebs, would then reflect the
greater ease of accessibility of the Si to the interior of the
phenocrysts due to the great number of crystal imperfections created
during the replacement process. This would also explain the very
irregular distribution of the quartz blebs in some of the phenocrysts
(see Fig. 13f), and the restriction of the quartz blebs in the unre-
placed sanidine phenocrysts to obvious crystal discontinuities. How-
ever, if this is true, quartz was replacing the feldspar at least
before the time when the quartz outlines were formed around some of
the relict sanidine cores in the late and intermediate stages of the
replacement sequence. This is required because of the cases where
these outlines are preserved after the sanidine core has been remov-
ed, as it i1s not obvious that the quartz blebs would have taken such
a form had they been later.

Description of Other Representative Specimens

The two specimens Jjust discussed are representative of the
crystallization sequences seen throughout the stock. The details of
the plagibclase normal steplike zoning, the reversals, the coexistence
of two feldspars and the removal from equilibrium of the sanidine are
common to all the rest of the specimens from the stock. In a sense,
the two represent end members of a series, with DV56 at one end, where
the sanidine was rimmed by oligoclase with little or no replacement of
the sanidine, and DV151 at the other end, where the sanidine was exten-
sively replaced by albite-oligoclase through a patch perthite replace-
ment process. In all cases, when the sanidine did coexist with a plagio-
clase, the composition of that plagioclase was invariably oligoclase near

An2o in composition.
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The following section will consist of very brief discussions
of several other specimens on which both probe and optical work was
done. The emphasis will be on differences from either the DV56 or DV151
results.

Direct Replacement Sequence-Specimen DVTL

Specimen DVTL is located (Fig. 1) in the extreme northwest
corner of the earlier southern phase of the stock, very near to the roof
of this portion of the stock. Its textures are typical of most of the
textures seen in the bulk of the southern phase, except that the
groundmass is slightly finer grained. It consists of 1l to 5 mm sanidine
and plagioclase phenocrysts in an 0.1-0.3 mm quartz-alkali feldspar-
plagioclase groundmass which makes up T[ per cent of the rock. The
minor and accessory minerals consist of biotite, hormblende, magnetite,
and sphene, which total less than 8 per cent of the rock by volume. The
mode and calculated norm are listed in Appendix A.

In general terms, this specimen shows many of the replacement
features typical of DV151, and a whole sequence of replacement textures
occurs ranging from essentially untouched sanidine to wholly replaced
alkali feldspar. There are slight differences in the style of replace-
ment, however.

Figure 18a, b, and c shows some typical alkali feldspar
phenocrysts. There is very little of the patch perthite that was so
common in DV151, and extensive areas of the cloudy perthite are rare.

The sanidine is preserved up to the very last stages of replacement,

and is never completely changed to the patch perthite and cloudy
perthite combination. Hence, as shown in the figure, the phenocrysts
consist of sanidine, slightly clouded at the very outer edges, with rims
of the mottled, quartz-bleb filled replacement plagioclase of various
widths. Again, the quartz blebs tend to concentrate at the sanidine
core-plagioclase replacement rim contact. In Fig. 18c, the quartz blebs
appear to outline the former edge of the core which has been further
embayed to produce the later indentation on the right-hand side of the

figure. In a few cases, wholly replaced phenocrysts are seen, with



. Various stages in the replace- -
ment of sanidine phenocrysts
by sodic plagioclase, from
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relict islands of either sanidine or cloudy perthite rarely seen, as
in Fig. 18b.

In this specimen, the initial and intermediate stages of the
replacement sequence, which had widespread development of cloudy
perthite and replacement patch perthite and extensive areas of relict
cloudy perthite patches in the replacement plagioclase, are effectively
telescoped so that the change from sanidine to replacement plagioclase
is texturally much more abrupt. It appears that here the sanidine was
directly replaced by the sodic plagioclase without the intervening
patch perthite replacement stage.

The composition of the sanidine (Fig. 20) ranges from Or57A.b42

Anl in the center of the phenocrysts to OrhOAb58An2 at the outer edge.
The composition of the plagioclase replacement rims, and the very rare
patch perthite, is in the range Oro.5-3Ab82—86Anll—l6 with a few areas
having Or percentages as high as Or5_6. In a few rare instances, an
An-rich alkali feldspar of composition 01'30_33A’r>62_64An4_'5 occurs as
patches in the replacement plagioclase or as patches along the core-
rim contact, as shown by the stippled areas (¥) in Fig. 184.

The plagioclase phenocrysts are similar to those of the two
specimens previously described. They consist of calcic cores with

iti i i
compositions ranging from Oro.5_lAb49An50 to OrO.E-lAb59AnhO ez,hg?

continuously or with an abrupt step omitting the intermediate
Anh2-48 compositions. This core is embayed and corroded, and sur-

rounded in turn by & broad zone of composition Orz-hAb7h—78Anl9-23.

This outer zone often has one to three reversals superimposed on it
that range in composition up to An30, and in one case, one very promin-
ant reversal was noted with gompositions reaching Anuo- Outside the
reversals, which tend to concentrate at the outer edge of the An20
zone, the composition drops off steadily and continuously to composi-
tions typical of the plagioclase replacement rims.

The number of inclusions of calcic plagioclase phenocrysts
within sanidine phenocrysts is unusually large in this specimen, allow-

ing the timing of the initial appearance of the sanidine to be fixed

more accurately. As a rule, the larger the sanidine phenocrysts, the
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more calcic the last plagioclase £i3crystallize before armoring by the
sanidine. In all cases, sanidine is post the A% 23 calcic core
crystallization, and apparently started to crystallize along with the
Anl9_23 plagioclase. In one case, in & very small phenocrysts of
sanidine, the sanidine armored the plagioclase after at least some of
the reversals on the Anl9_23 Plagioclase zones had formed, but in these
cases 1t is rather hard to decide whether to call the grain a sanidine
phenocryst or a plagioclase phenocryst with a thick sanidine rim.
Hence sanidine probably coexisted with the plagioclase until the
plagioclase reached compositions of Anl6 or so.

The groundmass of this specimen is unlike that of either DV56
or DV151l. in one important respect. Approximately one-third of the
equant alkali feldspar crystals of the groundmass contain zoned
plagioclase cores. Probe work indicates that these groundmass plagio-
clase grains, later rimmed by the alkali feldspar, exactly duplicate
compositionally the outer portions of the normal plagioclase pheno-
crysts. They appear to have started to crystallize Just before the
outermost reversal was formed on the plagioclase phenocrysts in the An
19-23 zone, as indicated on Fig. 19. Occasionally the cores of the
groundmass alkali feldspars show evidence of replacement.

Comparison of the groundmass and phenocryst compositions
indicates the following crystallization sequence. (refer to Fig. 20)
First, crystallization of the calcic plagioclase cores. Then, after a
period of resorption of the calecic plagioclase, sanidine (Or57) and
plagioclase (An23) crystallized simultaneously. They continued to
crystallize together until the sanidine reached compositions near OrhO
and the plagiocclase reached compositions of Anl6 or so. The sanidine

may have zoned to compositions of Or rapidly in the very last

stages of crystallization. During tig %gme that the sanidine was
crystallizing, reversals formed on the plagioclase with compositions
up to An30 in most cases. The evidence indicates that the second gen-
eration or groundmass feldspars had started to crystallize before the
reversals on the plagioclase phenocrystis had been formed, and hence

were crystallizing along with the outer parts of the phenocrysts. Thus,
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at this point, both sanidine phenoi;ysts and rare microcrystals, and
plagioclase phenocrysts and numerous microcrystals were crystallizing.
By the time the plagioclase composition became less than Anl6, both the
sanidine phenocrysts and microcrystals were being replaced by the Anll-lé
plagioclase. Finally, as in all the other specimens in the stock,
everything was rimmed by alkali feldspar and the bulk of the sanidine and
groundmass quartz crystallized.

The initiation of the second generation plagioclase (and perhaps
alkali feldspar) at roughly the time of the reversals on the oligoclase
zones of the phenocrysts, during which time the sanidine was still
crystallizing, suggests that the event which caused the groundmass for-

mation started at this point in the crystallization sequence.

Megaphenocrysts-Specimen DV29L

Another specimen from the southern phase of the stock, Dvegl,
has textural features in the alkali feldspars that are exactly like those
noted in DVTL4. The sanidine, which ranged in composition from Or54Ab45

Anl in the center to Or35Ab63An2 at the outer edge, coexisted with a

plagioclase of the approximate composition Or_Ab__An

57520

very unusual feature of this specimen is the presence of a euhedral

However, one

magaphenocryst, with dimensions of 12 by 16 mm. It consists of a cloudy,
- albite-pericline twinned plagioclase core with dimensions of 10 by 7 rm,
surrounded by a clear sanidine rim about 6 mm wide.

The composition of the sanidine rim of the megaphenocryst is in
the range OrMO—SOAbh7-57An3’ hence it is consistantly more An rich than
the normal sanidine. The plagioclase of the megaphenccryst has a compo-
sition of Orh—6Ab74~77Anl9—2l’ essentially the same as the normal
plagioclase phenocrysts.

The presence of normal magmatic oligoclase laths as oriented
inclusions in both the sanidine rim or the oligoclase core of the mega-
phenocryst, suggest that the megaphenocfyst grew at the same time as the
coexisting feldspars. This is also supported by the fact that the
outer edges of the sanidine of the megaphenocryst are replaced in the

same manner as the normal sanidine phenocrysts, and in places the
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groundmass appears to have used the megaphenocryst as a substrate dur-
ing initial crystallization.

The reason for the rapid growth of the megaphenocryst is not
known. There is little evidence of growth associated with a vapor
phase, although it is possible that the accelerated growth was due to
a high water concentration in the melt even though no separate vapor
phase formed. The High An percentage of the sanidine could be due to
its rapid growth. This megaphenocryst is one of the few seen which con-
tains both sanidine and oligoclase--the majority consist of only

sanidine.

Oscillatory Zoning in Sanidine Phenocrysts-Specimen DV129G

Several interesting features are noted in specimen DV129G.

This sample, located in the extreme northeast corner of the north phase
of the stock, is essentially a duplicate of DV15l in terms of the re-
placement sequence of the sanidine phenocrysts. However, in this
specimen, oscillatory zoning was noted in the sanidine phenocrysts.

The sanidine ranges in composition from Or62Ab37Anl to Orho
Ab57An3, with different phenocrysts having different parts of that
range and no phenocryst indicating whether the interior parts are more
or less sodic than the exterior parts. In several of the phenocrysts,
0.1 mm bands alternate in composition between Orhz—h6 and Or52_58.

This is shown in the scan of Fig. 21. The oscillations are continuous
optically around the entire unreplaced parts of the respective
phenocrysts, and minor features such as truncation of older oscilla-
tions by younger oscillations are commonly noted. An excellent example
of a zoned phenocryst is shown in Fig. 22, taken from specimen DV1L6.

In DV129G, one also sees, as in DV151, the two plagioclase com-
positions involved in the replacement sequence (An6_lo and Anll—l6) in
the seme situations. However, in this sample, as the An percentage of
the replacement rim plagioclase increases the Or percentage also in-
creases until, in some of the Anll-l6 rims, compositions with as much
as 7 per cent Or are reached. In one phenocryst that was examined, in

which the sanidine is almost wholly replaced and is restricted to a
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Fig. 22. Sketch of oscillatory zoning in sanidine phenocryst of Fig.21.

Fig. 23. Sketch showing concentration of quartz belbs in outer edge
of sanidine phenocrysts, specimen DV129G.



-138-
relict patch in the center of the phenocryst, the composition of the
blagioclase nearest the outer edge of the phenocrysts reaches compo-
sitions of OrlOAb77Anl3, while the interior portion has a more normal
composition. Unfortunately, no plagioclase phenocrysts could be run in
this specimen due to their alteration, so that the Or percentage of the
normal sodic plagioclase is not known. It is possible that the
magmatic plagioclase could have zoned to this composition.

A final point of interest in DV129G is shown in Fig. 23. Quartz
blebs, in many of the unreplaced sanidine phenocrysts, tend to line up
in a band just inside the outer edge of the phenocryst. Similar bands
of quartz blebs are seen next to the inner edge of the thin alkali rims
on the plagioclase phenocrysts. This feature is interpreted as being
due to the simultaneous crystallization of quartz and alkali feldspar

at the time of alkali rim formation and groundmass crystallization.

Contact Phase Granite-Specimen DV128A

The next variant of the stock to be discussed is that represent-
ed by specimen DV128A. The chief characteristic of this sample is the
almost complete lack of replacement of the sanidine. The groundmass is
relatively coarse, --in the 0.2 to 1 mm range--and makes up 68 per cent
of the rock. The phenocrysts are all anhedral and fall with a grainsize
range of 2 to 5 mm, and plagioclase in phenocryst form is very rare and
mekes up less than 2 per cent of the rock by volume, meking this rock
one of the least calcic in terms of bulk compositions of all the stock
specimens.

The sanidine phenocrysts range in composition from OrSOAbMQAnl

A
exists in the rock. It is exceedingly difficult to determine the bulk

Anl, and there is some hint that sanidine as sodic as Ab

composition of the sanidine in most of the phenocrysts, however, as a
coarse lamellar perthite is characteristically developed which usually
is present throughout the entire phenocryst. The Na-rich phase of the
perthite tends to concentrate in the outer portion of the phenocrysts,
and on occasion, is so abundant that a perthite rim forms. This is
illustrated in the sketch of Fig. 24. The width of the individual
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lamellae ranges from 0.0l to 0.1 mm, and the lamellae tend to pinch and
swell. This perthite is identical to the lamellar type perthite noted
in DV151 (Fig. 13a), and like that perthite is thought to have develop-
ed late in the history of the stock.

The composition of the lamellar perthite, as shown on Fig. 25
An and a

0-1*P97-100"%1 -2
potassium phase of composition Or92_96Ab4_7An<:o.5.

consists of a sodium phase of composition Or

The composition of the plagioclase pyenocrysts is shown in the
composite probe scans of Fig. 25 and in Fig. 26. The calcic cores have
a composition of OrlAb58-6OAn39—hl’ and there is some indication that a
few of the calcic cores of the plagioclase phenocryst themselves have a

3807

examined optically have suggested the presence of this inner sodic core

rare central core with a composition of Or lAn26° Other specimens
also, but in terms of percentages, it accounts for less than 2 per cent
of the plagioclase in the samples.

Outside the caicic core, the composition changes rapidly from
roughly Anuo to a broad sodic plagioclase rim. The distribution of
phases in this rim is such that, as shown in Fig. 25, its' composition

5-6°273-75""20-21
in the central portion, and finally to Or

changes from Or at the innermost edge, to Orh_5

Abq1 1342324 5-6°"75-77
An18_19 Just before the reversal at the outer edge of the sodic zone
which reaches compositions of An3o or so. The outermost edges of the
plagioclase zone continuously to OrlAb8hAn15’ but no more sodic
plagioclase was reached. The lack of both the Anll—lS plagioclase on
the plagioclase phenocrysts, and the total lack of replacement features,
supports the suggestion in the discussion of specimen DV7L4 that replace-
ment of the sanidine did not take place until the plagioclase in

equilibrium with the melt reached compositions of An4116'

Contact Phase Granite-Volatile Rich Areas

The extreme northeast corner of the northern phase of the stock
has many features which indicate that the magma was saturated in the
volatile components to the extent that a separate fluid phase was formed.

It contains numerous very largé drusy cavities, and numerous pegmatitic
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Fig. 24. Sketch showing concentration of lamellar perthite in
rim position of sanidine phenocryst, specimen DV128A.
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pods, as well as aplitic and granophyric textures.

The pegmatitic patches, which take the form of slightly flatten-
ed ellipsoids, range in size from several cm to a maximum of 5 m and
consist of coarsely-perthitic alkali feldspar and quartz in crystals up
to 10 cm in length. No vugs or drusy cavities have been found within
these pods. The pods tend to allign themselves so that their planes of
maximum flattening are parallel and essentially vertical.

DV127 is a typical example of one ofithe pegmatiticlpods. It
contains 0.5 to 2 cm blades of coarsely perthitic alkali feldspar and
irregular shaped intergrown 0.1-2 cm quartz crystals which seem to be
highly strained under crossed nicols. The feldspar blades are often
rimmed by a zone of graphic textured quartz and alkali feldspar which
has quartz rods up to 1 mm in length. The graphic rods tend to grow
radially outward from the adjacent alkali perthite grain. The inter-
blade areas consist of this graphic material or wormy intergrown quartz-
alkali feldspar areas.

The bulk composition of the alkali feldspar (see Fig. 30,A)

blades is Orh6-h8Ab The compositions of the perthite phases

54-52"0"
are Or) oAbos gohn, and Org) oAby s jcAn. (Fig. 30,A")

Closely associated with the pegmatitic pods are drusy cavities
which are as large as 5 cm. As opposed to the normal smaller spherical
cavities of the bulk of the stock, the cavities in this area are
generally ellipsoidal in shape with maximum: minimum axis ratios from
2:1 to 4:1. There is no evidence of extreme flattening of the
cavities anywhere in the stock. The crystals, as noted before, con~
sist of euhédral-sanidine, quartz and magnetite with very rare
cristobalite.

In several planar bands 5 to 30 m across, which are vertical
and essentially perpendicular to the nearest contact of the stock, the
vugs make as much as 25 per cent by volume of the rock. The ellipsoidal
cavities tend to be parallel to the orientation of the band in which
they are located. Throughout this northeast area of the stock, the per-
centage of cavities is consistently 10-15 per cent by volume, as opposed

to less than 2 per cent in most of the rest of the stock.



~143-

The drusy cavities and the pegmatitic pods are never in contact
with each other, and as a general rule, bands rich in pegmatitic pods
are poor in drusy cavities. Hence in outcrop, roughly 20 m wide bands
rich in drusy cavities tend to alternate with roughly 20 m wide bands
rich in pegmatitié pods.

As one approaches the extreme northeast contact of the stock,
near stations 124 and 123, the normal granite porphyry of the outer
portions of the northern phase of the stock fades into the area rich in
drusy cavities and pegmatitic pods. The pofphyry itself at first
becomes less porphyrytic as the groundmass increases in size until the
distinction between groundmass and phenocryst is impossible to make.
Areas of aplitic, microgranitic and micrographic granite become more
numerous, until, near the contact, no normal granite porphyry is left.
The composition of the single feldspar of the micrographic or micropeg-
matitic areas is the same as that of the alkali perthite of the
pegmatiticApods, as is shown on Fig 30(B’), and the perthitic phases
are similar in composition also (B"). Rarely, ragged sanidine
phenocrysts are found in the aplitic or microgranitic portions, with
compositions as shown on Fig. 30(B). The perthite of the phenocrysts
is very coarse, and ranges in type from lamellae perthite to perthite
in which the lamellar have become so disaggregated that the perthitic
vphases form an aplitic texture made up of individual grains of the two
phases. In this latter case, when the groundmass is also aplitic, it
is often véry difficult to see the phenocrysts in plane light in thin
section.

A1l of the above rock types are cut by aplite dikes which range
from 0.3 to 2 m in width and which have sharp, straight contacts. The
grainsize is very consistantly 0.3-0.6 mm and consists of perthitic
alkali feldspar and quartz in equant grains. The composition of the
feldspars, shown in Fig. 30(C), is very similar to that in the
pegmatitic feldspars.

The granite of both phases of the stock differs in several ways
adjacent to the contact. In some cases, normal granite porphyry is

found immediately adjacent to the country rock. In other cases, the
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groundmass grainsize tends to increase as noted before, until essen-
tially no groundmass as such exists. At the same time, the percentage
of phenocrysts increases, for the most part due to growth of what
would have been groundmass alkali feldspar onto the phenocrysts in-
stead of forming discrete groundmass grains. The percentage of plagio-
clése Phenocrysts drastically decreases to the point that commonly none
are present in a thin section, and only rare grains in hand specimen.
In many cases, the percentage of graphic textures in the groundmass
position increases radically. In specimen DV319A, fully 25 per cent
of the rock consists of graphic or vermicular alkali feldspar and
quartz intergrowths. In this case, the graphic quartz growth is clear-
ly later than the phenocrysts, as it has grown through many of them
from centers at phenocryst contacts.

The contact phases of the stock granite may also tend to be
like specimen DV128A, already discussed, in that the sanidine is
essentially unreplaced, and shows none of the rimming features so com-
mon in the bulk of the stock. The coarse lamellar perthite is very
well developed, and features like that shown in Fig. 24 are common.

The compositions of the phases of this type of perthite tend to
approach the pure endmembers, Ab and Or, as noted before.

Inclusions within the Stock

More than 95 percent of the inclusions in the stock consist of
rounded fragments of an earlier igneous phase of the stock. These are
found scattered throughout the stock and for the bulk of the stock,
make up less than 2 per cent of the rock in any given outcrop area.
However, in several areas of the stock, zones occur in which these in-
clusions make up 50 percent or more of the stock. These zones, which
occur in both phases of the stock, are shown in Fig. 28 by the
circles. Note that the zones essentially concentrate in an east west
band.across the central portion of the stock, near the contact between
the north and south phases of the stock, in the Starvation Canyon area.

In appearance, the inclusions are a light to medium gray-green

very fine grained rounded fragments, 1 to 40 cm in diameter, which
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usually contain less than 10 per cent white feldspar phenocrysts up to
T mn in size. No flow banding is apparent. Thin section studies indi-
cate that the groundmass is made up of 40 to 75 per cent by‘volume'of
0.2 to 1 mm plagioclase‘laths with length to width ratios of 3:1 to 6:1
which are either rimmed by alkali feldspar, or which form a felted net-
work in which interstitial alkali feldspar and quartz grains occur. The
alkali feldspar is always less than 0.5 mm in size, usually perthitic,
and texturally is later than the plagioclase, as is the quartz. The
Plagioclase is usually albite and carlsbad twinned, and is strongly zon-
ed with very calcic interiors and very sodic outer zones.

The phenocrysts, in some of the inclusions, are exactly like
those seen in the rest of the stock. They consist of clear to cloudy
sanidine cores with cloudy plagioclase and quartz-bleb rims. Textur-
ally, they are similar to the DV7L4 or DV151 types and show the same
replacement features. A few have alkali rims which appéar to be con-
tinuous with the groundmass alkali feldspar. In all cases, they are
phenocrysts and not porphyroblasts. In a few cases, magmatic zoned
plagioclase phenocrysts like those of the rest of the stock are also
found.

In other inclusions, however, the phenocrysts are character-
istically equant, euhedral cloudy plagioclase phenocrysts with numer-
ous fine quartz blebs. They are much more altered than the cloudy
plagioclase phenocrysts of the rest of the stock, and in almost all
cases show é very fine albite twinning which is not typical of the
cloudy plagioclase phenocrysts of the stock. The mottled texture on
extinction is also much more extreme than in the cloudy plagioclases.
In a few rare instances, irregular patches of clear, coarsely albite-
twinned, more calcic plagioclase are found in the interior of these
cloudy plagioclase phenocrysts, and the texture is such that it ap-
pears that the more-sodic cloudy plagioclase is replacing the clearer
more-calcic plagioclase.

A1l of these cloudy plagioclase phenocrysts, without exception,
have a very thin outer clear calcic plagioclase rim which rapidly zones

to very sodic compositions at the outermost edges of the phenocrysts.
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Crystallization Sequence of Early Igneous Phase

The compositions of the feldspars of the inclusions are shown
in Fig. 27 as determined with the probe. The gross similarity of these
compositions with those of the various samples from the stock is
apparent. From the probe work, and thin section study of other inclu-~
sions of the early igneous phase, the following crystallization
sequence has been determined.

The first stages of crystallization in this early igneous phase
of the stock appear to be exactly the same as those in the bulk of the
stock, that is, crystallization of calcic plagioclase of composition
about An6o, then c;ystallization of intermediate plagioclase of compo-
sition Anuo (area A Fig. 27), and finally crystallization simultaneous-
1y of sanidine and An,, plagioclase. (About area D, Fig. 27). At this
point, however, differences begin to appear.

The cloudy plagioclase phenocrysts of the early igneous phase
have compositions in the range shown by B of Fig. 27. This range is
consistantly more calcic than that of the normal sodic plagioclase,
near An20 in composition, of the rest of the stock, and it appears from
textural evidence that the cloudy plagioclase replaced both this normal
cleay sodic plagioclase and parts of the intermediate plagioclase.

This replacement stage, not seen in the rest of the stock, was
followed by the abrupt crystallization of the clear calcic An55
plagioclase zones, of composition C in Fig. 27, which occur on the
cloudy plagioclase phenocrysts. At the same time, the cores of the
groundmass plagioclase laths formed, as shown by their exactly similar
compositions.

This stage was followed by the crystallization, on both the
plagioclase phenocrysts and the groundmass plagioclase laths, of sodic
plagioclase of composition An23_19 (area D, Fig. 27) which zoned to
very sodic, albitic, compositions as shown by Area E in the figure.

In a few rare cases, in the gap between the An55 calcic rims
and the An23 or less outer sodic zones, zones of compositions AnhO and

An__ occur, but these are very thin and seldom continuous.

33
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Crystallization of the outermost albitic plagioclase was

followed by crystallization of alkali feldspar and quartz to complete
crystallization of the groundmass. The composition of the alkali feld-
spar, as shown in. Fig. 27 is slightly more Or-rich than the composition
of the groundmass feldspars in the bulk of the stock, and the range in
composition is also larger. This alkali feldspar then developed a fine
patchy perthite which has a K-rich phase of composition Or

A
. 90-91*P6~10
An_~-a very pure perthitic phase. In most cases, the Na-rich phase is

tog small to analyze with the probe.

The chief differences between the early igneous phase and the
rest of the stock are the presence of the An27(B) cloudy plagioclase
replacement of earlier more sodic plagioclase (P), and the presence,
magnitude and composition of the calcic rims and groundmass plagioclase
laths (C). By analogy with the plagioclase phenocrysts of the rest of
the stock, the rim is similar to the reversals in composition in the
outer parts of the sodic plagioclase zones of the stock plagioclases.
However, it is consistantly broader and more calcic in composition, and
appears to be timed with the widespread nucleation of the plagioclase
of the groundmass at the beginning of the groundmass crystallization

stage.

Minor Minerals of Barly Igneous Phase

The minor minerals of the early igneous phase of the stock con-
sist of hornblende, biotite, magnetite, diopside, sphene, apatite, and
secondary chlorite. The volume percentage of these minerals is consis-
tently sbout 20-25 per cent, much higher than in the bulk of the stock.
In terms of the origin of the feldspar textures discussed above, the
relationships among these minerals is very informative.

In any given specimen of the early igneous phase, the chief
mafic minerals are hornblende, biotite, diopside and magnetite. In
some specimens, only hornblende, biotite and magnetite occur. In other
specimens, however, the hornblende is consistently rimmed by diopside,

similar to that described in the mafic minerals of parts of the stock.
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As a rule, there are two distinct generations of mafic min-
erals, a microphenocryst stage with crystals up to 1 mm in size, and a
groundmass stage in which all crystals are below 0.3 mm in size. In
the hornblende, biotite, and magnetite bearing rocks, all three mafic
minerals have a groundmass generation of similar appearance. In the
cases where the hornblende microphenocrysts are rimmed by diopside,
however, the second generation consists of diopside, biotite and
magnetite. As a rule, the sphene is concentrated in the groundmass
crystallization stage.

The high mafic percentages, and the diopside-after-hornblende
sequence, both strongly suggest the addition of assimilated Ca,Mg-rich
material, probably impure carbonate rock from the country rock. In
support of this, assemblages of minerals in the thin contact metamor-
phic zone around the stock contain for the most part hornblende and

diopside, as do inclusions of the same rocks within the stock.

Crystallization History of Early Igneous Phase

The following sequence of events for the early igneous phase is
suggested (Fig. 27). The initial crystallization was essentially that
of the rest of the stock as already outlined, with calcic, then inter-
‘mediate plagioclase (A) crystallization, followed by sodic plagioclase
(D) and sanidine. However, sometime late in the two-feldspar crystal-
lization period, significant amounts of carbonate-rich material were
assimlilated by the stock. This initially caused the replacement of the
sodic plagioclase by the slightly more calcic plagioclase (B), and at
the start of groundmass crystallization, the formation of the An55 rims
and- groundmass plagioclase lath cores (C).

The mechanism of initiation of groundmass &rystallization could
have been via rapid depressuring of the system, or it could be in part
related to the rapid assimilation of large amounts of wall rock

material. In this regard, the sudden drop from the An__ plagioclase of

25

both the rims and groundmass plagioclase laths, to sodic An23 or less

compositions is difficult to understand, since if large amounts of

dolomitic material were added to the system, the bulk.composition should
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be permanently changed and the system would then ideally finish crystal-
lizing with much more calcic plagioclases than actually observed.

After the calcic plagioclase crystallization, it appears that
the system rapidly changed back to what would be considered to be an
almost normal composition for the stock at approximately this stage of
crystallization. This suggests that there was significant addition of
normal granite to the more calcic phases near the contacts of this
earlier igneous mass. The sbruptness of the composition change would
be a direct reflection of the abruptness with which the normal granitic
material was added. The simplest model would be that of an assimila-
tion produced contact phase which is rapidly intermixed with unchanged
interior parts of the same igneous body.

In this reépect, the differences in the inclusions of the early
igneous phase are informative. Those with the best developed calcic
rims and calcic plagioclase laths have the least normal phenocrysts and
groundmass alkali feldspar and quartz. Those with the poorest develop-
ed calcic rims, and the smallest calcic cores in the plagioclase laths,
have the most normal alkali feldspar and plagioclase phenocrysts and
have the largest amounts of groundmass alkali feldspar and gquartz.
Indeed, in one of the inclusions, no calcic cores and rims were detect-
ed at all, and, except for the percentage of phenocrysts, this specimen
would be identical to DVTL, with sodic plagioclase cores in the ground-
mass alkali feldspar. In one case, an inclusion similar to this latter
case was found which had, in turn, an inclusion of its own which showed
well developed calcic plagioclase lath cores and calcic rims. Hence it
appears that all gradations are present between relatively normal stock
granite, and the most calcic of the early igneous phase rocks. This is
compatible with the normal granite, then assimilation, then further
addition of normal granite sequence postulated above, with the varia-
tions produced by the degree of initial assimilation and the amount of
later mixing of granitic material.

Other types of inclusions are rare within the stock, and consist
mainly of fragments of the wall rock of various types. These will be

described in the section on minor minerals to follow.
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Minor Minerals

The common minor minerals in the stock include hornblende,
bilotite, magnetite, sphene and apatite. In most cases, all these min-
erals are present.in a given specimen, and their total volume percent-
age is 10 per cent or less. The most mafic-rich phase is the interior
portion of the north phase of the stock, in which the percentage is
consistently above T per cent. In some of the contact phases, the
percentages of mafic minerals is consistently less than 2 per cent.

The minor minerals range in size from 0.2 to 5 mm in longest
dimension, and therefore can be considered as microphenocrysts in
many cases. Of the four common minerals-hornblende, biotite, magnetite
and sphene--only magnetite is commonly anhedral. It forms irregular
shaped grains scattered throughout the groundmass which are seldom
greater than 1 mm in size.

The hornblende, of the common igneous variety, occurs as
euhedral elongate prisms which show no preferred orientation within the
bulk of the stock. They range in size from 0.2 to 5 mm, and are the
coarsest-grained of the mafic minerals. The pleochroic formula is gen-
erally <= light green or yellow green, B = green or yellow green, and &=
light to medium green or brownish green. The 2V, as measured on the

universal stage, is T2 to 760, and J:c is 12 to 130. This suggests an
Fe/Fe + Mg + Mn ratio of about 0.5.

Biotite occurs as plates which range in form from euhedral to
ragged and irregular, and is strongly pleochroic, with colors ranging
from light brown or yellow-brown to dark brown or red-brown. It tends
to be of slightly smaller size than the associated hornblende. The
biotite occurs in one of three situations--as scattered individual
grains, as grains associated with hornblende and magnetite in aggregates
in the ground mass, and as grains assoéiated with hornblende and biotite
in plagioclase glomeroporphyritic aggregates.

Sphene occurs as euhedral crystals, 0.1 to 0.6 m in size, which
are often skeletal in form. In many of the specimens studied, very
small, euhedral grains of apatite are present as a replacement product

of sodic plagioclase and alkali feldspar.
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The crystallization sequence of the mafic minerals is very
difficult to determine due to the tendency of these minerals to form .
separately and not be found as inclusions in the feldspar phenocrysts.
However, a few such inclusions make the following generalizations
possible.

Biotite, hornblende and magnetite started to crystallize to-
gether roughly at the time that the andesine zones were crystallizing
in the plagioclase phenocrysts, and there is some suggestions that of
the three, magnetite was the first to form as it is consistently found
as inclusions in both biotite and hornblende. Sphene was slightly later
thah the above minerals, and apparently began to crystallize during the
later stages of andesine crystallization. Apatite texturally is late
and appears both as inclusions in the last hornblende and biotite to
form, and as a replacement produce of the oligoclase phenocrysts and
groundmass feldspars.

As a rule, over 95 per cent of the mafic minerals occur wholly
within the groundmass. In the rocks which have the very obvious, large,
crystals of biotite and hornblende, there appears to have been at least
two periods of growth. All the biotite and hornblende found as inclu-
sions in the sodic plagioclases occurs as very small grains, some 10 per
cent of the size of the large crystals in the groundmass. This
observation is so common that it appears that the mafic minerals crystal-
lized very slowly at first, but after the time of oligoclase crystalli-
zation, crystallization was very rapid, giving rise to the large

crystals of biotite, hornblende and possibly magnetite.

Hornblende and Related Minerals

The pleochroic green to brownish-green hornblende, character-
istic of all the various phases of the stock, often contains a core
made up of an aggregate of normal biotite grains which in many cases
is physically connected with the groundmass. Indeed, numerous horn-
blende crystals are almost skeletal and have "cores" of groundmass
quartz and alkali feldspar. The biotite, which is definitely later

than the hornmblende in all cases, apparently has replaced a preexisting
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mafic mineral which formerly occupied the cores of the hornblende
crystals and which in other cases has been resorbed entirely. The
morphology of the better préserved cores suggest the original mineral
was a pyroxene.

In one specimen collected in place in the southern phase of
the stock, augitic pyroxene cores occur in two hornblende crystals,
and similar occurrences were found in a float boulder in Surprise
Canyon. In all cases the augite is in the form of an aggregate of
crystals. Optical study indicates that it is indeed a true augite,
relatively rich in Mg and Ca but not quite enough to be called a diop-
side or diopsidic augite. This appears to be the original mineral
which formerly occupied the cores in the other hornblende crystals so
common in the stock.

In the bulk of the stock, biotite consistently replaced horn-
blende, and in a few instances biotite forms aggregate fims around the
hornblende crystals.

In ten specimens from both phases of the stock, undoubted
reaction rims of pyroxene occur on the hornblénde crystals, and a few
pyroxene pseudomorphs after hornblende were also noted. In all cases
the pyroxene rims are thin and do not make up a significant percentage
of the mafic minerals. Optical study indicates that the pryoxene is a
true diopside, and hence it is definitely more Mg-rich than the augite
cores noted above. Rarely, the diopside appears to be altering to
biotite.

The majority of the late diopside bearing specimens are locat-
ed relatively close to the stock contacts, and three of the specimens
are within 1 m of a stock contact in which a diopside-bearing scarn
zone occurs. The distribution of the late diopside suggests that the
assimilation of dolomitic wall rocks could have added the required Mg
and Ca.

There are almost no discreet inclusions within the stock which
can be traced back to a dolomitic wall rock origin. In the contact
areas noted above, the scarn material seems to disaggregate immediately

into separate crystals, which may account for this fact. There are



-15k4-
numerous less than 1 cm irregular clots of minerals throughout the
stock which consist of hornblende and biotite with some sodic plagio-
clase, magnetite and sphene, and it is entirely possible that these
represent inclusions of Ca-Mg rich material. The hornblende and
biotite are similar to the same minerals in the stock, and also are
the same as these same minerals in contact hornfelsic rock in rela-
tively carbonate-rich zones of the Kingston Peak Formation. It appears
that these clots, which apparently formed at the time the later sanidine
and sodic plagioclase was forming in the stock, are the result of the
assimilation of relatively calcareous wall rock. Their uniform distri-
bution throughout the stock indicates that this period of assimilation
took place at a deeper level.

Studies of the compositions of pyroxenes in various acidic
differentiating systems indicate that the pyroxene tends to become less
Mg, more Fe-rich in the later stages of differentiation, and this 1s
borne out by the recently determined liquidus diagram of the pyroxene
quadrilateral (Yoder, Tilley and Schairer, 1963, p. 85). Hence in the
simplest case, in the stock, the later pyroxene should be more Fe-rich.

The fact that it is more Mg-rich strengthens the assimilation hypothesis.

Biotite, ranging in pleochroism from light to dark brown to red-
brown, is present in all specimens of the stock. In a few cases, in
the southern phase of the stock, there are two generations of biotite--
the relatively coarse biotite up to 1 mm in size which grew in the late
phenocryst stages, and a fine grained less than 0.2 mm generation of
biotite entirely restricted to the groundmass. The later, finer-grain-
ed biotite is consistently less pleochroic, reaching only medium brown
colors, and appears to have slightly lower refractive indices than the
earlier phase of the biotite.

The difference in optical properties of the two generatidns of
biotite indicates that the later groundmass biotite has a higher
Mg/Mg+Fe ratio than the earlier biotite. This observation is reinforc-

ed by a few of the larger biotite crystals which have distinctly less
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pleochroic edges with lower indices which also appear to be of a more
Mg-rich biotite.

The appearance of a later Mg-rich biotite is compatible with
the assimilation of dolomitic material suggested by the diopside rims
on the hornblende crystals noted above. However, it is possible that

the later Mg-rich biotite could be due to PO effects. According to
2
the work of Wones and Eugster (1965), as the water pressure on the

biotite-magnetite-sanidine assembledge decreases, the Mg/Mg+Fe ratio
of the biotite could increase if the temperature of the system remained
relatively constant. This mechanism would favor the formation of a
more Mg-rich biotite in the groundmass on depressuring of the system,
and would fit the general intrusive history of the stock.

The above P02 model would be favored if the P02 remained
relatively high in the late stages of groundmass crystallization, since
this would allow more Mg-rich biotites to form also. In support of
this, it is noted in a few of the volatile rich specimens that the
magnetite has in part altered to hematite, and some of the biotite, at
the outer edges, appears to have altered to magnetite (or hematite).

Thus, both the assimilation process, and plausible Po varia-
2
‘tions in the biotite-magnetite-sanidine system, could produce late Mg-

rich biotite, and at this point, it is not known which process is the

dominant one. It would seem likely that the P, based process could

0
dominate the volatile-rich fringes of the stockeand dike rocks, at the
present erosion level, as observed, while the assimilation process could
dominate the less volatile-rich areas.

Throughout much of the interior of the northern phase of the
stock, the biotite, and commonly the hornblende, grains have altered to
chlorite on their outer margins. In some places, whole biotite grains
have been replaced by chlorite. This reaction appears to have occurred
after crystallization of the groundmass of the stock, as small, less
than 0.05 mm radial clusters of chlorite are found in patches in the
feldspars of the rock also. The restriction of the chlorite alteration

to the interior portion of the stock suggests that this is, in effect,
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a retrograde reaction which occurred in the relatively slower cooling
interior parts of the stock.

A summary of the crystallization sequence of the minor miner-
als indicates the following. Initially, augite and probably magnetite
crystallized along with the labradoritic plagioclase. By the time that
the andesine was crystallizing, the augite was out of equilibrium and
was rimmed by hornblende which coexisted with both biotite and magnetite.
About the time that oligoclase and sanidine were forming, sphene was
also crystallizing, yielding four coexisting minor minerals.

The mafic minerals biotite, hornblende and possibly magnetite
existed as small crystals which were growing very slowly until the
last of the sanidine and oligoclase was crystallizing. However, about
the time that the reversals on the oligoclase were being formed, the
mafic minerals started to grow very répidly, yielding very large crys-
tals of hornblende, biotite and magnetite. Apatite appeared at this
point as discreet crystals in the melt and as a replacement product of
the sodic plagioclase.

Apparently immediately after the period of rapid mafic mineral
growth, at roughly the later stages of the sanidine replacement stage
when the very sodic plagioclase was crystallizing, the hornblende was
rimmed by diopside, apparently due to the assimilation of dolomitic
‘material. This particular feature occurred immediately before the
groundmass crystallization stage, but the common occurrence of clots of
hornblende, biotite, magnetite and oligoclase or more sodic plagioclase
suggests that the assimilation of basic rock had probably been occurring
at least as far back in the crystallization sequence as the time of the
reversals on the oligoclase grains.

At the time of depressuring of the system, when the groundmass
rapidly formed, the stable minor minerals were apparently biotite,
magnetite, apatite and sphene. In the southern phase of the stock a
second generation of more Mg-rich biotite formed in the groundmass, and
in other areas of the stock, a more Mg-rich biotite apparently crystal-
lized on preexisting less Mg-rich biotite crystals. In a very few

instances, the diopside rims were altered to biotite, and everywhere in
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the stock, the preexisting hornblende was altered in various degrees to

biotite. The second generation biotite could have been caused by the

depressuring effect on the PO equilibria, or by the assimilated

material. 2
After the bulk of the groundmass had crystallized, in the

marginal volatile-rich areas of the stock magnetite reacted to hematite

and biotite reacted to magnetite or hematite, indicating high P02 at
this late stage. In the immediate vicinity of vuggy cavities, oxybio-
tite'was formed around the edges'of the biotite crystals. Similar
reactions took place in the dike rocks. In the interior of the stock,
where cooling was relatively slower, retrograde chlorite formed from
biotite and hormblende.

Distribution of Textures Within Stock
Distribution of Phenocryst Replacement Textures

The thin sections of the various specimens collected from the
stock were used to determine the dominant form of replacement texture
in the sanidine phenocrysts relative to the several specimens described
in detadil in the previous sections. The simplified classification
used was as follows: If the thin sections showed a dominance of clear
plagioclase rims with oscillatory zoning reversals on clear sanidine
cores, with some unrimmed sanidine or cloudy plagioclase phenocrysts
of probable replacement origin, they were referred to DV56--a resorpiion-
rimming sequence. If the thin sections showed a dominance of clear
sanidine cores surrounded by distinct cloudy plagioclase plus quartz bleb
rims, outer alkali rims, occasional cloudy perthite in the sanidine, and
common single cloudy plagioclase phenocrysts, they were referred to
DV74--a direct replacement sequence. Thin sections showing a predomin-
ance of cloudy alkali feldspar, patch perthite, concentrations of patch
perthite in the "rim" position, dominately cloudy plagioclase pheno-
crysts with or without relict alkali feldspar patches, and common alkali
rims were referred to DVl51--a patch perthite replacement sequence.
Finally, slides showing no replacement of the sanidine, no plagioclase

rims, a very coarse groundmass, and a predominance of coarse lamellar
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perthite were referred to DV128--an unreplaced sequence.

Many slides were transitional between types, and as a general
rule, the DV56 resorption-rimming type graded into the DV74 direct re-
placement type by an increase in the number of grains with features
typical of DVTL. The DV128 unreplaced type graded into either the
DV151 or DVTL4 types, and the latter two were often mixed indiscrimin-
antly with no particular pattern considering these two alone.

The distribution of the replacement types is shown in Fig. 28.
The two intrusive phases of the stock will be considered separately.

The northern phase of the stock shows the greater variation in
replacement textures, as shown in the figure. The area with the
horizontal ruling shows the extent of the DV56 resorption-rimming type
sequence. Invariably associated with the dominant clear sanidine cores
and plagioclase rims of the alkali feldspar phenocrysts in these
slides are variable amounts of feldspars which show the DVT4 type dis-
tinct cloudy plagioclase replacement rims. As a rule, the percentage
of these grains increases outward toward the edge of the area until
this textural type dominates. Hence, the outer edge of the resorption-
rimming dominant area is transitional and the contact as marked is
only approximate. However, in all cases where there is adequate con-
trol, it appears that this texture is no longer dominant by the time
the outer relatively sharp contact of the interior light colored por-
tion of the stock is reached. In all cases, there i1s a buffer zone of
DV151 and/or DVT4 dominant textures around the core of the DV56 resorp-
tion-rimming type sequence. ’

The areas of the northern phase of the stock in which the
dominant textures of the alkali feldspars are of various combinations
of the DV151 and DV7L types is shown by the unlined areas on Fig. 28.
Within this area in general, the DV151 type appears to be slightly more
common and may tend to concentrate in fhe outer portions of the area.
A1l combinations between various amounts of phenocrysts showing either
the direct replacement or patch perthite replacement sequences are
found, and indeed, many of the phenocrysts themselves cannot be classed

as one or the other, but are transitional grains. Hence it appears that
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these two processes took place under closely similar conditions,
allowing the intergradations to occur as commonly as they do.

Note that the textures on either side of the exterior-interior
portion contact in the northern phase of the stock are indistinguish-
able, again reinforcing the suggestion that the two portions were
intruded within a very short time period.

The diagonally ruled areas around the margins are those areas
in which the DV128 unreplaced type alkali feldspars are found. Again
the contact is transitional, and these textures gradually pass into
rocks dominated by the direct replacement or patch perthite replacement
textures. In effect, the appearance of the dominant DV128 type area is
due to a gradual increase in the percentage of unreplaced phenocrysts
until they dominate the phenocrysts. At the same time, and apparently
over a much shorter distance, the percentage of magmatic plagioclase
Phenocrysts decreases to zero so that in most of the area in which the
unreplaced alkali feldspars occur, no plagioclase phenocrysts are found
at all, and the rock consists of alkali feldspar and quartz. The
percentage of mafic minerals also decreases markedly in these alkali-
rich rocks, and in most cases, they contain less than 2 per cent by
volume of biotite, hornblende, magnetite, sphene and apatite.

In essence, two types of gradations exist which must be differ-
entiated. 1In one case, all possible combinations may be seen between
the "end-member" textures within the phenocrysts, as for instance all
variations between the direct and patch perthite replacement sequences.
This implies that, since these intermediate textures could exist, they
also existed on a gradation between the physical conditions that produc-
ed these textures.

In the other case, and on a much larger scale, gradations occur
between large areas dominated by phenocrysts having one of the replace-
ment sequences and areas dominated by phenocrysts showing another
sequence. In this case, it often appears that the phenocrysts of one
type have been physically intermixed with the phenocrysts of another
type, suggesting that mixing between discreet magma pulses at their con-

tacts may have taken place on intrusion.
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The southern phase of the stock is considerably simpler than
the northern phase. The bulk of the southern phase, shown as unruled
in Fig. 28, consists of alkali feldspar phenocrysts of the DVTL direct
replacement type with some phenocrysts showing the DV151 patch-perthite
replacement type, and, as before, a few grains showing transitional
type textures. However, the DVTL type is clearly the dominant type, in
contrast to the unruled area of the northern phase of the stock. The
sanidine cores tend to have a minimal development of cloudy perthite.
Only along the highest parts of the southern phase does the DV151 type
become significant. This region is felt to be quite near the roof of
the stock.

Again, these textures tend to grade outward into a DV128 type
unreplaced sanidine rock, as in the northern phase, by an increase in
the number of unaltered sanidine phenocrysts and a decrease in the
number of plagioclase phenocrysts. The area in which the DV128 unre-
placed texture dominates is shown on Fig. 28 by the NW rules lines.

The DV128 type rocks of the northern phase are characterized
by an abundance of lamellar perthite. The DV128 rocks of the southern
vhase, however, are essentially completely lacking in lamellar perthite,
especially in the southern part of the southern phase. The alkali
feldspars are thus the most unaltered and unreplaced anywhere in the
stock. However, their external form is not euhedral, but subhedral
with rounded off corners. There is no evidence of resorbtion, and it
appears that the sanidine grew in this form from the melt. The compo-
sition of these feldspars is roughly that of the sanidine phenocrysts
of specimen 182D, namely OrhlAb58Anl' In some of the more northern
areas of the southern phase in which the DV128 texture dominates, small
amounts of lamellar perthite are present, but never in amounts as great
as those in the similar rocks of the northern phaée.

The distribution of the rocks in which the DV128 unreplaced
textures dominate is unique in the southern phase of the stock in that,
while it occurs dominantly along the contact, it also occurs in two
areas in the center of the stock as shown in Fig. 28. These areas are

topographically high suggesting proximity to the roof of the stock.
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A roughly similar feature is noted in the northern phase of the
stock, where the contact of the light colored coarse and dark colored
fine portions, and the contact of the DV56 texture dominated area, also
tend to cross the stock in an area away from the contact. Again, this
occurs on a major ridge which crosses the stock, suggesting proximity
to the stock roof, although in the northern phase the actual roof con-
tact may be slightly higher above the present topographic surface than

in the southern phase.

Distribution of Groundmass Textures

The groundmass of the southern phase of the stock has an
aplitic texture throughout almost the whole of the southern phase. As
a rule, the interior portions of the southern phase has a groundmass
which falls in the size range of 0.3-0.5 mm. As the contact is
approached, the grainsize in general decreases to roughly 0.15 mm or
less except in those areas characterized by DV12e8 type textures where
the groundmass bercentage markedly decreases as the grainsize coarsens.

Thus the local coarsening associated with the DV128 textures is
superimposed on a more general decrease in groundmass grainsize as the
contact is approached. In this respect, it is interesting to note that
‘all the samples collected in the northwest corner of the southern phase
of the stock have groundmasses very close to 0.1 mm in size. These
samples are all located on the Panamint Range divide, above 9600
elevation, suggesting proximity to the roof of the stock. This is the
same ridge which contains the area of DV128 unreplaced textures within
the stock in its southern portion, as noted on Fig. 28. Thus, both
grainsize variations and textural variations tend to support the sug-
gestion that the roof of the stock was relatively close to the present
elevation of the ridges in the southern phase of the stock--probably
within a 1000' feet or so Jjudging by the widths of the various zones
in question along the present stock contacts. These near-contact
areas, either actual or suggested, also contain rare pegmatitic patches
and vermicular quartz-alkali feldspar patches in the groundmass, both

features common to rocks in the northern phase of the stock very near
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the contact.

The groundmass grainsize and textural distribution in the
northern phase of the stock is roughly analogous to that in the
southern phase. The normal texture of the interior of the northern
phase is a granitoid texture which tends to change as the contact
is approached. In general, as the western contact is approached, the
groundmass texture becomes more aplitic and the grainsize decreases
~ from the 0.3-0.5 mm size range of the interior to grainsizes of less
than 0.2 mm toward the contact. Once again, in those areas which
contain the DV128 phenocryst textures, the groundmass locally
coarsens. As a rule, the percentage of plagioclase in the groundmass
decrease to almost zero as the contact is approached.

Coing from the interior toward the eastern contact, the grani-
toid texture persists and the grainsize again in general decreases to
the 0.2-0.1 mm size range, with the exception of the unreplaced
phenocryst bearing rocks as noted elsewhere. However, a major differ-
ence between the eastern and western contacts of the northern phase of
the stock is in the amount and distribution of pegmatitic pods, and
vermicular and graphic quartz-alkali feldspar intergrowths.

Aside from the northeast corner of the stock, the eastern and
southern margins of the northern phase of the stock are relatively
rich in the above features. The presence of the lameliar perthite is
also more widespread in these areas, and it tends to be significantly
coarser than in other areas in the stock.

The pegmatitic pods and quartz-feldspar intergrowths so common
near the eastern stock contacts are also found along some of the highest
ridges transecting the northern phase of the stock, including the ridge
already noted in the discussion of the distribution of the replacement
textures (Fig. 28). This again supports the suggestion that the roof
of the stock was not very far above the present ridge tops in the out-
crop area of the stock.

The large irregular quartz crystals that were briefly noted in
the last parts of the discussion of specific samples, are more common

in the rocks nearest the contact of the stock. This is true of both
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the northern and southern phases of the stock. As the amount of
pegmatitic pods and quartz-feldspar intergrowths increases, the amount

of these irregular quartz crystals also increases.

Origin of the Groundmass Features

The presence of very high‘percentages of extremely large vugs
in the northern phase of the stock, plus the observation that the
great majority of the rocks in the stock contain from 0.5 to 2 per cent
by volume of vugs, indicates that, at least in the stage of groundmass
crystallization, the effective fluid pressure was equal to the total or
lithostatic pressure, allowing a separate fluid phase to form. The
extreme fluid concentration in the northeastern corner of the stock,
and the fact that the dike swarm meets the stock in that area, both
suggest that this concentration of volatile material is due to frac-
turing of the roof rocks and rapid volatile release. An obvious
analogy is the sudden opening of a pop bottle, allowing the gas bubbles
to concentrate at the point of pressure release.

The dike swarm observed to the northeast of the stock is clear-
1y older than the granite of the north phase of the stock, which con-
tains the numercus vugs and other features, and the time gap is large
.enough that chilling of the later granite occurred against the earlier
dike swarm. Hence, it was not possible to trace a vug-rich band or
zone of the granite into a dike rock which travels some distance from
the stock contact. Nonetheless, the orientation of the vug-rich.
zones into bands or zones with vertical dips which are essentially per-
pendicular to the contact nearby indicates that these vug-rich zones
could indeed be due to a pressure release effect like the one postulat-
ed. Considering the position of the vuggy-rich area, at an elevation
of roughly 6000 feet, it is quite conceivable that a possible dike-
stock intersection, or at least a fracture-stock contact, could have
been present above the present outcrop area in a part of the stock now
removed by erosion. The proximity of the supposed stock roof to the
present ridge tops, however, indicates that this intersection was not

very far above the present erosion level. Basically, what is reguired
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is some sort of opening to a lower total pressure area to allow the
volatile concentration and escape.

The timing of the pressure release is thought to be coin-
cident with the time of groundmass crystallization and alkali rim
formation. A sudden release of fluid pressure could cause the appar-
ent sudden nucleation of alkali feldspar (and quartz in some cases)
on the preexisting alkali feldspar or plagioclase pvhenocrysts. At
this point, the rate of crystallization would then be effectively con-
trolled by the rate of heat loss to the exterior. That this rate of
heat loss was relatively large is attested to by the fine grain size
of the groundmass even in the most interior parts of the stock.
Relatively more rapid cooling in the exterior parts would then produce
the general decrease in groundmass size toward the outside of the
stock.

The fewest, and thinnest, alkali rims are observed in the
interior portions of the stock, and most of the area of the light
colored coarse prortion of the north phase of the stock has no alkali
rims except at the outer edges. This is compatible with the cooling
model proposed in that the less rapid cooling of the interior portion
would inhibit rim formation.

The chief active component of the fluid phase was most probabl-
ly water, as has been noted before in numerous cases. The effects of
water pressure on the "granite" system, under conditions where the
water pressure is equal to the total pressure, are now relatively well
known. However, other components are quite likely in the fluid phase--
for instance Cl, ¥, P, and NHS——as these have been observed in fum-
erolic situations, or as fluid inclusions. Recent experiment work by
Von Platen (1965) and Wyllie and Tuttle (1961, 196L4) has dealt with the
changes introduced in the Ab-Or-Q system by these components.

Apatite is ubiquitous as an accessory mineral in all the rocks
of the stock and the refrective indices and birefringence indicate that
it is dominantly fluorapatite. Hence the melt, at relative late stages
when apatite crystallized, contained both P and F, but probably very
little Cl. Both F and Cl could occur in the hornblende and biotite also.
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In terms of the minerals found in the drusy cavities within the
stock, no minerals indicative of the above components are found. This
is also true of the vugs in the rocks of the dike swarm.

However, in the vugs within the rocks of the dike swarm,
calcite is commonly found, and while the textural relations are not
conclusive, it is felt that calcite crystallization was associated with
the vapor phase within the vugs. Thin reaction zones, usually less
than 2 inches thick, are found at the stock contacts with wall rock
calcsilicate minerals indicative of decarbonation of the carbonate
country rock. Within the area of the dike swarm nearest to the stock,
formation of calcsilicate minerals is widespread throughout the
carbonate rocks of the Sourdough Limestone Member of the Kingston Peak
Formation. Finally, the stock is essentially completely enveloped by
carbonate rocks, mostly dolomitic. Hence, significant amounts of CO2
were probably present in the vapor phase, especially in the dike rocks.

This observation is bolstered by the presence of reaction re-
lationships between diopsitic augite and hornblende, which, as dis-
cussed more fully in the section on the major accessory minerals,
suggest that some assimilation of carbonate material did occur. Any
assimilation of this sort would contribute éarbonate to the system.
Hence, aside from water, the chief component of the vapor or fluid
‘phase was probably 002.

Studies by Wyllie and Tuttle (1959) indicate that, under fluid

pressure=tdtal pressure conditions, CO. is for all practical purposes

an inert component. That is, at a givin total pressure made up of x
partial pressure of water, and y partial pressure of 002, the granitic
melt behaves as if it were crystallizing under an effective fluid
pressure=x, with some slight increase in liquidus temperatures due to
the effect of the larger real total pressure by the amount y of COQ.
Hence 002 appears not to significantly effect the melting relation-
ships as does water, and thus in working with the feldspar-quartz ex-
perimentally determined feldspar-quartz systems, CO2 can be neglected
in most cases. However, with regard to the mechanism of fracturing and

pressure release in the stock, CO2 cannot be neglected and, in fact,
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may be an exceedingly important factor in the type of mechanism
postulated.

One method by which the stock roof could be fractured is by
the vapor pressure in the system building up to values greater than
the load pressure. The presence of CO, &8 well as water in the vapor
rhase makes this process more likely, especially in the light of the
high volatile concentrations necessary to form the vug-rich areas of
the stock. Since the stock at its present position was relatively
shallow in depth below the earth's surface, the vapor pressure would
not have to build up to very high values before fracturing of the
rocks over the stock could take place.

However, the possibility must be considered that fracturing of
the roof was caused by upward emplacement of the magma body, so that
at the time of fracturing the fluid pressure need not have been equal
to the load pressure.

Features which seem to be closely associated with large amounts
of volatile components in the groundmass include the vugs, the large
irregular quartz crystals, pegmatitic pods, graphic or vermicular
quartz-alkali feldspar intergrowths, and very coarse lamellar perthite.
These all tend to concentrate in the areas with the largest and most
numerous vugs and hence are especially common in the northeast corner
of the stock. This direct relationship, plus the common occurrence
of some of these textures in pegmatites known to be rich in volatile
components, indicates that in this situation, these features are also
due to variations in the volatile content of the system.

The features listed are distributed in roughly the following
ways. The most common features are the irregular quartz crystals and
the small vugs, both of which are present in all but the most interior
parts of the northern phase of the stock. The next most common tex-
ture is the quartz-feldspar intergrowths, which are present in various
localities around the edge of both phases of the stock. The coarse
lamellar perthite is somewhat more restricted, but is also found in
the contact areas of the stock, especially along the eastern side.

The least extensive, but most spectacular, are the larger pegmatitic
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pods and patches, and the large vugs, both of which are commonly found

only in the extreme northeast corner of the stock. Smaller micropeg-
matitic patches are found throughout much of the stock, but are most
common close to the stock contacts. Finally, porphyroblast-like
megaphenocrysts, usually sanidine, are found throughout the stock.

A1l the features but the last appear to be closely related to
the time of groundmass crystallization, and all appear to have been
related to the volatile content. The distributions above suggest that
the first response of the groundmass, during crystallization, to high
volatile concentration was to form the irregular quartz crystals.

This was not vaper phase crystallization as such, but rather an
accelerated crystallization rate due to the presence of the volatile
components. Whether a separate vapor phase existed at this time is
not known.

The next step in the tentative sequence would be the formation
of the quartz-feldspar intergrowths. At the same time, pegmatitic pods
of smaller size could form as an extension of the earlier quartz
crystal growth. Hence, rocks exist which contain the intergrowths and
the quartz crystals, or the intergrowths and the smaller pegmatitic
pods. In the latter case, the amount of intergrowth material is much
larger. The last to form, in the areas of highest vilatile concentra-
tion would be the large pegmatitic pods and widespread graphic textures
common in the northeast corner of the stock.

The distribution of the coarse lamellar perthite suggests that
it too is related to the volatile concentration of the system, and is
probably late in the above tentative sequence.

This picture would then suggest higher volatile concentrations
in the exterior parts of the stock, since in all cases, the features
attributed to crystallization catalyzed by volatile content are found
near the margins of the stock. The textural relationships of the
intergrowth textures suggests that this was a late feature in the
groundmass crystallization, so that the percentage of melt present at
this time would have been relatively small and a vapor phase as such

probably existed.
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The time of formation of the megaphenocrysts of alkali feldépar
was significantly earlier than the above features. Thin section study
indicates that these formed at the same time as the last of the sanidine
phenocrysts formed, before the period of replacement and while plagio-
clase was also crystallizing from the melt. It is tempting to attribute
the megaphenocrysts to accelerated growth due to increased volatile
concentrations at the later stages of crystallization. This would also
be compatible with the model proposed previously in which the stock
roof was fractured by the build up of volatile pressure. The more com-
mon occurrences of the megaphenocrysts in the northern phase of the
stock would be related to the more common occurrence of features
indicative of high volatile content in that phase of the stock.

Detailed zoning and compositional features in specimens DV56
and DV151, from the time of removal of sanidine from equilibrium with
the melt, to the sudden quenching of the system and formation of the
groundmass, would be compatible with a slow build up of fluid pressure

in the system leading to the roof fracturing stage.

Alteration Zone

One of the more obvious features of the stock in the field, and
on air photographs, is a broad band of red-brown and yellow-brown
altered granite which essentially follows the southern and western
boundries of the northern phase of the stock. This is shown in Fig. 28
as the stippled area, and the two intensities of stippling indicate
the degree of alteration of the granite. The zone is 100 to 1000 feet
wide, and the contacts vary from very sharp to broad transitional zones.
It is invariably associated with contact dike sheath rocks which them-
selves have been altered.

In the areas of most intense alteration, the rock is essentially
a semi-consolidated aggregate of yellow-trowr feldspar crystals and
quartz crystals which will crumble quite easily. In the slightly less
altered areas, where thin sections could be cut, the rock consists of
cloudy brown-stained alkali feldspar, translucent to opaque in many

cases, in which the cleavages, fractures and cracks stand out as white
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lines and form an almost brick-wall texture. The plagioclase is
invariably sericitized, and the mafic minerals completely aitered to
hematite or hydrous Fe-oxides. In a few cases, hornblende which had
altered to biotite, was in turn altered to sericite, so that sericite
pseudomorphs after hornblende occur. Aside from the hematite, the only
optically identifiable mineral in the alteration zone is sericite.: No
unusual ore minerals were found.

In the less altered areas, only the groundmass alkali feldspar,
and the outer portions of the sanidine phenocrysts, are altered, and
the plagioclase and mafic minerals are only slightly altered. In many
cases, alteration is confined to the groundmass, and in the least
altered areas within the alteration zone itself, alteration occurs only
along fractures and joints in the rock. Fractures or Joints with
alteration zones are also present scattered throughout the stock,
especially the volatile-rich northeastern portion of the northern phase
of the stock.

The cause of the alteration is probably hydrothermal fluids
which were localized along the outer margins of part of the north phase
of the stock. The alteration may have occurred immediately after the
emplacement of the dike sheath rocks, and the fluid may represent
expelled volatiles from deeper portions of the stock which also supplied
the later dike sheath rocks.

Dike Rocks Associated with Stock

There are essentially two major dike swarms which cut the
country rocks for various distances from the stock. The larger of the
dike swarms intersects the stock in the Hanaupah Canyon area, at the
northeast corner of the stock. This swarm is clearly earlier ‘than the
normal granite porphyry of the north phase of the stock, as the complex
of porphyry dikes of the swarm are consistently cut by both the granite
stock and apophyses of the granite into the country rock. The granite
has thin chilled margins against the rocks of the dike swarm. Finally,
in this seme area, dike-sheath rocks cut both of the above and hence

are last in the intrusive sequence. However, in the nearby vug and
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pegmatitic pod-rich areas described previously, these same dike-sheath
rocks are transitional into the stock granite.

In the Starvation Canyon area, the smaller of the two dikes
swarms extends to the northeastern corner cof the southern phase of the
stock. Here, the dike-sheath rocks are clearly directly connected to
the dike rocks of the swarm, so that it appears that they acted as
feeders of the swarm. In this area, the dike-sheath rocks are always
later than the granite of the stock. This relationship of a connection
between the dike-sheath rocks and the dike rocks in the country rocks
is seen in several single porphyry dikes in the country rock adjacent
to the southern phase of the stock.

Dike Sheath

Along approximately 80 per cent of the contacts of the stock,
a thin sheath of very fine-grained dike-like rock, 1 - 50 m thick, is
interjected between the granite porphyry of the stock, and the
country rock.

The relationships between the stock granite and the dike
sheath rock are complex. In the majority of cases, the dike sheath
rocks appear later than the granite, as they are chilled against the
granite or rarely have bleached the adjacent granite. In cases like
these, the adjacent granite may be either normal porphyry, or the
groundmass-and plagioclase-poor contact phase of the granite described
above. In other localities, however, the contact phase of the granite
is clearly transitional into the rocks of the dike sheath. The
transition between the two takes place, going from the sheath rock to
the granite of the stock, by the appearance of small pods and bands
of phenocrysts like those in the stock. These increase in size and
number until the transition is complete, and no fine-grained dike-like
material remains. Transition takes place over distances of 1 - 20 m.
There seems to be no logical pattern to the stock-dike sheath age
relationships.

In appearance, the contact phase rocks are typically very fine-
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grained, white rocks with scattered, barely visible phenocryst and
occasional pods and lenses of coarser material. The percentage of
phenocrysts seldom exceeds 15 per cent by volume, and in many cases
there are no phenocrysts.

The bulk of the contact sheath rocks consists of equigranular
guartz and perthitic alkali feldspar. crystals, ranging in size from
0.05 to 0.3 mm, with a uniform aplitic texture. The alkali feldspars
are usually finely perthitic, and have compositions in the range Or43-48
Ab52_57AnO, as shown in Fig. 30 (D). 1In a few cases, the feldspars are
very coarsely perthitic, and as shown in Fig. 29, often reach the point
where the two phases have completely separated into different grains.
Compositions of this type of completely exsolved feldspar are shown in
Fig. 30 (D). In Fig. 29, some of the feldspar grains are wholly K-rich
phase, others wholly the Na-rich phase, and the rest very coarse per-
thite. In one specimen all the feldspar, both in the aplitic groundmass
and in the phenocrysts, had the compositions of the K-rich phase shown
in Fig. 30, so that the rock consisted of only K-rich feldspar and
quartz. Specimens like this, or of the completely exsolved type, are
found along the overhanging portion of the contact of the southern phase
of the stock, in the Starvation Canyon area, where the stock has a very

~thin contact sheath.and is in contact with carbonate wall rock. It is
not an area characterized by an abundance of lamellar perthite,
pegmatitic pods, graphic textures and vugs. Just to the south, these
same dike éhea%h rocks pass outward into dike rocks in the ccuntry rock.

The phenocrysts which occur in the dike sheath rocks are in-
variably alkali feldspar, and show almost all of the textures seen in
the phenocrysts of the bulk of the stock. The predominant phenocrysts
are those which are unreplaced and which have the coarse lamellar-type
perthite. In a few instances, the phenocrysts are highly fractured and
form fragments rather than whole crystals. The compositions of most of
the phenocrysts are in the range of the compositions observed for the
alkali feldspar phenocrysts in the rest of the stock, with the exception
noted above. If any unusual alkali feldspar phenocryst compositions

occur, they are alwéys in the same short portion of the contact which
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contains the completely exsolved feldspars.

Specimen DV182D contains clear, equant, euhedral sanidine
phenocrysts, completely unresorbed or replaced, which have compositions
of OrhlAb58Anl' These are full of wormy 0.05 X 0.2 mm muscovite
grains which appear to be altering from the sanidine. In some cases,
the phenocrysts reach 75 per cent muscovite, but most of the pheno-
crysts have less than 30 per cent muscovite. No other phases, such as
highly aluminous phases,were seen, and it appears that the reaction was
sanidine + water yields muscovite + quarftz + excess K+. This particu-
lar rock contains fringes of graphically intergrown quartz and feldspar
on the edges of the phenoccrysts which grew at the time of groundmass
crystallization--hence, there is the possibility that a fluid phase was
present, or at least the volatile content was relatively high.

Several of the contact sheath rocks examined in thin section
contain small, rounded, resorbed microphenocrysts of quartz. While
these may have crystallized from the melt, thereiis a good possibility
that they are xenocrysts. In one of the specimens examined, numerous
inclusions of quartzite were found. The quartzite was made up of
rounded quartz crystals of the same size as the phenocrysts in some of
the other dike sheath rocks, and in this particular slide, some of the
quartzite fragments had disaggregated and ylelded single grains of
quartz which, if seen elsewhere, would be indistinguishable from quartz
phenoerysts. The scarcity of quartz phenocrysts throughout the stock
suggest that indeed most of the quartz grains seen in several of the

contact sheath specimens are xenocrysts.

Dike Swarm Rocks

Distribution

There are several large concentrations of porrhyry dikes, all
of which are found on the eastern side of the stock. (see Fig. 2) The
major swarm of dikes occurs at the northeast corner of the stock in
Hanaupah Canyon, and other smaller dike swarms occur in the Starvation

Canyon area east of the stock.
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The major dike swarm is approximately one-half mile wide in
outerop width at its widest point, and it extends for almost two miles
to the south and more than four miles to the north, away from the
stock. The widest point of the dike swarm is in the area closest to
the northeast corner of the stock, where the dikes constitute almost
25 per cent of the outcrop width, for an aggregate thickness of 500 to
600 feet of porphyry dike material. The overall width of the dike
swarm, and the density of dikes within the swarm, both decrease to the
north and to the south, away from the northeast corner of the stock.

The major dike swarm dies out gradually to the north and at a
point three miles north of the stock consists of less than four indi-
vidual dikes which continue northward for another mile. To the south,
however, the major swarm ends much more abruptly in a quarter square
mile area of brecciated rock which occurs wholly within the upper
Johnnie Formation. Here angular, broken fragments of déminantly
Stiling Quartzite, Johnnie argillite, and possibly rare Noonday (7?)
dolomite occurs in a less than 0.1 mm matrix of microgranitic quartz
and feldspar with rare broken alkali feldspar phenocrysts like those
in the stock scattered throughout. This represents an explosion
breccia related to volatile escape associated with the dike swarm em-
placement which has been pervasively infiltrated by typical dike rock.
The Stirling fragments are at least 500 feet down from their position
over this vent area, and the questionable Noonday fragments are at
least 800 feet up from their expected position.

The gross attitude of the individual dikes within the swarm
is roughly north-south with 30 to 60 degree westward dips. In detail,
however, the strike and dip of the dikes vary considerably and the
dikes merge and separate at various low angles, so that viewed from a
distance the whole presents the general apvearance of an anastomosing
stream. Dike junctions suggest that most of the dikes were emplaced
at essentially the same time. At the fringes of the swarm, many of the
thinner dikes turn and become parallel to the sedimentary bedding.

The majority of dikes are 15 to 30 feet thick, but thicknesses
vary from 1 to 75 feet in very short distances. Dikes less than 20
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feet thick end abruptly and pick up again within 100 feet on strike.
The dikes follow a preexisting set of faults which trend north-south,
dip 45—609 west, and consistently show apparent normal displacement
with less than 500 feet dip slip motion.

The second major area of dike concentration is in Starvation
Canyon, This small dike swarm, which is continuous with the contact
sheath rocks in that area, extends roughly three miles southeast from
the shelf-like extension of the stock at the bottom of Starvation
Canyon. Near the stock, the swarm consists of one vertical 300 feet
thick dike which breaks up into a subparallel swarm 500 to 100 feet
wide at a distance of 1000 feet from the stock. Like the other dike
swarm, this one also follows a preexisting fault which was vertical
and had roughly 200 feet of dip-slip motion.

Other dikes, all less than 50 feet thick, and pods of dike
rock up to 400 by 800 feet in size, occur scattered throughout the
wall rock within a mile or so of the stock contact. The pods appear
to have acted és feeders for the nearby dikes. One such pod, on the
range divide west of the stock, is associated with an area of
brecciated rock and may represent another vent. In general the number
of dikes increases as the stock is approached. ‘

All the dikes, whether single or in swarms, weather dark red-
brown and stand out as cliff-forming bands across the much lighter
Noonday Dolcmite. When viewed from a distance, the close-packed sub-

parallel dikes of the swarms suggest sedimentary bedding, so regular

is their appearance.

Pelrography of the Dike Rocks

The general appearance of the dikes, both in hand specimen and
in thin section, is remarkably similar. In hand specimen, the dikes
are cream, white or light gray, and for the most part show two textural
features of interest. The first is a strong lamination of alternating
white and light gray laminae from 0.5 to 30 rm thick. The second
feature is the occurrence of very fine, 0.1 to 1.0 mm, spherulites,

some of which show concentric structure which tends to stand cut on
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weathered surfaces and which give the rock a definitely oolitic
appearance. These are present in over 75 per cent of the dikes seen.
Phenocrysts of feldspar, and rarely quartz, are scattered throughout
both types of laminae. In a few cases, dikes which show the
spherulites are massive and show no laminations.

Where present, the laminations are parallel to the dike con-
tacts and appear to define a flow banding. These laminations are
regular and continue for great distances within the dikes. However,
in some parts of the dikes which are very thick, or in pods of dike
rock of large size in the country rock, the laminations tend to be
contorted and often assume roughly spherical geometries on the scale
of 5 to 30 feet. Even within these contorted areas, however, the
laminations remain regularly spaced. In some cases, where laminated
rock passes into non-laminated rock, the transition takes place by a
gradual fading out of the visible laminations. Where this occurs,
the dike thins at the same time.

As a general rule, the percentage of visible phenocrysts in
the dikes ranges from 5 to 15 per cent. These consists almost en-
tirely of chalky white, euhedral, 0.5 to 3 mm alkali feldspars which
often show carlsbad twinning. In only two dikes, in widely scattered
localities, were rounded 1 to L4 mm quartz grains observed, and these
are probably xenocrysts. The phenocrysts are evenly scattered through-
out the dikes, and show no tendency to concentrate in selected
laminae.

In the roughly 25 per cent of the dikes which do not show
laminations and spherulites, there are no visible phenocrysts, and the
rock becomes a dense, massive white to light gray rock which tends to
fracture irregularly. These phenocryst-free dikes tend to be less than
15 feet thick.

Petrology of the Dike Recks

The most cormon type of porphyry dike is the thinly laminated
spherulitic variety. In thin section, these consist of 0.1 to 1 m

diameter spherulites set in brown-stained matrix.
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The spherulites consist of less than 0.02 mm aggregate of

alkali feldspar grains with rare albite and quartz. The central part
is often heavily brown-stained and has a characteristic rectangular
regularly spaced fracture pattern, so that the spherulites may have
a dark core with a surrounding clear ring. The outer edge of the
spherulite is defined by a sharp line separating the clear spherulite
aggregate from the distinctly-coarser, brown-stained matrix material.

The matrix consists of microgranitic albite, quartz and rare
alkali feld grains which often pass gradually into areas of coarser
micropegmatitic texture. These latter areas are located the further-
est from the spherulites. The grain size changes from 0.05 mm next to
the spherulites to 0.5 mm in the micropegmatitic areas, and at the
same time the degree of staining decreases so that the latter areas
are often unstained. The micropegmatite feldspars tend to grow radial-
1y outward from the nearest spherulite, and often vugs are present at
the points furtherest from the spherulites.

The medium-dark gray bands appear to have been formed by &
coalescing of spherulites. All gradations exist between very faint
bands made up of slightly higher concentrations of spherulites
relative to the surrounding material, and bands made up completely of
very fine-grained spherulites. In some cases, where the cores of the
spherulites tend to be strongly brown-stained, islands of this brown-
stained material are scattered throughout the very fine grained
aggregates of the darker bands.

The phenocrysts in better than 95 per cent of the dikes ob-
served consist of euhedral to very slightly-rounded, cloudy, alkali
feldspar phenocrysts with various degrees of perthite development.

They range in size from 0.5 to 3 mm and are generally carlsbad twinned.
Each phenocryst is invariably surrounded by a ring, roughly 0.1 to 1
mm thick, of a clear, very fine-grained crystalline aggregate like that
in the spherulifes. Occasionally, brown-stained areas occur in the
rings which have the characteristic cross fractures typical of the
brown cores of many of the spherulites. The sequence outside the rings

is exactly like that around the spherulites.
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This three-fold textural subdivision--into Phenocrysts, fine-
grained spherulite and phenocryst ring aggregates, and coarser-grained
matrix and associated vugs--holds true for the majority of the dike
rocks studied. There are variations on the sbove scheme which related
mainly to the make-up of the spherulites, and these will be described
below.

In some specimens, the spherulites are sensibly larger, up to
b 'mm in dismeter, and consist of radial sheaths of feldspar growing
outward from the center of the spherulite. The matrix in these dikes
is of the normal type. However, in one specimen with the larger
radial-type spherulites, the matrix is divided into two parts. The
vortion next to the spherulites is made up of 0.1-2 mm crystals of feld-
spar and quartz, and the portions farthest from the spherulites, in the
"vug" position, are made up of 0.5-2 mm strained blades of quartz
growing perpendicular to the sharp contact with the first portion. In
this case, there is no stained material and no size gradation in the
matrix away from the spherulites.

This lack of grain size gradation is present in one other
specimen, which has a great number of 0.1-0.2 mm spherulites of the
aggregate type in a matrix of 0.05-0.2 mm quartz and feldspar. In some
areas of this specimen, the spherulites consist of clear, single
feldspar crystals which preserve the round shape of the spherulites
and which have outer edges which preserve in great detail the irregu-
lar, crinulated margin of the normal aggregate spherulites against the
matrix. The textural relations suggest that the single-crystal
spherulites were formed from the aggregate-type spherulites. In this
specimen also, there are no rings of aggregate material around the
phenocrysts.

One or two dikes, strongly banded, were observed to be without
spherulitic structures. In these rocks the dark gray bands are com-
posed of the same very fine-grained aggregate of crystals that is
characteristic of the spherulites in other rocks. No brown-stained
spherulite cores were noted in these bands. The feldspars in the

coarser-grained, lighter bands occur in roughly racdial aggregates of a
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pseudospherulitic nature. The contact between layers is very sharp.
Hence, even in spherulite-free rocks, the division into the very fine-
grained aggregate material and the coarser matrix material holds true.

The non-banded, non-spherulitic, dense white massive dikes con-
sist of phenocrysts very much like those described above, set in a
groundmass which i1s made up of a Jig-saw puzzle-like aggregate of
quartz and feldspar, in the 0.05 to 0.2 mm size range, with occasional
ragged clusters of radial feldspar crystals up to 0.5 mm in size which

are only suggestive of spherulitic structures.

Accessory Minerals

Very few minerals other than quartz and feldspar are found in
the dike rocks. The most comon accessory is magnetite, which occurs
with two habits. In the first, magnetite occurs as small, euhedral
grains which are scattered throughout the rock in a random manner, so0
that it is as likely to appear within sdherulites as within the matrix.
In this case, the magnetite makes up less than 1 per cent by volume of
the rock. The second habit, magnetite occurs as very irregular,

ragged patches up to 1 mm in size which are restricted to the matrix
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microvegnatite and vuggy areas. With this tyve of magneti
volume percentage in the rock may be as high as 4 per cent. The
evhedral variety occurs in the vug and micropegmatite-roor dike rocks,
while the ragged variety occurs in the vug and micropegmatite-rich
rocks.

The magnetite of the vuggy dike rocks is intimately associated
with hematite. Often, the smaller vugs are filled with hematite, and
in cases like these, the magnetite has altered to hematite wholly or
at least in part. If both magnetite and hematite occur, the hematite
occurs in the position nearer to the vug than the magnetite. In a
few slides, magnetite of the etvhedral type is altered to hematite,
yielding small crystals of hematite after magnetite.

Rarely, highly altered, deep-red-brown biotite occurs in
scattered grains. Where the biotite occurs away from the vug-nicroreg-

matite areas, it is clearer and much less altered, but adjacent to vugs
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or micropegmetitic areas, it is very clouded and red-brown colored and

appears to be altering to hematite. The percentage of hematite in
some vuggy dike rocks is as great as 8 per cent, and much of this may
have resulted from the alteration of biotite. Rarely, biotite
aggregates pseudomorphous after hornblende were noted.

Many vugs are lined with calcite, and rarely epidote, quartz
and magnetite-altering-to-hematite are all three present in or adjacent
to vugs. Where this latter occurs, there are invariably magnetite-

epidote-quartz scarn in the adjacent carbonates of the country rocks.

Composition of the Dike Feldspars

The composition of the feldspars in the various dike rocks
examined in detail is remarkably consistent from sample to sample.

The three-fold subdivision into phenocrysts, spherulites and bands
around phenocrysts, and matrix material appears to have considerable
compositional significance.

Feldspar phenocryst compositions fall into three rough groups.
The first consists of feldspars which have exsolved to various degrees,
but which contain considerable amounts of unexsolved alkali feldspar.
The perthite occurs as irregular elongate patches, cormonly blunt-end-
ed, with the sodium phase very clear and albite twinned, and the
potassium phase very cloudy and commonly quite brown-stained. The
distribution of perthite has no regular pattern--that is, it is not
concentrated near the edges of the phenocrysts, or in zones within the
phenocrysts that might reflect a fundamental chemical variation within
the phenocrysts. In brecclated phenocrysts, the perthite does tend to
concentrate along fractures.

The composition of the K phase is generally Or Ab5Ano, al-
though phases in some grains have compositions of roughly'0r93Ab7Ano.
The Na-phase composition is OrgAb97Anl. 3y using a large moving spot
on the microprobe, a dbulk composition of approximately Or75Ab2h.5Ano.5
was obtained, in agreement with the estimated ratio of K-phase to
Na-vhase.

The second group of feldspars consists of feldspars which arse
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completely exsolved. In overall form they are exactly like the pre-

ceding phenocrysts, but internally they range from brown, cloudy, very
finely-intergrown microperthite or submicroscopic perthite to pheno-
crysts that are made up of two completely separate exsolved phases
with no interpenetration whatsoever. In this latter case, the pheno-
cryst is made up of a granoblastic aggregate of 0.05 to 0.1 mm feldspar
grains, with the two phases distributed in an apparently random manner.
The K-phase composition is roughly‘0r87Abl3An0; and the Na-phase com~
position is roughly OrlAb95Anu. ‘

The phenocrysts of the last group, while they are indistinguish-
able in hand specimen from the other groups, are made up entirely of

Na-phase of composition Or. _Ab . There are no patches of

1-3 97-98Ano-1
alkali feldspar or K-phase, as determined from probe, thin section and
staining work. The albite twinning of the phenocrysts is irregular in
that the twin lamellae extend for short distance only, and tend to
pinch out rather than ending abruptly. There appears to be a gradation
between the last two phenocryst groups, brought about by a progressive
replacement of the K-phase of the perthite by Na-phase, until pure
albite phenocrysts result. TFhenocrysts in intermediate stages of the
replacement process are common.

The composition of the very fine-grained aggregates, whether
in spherulites, in bands about phenocrysts, or in the dark gray bands,
is uniformly K-feldspar rich, as indicated by staining and probe
studies. The probe feldspar composition is approximately Or92_95Ab5_8
Ano. Feldspar totals, especially in the brown cloudy areas, tend to
be low, and this is felt to be due to the presence of a clay-like
alteration product of the feldspar. Where the aggregates are clear,
the totals approach 1CO per cent.

In one specimen studied, minor amounts of a Na-phase with a

- composition of roughly Or were noted in the spherulites, and low

5095
probe totals suggest the presence of roughly 50 per cent quartz in
these same spherulites. This same specimen contains some orthoclase
in the matrix; unlike the normal matrix.

The texture of the spherulites apparently has no affect on
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the composition of the feldspar, as both the fine grained aggregate
spherulites and the larger spherulites with the radial feldspar
clusters appear to be made up only of quite pure K-feldspar, and minor
quartz.

The matrix has a very simple mineralogy also, and is made up of
quartz plus albite with a probe composition of Orl—zAb95—98Ano-h' The
feldspar crystals which grow out into the vugs have visible albite
twinning, but all the other albite is untwinned, cloudy, and often has
rather variable extinction.

The volume percentage of quartz iﬁ the matrix ranges from LO
to 70 per cent by visual estimate, and the remainder is albite. MNo
point counting was done due to the fine grain size of much of the
matrix material.

In summary, the feldspar compositions are as follows. All
spherulites, whether of the very fine-grained aggregate'or radial
feldspar crystals or single feldspar grains, all aggregate rings around
the phenocrysts, and all fine-grained aggregate material of the dark
bands, consist only of very pure K-feldspar, in the range Or85_95A.b5_15
Ano. A1 matrix feldspar, whether in microgranities or microgranitic or
vuggy areas, consists of very pure albite, in the range OrO—3Ab95—lOO

An The phenocrysts, all alkali feldspar, consist of all gradations

frgé2partially perthitic grains with patches of relict alkali feldspar,
through completely perthitic grains which are in fact themselves
aggregatesvof pure K-feldspar and albité, to grains which are entirely
made up of pure albite. Thus, as in the replacement sequences seen in
the stock, the alkali féldspar exsolved and then the K-feldspar phase

was progressively replaced to yield a sodic plagioclase.

Origin of the Structures in the Dikes

The presence of spherulities in the dike rocks strongly sug-
gests that these rocks were once glassy and that the spherulites are
due to devitrification. Many of the spherulites observed are very sim-
ilar to those seen in glassy volcanic rocks (Ross and Smith, 1961) of

acidic composition, and similar textures are commonly produced in
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various ceramic processes. Similar laminations, caused by concentra-
tions of spherulities, are also observed in glassy acidic rocks.

" That acidic rocks with the same compositions as the dike rocks
can form glass under natural conditions 1s well known, and indeed many
ceramic glass-formers have very similar compositions. Typical ceramic
glass-formers have viscosities at the melting temperatures which are
very similar to those expected in silicate melts of dike-like composi-
tions (Shaw, 1965, see below). Basically, however, glass formation is
a cooling rate phenomenon and requires that the material in question
be cooled at a fast enough rate that nucleation cannot take place and
glass will form. The thinness of the dikes, and their shallow emplace-
ment, would quite conceivably allow these conditions to take place.

The lamination in the dike rocks has a geometry that strongly
suggests that it was formed by some sort of flow process in the
initial melt. Calculations and experiments by Shaw (1963, 1965) indi-
cate that the viscosities of crystal-free melts in the Or-Ab-Q—HgO
system, which is essentially the same compositional system as the dike
rocks, fall in the range of lO+5 to #7 poises. The presence of crys-
tals or vapor phase bubbles both tend to increase the viscosity, so
that the above viscosities are minimal for the dike rocks.

With the above viscosities, it would be very difficult to ob-
tain turbulant flow with most reasonable flow velocities (Spry, 1953;
Shaw, 1965), except perhaps near orifices or stock-dike Junctures.
Thus, in such dikes laminar flow would be expected in all cases, and
would be compatible with the flow lamination observed.

Banding in glassy acidic volcanic rocks is often made up of
varylng concentrations of minute crystallites, which consist of micro-
scopically almost unresolvable beads or lines of beads or small crack-
like features. These may be minute crystals (microlites) or true
cracks or concentrations of impurities. Darker bands are the result
of higher concentrations of these crystallites, while lighter bands are
devoid of these features. Other glassy volcanics show flow lines
(Harker, l95h), which consist of aligned crack-like features which also

tend to concentrate in bands.
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Observations in glass technology have emphasized the importance
of material in the glasses which could act as nucleii for spherulite
formation, and indeed, several types of ceramic glazes are made by con-
trolling the number of foreign particles which act as spherulite
substrates, Special mention is made of spherulitic structures initiat-
ing along cracks within the glass.

In the dike rocks in question, certain features suggest
spherulite formation along fractures in the original glass. Often
straight‘dark bands of spherulites, very similar to the dark lamina-
tions, are noted which cross the normal flow-lamination and which
invariably have a fracture along the centerline of the band. In a few
instances, these fractures have passed through phenocrysts. These
appear to be original through-going fractures which have localized the
spherulites in the glass.

In the light of the above, it is suggested that the dike rocks
were originally glassy and contained flow banding made up of concentra-
tions of crystallites due to lamellar flow of the original magma.
Imnediately after emplacement, in the presence of a vapor phase,
devitrification initiated using these various impurities as substrates.
Due to the large degree of undercooling of the glass, nucleation rates
were .high but growth rates very slow (Swift, 1947; Yee and Andrews,
1956; Winkler, 1947, 19L49) so that aggregates of very small crystals
were formed on devitrification. Any substrate material was used-hence
not only crystallites, but also phenocrysts and fractures in the rocks
were used effectively. This led to the spherulites and fine aggregage
bands around the ?henocrysts.

The rapid formation of the spherulites of effectively anhydrous
minerals may have resulted in concentration of the volatile material in
the interspherulite, or matrix, areas, and this plus the evolution of
heat on devitrification could have been enough to locally decrease the
degree of undercooling and cause devitrification in the matrix areas
with higher growth rates and lower nucleation rates, resulting in
progressively larger crystals. In the vuggy areas, true vapor phase

crystallization occurred, resulting in the micropegmatitic patches and
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drusy cavities.

The above model accounts for the distribution of the textures
in the dike rocks quite well. However, it does not account for the
compositional distribution of phases. In many glassy volcanics of
similar composition, devitrification results in intimate intergrowths
of feldspar and christobalite (Ross and Smith, 1961), and the restric-
tion of K-feldspar, and quartz and albite into separate parts of the
rocks are not noted. Similarly, while nucleation rate studies
indicate that different minerals have measurably different growth
rates, it is noted that the maximum growth rates of all the minerals
occurs at the same temperature (Swift, 1947). Thus in the dike rocks,
aggregates of several minerals should occur in the spherulites and the
K-feldspar-albite separation should not occur via simple devritrifica-
tion.

If, as is indicated, the rocks were saturated with a vapor
phase, it is possible that the original compositional distribution due

to simple devitrification was strongly modified by vapor phase transport.

Origin of Dike Rock Feldspar Compositions

Recent work on the solubilities of feldspars in fluid phases
‘can be summarized as follows. Orvilie (1963) found that, at a water
pressure of 2000 bars, in the system Ab-Or-Water, invariant assem-
blages consisting of albite, orthoclase, and a vapor phase coexisted
at equilibrium at a given temperature. At this temperature, the wvapor
phase contained in solution approximately a 4:1 ratio of albite:
orthoclase, decreasing with increased temperature. Hence, at higher
temperatures orthoclase would be dissolved and albite precipitated,
and the reverse would take place at lower temperatures. Thus the con-
centration gradisnts set up would be a function of the ratios of ab:or
in the vapor and the temperature gradiehts that existed, as long as two
feldspars coexisted. This model was verified by a laboratory study in
which alkali transfer along a temperature gradient was demonstrated
under these conditions (Orville, 1963).

Burnham (1962, lecture at CIT), determined the approximate
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solubilities of albite, orthoclase and quartz in a vapor phase at
various pressures and temperatures, and found that the solubilities
increased with water pressure and temperature, and that at lower water
pressures quartz was the most soluble, albite the next, and orthoclase
the least soluble. At higher water pressures, about 10Kb, albite was
slightly more soluble that quartz, and both were much more soluble
than orthoclase. A

The presence of two feldspérs plus vapor in the dike rocks
indicateé that Orvilie's model could be applicable if the temperature
gradients were present. The addition of 3102 as a component is matched
by quartz as a phase, and hence the phase rule remains satisfied. If
the previous devritrification model is valid, the coarser-grained,
vapor-rich matrix areas might in general'be hotter than the spherulites,
causing vapor transport to take place.

According to Orville's model, K-feldspar would tend to crystal-
lize in the cooler spherulites, while albite would crystallize in the
warmer matrix areas. The high solubility of quartz, and its common
association with albite, indicates that it acted similar to albite and
hence crystallized in the high temperature areas. The crystallization
of albite and quartz in the vugs is also compatible with their higher
solubility in the vapor phase, according to Burnham's data, and in fact
similar albite-quartz association has been noted in all the vugs in
the stock itself. .

. In the case of the one dike in which the matrix itself is sub-
divided into a quartz,plus albite region, and a quartz region next to
the vug position, it appears that the vapor phase model has gone one
step further, and has started to separate the albite and quartz. Such
a zonal sequence is also seen in naturally occurring pegmatites. This
is compatible with Burnham's data in that the quartz was shown to have
a higher solubility in the vapor phase than either of the feldspars at
lower temperatures. This particular specimen was collected from the
major dike swarm near the stock, and hence relative to the other dikes,
would have been expected to cool at a slower rate, allowing this later

quartz-albite separation to occur at lower temperatures. It is from
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the same region in which the dike contact-metamorphism occurs in the
Sourdough Limestone Member of the Kingston Peak Formation.

Thus the dike crystallization is the result of the complex
interéction of vapor phase equilibria and devitrification phenomenon,
with a water-charged fluid phase acting both as a transport medium and
as a catalytic medium to speed devitrification.

N There seems to be little relationship between the observed
devitrification-vapor phase compositions and textures, and the type of
alkali feldspar phenocrysts in the rock; Thus in specimens with
exactly the same type of spherulites and matrix features, the pheno-
crysts can range from alkali feldspar to albite. This suggests that
the processes of perthite formation and}albitization of the phenocrysts
took place before the devitrification-vapor phase sequence. Nonethe-
less, the albitization process may well have involved a vapor phase and
vapor transport, since compositionally the perthite phaées of the

phenocrysts are the same as the spherulite-matrix feldspar compositions.

Dikes within Stock

A very few dike-like bodies of granitic rock with phenocrysts
of alkali feldspar, plagioclase, and mafic minerals in a very fine-
grained intimately-intergrown quartz-feldspar groundmass, are scatter-
ed throughout the northern phase of the stock. They range from 1-10
feet in thickness, are vertical in dip, and extend laterally for dis-
tances of over 200 feet in all cases. They are entirely restricted to
the interior portion of the north phase of the stock, and no connection
was observed between these dikes and other types of dikes which are
related to the stock. They also cut the late aplite dikes.

The dikes under discussion show chilled margins against the
normal granite porphyry of the stock, and rarely, minor dikelets are
observed which extend out into the stock porphyry for short distances.
Angular inclusions of the stock porphyry are seen within the dikes in
positions which indicate that they have been rotated from their appar-
ent starting position. Flow banding, always parallel to the dike con-

tacts, is common and takes the form of streaks of various shades of
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gray in the groundmass or bands wlth different size distributions and
concentrations of phenocrysts. In some places, lensatic concentra-
tions of phenocrysts are observed, which are parallel to the flow
banding.

The percentage of phenocrysts is roughly 15 to 25 per cent by
volume of the rock, so that the rock appears as a very fine-grained,
gray rock with white feldspar phenocrysts scattered throughout it.

The phenocrysts range from O.1 to 15 mm in size, and are often broken
and fractured into various irregular angular shapes. The groundmass
is less than 0.02 mm in size.

In terms of the textures that have been previously described,
the feldspars in these late dikes, specimens 55B, 130B and 130C, tend
to be intermediate between specimens DV56 and DV151l. Here, the sequence
of crystallization and reaction is such that the sanidine coexisted
75_78An17_2o (Fig. 31,A)
than was observed in DV56. Sanidine phenocrysts are seen which have a

with a slightly more sodic plagioclase, Or4_5Ab

"rim" of the replacement type plagioclase, with its mottled extinction
and numerous quartz blebs, which is in turn surrounded by another rim
of clear, albite-twinned, quartz-free plagioclase of thé same composi-
tion, which appears to have crystallized directly from the melt. The

Ab An Fig.
3.5-57078-g14 517 (Fie
31,A"), which is the same as the composition of the outermost parts of

composition of these plagioclase rims is Or

the sodic zones of the plagioclase phenocrysts.

Hence, the later crystallization sequence would be: crystalli-
zation of the sanidine and plagioclase A of Fig. 31, then as the plagio-
clase zoned from A to A', reaction and replacement of the sanidine in
the outer parts of the phenocrysts by the mechanisms previously out-
lined, and finally crystallization of plagioclase A' on both the plagio-
clase and alkali feldspar phenocrysts. The replacement of the sanidine
in these dikes is slight compared to either DV151 or DVT4, and it
appears that the replacement stage was rather short in this case.

In many of the sanidine phenocrysts, especially the smaller
ones, cloudy perthite is extensively developed. However, patch per-

thite is very rare. Most of these have the normal sanidine compositicns
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(Fig. 31), but in a very few cases, some of the sanidine Phenocrysts
appear to have become completely albitized, and have compositions in
the area C of Fig. 31. This type of replacement is very similar to
that seen in many of the prophyry dikes of the dike swarms associated
with the stock, which has been discussed further in- the section on the
porphyry dike rocks. In a few rare instances, very small alkali
feldspar microphenocrysts with abnormally potassic compositions were
noted (Fig. 3, area D). They also have an appearance like the albitiz-
ed phenocrysts.

Fig. 32 shows composite plagioclase scans for specimens DV55B
and DV130B,C. The zoning is more complex than that noted in many of
the other specimens, but still shows the same general pattern of pro-
gressively more sodic rims. Reversals are rare. There is some indica-
tion in some of the phenocrysts that a relatively more sodic core
exists as was noted in some of the plagioclase phenocrysts of DV1S8A.
The sodic core composition is shown in Fig. 31 by area B. Groundmass
compositions, analysed by moving spot scans, are also shown in Fig. 31
as areas G. Relative to most of the specimens analysed, the ground-

mass of DV130 is more Or-rich.
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PETROGENESIS

The Ab-Or-An-Q-H,0 System

The crystallization sequence.in granitic rocks may be described
in terms of the Ab-Or-An-Q tetrahedron at various water pressures.
Since granites are, relatively speaking, "wet" systems, the variation
Of.PﬁéO

the composition of the rocks being described approaches the composi-

is an important and vital one. Obviously, the more closely

tions which are present in the tetrahedron, the more meaningful is the
comparison between the experimentally derived phase systems and
natural rocks. In the case of the Iittle Chief stock, Ab plus Or plus
An plus Q make up 90 to 95 percent by volume of the rock - hence this
rock is ideally suited to be treated in the granite tetrahedron.
Henceforth, in this section, the mafic minerals will be neglected.
However, in order to treat the crystallization sequence with any
accuracy, the variations within the granite tetrahedron must be known
in some detail. This next section will be devoted to a brief discussion
of the phase systems which are most readily usable; namely, the Ab-Or-Q
and Ab-Or-An systems at various water pressures. The sources of
information include the experimentally determined phase diagrams, and
compositional data on coexisting feldspar plus melt, or two feldspars
plus melt, from naturally occurring rocks. In this section, water
pressure only will be considered, and the effect of other volatiles

neglected.

Experimental Data

The best known system related to the granite tetrahedron is the
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Ab-Or-Q system at various water pressures. In all cases, P

I%é0= total
in the experimental systems. Figure 33 shows the location of the
various field boundaries of this system at various water pressures
(Tuttle and Bowen, 1958; Iuth et al, 1964). The quartz-feldspar
boundary, which migrates toward the Ab-Or sideline with increasing
pressure as shown, is a cotectic, and represents the intersection of
the quartz-feldspar cotectic surface of the tetrahedron with the
Ab-Or-Q face. The two-feldspar boundary is, for this An-free system,
a minimum trough at water pressures less than about 2.2Kb, a cotectic
at water pressures>greater than 4.3Kb, and part cotectic-part minimum
trough at pressures in between. The points at which the boundary
changes from a minimum trough to a cotectic line are noted for the
various pressures (3, 3.5, 4, 4.3Kb). The variation of this intersec-
tion is due to the combined effects of the addition of SiOz and the
pressure variation on the solvus-solidus intersection.

Tt can be seen that the eutectic or minimum on the quartz-feldspar
boundary consistently has a lower Ab/Or ratio than the minimum or
eutectic on the Ab-Or sideline at the same water pressure.

Recent work by Von Platen (1965) has given some indication of the
changes produced in the Or-Ab-Q system, at 2Kb in this case, by the
addition of various amounts of An. Basically, the method was to melt
an obsidian with a known bulk composition, then cool it to the point
where a melt formed in equilibrium with alkali feldspar, plagioclase,
quartz, and vapor and then to determine the bulk composition of the
melt by finding the amounts and compositions of the coexisting mineral

phases and subtracting them from the bulk composition. Unfortunately,
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emphasis was on the Ab-Or-Q ratio of the melt, and the An percentage

was seldom determined. However, a few eutectic melts were determined,
and these are plotted in Fig. 3kL.

The apparent shift of the quartz-feldspar cotectic toward the
quartz corner with increasing An percent is shown by the generalized
set of cotectic lines, as estimated from the data. The three more
quértz-rich points in the Or-Ab-Q‘system represent melts in which the
vapor phase is nearly pure water, or an aqueous NHs solution which acts
just like water. The lower two points represent eutectics melts in
which the vapof phase initially contained O0.5m HC1l or HF solutions. The
square shows the minimum on the quartz-feldspar boundary in the 2Kb
Or-Ab-Q system with pure water and no An added, as in Fig. 33.

The experimental work on the Or-Ab-An system at various water
pressures is much less extensive. Figure 34 shows the experimental
results thus far available. The heavy solid curve is the feldspar
cotectic determined by Yoder ét al (1956) at a total pressure of 5Kb HzO.
The light dashed curve is the suggested cotectic for the dry system
(FTanco and Schairer, 1951). However, due to the extreme sluggishness of
reactions in the dry system, plus the complexities produced by the
presence of leucite, this latter cotectic is probably not very dependable.

In the Or-Ab-Ab system of Fig. 3, the heavy dashed curve is the
tentative cotectic constructed from Von Platen's data. This is essen-
tially an estimate of the quartz-saturated feldspar cotectic; the line
along which two feldspars and quartz, plus melt and vapor, coexist.
Again, the three most An-riéh points are for the systems with Hz0 or

NH; + HpO as the volatile phase at a total vapor pressure of 2Kb. The
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two An-poor points are for the same total pressure, but with HC1l or HF
as part of the vapor phase.

There are two important points to be noted about this latter
quartz-saturated cotectic. First, the cotectic in the Or-Ab-An
system is constrained to double back on itself due to the high Or
percentage of the minimum melt in the quartz-saturated An-free system
(compare Fig. 33). Hence, further complexitigé would be introduced into
the area of transition from a cotectic to a minimum trough (Stewart and
Roseboom, 1962).

At lower water pressures, in the quartz-saturated system, the
minimum on the Or-Ab sidelineAshifts still further toward the Or corner,
and it is possible that at lower water pressures the doubling back in
the cotectic trend will be even more extreme.

A second important point is that, if Von Platen's data are reasonably
reliable, eutectic melts can exist in a regilon of the Or-Ab-An system in
which previous experimental work had led various workers to suggest the
absence of such melts.

Cqmparison of the lowering of the melting points of An and Or by
the addition of quartz suggests that, in the Or-An system, the addition
of quartz to the system will shift the Or-An eutectic toward the An
corner. Hence, in Fig. 34, the 2Kb quartz-free cotectic should lie
below, or toward the Or-Ab sideline, relative to the 2Kb quartz sat-
urated cotectic. The simplest suggestion is to place the quartz-free
cotectic at this pressure just below the 5Kb cotectic, as has been done
by Stewart (1959). This assumes, however, that the dry cotectic has

some validity.
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Hence, using this simple model, for a constant water pressure, the

addition of quartz to the Or-Ab-An system will tend to move the cotectic
away from the Or-Ab sideline and, in the Ab—rich region, cause the
progressive development of a doubling back in the cotectic curve. The
maximm doubling-back would be developed at gquartz-saturation.
Similarly, at a constant quartz content, an increase in water pressure
would tend to move the cotectic away from the Or-Ab sideline. Hence,
the 5Kb quartz-saturated cotectic curve could lie still further from
the Or-Ab sideline of Fig. 34 than the 2Kb cotectic gotten using

Von Platen's data, but it is probable that the doubling-back would be
less pronounced due to the high Ab percentage of the quartz-saturated
eutectic in the An-free system.

In order to obbtain further information on the location of the
cotectic curves in the Or-Ab-An-HzO system, we must turn to data on
natural feldspars.

However, before this is done, the following assumptlons regarding
water pressure and total pressure will be made. All experimental

systems have operated under conditions of P In the usual

e1uid Ttotal’

= 3 J ol 3 .
case, Pfluid PHgO’ as was true of the previously discussed diagrams

According to the work of Wyllie and Tuttle, PCOg can be neglected.

In natural systems, this will be carried one step further. If, as

would be likely in many situations, Poy ;4 1S not equal to P . 4, 1t

will be assumed that the granites can be treated as if they crystallized
i il i = 1 £ tuall;
in a system in which Pfluid E%otal for the amount of water actually
held in solution in the melt. For instance, if a melt contains 3 weight

percent HoO, according to the work of Tuttle and Bowen (1958, p. 58)
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this amount of water would saturate the melt at roughly 0.5kB. If the
system were actually crystallizing at 1Kb, it will be assumed that the
granite can be relatively accurately treated in the 0.5Kb P o Pt

Ha
system, slightly modified by the 0.5Kb increase to the total pressure.

otal

Since the total pressure effect is small in terms of the geometry of

the phase diagram, its effect will be neglected.

Natural Feldspar-Groundmass Data

The best source of information on natural systems comes from the
few available analyses of groundmass or glass in porphyritic rocks which
contain two feldspars and quartz as phenocrysts. The simplest assump-
tion in these cases 1s that the groundmass material truly represents the
melt that was in equilibrium with the phenocrysts just before the ground-
mass crystallization period began; that is, just before extrusion in
most cases. This assumes that crystal sorting, addition of xenocrysts,
and so on, is not important. This also assumes, in the case of the
volcanic rocks, that little or no reaction took place between the
crystals and melt on the way to the surface. While this latter may be
roughly true, in detail the common occurrence of strongly embayed quartz
and feldspar phenocrysts casts doubt on this assumption. However, as a
working model, equilibrium between melt and phenocrysts will be assumed.

Figure 35 shows the available reliable data in an Or-Ab-An plot.
Three cotectic lines are shown, two of which are the 5Kb quartz-free
boundary (dark solid line) and the estimated 2Kb quartz-saturated
boundary from Fig. 34 (dashed line). The third is that estimated from
the bulk, groundmass and feldspar compositions of natural trachytic

rocks by Tuttle and Bowen (1958, p. 132) (light solid line). This line
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roughly represents a low water pressure quartz-free boundary, and hence
in the experimental systems should be closest to the "dry" feldspar
boundary. That it is not is obvious, and at fhis point; the reason for
the discrepancy is not known.

Plus signs. represent calculated groundmass-melt compositions of
quartz-plagioclase-alkali feldspar bearing welded tuffs from the Grant
Range of Nevada (Scott, 1965). The large scatter of the points is due
in large part to the fact that thé glassy groundmass is hydrous and has
been altered by late stage or hydrothermal processes. Since these
groundmass compositions were computed from the bulk analyses of the
variously altered rocks, these points can only represent approximations
of the melt compositions. Nonetheless, the general distribution of the
points suggests that a quartz-saturated boundary curve could be located
through this area, somewhat above the 5Kb curve.

The circles in Fig. 35 are groundmass analyses, both calculated
and directly analysed, of various rocks from a welded tuff from New
Zealand (Ewart, 1965). In this case, the samples were obtained using
drill holes through the cooling unit analyzed, and the rocks show
minimal amounts of post-crystallization alteration effects. Hence,
these points are regarded as quite accurate representations of the melt
compositions in equilibrium with quartz and two feldspars. The analyses
in this case include glassy material, devitrified material, and non-
devitrified pumice inclusions within the above.

The similarity of the compositions indicates that a melt existed
at the location of the five points in Fig. 35. Ewart, using the phase
data in the Or-Ab-Q system of Fig. 33, obtained water pressures of 0.7

to 1Kb, making no allowance for the An percentage. If, using Fig. 3k,
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the water pressure is estimated using Von Platen's data to allow for
the An percentage values of roughly just higher than 3Kb are gotten.
In the light of the coexisting feldspars, and the data in the Or-Ab-An
system, this seems slightly high, and suggests that the shift of the
quartz-feldspar boundary due to the An percentage using Von Platen's
data is overemphasized.

The squares in Fig. 35 show groundmass ;éalyses by Carmichael
(1963) on two rhyolitic pitchstones and a rhyolitic welded tuff. In
Fig. 35, numbers 1 and 2 contain quartz, and hence should give an
estimate of the quartz-saturated feldspar boundary. Number 1, with
a very low An percentage gives estimates both from the Ab/Or ratio
of the minimum and the location of the quartz-feldspar boundary in the
Ab-Or-Q system of water pressures quite near 2Kb, in agreement with the
quartz-saturated feldspar boundary in Fig. 35. The location of number
2 in Fig. 35 suggests a water pressure of approximately 1.8Kb, but
estimates in the Or-Ab-Q system give water pressures of 2 and 5Kb,
using the An-free and An-adjusted methods, respectively. Coexisting
feldspar data indicate that the lower pressure is the more reasonable.
Hence, the lower pressure 1s accepted. Carmichael's sample number 3
has no quartz phenocrysts, but the low An percentages allows a deter-
mination to be made of the water pressure from the minimum or eutectic
locstions of Fig. 33.. This gives a very low water pressure, again in

agreement with the coexisting feldspar data.



-206-
Finally, the triangle in Fig. 35 represents the groundmass

analysis of the oft-quoted coexisting feldspar-melt pair of Iarsen
(Iarsen et al, 1938; larsen and Cross, 1956). This rock contains no
quartz, but the normative quartz percentage of the groundmass is high
enough that it is thought that it is in fact not far from being
saturated with quartz. As has been noted before, the coexisting feld-
spars indicate a low water pressure, and in fzét this specimen has
over the years become the "type" low water pressure feldspar-melt
assemblage. A low water pressure is also consistent with the Or-Ab
ratio of the groundmass, and is allowable in Fig. 35 depending on tée
closeness to quartz saturation.

Summarizing the sbove data, groundmass analyses, or calculated
groundmass compositions, indicate that the quartz-saturated feldspar
boundary gotten using Von Platen's data is reasonable and that melts
coexisting with two feldspars and quartz can exist at significantly more
An-rich compositions than would have been suggested by the 5Kb quartz-
free experimental boundary. The data thus supports the concept of a
doubling-back of the feldspar boundary in fhe guartz-saturated system.
However, as a general rule, the agreement between the water pressure
estimates using either coexisting feldspars or the melt location in the
Or-Ab-An system, and estimates based on the quartz-feldspar boundary in
the Or-Ab-Q system ié not good, and in most cases, agreement is made
better if the amount of shift toward the Q-corner of the quartz-
feldspar boundary due to An addition is made smaller than Von Platen's

data would indicate.
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Natural Coexisting Feldspars

The orientation of the tie lines connecting coexisting feldspars
in the Or-Ab-An system has long been regarded as an estimate of the
water pressure on the system. As a rule, at constant temperature, the
lower the water pressure on the system, the greater the Or percentage
of the plagioclase and the An percentage of the alkali feldspar, and
the greater the angle with which the projected tie line meets the Or-4b
sideline. Of the two feldspars, the coexisting feldspar data indicates
that the Or percentage of the plagioclase is the most useful. In fact,
very few coexisting feldspars have an alkali feldspar which has more
than 4 percent An, suggesting that the side of the ternary feldspar
solvus near the Or-rich end of the Or-Ab sideline is almost vertical.

Coexisting feldspars in quartz-saturated systems- that is, ones
which contain quartz in equilibrium with the feldspars~ are shown in
Fig. 36. Most of these specimens are porphyritic volcanics of various
kinds, as in the past it has been much easier to separate phenocrysts
from groundmass in porphyritic rocks of this type relative to plutonic
rocks.

The suspected low water pressure specimens (the two labelled tie
lines), both from Iarsen et al (1936, 1937, 1938), are quite obvious on
the diagram. These will be used to illustrate an Important point. The
oft-quoted Iarsen et al (1936, 1937, 1938) analysis of coexisting feld-
spars is shown by the heavy solid tie lines. The dashed line roughly
parallel to the Ab-An sideline shows the optically determined composi-
tional variation in the plagioclase, and the tie line has been connected

to the bulk analysis of this plagioclase. The total rock composition
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(not shown in figure) indicates that plagioclase would be the first to

crystallize, followed by plagioclase and alkali feldspar. Thus, the
bulk composition of the plagioclase is too calcic for the plagioclase
that would have coexisted with alkali feldspar. Indeed, since the
sanidine in this case 1s apparently not compositionally zoned, it would
be most logical to place the tie line for simultaneous crystallization
toward the more sodic plagioclase. This is indicated in the figure'by
the dashed tie line. The orientation of the tie line connecting the
two coexisting feldspars is significantly changed.

Recent work on welded tuffs by Scott (1965), and Iarsen et al
(1936, 1937, l938),suggest that the plagioclases in the rhyolitic or
quartz latitic volcanics are often extremely zoned in a normal sense.
Hence, since in most of the cases the bulk rock compositions plot well
into the plagioclase field, the bulk data on the plagioclase will in
general show the plagioclase as being excessively calcic, and suggest
tie lines that in fact have too large intersection angles with the
Ab-Or sideline. A similar result would be obtained by bulk analysis of
the plagioclase phenocrysts of the stock. Other tie lines shown in
Fig. 36 are from Carmichael (1963), Ewart (1965) and Iarsen et al
(1936, 1937, 1938).

Superimposed on the feldspar compositions and tie lines of Fig. 36
is a set of estimated solvus-solidus intersections. They have been
tentatively located using the following data. First, along the Or-4b
sideline, solvus-solidus intersections were located graphically for the
quartz saturated system using the lowering of the feldspar liquidus on

saturation with quartz at various water pressures combined with the
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Wright-Orville alkali feldspar solvus (Wright, 196k4; Orville, 1963).

Allowance was made for the roughly 10—lh°Kb temperature change with
total pressure of the solvus. |

Within the ternary diagram, several tenuous lines of evidence were
used to estimate the trend of the solvus-solidus intersections. The
apparent equilibrium zoning trends of the plagioclase phenocrysts of the
Iittle Chief stock were estimated in order to determine the origin of
the reversals in zoning (see Fig. 39a). The dot~dash trend is that of a
series of coexisting feldspars from a pegmatite (Spruce Pine pegmatite,
Orville, 1956) which was at high water pressures and was apparently in
. equilibrium with quartz.

To place actual pressure values on the lines obtained, within the
ternary diagram, the most consistent two feldspar plus melt water
pressure determinations were used as obtained from the previous discus-
sions of the Or-Ab-An and Or-Ab-Q systems. Of these various choices,
number 1 of Fig. 35 is probably the most reliable, and number 2 and
Ewart's results also quite reliable. These values are only rough esti-
mates, but are thought to be good enough to give reasonable pressure
estimates. The lowest pressure systems are probably the least accurate.
Note that Fig. 36 is the least diagnostic at high water pressures.

A special effort was made to construct a diagram like Fig; 36
because it is thought that, of all the possible water pressure indicators
the coexisting feldspar tie lines, and especially the Or percentage of
the plagioclase, is probably the best, if it can be determined through

textural means which plagioclase coexisted with which alkali feldspar.
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The coexisting feldspars, especially in volcanic rocks which have a
glassy or very fine-grained matrix, are the least likely to be
altered. In volcanic rocks of this type, the feldspars are often
fresh while the groundmass 1s extensively altered and hence changed
in composition. The feldspars also have the advantage of preserving
a record of their crystallization history so that alteration effects

or changes in conditions can be detected.

Petrogenesis of Stock

In the preceding portion of the thesis, the emphasis has been on
the description of the various phases, thelr compositions, and distri-
bution in the stock. In this section, the main emphasis will be on an
attempt to determine the mechanisms which were responsible for the
textures observed, and the pressures and temperatures that held sway
during the various periods in the crystallization sequence of the stock.
The basis of these estimates will be the phase systems just discussed.

There are several important features whose origin should be
determined; namely, the transition from two-feldspar to one-~feldspar
crystallization, the abrupt steps and reversals in zoning of the
plagioclase phenocrysts and the trend in the unstable portion of the
sodic zones toward very low Or percentage (see Fig. 11). Initially,
the two- to one-feldspar transition expressed as oligoclase rimming
on sanidine will be treated using the data from DV56 and this will then
be compared to the transition in other specimens. All the features
noted above in the plagioclase phenocrysts are common to all the speci-

mens, and hence have general application.
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Two-Feldspar to One-Feldspar Transition

The crystallization sequence previously determined for specimen
DV56 is as follows: The sanidine started to crystallize roughly at the
same time that the oligoclase started to crystallize, and was definitely
later than the outermost parts of the intermediate zone and associated
reversals of the plagioclase phenocrysts. The oligoclase continued to

.crystallize after the sanidine had stopped crystallizing, so that the
oligoclase rims formed on the sanidine phenocrysts. The oligoclase zones
on the plagioclase phenocrysts crystallized throughout this whole inter-
val, and hence if there was a sudden change in the physical conditions

at the time of the two to one-feldspar transition, it should be recorded
in.the compositional variation within the stable portion of the oligo-
clase zone of the plagioclase phenocrysts.

Probe work on the oligoclase zones of the plagioclase phenocrysts
shows no abrupt change in composition and the only visible change
appears to be a slow steady decrease in the Or percentage of the oligo-
clase (Fig. 10 or Fig. ll). By comparing Fig. 11 with Fig. 36, it can
be seen that the path in the Or-Ab-An system followed by the stable
oligoclase crystallization (a to b of Fig. 11) suggests a steadily
increasing water pressure. However, this in itself does not explain the
two- to one-feldspar change. This must ultimately rest on the geometry
of the phase relationships, perhaps by complications caused by the
relationship of the feldspar boundary and the critical curve on the
solvus.

The sequence of feldspar reactions and rimming observed in specimen

DV56, which is a specimen typical of the interior portion of the north
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phase of the stock, is very simllar to the rapakivi-type riﬁming in
which oligoclase rims both alkali feldspar and plagioclase phenocrysts.
If one compares the analyses of the coexisting oligoclase and alkali
feldspar from rapakivi granites (Stewart, 1959) with those from
specimen DV56 (Fig. 38), it is seen that they are roughly similar.
Coexisting feldspars from other specimens of the stock (sumarized in
Fig. 48) are even more similar. One slight difference is that there are
no unrimmed alkali feldspar phenocrysts in the DV56-type specimens as
there are in some rapakivi granites.

The crystallization model idealized by Stewart (1959) to explain
this sequence of rimming relationships is shown in Fig. 37. In essence,
it depends on the ratesg: which the plagioclase crystallizing in the
system can take up Or. As the plagioclase crystallizes, corner A of the
three phase triangle plag. + alkali feldspar + liquid (+ vapor phase
+ quartz in his version) sweeps toward the Or corner, as shown in the
progression of isothermal sections Ty - Tp - T3 - Ty. In a system with
perfect equilibrium crystallization, if the bulk composition were
located at point x, at T3 for example, the AB side of the three phase
field would pass across point x, and hence two feldspar plus liquid
crystallization must give way to one feldspar plus liquid crystallization
(Th)' In this case, the single feldspar would be plagioclase producing
the oligoclase rims on the alkali feldspar cores. In is obvious, however,
that many of the rapakivi granites with which Stewart is dealing crystal-
lize at least in part fractionally, hence Stewart allows that the effect-
ive bulk composition of the system will move just to the right of

point x, but the
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general geometry will still hold and the same result will occur; namely

oligoclase rims on sanidine cores. He also notes that, according to
this model, the composition of the plagioclase changes rapidly with
small decreases in temperature, while the composition of the alkalil
feldspar does not change nearly as rapidly. He suggests that this
might be a further cause of disequilibrium, since the real composition
of the plagioclase would tend to lag behind the expected composition.

With the compositions observed in the Little Chief stock, this
model may be tested somewhat more rigorously. Figure 38 shows the
three phase triangles resulting from the feldspars of specimen DV56. The
square is the calculated bulk composition of the rock, gotten from point
counts of stained thin sections and cut slabs. The sequence of points
labelled 1, 2, 3, 4, 5 and 6 are calculated liquid compositions at
various stages of crystallization. ZPoint 1 represents the liquid compo-
sition immediately after the most calcic plagioclase has crystallized;
obtained by subtracting the proper amount of labradorite from the bulk
composition. DPoint 2 represents the liquid after the andesite zones had
crystallized. DPoint 3 is the composition of the liquid immediately
before the two feldspars, oligoclase and sanidine, began to crystallize,
but after the very small amount of plagioclase transitional between the
andesine and oligoclase zones had crystallized on the plagioclase pheno-
crysts.

In the figure, the liquid composition 1s connected to the feldspar
composition thought to be in equilibrium with it, which is labelled 1P,
jP, and so on, for the plagioclase and 3S or 4S for the sanidine. Hence

the three phase triangle 3P-3S-3 represents the coexisting oligoclase,
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sanidine and liquid at stage 3. Point 4 represents the best approxima-

tion of the composition of the liquid at the instant that sanidine
stopped crystallizing. Point 5 is the calculated liquid composition
after most of the plagioclase rims had crystallized, but just before the
outer reversals and sodic plagioclase had crystallized, and finally,
point 6 represents the liquid composition after all the phenocrysts had
crystallized. This, then, is also the compoéifion of the groundmass-.

Referring back to Fig. 37, it is seen that the feldspars of the
Little Chief stock show no evidence of the sweep of the plagioclase
composition (A) toward the Or corner as suggested by Stewart. In fact,
in the stock samples, the plagioclase composition moves in the opposite
direction a slight amount on two-feldspar crystallization. Thus,
during two-feldspar crystallization, the liquid-plagioclase tie line
moves from 3-3P to 4-LP; toward the Ab corner.

There is no evidence in any of the probe work on the plagioclase
phenocrysts that a plagioclase with a composition that fell in the
outlined area of Fig. 38 ever existed, and there is no break in the
oligoclase zones and rims that would allow resorption of a phase of this
composition. In fact, on further crystallization, the Or percentage of
the plagioclase decreases still further.

The compositional data suggest that crystallization passedvfrom
the three phase triangle 4-LP-4S to a two phase tie line L-L4P, but shows
no evidence of any sudden change of physical conditions, and does not
obviously allow Stewart's rapakivi model to apply in this case. It is
possible that the combination of a shift of the two-feldspar boundary

due to the suggested steady water pressure increase, and very rapid
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crystallization of sanidine which would drive the melt composition
toward the Ab-An sideline, could account for the change from two to one
feldspar. If Von Platen's data, discussed previously,are correct, then
the water pressure increase in the region of liquids 3 and 4 of Fig. 38,
should drive the feldspar boundary toward the Or-Ab sideline due to the
dlsappearance of the doubled back portion on the tentative boundary
curve. This would drive the boundary curve ig the opposite direction
that the rapid crystallization of sanidine would tend to drive the melt.

The period of assimilation of basic material does not appear to be
related to the change from two- to one-feldspar crystallization. In the
interior portions of the north phase of the stock, the change took place
before the period of assimilation. In the southern phase of the stock,
the feldspars appear to have coexisted through the period of assimilation,
and on to a time of crystallization of sodic oligoclase. There is no
obvious relationship between the amount of material assimilated, as
reflected in the percentage of calcic groundmass plagioclase, and the
type and degree of reaction of the sanidine.

On the basis of texturgl relationships and probe data, the compo-
sition of the plagioclase which was crystallizing from the melt at the
time that the sanidine started to react with .the melt ranged from Anggo
in specimen DV56(north phase interior), about Anig in specimens DVI151
and DV63(north phase exterior), about An;g in specimens DV130 and
DV55(late dikes in north phase interior), and about An;, in specimen
DVYh(south phase). In the contact zones of both phases of the stock the

sanidine appears to have been stable right up to the time of groundmass

crystallization.
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Plagioclase Zoning "Reversals"

The two most likely mechénisms of forming the large, abrupt
oscillations or reversals (as previously defined) are: first, sudden
variations in water pressure, and second, abrupt addition of calcic
material to the system through assimilation of carbonate rocks.

In the light of the compositional and textural information on the
early igneous phase of the stock, seen only as inclusions within the
present stock, the second of the two possibilities seems to be the most
likely. The extremely large reversals, which involve compositional
changes of 35 percent An or more, the sudden appearance of calcic
groundmass plagioclase, and the presence of diopside all favor the
assimilation model. However, as noted before, the rapid return of the
plagioclase compositions to the normal sodic compositions then requires
that the system rapidly returned to normal, and it was suggested that
this was caused by the intermixing of large amounts of normal magma with
the contaminated magma at the margins of the magma chamber. The fact
that the reversals make up a very small percentage of the rock supports
this latter concept.

If this model is to account for the reversals seen in the stock
plagioclase phenocrysts in general, then there must have been several
stages of assimilation, as reversals are present in all the zones of the
plagioclase phenocrysts. However, these reversals are much smaller in
magnitude than the reversals noted in the early igneous phase, and seldom
éhange the An percentage by more than 10 percent. What is more signifi-

cant, however, is that these reversals are, without exception, located on

the outermost edges of each of the respective compositional zones- This
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implies a causal relationship between the formation of the reversals
and the change from one compositional zone to another.

In order to test the first possibility listed above-namely
reversal formation by water pressure variations-Fig. -39 has been
- constructed. In this figure, an attempt has been made to compare the
detailed compositional changes seen in the reversals with the changes
that are expected to take place given certain physical conditions.

The light background lines in Fig. 39a represent the path a
crystallizing plagioclase would follow on cooling if the water pressure
on the system remained constant, and if the plagioclase were in equili-
- brium with an alkali feldspar, melt, and fluid. Thus, each line
represents the location of the solvus-solidus intersection in the
Or-Ab-An system at a different water pressure. The lines were located
in the following manner. The probe scan data on the plagiclase pheno-
crysts from various specimens was examlned in great detail, and the
compositional variations in those regions of the scans in which the
composition was changing regularly and smoothly were plotted on a
ternary feldspar diagram. The resulting lines through the respective
data points are the background lines of Fig. 3%a.

Admittedly, this 1s an exceedingly subjective method, since the
decision must be made as to which portions of the scans to include and
which to exclude. It is thought, nonetheless, that these lines approxi-
mate relatively constant water pressure solvus-solidus intersections in
the Or-Ab-An system. They are consistent with previous estimates based

on the simplest geometry of the phase system (Tuttle and Bowen, 1958).
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The short heavy lines in Fig. 39a represent the initial composi-
tional changes of the reversals; that is, the first abrupt change in
composition from the sodic plagioclase of the broad outer zone to the
more calcic plagioclase at the top of each reversal (from A to B in
Fig. 39b). The trend of the lines is clearly at an angle to the
approximate solvus-solidus intersection trends, and as the composition
changes along these trends, the respective plagioclases intersect higher
and higher water pressure solvus-solidus intersections in going from the
sodic to the calcic portion of the reversals. This suggests that a very
sudden increase in water pressure could have been responsible for this
type of sudden compositional change.

If the compositional changes took place under relatively constant
water pressure conditions, then the zoning should follow one of the
background lines. In the simplest case this should be true in the
assimilation model on the addition of An to the system. Thus this
supports the water pressure change model for reversal formation. It is
éntirely possible that both models are correct, in that the calcic
material that was assimilated contained more water than the magmatic rock
which assimilated it.

This dual model of simultaneous assimilation and water pressure
increase, followed by mixing with uncontaminated magma of normal water
coﬁtent, is thought to be the most realistic for the formation of the
reversals. The respective variations iﬁ Or percentage and in An percent-

age would then be due to the interplay of these two factors.
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Unstable Portion of Sodic Zones on the Plagioclase Phenocrysts

The outermost oligoclase zone of the plagioclase phenocrysts of
specimen DV56 was divided into two sections, an inner stable and an
outer unstable section. This two-fold division can be made in all
the specimens of the stock which contain zoned plagioclase phenocrysts,
and in general the thinner outer unstable portion contains the zoning
reversals and can be characterized by a decrease in Or percentage toward
the edge of the phenocryst. In Fig. 39b, the compositional variation in
the unstable oligoclase portion of two plagioclase phenocrysts has been
plotted in some detail. The general decrease in Or percentage and the
superimposed reversals can be seen. Sanidine in some cases coexists
with plagioclases with Or percentages of 2-3 percent so that the
plagioclase compositional trend should approximate the solvus-solidus
intersection.

Previous work on feldspars has given no hint of the existence of a
trend of this sort. Outer sodic margins have been noted, but no
information was available on the variation of the Or percentage. Hence
the fact that a trend of this sort has not been previously reported may
be due entirely to the analytical techniques and not to the true absence
of the trend.

In terms of the probable distribution and water pressure values of
the various solvus-solidus intersections shown in Fig. 36, the simplest
interpretation of the above zonation is that the water pressure on the
system steadily increased. However, taken at face value, this would

indicate that water pressures in the neighborhood of L4 or 5Kb existed.
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Water pressures of this magnitude are not compatible with the inferred

depth of emplacement of the magma at this stage of its crystallization
history. If the estimated total pressure of 2Kb or so of water pressure
at the time of stable two-feldspar crystallization is correct, then the
country rocks would have had to withstand an overpressure of 2 or 3Kb,
which 1s not thought possible in the light of the previous results on
the stock's structural relationships.

A second possibility which might account for the observed decrease
in Or percentage is that of load pressure variations. As a rule, as the
total pressure deqreases, both the melting temperature of the feldspars
and the temperature at the top of the solvus decrease. If they decrease
at different rates, then the position of the solvus—solidus intersection
will change and the amount of movement of the solvus-solidus intersection
in the Or-Ab-An system will depend on the geometry of the system and the
difference in the rates of temperature change.

The melting temperature of Ab changes at a rate of lho/Kb total
bressure change (Boyd and England, 1963). The rate of change of the top
of the Or-Ab feldspar solvus with total pressure is roughly lho/Kb
(Yoder et al, 1956) as estimated using the solvus determined using the
201 method. Using Orville's (1963) more recent solvus estimate, which
is considered to be more accurate, the change becomes lOO/Kb-

If the lOO/Kb figure for the solvus is correct and holds for the
part of the solvus near the sodic oligoélase compositional range, then
the difference of rates of change between the solvus and the solidus
is such that on load pressure decrease, the solvus-solidus intersection

will move outward, or toward lower Or percentage in this compositional
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range. This agrees with the observed compositional variation, and is

compatible with a magma body moving upward in the crust as is expected
of the stock's magma at this point. The problem is chiefly one of
scale-it is not thought that load pressure changes can account for all
the variation in Or percentage that is observed within the depth limit-
ations put on the magma by the structural work and by the pressure
estimates during the immediately preceding sﬁége of stable two-feldspar
crystallization. However, note that the decreasing load pressure model
reinforces the increasing water pressure model until the time at which
the two become equal.

However, there is another possibility. The general trend toward
decreasing Or percentage in these very sodic plagioclases could be due
to a real curvature of the solvus-solidus intersection caused by the
so-called peristerite solvus. Traditionally, solvus-solidus intersec-
tions have been drawn, in the ternary feldspar diagram, such that the Or
percentage increases with decreasing An percentage. However, there are
no good data, as noted above, in this region (the trends in Fig. 39a are
valid only for An percentages greater than 20 percent). The only.work
is that by Mulr (1962), who made bulk analyses of successive fractions of
coarse anorthoclase-potash andesine or oligoclase feldspar phenocrysts.
However, these rocks were chosen for analysis because they were exceed-
ingly dry systems, and hence the increasing Or percentage with decreasing
An percentage observed in them is quite far removed from the trends that
would be possible in the relatively fluid-rich system under study here.

There is very little information on the expected shape of the

peristerite solvus. Most of the information on the obéerved solubllity
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gap (Ribbe and Van Cott, 1962; Ribbe, 1960; Brown, 1962), has been

based on combinations of optical and X-ray methods, and again there
is no information on the Or percentage of the system. It seems
established that plagioclases in the compositional range of Ang_1+

_ tend to unmix. Ribbe (1962) suggested that the plagioclases of
composition closer to Any, unmix to Ang.s and Ango, while the more
sodic plagioclases will unmix to phases of Anp.s and Ango composition.
Tentative estimates of the temperature of the top of the peristerite
solvus are roughly 6OOOC or higher, again assuming no effects due to
the Or percentage of the plagioclase.

It is here suggested that, by analogy to the alkali_feldspar
solvus, the peristerite solvus increases in temperature as Or is added
to the system and the compositions move into the ternary system. In
the simplest case, the peristerite solvus would merge with the ternary
feldspar solvus. This could produce the sequence of isothermal sections
through the ternary solvus and below the solidus shown diagramatically
in Fig. L4O. At higher temperatures, above the two-phase peristerite
solvus and in the region in which the solvus is truncated by the solidus,
the solvus-solidus intersection on the plagioclase side could curve
outward as shown. Crystallization at constant water pressure of two
feldspars would then produce plagioclases in which the Or percentage
decreased as the An percentage decreaseq. If the fluid pressure were
high enough, and the system saturated with quartz, the solidus might
intersect the two-phase peristerite region.

In this regard, a very unusual texture was noted in some plagio-

clase phenocrysts of specimen DV56. The plagioclase, normal in all
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other respects, shows a very unusual worm-like extinction pattern in

crossed nicols which is illustrated in Fig. 41b. This consists of
interstitial worm-like areas of sodic plagioclase set in and often
surrounding islands of a more calcic plagioclase which itself has very
thin éovergrowths" of an intermediate plagioclase which occurs between
the two phases. Several probe scans across these features are shown

in Fig. L4la. These show that the composition of the calcic plagioclase
islands (shaded) is Ory_sAbys._7giAngi_zs, the worm—liké interstitial area
(clear) Org_sfbge o7An;, and the overgrowth-like areas Ory .s5_248b
Ory.s-ghAbga-gafns-g. The three compositions are labelled a, ¢, and b,
respectively, in Fig. Ll.

This texture occurs in the sodic zones of the plagioclase pheno-
crysts, and in the plagioclase rims on the sanidine phenocrysts; always
inside the reversals and in that part of the sodic plagioclase zones
which has been referred to as the stable portion.

The compositions observed-Angzz, Ans, and Any - are very similar to
the compositions observed in peristerites, although the Ang "selvage,’
which forms a very minor part of the peristerite, is unusual in combina-
tion with a second sodic phase. The transitions between the three
phases, as shown by the probe scans, is abrupt in most cases, as would
be expected.

A problem with the suggested peristerite origin for the observed
texture is that the probable bulk composition of the plagioclase from
which the peristerite was produced is in the range Amg-z1, which is
outside the limits noted thus far for peristerite formation. According

to Brown (1960) no plagioclases with bulk compositions greater than
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Fig. 41 a). Probe scans across possible peristerite exsolution in
: sodic plagioclase phenocryst of specimen DV56.

b). Sketch of typical peristerite texture from same specimen as
" was scanned in Fig. 40 a).
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Anjg have been found to have unmixed. However, 1f the peristerite

solvus does expand as Or is added and the system becomes ternary, as
suggested in Fig. 41, the limits noted by Brown may not hold.

Of the three methods outlined above for the origin of the compo-
sitional trends of the outer sodic plagioclase zones and rims, the
two that would seem the most important are the load and water pressure
changes. The existence of the "bulge" in the feldspar solvus is
guestionable and obviously needs further study to verify its existence.
The water and load pressure changes are compatible with the upward
movement of a magmé body, probably unsaturated with respect to HzO,
into regions of lower load pressure and higher water concentrations.
The evidence noted previously for the period of assimilation and water
uptake during the time of reversal formation, which occurred during the
period that the compositional variations under discussion were taking
place, fits in very well with the expected load and water pressure

changes.

Step-1like Normal Plagioclase Zonation

Several hypotheses have been advanced in recent years to account
for the step-like normal zonation in igneous plagioclase, and the two
most likely possibilities appear to be the abrupt decrease of confining
pressure as a magma ascends, or abrupt changes in fluid pressure.

Vance (1965), dealing with plagioclase which required the crystalli-
zation of calcic plagioclase, a period of resorption, and then the
crystallization of a much more sodic plagioclase, favors the confining
pressure change method. Since in general the depression of the liquidus

and solvus with decrease in confining pressure eventually yields at best
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a plagioclase of the same composition as originally (complete fractional
crjstallization) or a more calcic plagioclase (equilibrium crystalliza-
tion), assuming that the solidus and liquidus retain their same shape,
Vance suggests that in order to get a more sodic plagioclase the
curvature of the solidus must be reduced. He justifies the flattening
of the solidus by comparing Bowen's (1913) dry plagioclase system, with
its very flat solidus, with Yoder's et al (1956) 5Kb Ihéo= P,

plagioclase system, which has a much more curved solidus.

otal

While this method might conceivably produce a more sodic plaglo-
clase, it does not appear capable of producing normal zoning "steps"
of 15 percent An without also requiring excessively large changes in
confining pressure and curvature of the solidus. A confining pressure
change is the most logical way of producing the period of resorption,
however, which preceded the crystallization of the more sodic plagio-
clase in Vance's case.

The sequence of crystallization in the plagioclase of the Little
Chief stock, which consists of the crystallization of a calcic plaglo-
clase immediately followed by the crystallization of a much more sodic
plagioclase, with or without an intervening stage of resorption, is
basically the same as that which Vance attempted to explain. The most
logical way of crystallizing the more sodic plagioclase is by raising
the liquidus by abrupt decreases in fluid pressure. Since the plagio-
clase liquidus is so sensitive to slighf fluid pressure changes, large
compositional gaps can be produced in this manner.

In order to test the suggestion that fluid pressure change 1is

responsible for the‘compositional gaps in the plagioclase zoning, the
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transitional portions of the plagioclase phenocrysts between the

broad zones of roughly constant composition were scanned with the

probe and plotted in Fig. h2. It is clear from the figure that In
going from the intermediate to the sodic zones, shown by the larger
symbols, the Or percentage of the transitional plagioclase increases
abruptly in a series of steps, and does not follow a smooth path. This
is most compatible with a succession of decreases in fluid pressure, as
in this way the solidus is lifted and the Or percentage of the plagio-
clase increased. Iarge decreases in confining pressure would tend to
decrease the Or percentage of sodic plagioclase as well as producing a

more calcic plagioclase.

Plagioclase Crystallization Summary

In the light of the previous discussions, the most likely combina-
tion of processes which could yield the observed sequence of composi-
tional zones in the plagioclase phenocrysts of the stock 1s
sumearized as follows. The reversal (or reversals) which occurred at
the outer edges of the calcic plagloclase zbnes were probably formed by
the assimilation of calcic wall rock material which may have contained
more water than the magma itself. Immediate mixing of normal magma with
the contaminated magma soon returned the crystallizing compositions to
normal, but the fact of sudden assimilation and water pressure increase
implies that the magma was at this time moving upward in the crust.

Continued upward movement resulted in decreases in confining
pressure which promoted resorption of the existing plagioclase and

eventually brought about fracturing of the roof rocks to the extent that
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the fluid pressure rapidly decreased as the volatiles escaped. This
requires that the fluid pressure was equal to the total pressure at
this early stage in the crystallization history, which could be
possible if COz generated during assimilation was present, and also if
fracturing opened the system to higher regions of much lower effective
fluid pressure. Erragtic, repeated volatile loss produced the abrupt
increases in Or percentage seen in the transitional portions of the
plagioclase phenocrysts. During the initial stages of upward movement,
the magma was probably not saturated with volatiles and resorption could
occur. Hence, during the first stages of upward moVement, confining
pressure effects would dominate, and during the latter stages fluid
préssure effects would dominate.

Eventually, upward magma movement was halted and the physical condi-
tions stabilized, producing the intermediate compositional zones. A
similar sequence of events repeated itself to produce the next gap in
zoning and the sodic compositional zones.

After crystallization of the stable partion of the sodic plagio-
clase zone, during which time sanidine coexisted with the plagioclase,
upward movement was again initiated and the magma moved into regions of
lower confining pressure and higher water concentration. Assimilation
occurred, producing the reversals and the contaminated marginal phase
of the magma chamber which is now seen as the early igneous phase
inclusions. Continued upward movement led to fracturing of the roof,
devolitatilization of the system which was definitely saturated with
respect to volatiles at this point, and formation of the groundmass.

During the period of upward movement, much of the replacement of the
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sanidine took place. The dike swarms were probably produced at the

time that the system was initially devolatilized.

Bulk Chemical Trends

In terms of the bulk composition of the various samples, as

" calculated from the probe data combined with point counts of thin
sections and stained rocks slabs, the following points can be made
about the crystallization history of the stock. First, as is shown in
Fig. 43, the bulk compositions in the Or-Ab-An system roughly define a
trend in wﬁich the Or componant of the system steadily increases until
compositions quite near OrsofAbse are obtained. In the figure, the bulk
rock composition is shown by the triangles, and the groundmass by the
squares, with a tentative melt path shown for each pair.

The dots represent the bulk compositions of the various dike rocks,
pegmatites and aplites. In the simplest case, these should represent
melts tapped off the larger system in the later stages, and hence should
fall along the gross trend for the system. A comparison of Fig. 43 with
Fig. 45, on which the large number of calculated groundmass compositions
have been piotted, shows that the groundmass data, as expected, roughly
defines the same trend. The very calcic samples in Fig. 45, of the
early igneous phase, have apparently been extensively modified by Ca
addition, and it is felt that these do not lie on the major trend of the
systemn.

The trend indicates a differentiating system-a fact in agreement
with the zoning of the feldspars-in which the various specimens have

been tapped off at various stages, and in which these various specimens
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have themselves differentiated in large degree. As a general rule, the
interior portions of the north phase of the stock appears to represent
the earlier stages of differentiation, the southern phase the inter-
mediate stages, and the exterior part of the northern phase the end
stages. The samples in the later stages of differentiation show the
most extensive development of the patch perthite type sanidine replace-
ment méchanism, the intermediate stages show a dominance of the

direct replacement mechanism, and the initial stages show the resorption-
rimming sequence.

The calculated trend of the differentiating mélt of specimen DV56
is shown in some detail on Fig. 43. This is the only sample that has
been calculated in detail, as it is the only specimen in which the
phenocryst textures are simple enough to be accurately point counted.
In the specimens which have the extensively replaced sanidine pheno-
crysts, it is not possible to reconstruct the original percentages of
sanidine before the replacement stage with any accuracy.

The major fact to be noted in the melt path of specimen DV56 is
that the time of crystallization of two feldspars, which occurred in
the heavily-lined interval 3 to 4 (Or-Ab-An system, numbers as in Fig.
38) is such that the melt is very An-rich and falls in an area not
usually expected to contain melts which coexist with two feldspars.
However, a comparison of Fig. 34 with Fig. 43 indicates that this area
is almost exactly that in which Von Platen's data indicates that the
feldspar boundary occurs. Hence, this tends to support Von Platen's

results, and further strengthens the concept of a doubling-back of the



~-238-
feldspar boundary trend postulated in Fig. 34. The estimated areas

in which melt plus two feldspars existed for the other specimens are
also shown by the heavy lines, and these too indicate very Ab-An-rich
melts relative to those that would have been allowed in the light of
previous experimental work.

Fig. 43 also shows the calculated melt path for DV56 plotted in
the Or-Ab-Q system. Three paths are shown. The path through A is
calculated assuming that all the sanidine phenocrysts crystallized
before any of the oligoclase, B is calculated assuming no oligoclase
crystallized after the sanidine, while C is calculated assuming that
part of the oligoclase crystallized with the sanidine and part after
it. This latter is texturally the most reasonable, and is the path
shown in the Or-Ab-An system. Two feldspars coexisted with each other
in the section PC, and the orientation of the path relative to the
feldspar cotectics of Fig. 33 is compatible with a slow steady increase
of water pressure. However, the effect of An in the system on the
location of the cotectic is an unknown factor. Using the data of

Von Platen one could recreate the melt path shown for DV56 in Fig. L3.

Estimate of Physical Conditions

Estimates of the physical conditions of stock crystallization
may be made reliably for two periods of its crystallization history:
The stage of two-feldspar phenocryst crystallization, and the stage
of groundmass crystallization at the present level of exposure of the

stock.
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In the ideal case, the bulk composition of the groundmass should

represent the composition of the melt that was in equilibrium with

the feldspar phenocrysts during the time that the two feldspars
crystallized together under relatively stable conditions. The
previous discussions have shown that the period of stable two-feldspar
crystallization was followed by a short period of unstable crystalli-
zation during which the reversals were formed, calcic materisl was
assimilated, and sanidine reacted with the melt. All these changes
would modify the ideal melt composition that was present during the
stable two-feldspar crystallization stage and hence must be allowed
for in using the groundmass compositions for estimates of the physical

conditions.
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Groundmass Crystallization Conditions

The calculated groundmass compositions are shown in Fig. L4 and
45, in the Or-Ab-Q and Or-Ab-An systems, respectively. The composi-
tions of each of the different parts of the stock have been grouped
together, and each point hasvbeen labelled with its specimen number.

It is immediately apparent that the different portions of the
stock have different groundmass compositions. Thus, the outer portion
of the north phase of the stock (squares) is the most quartz-rich,
while the interior portion of the northern phase aﬁd the southern phase
are quite similar and of intermediate quartz percentage, and the early
igneous phase is quite quartz-poor.

In order to determine the physical conditions at the time of ground.-
mass crystallization, it is necessary to find those samples in which the
ideal melt which coexisted with the phenocrysts has itself differentiated
to some degree so that while its bulk composition might represent the
earlier melt, the quartz-alkali feldspar ratio an& the Ab/Or ratio of
the alkali feldspar would represent groundmass-time imposed conditions.

For instance, in those specimens to which significant Ca and Mg have
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been added, it is obvious that at the time of groundmass crystalliza-
tion, the crystallization sequence was the following: Crystallizétion
of the labradoritic plagioclase, and then abrupt zoning of the plagio-
clase to sodic oligoclase compositions, and finally, cystallization of
& single alkali feldspar and quartz. Thus the alkali feldspar is
consistently later than the plagioclase. This is compatible with the
Or-Ab-Q system at low water pressures since in these cases, the minimum
on the quartz-feldspar boundary is on the alkali feldspar portion of the
boundary, and any sequence that starts out with plagioclase and that
succeeds in reaching the minimum must end up with only alkali feldspar
énd quartz. Since in all the stock specimens the alkali~feldspar is
later than the groundmass plagioclase, and since the plagioclase itself
is zoned, we are dealing with a true differentiating system and hence
we may subtract the plagioclase from the groundmass bulk composition to
get an ldea of the minimum melt composition.

Dealing first with the interior portion of the northern phase of
the stock (circles, Fig. L), the average groundmass melt composition
after groundmass plagioclase subtraction plots in the area of the
solid circle. Of the 8 calculated groundmasses used, 5 fall within
2 percent of the average point, and the two samples which deviate
most, DV133 and 146, both occur very near the stock margin and close to
the volatile rich northeast corner area of the stock. This point,
along with the Or/Ab ratio, indicates a water pressure of roughly O.4Kb
and a temperature of 780°C.

A second reliable estimate of the groundmass composition may be
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gotten from those phases tapped off the crystallizing system at the

present level of emplacement--that is, the dikes of the contact sheath
and dike swarm, the aplitic dikes, and the pegmatitic pods. Here no
subtraction of plagioclase should be necessary. Their bulk composi-
tions are shown in Fig. L46. The compositions for all the dikes were
gotten by partial chemical analysis (Nag0 and Kz0 by flame photometer,
Cao by emission spectroscopy, SiOz by X-ray fluorescence), while the
aplite and pegmatite compositions were calculated from probe data. The
average bulk composition of the dike swarm dikes, and the dike sheath
dikes, is essentially the same as the pegmatite and aplite compositions,
and is shown in Fig. L4 by the solid triangle. On Fig. 4L, this also
indicetes a water pressure just less than 0.5Kb.

The specimens from the exterior portion of the north phase of the
stock, shown by the squares in Fig. 4L consistently have less than L
percent plagioclase in the groundmass, and hence have not had signifi-
cant addition of Ca-rich material as have the other specimens discussed.
Only three of the groundmass analyses are accurate enough to be used to
estimate the water pressure in the system at the time of groundmass
crystallization. The two samples with arrows, DV63 and 47B, are good
only for maximum estimate of the quartz percentage since the alkali rim
material was not included in the groundmass point counts in these cases.
The same is true for CP53. Using the three reliable analyses, a very
low water pressure is indicated, in the vicinity of 0.3Kb. This is
surprising in the light of the fact that this portion of the stock
shows the most obvioue evidence of large amounts of vapor phase. Of the

three specimens used, DV128A should give the best groundmass pressure
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estimate since it is a very volatile-rich specimen and presumably
equilibrated to the new pressure conditions.

The groundmass compositions of the southern phase of the stock,
noted by the solid squares, result in the average value shown by the
- inverted solid triangle using the plagioclase subtraction method out-
lined above. This yields a pressure of just over 0.5Kb.

The consistency of results using the groundmass melt compositions
obtained by subtraction of the groundmass plagioclase, and the results
from the dikes and volatile rich phases, indicate that the water
pressure of the system at the present level of emplacement was roughly

0.4-0.5Kb and the temperature roughly 770 to T90°C.

Total Pressure Estimate at Time of Groundmass Crystallization

A key to determining the amount of COz in the vapor phase is the
presence of wollastonite in one of the contact scarns. Experimental
evidence on reactions which form this mineral in the presence of both
COz and Hz0, and the variation of this reaction in P-T space with the
HaO/COg ratio of the vapor phase now exist.

Fig. h? shows the variation of the reaction calcite + quartz goes

to wollastonite + COz in P T space for various Hz0/COs; ratios.

total”
The diagram, from Winkler (1965, p. 30), was constructed by Winkler

using Greenwood's (1962) aata at Ptotal= 1 and 2Kb for the reaction,
‘ ) ) = .
plus data on the reaction with E%otal PHéO from Harker and Tuttle

(1955). Since we are dealing with a very thin contact zone in this
case, the temperature of the diagram will essentially be that at the

contact of the stock.



Fig. 47. Variation of reaction calcite + quartz
wollastonite + COp with total pressure(in
Kb.), mol percent COp in vapor phase(labels
on curves), and temperature. Figure from
Winkler(1965) after data of Harker and Tuttle
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Using Jaeger's heat flow calculations (1957), which assumed a
vertical dike geometry of varilous thicknesses, treated only conduction,
allowed for latent heat of crystallization, and finally assumed that
the magma crystallized regularly inward fram the walls, the temperature
at the contact is roughly two-thirds of the magma temperature. At
0.5Kb, the water pressure estimated for the stock during groundmass
crystallization at the present le#el of emplacement, the eutectic
temperature in the Or-Ab-Q system is roughly 77500. This is probably
g maximum temperature since if perfect equilibrium did not occur the
temperature would be lower as the system originally came from higher
water pressures. This places the contact temperature at roughly
500°C plus the wall rock temperature before intrusion.

Taking the estimated contact temperature of SOOOC,a of the

Ihéo

system of 0.5Kb, and various wall rock temperatures, Fig. 47 provides

estimates of the mole fraction of COz; in the wvapor phase. If the wall

rock temperature were lOOOC, then Ptotal is about 0.9Kb and the wvapor
4O percent COz. If the wall rock temperature were SOOC, then E%otal

is about O0.T7Kb and the vapor was roughly 20 percent COz. The latter

probably is a more reasonable estimate.

Coexisting Feldspar Crystallization Conditions

In order to use the calculated groundmass compositions to determine
the water pressures which existed at the time that the phenocrysts
crystallized, any effects which occurred in the interval between ground-
mass and stable phenocryst crystallization must be removed. However, in

practice, it is essentially impossible to remove these effects except by
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relying on those specimens which seem to show the least evidence of
the existence of these effects.

For instance, if one simply averages all the calculated ground-
mass compositions for the specimens of the interior portion of the
" north phase of thekstock, the result is point Y in Fig. 44. This
gssumes that the plagioclase in the groundmass is part of the equili-
brium assemblage and that, if any calcium addition did occur, ﬁt was
not significant. Since the groundmass plagioclase percentages of four
of these specimens are 17, 20, 27, and 30 percent, it seems most likely
that this would have a significant effect on the bulk groundmass compo-
sition of these specimens. Hence, if these four high-An.samples are
neglected and an average based on the remaining three low An specimens,
the result is Y' in Fig. 44, which is felt to be a more reasonable
result. This yilelds a pressure of roughly 1-1.5Kb and a temperature
roughly 7OOOC-

Similarly, averaging all the specimens from the south phase of the
stock results in point X. ©Since none of these specimens have plagio-
clase perceﬁtages in the groundmass of greater than roughly 10 percent,
there is no major problem here. However, two of the specimens, CP52
and CP53, are contact phase rocks in which it would be expected that
the groundmass would have equilibrated with the conditions at the level
of emplacement in the volatile~rich area. Hence, these would most
likely give erroneous results. Also, specimen CP52 contains a large
amount of very fine graphic quartz-feldspar intergrowth in the ground-
mass, and hence the point counting is very poor and quite likely‘the

quartz percentage is underestimated. Using the remaining three
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specimens, point X' is gotten. This yields a pressure of roughly

2Kb and a temperature of 68000. Again, all samples in this case are
low enough in An that it can be neglected.

The dark phenocryst-rich dikes which occur in the interior north
phase of the stock have an exceedingly fine groundmass, and this
groundmass could concelvably represent the most quenched melt avail-
able in any of the specimens seen. The‘probe determined groundmass
compositions, which are only approximate, are plotted in Fig. Lk as
the open triangles, and the average of four determinations is noted
as point W. This suggests an approximate water pressure of 1-2Kb,
but has an anomalously low Ab-Or ratio on the average. Optical
studies indicate that biotite is present in the groundmass, and since
a moving-spot technique was used it is entirely possible that some of
the excess Or is in fact due to K counts gotten from the biotite.

The groundmass analyses of the northern phase exterior portions
suggest that the rock has equillibrated to the new, groundmass crystal-
lization conditions, and hence no estimate of earlier pressure condi-
tions can be made.

Thus, on the basis of the groundmass compositions, estimated water
pressure values of roughly 1-1.5Kb and 2Kb, respectively, are gotten for
the interior north phase and the south phase of the stock.

A second method of estimating the water pressures in the system is
to use the compositions of the coexisting feldspars in conjunction with
Fig. 36 on which the various solvus-solidus intersections under quartz

saturated conditions at various water pressures have been estimated.
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Figure 48 shows the compositions of the coexisting feldspars

determined in the various samples from the stock. The figure is so
set up that for each sample, the first and last coexisting pair of
feldspars is shown, and the arrows on the lines connecting the first
and last plagioclase, etc., indicate the direction of zoning of the
average of the crystals analysed going from center to edge of the
crystals. Hence, there is an infinite numbeffof tie lines between
each pailr of tie lines for a given sample.

The first thing that is apparent is that there are two groups of
coexisting feldspars. The first is represented by DV56, which clearly
crystallized at a lower water pressure than the other specimens.
Judging from the examination of thin sections throughout the stock,
this sample 1s representative of the coarse interior porfion of the
north phase of the stock.

The second group is clearly representative of a higher water
pressure, and is made up of specimens from the exterior of the north
phase of the stock, the south phase of the stock, and the dark
porphyry dikes which occur within the interior portion of the north
phase of the stock. The trend toward sodic plagioclase with low Or
percentage in these specimens is very well shown in this figure.

In order to determine an actual water pregsure, these feldspar
compositions must be compared with Fig. 36. The assumption is made
here that the quartz-saturated system can be used since in many of
the specimens, the presence of the quartz trains in the alkall rims

indicates that quartz crystallization initiated immediately after the
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phenocryst stage.

The data indicateg that DV56 crystallized at roughly 1.3Kb water
pressure, and this is thought to be a representative value for the
interior portion of the north phase of the stock.

The values gotten for the rest of the feldspars indicate water
pressures of roughly 2-2.5Kb for the bulk of the crystallizgtion of
the oligoclase plagioclase.

The estimated water preSsuresTroughly 1-1.5Kb for the interior
portion of the north stock phase, and roughly 2-2.5Kb for the rest of
the stock~-are quite similar by either the groundmass method in the
Or-Ab-Q system, or the coexisting feldspar method in the Or-Ab-An
system. That the two methods agree is encouraging but not proof of
the absolute correctness of the two methods. OFf the two, it is felt
that the coexisting feldspar method is potentially the more accurate
since the feldspars are less susceptible to alteration than the
groundmass, but it is obvious that considerable work must be done to
calibrate the tentative solvus-solidus intersectlions more accurately.

The orientation of the tie lines in Fig. 48 are all relatively
consistent except for those of DV128A, and the sodic tie line of
DV29Lk. The sanidine composition of DVI28A is not particularly
reliable due to the tendency of the crystals to form very coarse
lamellar perthite, and hence the tie lines have been dashed. The
plagioclase, despite its complexity, is thought to be reliable. The
more sodic tie line of DV294 is probably not correct, as no true
plagioclase phenocrysts were analysed; only those which were found in

the megaphenocrysts and therefore which had the most sodic plagioclase.

The sanidine composition is relisable.
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SUMMARY

Crystallization Sequence

The crystallization sequence of all the feldspars may be sub-
divided into five stages as follows: 1) calcic plagioclase pheno-
crysts, 2) oligoclase + sanidine phenocrysts, 3) period of reversals
on oligoclase plagioclase phenocrysts, and zoning to very sodic
compositions, 4) removal of sanidine from equilibrium, and 5) ground-
mass crystallization stage. Stages 3) and 4) overlap, and both can
be transitional into stage 5). Figure 49 sumarizes the stock
feldspar compositions.

The first stage consisted of the crystallization of.zones of
plagioclase with restricted compositions in normal zoning sequence
with abrupt compositional breaks between the zones. In the rocks
with the most An-rich bulk compositions, the plagioclase zoning
sequence was Ango-Angz-Ango (Fig. 49, Az-Az-A;). This sequence is
found. only in the interior portion of the stock's north phase. In
the rocks of intermediate bulk An percentage the plagioclase sequence
was Anso-Anés—Ango (Fig. L9, Bg-Bl), and. in the lowest An percentage
rocks it was Ango-Ango (Bé-B;). Often, at the outermost edges of the
various zones, abrupt reversals in zoning occur in which the plagio-
clase composition rapidly increases in An percentage and then decreases
to the original composition (RA and RB). These reversals are invariably
present on the outer edges of the Ango zones. The volume percentage of
plagioclase with greater than 30 percent An is usually less than 3 per-
cent of the rock. "

The next common stage throughout the stock is that of the
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crystallization of two feldspars; sanidine and oligoclase. The

An percentage of the oligoclase, the last plagioclase of the

sequence of zones noted above, is Angg in almost all cases, but

there are significant differences in the Or percentage (Al and By),
indicating that the interior portions of the stock's north phase
crystallized at significantly lower water pressures than the rest

of the stock at this time. The sanidine zoned steadily from roughly
Orgs to Orss (A ana B), with different specimens having different
portions of this range. During the time of stable coexistence of
oligoclase and sanidine, defined as that period of oligoclase crystal-
lization in which the An percentage was essentially constant and the
Or percentage changed very slowly per unit distance, if at all, the
sanidine zoned very rapidly and grew very large relative to the
plagioclase. This stage of stable two-feldspar crystallization
accounts for T5 to 95 percent by volume of the phenocryst crystalliza-
tion in all rocks except those of the north phase interior portion, in
which the two feldspar stage accounts for perhaps 60 percent of the
phenocryst crystallization.

The third stage of feldspar crystallization is that of plagioclase
crystallization immediately after the stable period of oligoclase
erystallization. In this stage, whiéh,accounts for less than 5 percent
of phenocryst crystallization (not including the replacement stage in
some rocks), the Or and An percent changed rapidly, the prominant
reversals were formed and the relatively rapid zonation to Or-poor
sodic oligoclase occurred (8 or B; to C, Fig. 49). The general

pattern of the compositional change, in which the An percentage increases
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then decreases, while the Or percentage is steadily decreasing, is
shown on the figure. The reversals in most cases have maximum An
percentage of Anzg and thus involve a change in An percentage of less
than 10 percent. However, in the earliest igneous phase of the stock,
now present only as inclusions in the later granite, the maximum An
percentage of the reversals reaches Anss, an abrupt change of 35
percent An.

During the fourth stage, the sanidine reacted with the magma to
yield oligoclase. In different parts of the stock, this reaction took
place at different times relative to the plagioclase that was crystal-
lizing from the melt at the same time. Thus, in the interior portion
of the north stock phase, sanidine, after a brief period of resorption
was rimmed by oligoclase, and this took place during the period of
stable oligoclase crystallization so that sanidine was no longer
crystallizing at the time the reversals and outermost sodic oligoclase
crystallized. In the rest of the stock, however, sanidine reaction
took place after the time the reversals formed, when the plagioclase
was approaching the outermost sodic oligoclase compositions (C, Fig.
149). Thus sanidine coexisted with plagioclase through the reversal
stage.

In the first case, sanidine was simply rimmed by stable Ango
oligoclase (4;), and this latter accounted for roughly 30 percent by
volume of phenocryst crystallization. In the second case, the sanidine
was replaced by sodic oligoclase through a complex series of steps, and
in this case the stable oligoclase (Bl) makes up less than 10 percent

of the phenocrysts. The replacement mechanism varied and can be broken
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down into two end member-types with all combinations present in the
stock. In one end member-type, the sanidine was replaced directly
by cloudy sodic oligoclase (C, Fig. 49) which formed rims around the
clear sanidine cores. In the other, the sanidine exsolved into a

. patch perthite with compositions as shown in Fig. 49, and the Or-rich
phase was progressively replaced by plagioclase of the same composi-
tion as the Ab-rich phase. This latter was itself replaced by sodic
oligoclase (C) to eventually produce phenocrysts which consisted of
cloudy sodic oligoclase with scattered patches of relict Or-phase. At
the same time, in a few instances, sodlic oligoclase crystallized
directly from the melt onto the same phenocrysts, as wel} as on the
true magmatic plagioclase phenocrysts already discussed. Much of the
sodic oligoclase, especially that which replaced the outermost parts
of the former sanidine phenocrysts, in turn formed antiperthite with
less than 5 percent of an Or-rich phase.

The direct replacement sequence dominates in the southern phase
of the stock, while the patch perthite replacement sequence dominates
in the northern phase exterior portions. The replacement process took
place at the time that the sodic oligoclase, with less than 17 percent
An,was crystallizing on the plagioclase phenocrysts, and the end result
of the replacement process was to form plagioclase with a sodic oligo-
clase camposition. In general, the more sodic outer portions of the
sanidine phenocrysts were replaced first, or went to patch perthite
first.

In a few areas of the stock, a contact phase was formed in which

the sanidine never went out of equilibrium with the melt, and no rimming
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or replacement occurred.

The last stage of crystallization resulted in the formation of
the groundmass in all parts of the stock. The dominant minerals of
the groundmass were alkali feldspar (G, Fig. 49) and quartz which
crystallized simultaneously, the alkali feldspar forming thin rims
on all the phenocrysts at the beginning of this stage. In those
portions of the stock which have significant plagioclase as part of
the groundmass--namely, the early igneous phase, the interior north
phase, and the south phase--the groundmass generation plagioclase
nucleated about thé same time as the reversals formed on the oligo-
clase zones of the plagioclase phenocrysts, reproduced the zoning of
thé outermost sodic plagioclase of the phenocrysts, and then was
commonly rimmed by groundmass sanidine. Thus, the groundmass genera-
tion alkali feldspar is always later than the sodic oligoclase, no
matter whether the oligoclase formed on the phenocrysts or as a second
generation of crystals in the groundmass.

Fegtures indicative of high volatile concentrations, as for
instance, ldbate quartz macrocrysts, mlcro pegmatitic patches in the
groundmass, large pegmatitic pods, graphic groundmass textures,vugs,
and coarse lamellar perthite (Fig. 49) tend in general to concentrate
in the outer parts of the stock, and especially in the northeast
corner of the north phase where rocks up to 30 percent vug are present.
This in turn suggest a variation in the volatile concentration of the
magma, with higher concentrations at the outer edges of the stock. At

this stage in the crystallization it is certain that Poy ..= E%otal'
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The sequence of crystallization of the mafic minerals was as
follows: Initially augite and magnetite, followed by hornblende,
magnetite and biotite from the time of crystallization of the inter-
mediate plagioclase zones onward. The growth rate of the mafic
minerals was slow until the time of reversal formation and crystalli-
zation of the "unstable" period oligoclase and sodic oligoclase
(stage 3 above), at which time very large amounts of hornblende and
biotite crystallized very rapidly. In most of the area, during the
groundmass crystallization stage, hornblende reacted to biotite.

Diopside rims formed on the large hornblende crystals in ten
specimens from all phases of the stock, and in a few of these the
diépside was in turn altered to biotite during groundmass crystalli-
zation. In the early igneous phase, the percentage of mafic minerals
is as much as 20 percent of the rock, and diopside makes up half this
in several cases. The diopside was formed by the assimilation of
dolomite wall rock, a process that can be demonstrated at the present
stock contacts against the Noonday Dolomite. The extreme reversals in
the early igneous phase are also due to this period of assimilation.
In several rocks from the present stock, a second generation of biotite
formed in the groundmass which was relatively more Mg-rich than the
normal igneous biotite that preceeded it, and dolomite assimilation is
in part the reason for its formation.

Assimilation of the calcareous graywacke of the Kingston Peak
Formaticn, at the present contacts, formed inclusions which are domi-
nantly biotite and hormblende, with magnetite. Similar appearing clots

of hornblende, biotite and magnetite are scattered throughout the stock



-261.-

and are associated with sodic plagioclase, indicating that assimila-
tion of rock like the Kingston Peak Formation took place close to the
time of reversal formation on the oligoclase plagioclase zones.

In the very late stages of groundmass crystallization, pO; was
. relatively high, so that biotite reacted to magnetite and oxybiotite
was formed close to the actual vugs. This may also in part have been

the cause for the Mg-rich groundmass biotite generation noted above.

Petrogenesis

The changes in physical conditions which produced the observed
compositional variations in the feldspar are summarized in the
following section in the form of a short petrogenetic history of
crystallization of the stock.

The step-like normal zonation in the plagioclase phenocrysts is
due to the interplay of several factors. The compositional gaps
‘between the calcic, intermediate and sodic plagioclase zones were
chiefly caused by the progressive, sporadic decrease in volatile
content of the system as it moved upward in the earth's crust. The
reversals which immediately preceed the respective compositional gaps
were formed by the assimilation of calcic material, probably of dolo-
mitic composition, which contained more HpO than the magma and hence
caused an increase in the HzO content of the magma. The plagioclase
returned to "normal” compositions immediately after the reversal due
to a combination of supersaturation of the An-component in the melt
leading to rapid crystallization, and mixing of the contaminated magma
with relatively uncontaminated magma. The probable sequence of events

which led to each compositional gap is noted below.
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Initial upward movement of the magma led to the assimilation of
dolomitic material relatively rich in water. The contaminated outer
portions of the magma chaﬁber were mixed with the uncontaminated
central part of the magma chamber due to turbulence in the magma
chamber. The assimilation caused the generation of COp which led to

the condition of Pf , which in turn led to volatile release

1uid” Frotal
through extensive fracturing of the magma chariber roof. The magma then
abruptly moved upward, decreasing the total pressure and allowing a
brief period of resorption of the plagioclase crystals in some cases.
However, on continued upward movement, the effect of rapid irregular
loss of volatiles was dominant, causing the crystallization of much

more sodic, Or-rich plagioclase. At the point that the magma came to
rest temporarily, the next broad compositional zone in the plagioclase
phenccrysts was formed.

This sequence of events accounts for all the features observed in
the compositional variation of the plagioclase phenocrysts up to the
formation of the sodic zone. During the last gap between the inter-
mediate and sodic plagioclase zones, the volatile pressure decrease
caused a shift of the feldspar boundary toward the interior of the
ternary feldspar system so that, when the magma reached a stable posi-
tion both sodic plagioclase and sanidine crystallized. At this point,
the HpO pressure on the system is estimated to have been 1-1.5Kb in the
"3drier" parts of the magma chamber, and 2-2.5Kb in the “wetter" parts,
at temperatures of roughly 710 and 630°C, respectively.

A similar sequence of events formed the complex outer compositional

zonation of the sodic plagioclase zones, and the rapid crystallization
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to form the groundmass. The groundmass formed during devolatilization
of the system as the magma reached its present position. The reversal
or reversals superimposed on the unstable portion of the sodic plagio-
clase zones are due to the assimilation of basic material which formed
a contaminated marginal phase of the magma chamber now preserved as the
ea:ly igneous phase inclusions. However, one important difference is
that, during the period of unstable plagioclase crystallization, the
Or percentage steadily decreased.

The observed compositional change could be due to a combination
of an increase in water content combined with a decrease in total
pressure; however, this leads to excessively high water pressures.
Another possibility is that this trend is due to a natural outward
curvature of the solvus-solidus intersection caused by the peristerite
plagioclase solvus. This cannot be verified with the present data, but
is a likely possibility. Using water pressure changes alone, large
amounts of water would have to have been added to the magma to produce
the observed compositions.

At various times éuring the crystallization of both the stable and
unstable portions of the sodic plagioclase zones the sanidine was
removed from equilibrium with the melt. In the "drier,"” most-calcic,
and least-differentiated parts of the magma chamber the sanidine was
slightly resorbed and then rimmed with oligoclase. The plagioclase that
was crystallizing at the time the sanidine reacted with the melt was
Ange in composition in this case. In the "wetter,” least-calcic and
most-differentiated portions of the magma chamber the sanidine was

directly replaced by sodic plagioclase or replaced through the patch
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perthite mechanism. At this time, the coexisting plagioclase was
Anys to Any, in composition. In some marginal parts of the present
stock, the sanidine remained in equilibrium with the melt until
groundmass crystallization started.

The cause for the transition from two to one feldspar crystalli-
zation appears to have been a shift of the feldspar boundary due to
slow, steady water pressure increase combined with the very rapid
crystallization of sanidine which changed the melt composition signifi-
cantly. Stewart's model for the crystallization sequence of rapakivi
granites, similar to that seen here, does not agree with the observed
- compositional changes in the feldspars of the stock.

The beginning cf the period of unstable sodic plagloclase
crystallization is roughly the time that the magma started to move
upward from the position it occupied during stable plagioclase crystal-
lization. Thus in the drier parts of the magma chamber, the sanidine ‘
was already out of equilibrium with the melt at this time. Structural
evidence suggests that, at the time the reversals formed, the magma
had at least reached the position of the base of the Pahrump Series--
roughly 6000 feet below the present erosion level, or 13000 feet below
the probably groﬁnd surface at the time of intrusion of the stock. At
this time, the dike swarm in the Hanaupah Canyon area was injected.

The distribution of replacement textures in the stock suggests that the
magma had essentially reached its present level by the time that the
Any ¢ plagioclase was forming. Thus part of the sanidine replacement
took place when the stock magma was at its present position. Build-up

of fluid pressure at this point led to roof fracture and devolatilization
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of the system to form the "pressure-quench" groundmass.

The Inhomogeneous water distribution in the magma chamber
during the time of coexisting feldspar crystallization was changed to
the very homogeneous water distribution seen during the time of ground-
mass crystallization, as reflected in the similar water pressure
estimates gotten from the groundmass minerslogy throughout the stock.
However, while the water pressure was the same throughout the stock at
this time, the volume distribution of the separated vapor phase bubbles
in the system was very inhomogeneous. Thus, great concentrations of
the vapor phase are seen in the vug-rich northeast corner of the stock.
This late migration of the vapor phase toward the éxterior of the
stéck, and especially to the northeast corner where the volatiles were
apparently able to escape from the magma chamber, resulted in the
development of late textural features which modified the groundmass.
Thus, going from the vapor-poor interior to the wvapor-rich exterior of
the stock, and also roughly in the order of formation, quartz mega-
crysts, quartz-alkali feldspar intergrowths, small pegmatitic pods,
large pegmatitic pods, and coarse lamellar perthite were formed.

The effects of the vapor phase are most obvious in the dike rocks
which originated from the stock. Here the phenocrysts were completely
albitized, and the glassy matrix, on devitrification, was completely
separated into spherulites of K-feldspar and interstitial areas of
Na-feldspar and quartz. In some extreme cases, the Na-feldspar énd
quartz were also separated. This separation of phases is thought to
be due to vapor phase transport in the presence of tempersture gradi-

ents, as suggested by Orville (1963) and Burnham (oral communication).
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The water pressure at the time of groundmass crystallization was
consistently 0.4-0.5Kb, and the magma temperature therefore roughly
775°C. The presence of wollastonite at the stock contact suggests that
the total pressure at this time was roughly 0.7Kb and the volatile
phase consisted of roughly 25 percent CO;.

A second generation of ﬁlagioclase crystallization was initiated
at the time of assimilation of dolomitic material and formation of
the reversals. The compositional variation in these plagioclase micro-
crystals exactly duplicates the outer zones of the plagioclase pheno-
crysts, starting at the "peak” of the reversals. This is thought to
be due to a combination of the supersaturation of An-component in the
melt and the change in bulk composition of the melt, both of which
would tend to cause very rapid nucleation of relatively calcic plagio-
clase. This method is not the same as the pressure quence mechanism
which caused the groundmass quartz and alkall feldspar crystallization.

The existence of coexisting feldspars which crystallized under
different water pressure conditions indicates that water pressure
variationsexisted in the magma chamber at depth. The great similarity
in the sequence of events preserved in the compositional wvariations of
plagioclases that crystallized under the different water pressures
indicates that all parts of the magma chamber were in communication.

Assuming that total water throughout the stock, then the difference
of 1 to 1.5Kb between the different parts of the magma chamber would
indicate a vertical magma chamber roughly 15000 feet in height which
had the least differentiated material at the top, and the most differ-

entiated material at depth.
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A more likely alternative would be a relatively equant magma
chamber invwhich parts of the magma were saturated with respect to
water, and other parts unsaturated. The most likely distribution wquld
be to have the least differentiated, “"drier,” unsaturated magma in the
center of the magma chamber, surrounded by an envelope of differen-
tiated, saturated magma. This agrees with the evidence of assimila-
tion of relatively "wet" material at the margins, and is also borne
out by the present distribution of textures in the stock. A
distribution of this sort was first suggested by Kennedy (1955). In
this case, the south phase and the exterior north phase of the stock
- would have been derived from the outer part of the magma chamber,
while the interior north phase would have been derived from the inner
part of the magma chamber. Using this model, the magma would have
been at a depth of 20000 feet below the surface, or roughly 13000
feet below the present outcrop level, at the time of two-feldspar

crystallization.
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SELECTED MODES FROM THE LITTLE CHIEF STOCK-MAJOR SPECIMENS
volume percent

DV56
sanidine pheno. 10
oligoclase rims 11
oligoclase zones

DV74

sanidine pheno. 12

cloudy plag rim

2

5.5
sodic plag pheno 5.5

1

7

4

on plag pheno. 20.5 calcic plag
intermediate zone Gnd alkali feld. 3
on plag pheno. 1.5 Gnd quartz 2
calecic cores in Gnd plag 7.5
plag pheno. 0.5 hornblende 4.5
Gnd alkali feld. 29 biotite 1.0
Gnd quartz 19.5 magnetite 1.0
hornblende 3 sphene + apatite 1.0
biotite 2.5 total 100.0
magnetite 1.5
sphene 0.5
apatite 0.5
vug 0.5
total 100.5
DV128A DV151
sanidine pheno + sanidine pheno +
perthite 28.5 patch perthite 27
plag pheno 3 alkali rims 5
alkali rims 2 sodic plag zone
Gnd alkali feld 35 on plag pheno. 3
Gnd quartz 25 calcic plag core
Gnd plag 1 in plag pheno. 3
hornblende 3 Gnd alkali feld. 26.5
biotite 1 Gnd quartz 28.5
magnatite 1 Gnd plag 1
sphene + apatite 0.5 hornblende 0.5
total 100.0 biotite 3
opaque 1
sphene 1
vug 0.5
total 100.0
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APPENDIX B

Analytical Techniques

Electron Michprdbe

The chemical analyses were made on an Applied Research Iaboratory
three-channel electron microprobe (EMX) equipped with pulse height
analyzers on each channel. Ca and K were ana?&zed on two channels with
LiF crystals, while Na was analyzed on the third channel using a KAP
crystal. Data were printed out on an IL.B.M. electric typewriter. All

channels had sealed proportional gas-counter detectors.

Sample Preparation

All analyzed specimens were in the form of polished thin section
disks which were prepared by Mr. Rudolf von Huene, California Institute
of Technology. A thick thin section, roughly 100 microns thick, was
prepared and rough ground by ordinary polished section techniques.
These were usually cut from the blanks left over from the normal thin
sections that were examined in detail optically. Final grinding was
done on a porous agate lap using levigated alumina powder by applying
light pressure on a slow moving wheel for periods of five minutes or
more. This was then polished using silk or Buehler Texmet with 0.5
micron diamond powder. Finald polishes were obtained using silk or
Texmet, wet, with tin oxide.

One inch diameter disks were then drilled from the polished ﬁhin
sections. If the grain desired for analysis was located in the corner
of the polished thin section, the corner was cut off and mounted on a

one inch glass disk.
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All sample diéks were carbon coated using a graphite arc in an
evacuated bell jar. It was found that coating times between 30 and 60
seconds produced the best results; these times gave colors on polished
brass ranging from deep red-orange to purple. In applying the carbon
coat, it is absolﬁtely necessary that the sample be absolutely dry,'as
any moisture in the sample will cause the carbon coat to buckle under
the electron beam.

As a rule, the grain or area of the polished disﬁ to be analyzed
was selected using a petrographic microscope, all other areas painted
out with black conducting paint, and then each specific area photo-
graphed usihg a polaroid camera-petrographic microscope combination.
This was necessary for detailed analysis, both in location of the
desired area in the probe, and for the location of the specific probe
spot or scan locations due to the very poor transmitted light optics

of the ARL probe.

Experimental Conditions

All analyses were made using a sample current of 0-1./ua, and an
6perating voltage of 15 KV. Electron beam spot sizes varied as a
function of the specimen being analysed, but in geheral it was found
that under the above operating conditions no spot diameters of less
than 3/u could be used due to serious volatilization of the alkalis
in the specimen.

All sample current readings were made on the individual specimens
and not on reference specimens or on brass.

Three basic methods of analysis were used. To analyze specific
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small areas, as for instance an individual perthite lamella, two

or three 5 to 10 -diameter areas were analyzed for times of 10
seconds each, and the results averaged. To obtain compositional
profiles, the mineral grain was scanned by making 10 second analyses
at-distances of 2 to 10 apart using various spot sizes. After each
10-second analysis, the sample was automatically moved in the chosen
direction a specified amount and énother analysis made. Finally, to
obtain an average composition of a large, very inhomogeneous area,
such as the groundmass of some of the dike rocks, a 50 to 100 spot
was moved by hand regularly over the desired area for periods of 100
seconds. Several such 100 second analyses were averaged to obtain

the final result.

Standards

All analyses were obtained by reference to standard curves. A
standard curve for each end member feldspar was made by plotting
background corrected counts per secopd vs. weight percent end
member feldspar for a series of homogeneous analyzed feldspars
obtained from Dr. J. V. Smith. Plagioclase and K-feldspar glasses
from the Geophysical Iaboratory were also used. In all cases, the
sample current was read on the mineral grain itself.

The resulting three curves were then adjusted for day to day use
by graphically shifting the curves relative to the counts obtained on
a working standard. The working standards were themselves calibrated
relative to the other standards and also analyzed chemically by

Dr. D. R. Maynes. The three working standards were placed in the
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same mount so that they could be constantly referred to during the
time thét various samples of unknown composition were being analyzed.

The secondary standards, and their compositions were:

Amelia Albite: Oro.gAbgg.ohng. 1 (va)
Andesine, Kregar$, Norway: Ory.1Ab,;.sAnzs.s (ca)
Sanidine, Leilenkopf, Germany: 0r77-sAb19-§Ano-s (x)

Daily operation was as follows: After a warm-up period, the
uncorrected counts per second for the desired end member feldspar in
each of the working standards was obtained by averaging the results
of three 100-second counting periods. The various samples were then
analyzed, and periodically the working standards were rerun for com-
parison purposes. In most cases, the working standards were run every
3 or 4 hours, but at times when the sample current was'drifting due to
filiment warpage, the standards were run more often. Finally, at the
end of the day the working standards were rerun as before, and then
backgrounds on each of the standards were obtained. It was found that,
within counting rate errors, the background values were essentially
unchanged from day to ddy, and backgrounds on samples were identical to

backgrounds on the standards.

Graphical Procedures

The majdrity of the probe results were in the form of scans across
various features of interest within the feldspar grains. These scans
were plotted, as in Fig. 50, and the compositions then obtained by
reference to the standard curves. In areas where the feldspar compo-
sitions varied widely in short distances, at least three adjacent spot

analyses with closely similar counting rates were averaged to obtain
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one religble analysis. While this tended to mask minér variations in
compositions, it was more useful in determining the more general
compositional trends which were used to work out the feldspar crystal-
lization history. This was necessary to allow for the fact that the
area of the spot often overlapped phase boundaries, or because large
compositional changes occurred in the width of the spot.

The first data scans were plotted by hand. However, it soon
became apparent that the plotting time would not allow all the probe
data to be reduced. Therefore, most of the later probe analyses were
plotted by computer usihg the GMPLOT subroutine available in the CIT
computer library. A program was written by Mr. R. S. Naylor, and
modified by the author, which made the background corrections and
determined the weight percent end member feldspars for each spot
analysis. This information was then plotted to the nearest 1 percent
by the GMPLOT subroutine.

Linear standard curves were used in this computer program.
Because the actual standard curves for Or and An were slightly curved,
this introduced predictable errors in certain compositional ranges of
up to 1.5 percent Or or An which were corrected when the final compo-

sitional information was summarized.
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