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rocks to be of Cambrian or pre-Cambrian age.

35/

These rocks were described in a general manner by Noble= in 1934,

35/ Noble, L. F., Rock formations of Death Valley, California:
Science, n. s., vol. 80, no. 2069, pp. 173-178, 1934.

and were briefly mentioned by Hazzardéé/ in 1938, Both Noble and Hazzard

36/ Hazzard, J. C., Paleozoic section in the Nopah and Resting
Springs lMountains, Inyo County, California:
California Jour. iines and Geology, vol. 33,
p. 299, 1938.

assigned to them a late pre-Cambrian age; but the series remained un-

named until 1940, when HewettzZ/ proposed the name "Pahrump series",

37/ Hewett, D. F., New formation names to be used in the
Kingston Range, Ivanpah quadrangle, California:
Washington Acad. 5ci, Journ., vol. 30, no. 6,
pp. 239-240, 1940.

Hewett recognized a three-fold division consisting, from bottom to top,
of the Crystal Spring formation, the Beck Spring dolomite, and the
Kingston Peak formation. Representative sections of these formations

subsequently have been described in detail by Hewettéé/ in an account

38/ Hewett, D. F., Geology and mineral deposits of the
Ivanpah quadrangle: U, S. Geol. Survey Prof,
Paper, in press.

of the geology of the Ivanpah quadrangle. This quadrangle, however,
contains only the narrow, east-trending Pahrump belt in the Kingston
Range. 1In this belt, Hewett noted the presence of diabase sills and

talc deposits near the base of the lowermost carbonate beds of the
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Crystal Spring formation. He attributed the origin of the talc de-
posits to an alteration of carbonate beds by diabase.

As noted above, however, most of the exposures of the Pahrump
series are west of the Kingston Range in the general region of the
Amargosa Valley, Amargosa Hange, and southern Death Valley. In 1940,
many of the broad stratigraphic and structural features of this region

were described by Noblegz/ as background for a detailed account of the

39/ Noble, L. F., Structural features of the Virgin Spring
area, Death Valley, California: Geol. Soc.
America Bull., vol. 52, pp. 841-999, 1941.

geology of the Virgin Spring area in the southern part of the Amargosa
Range. HNoble alsoc noted that the Crystal Spring formation contains talc
deposits as alterations of dolomite at the contacts of diabase
intrusions.

4 general review of the broad structural features of the region,

0
as conceived by Nobleé—/, will not be included here. In brief, however
2 2

40/ Noble, L. F., op. cit.

Noble has described the Pahrump occurrences in the Alexander Hills,

the southern Nopah Range, Rainbow Mountain, and the central Amargosa
Range, as chaos blocks in a gigantic thrust plate that has overridden
an autochthanous block composed principally of Archean rocks, but also
containing large masses of the FPahrump series. The Pahrump occurrences
in the Ibex Hills, the southern Amargosa Range, and the Owlshead Moun-
tains, Noble believes to be part of the autochthanous rock.

The northernmost of the known exposures of the Pahrump series,
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about 15 miles north of Virgin Spring, have been studied by Curry in
unpublished investigations.,
Exposures of the Pahrump series at the southern end of the Nopah

Range have been briefly mentioned by Mason&l/ in 1949, The Silurian

&l/ Mason, J. F., Geology of the Tecopa area, southeastern
California: Geol. Soc. Am. Bull., vol. 59,

pp. 333-352, 1949.

Hills, which contain the southernmost of the Pahrump occurrences have

been studied in detail by Kupfurég/.

42/ Kupfur, D. H., Geology of the Silurian Hills, San Bernar-
dino County, California: Unpublished Ph. D. thesis,
Yale University, 1950.

GENERAL FEATURES OF THE PRE-CAMBRIAN ROCKS
Archean rocks

At numerous localities the Pahrump series lies with depositional
contact upon a complex of much older and much more highly metamorphosed
rocks, generally designated as "earlier pre-Cambrian" or "Archean'.

The complex consists mostly of mica schist, granite gneiss, and mica-
ceous guartzite. Migmatite, small pegmatite dikes, and veins and pods
of milky quartz are common. These rocks form a large part of the pre-
Tertiary terrane of the southern Death Valley-Kingston Range region.
Weathering more readily than the overlying later pre-~Cambrian and
Paleozoic rocks, they are most commonly exposed in depressions and

lower slopes of the mountain ranges.
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Pahrump series

Except for the chaos blocks exposed at RHainbow Mountain and in
the central Amargosa Range, the Pahrump rocks have, in general, escap-
ed intensive deformation, but occur in large, uniformly dipping fault
blocks in which folds are rare. Sections containing all three forma-
tions in essentially complete sequence, are known to exist only in the
Kingston Hange and in the hills north and east of Saratoga Spring. 1In
the Kingston Range the series is as much as 7000 feet thick; near
Saratoga Spring it is more than 5500 feet thick. Nowhere else were
relatively complete sections of the Kingston Pegk formation observed by
the writer. Elsewhere, a nearly complete thickness of the Beck Spring
dolomite was noted only in the Alexander Hills,

At many places, however, sections of from 2 to 4 thousand feet of
the Crystal Spring formation remain virtually intact. As part of the
present investigation, detailed sections were mezsured at the following
localities: (1) Warm Spring Canyon in the southeastern Panamint Range,
(2) northern Owlshead Mountains, (3) one-half mile north of Saratoga
Springs, (4) the Superior mine 2 1/4 miles north of Saratoga Springs,
(5) an area due west of Ibex Spring, (6) the Monarch mine one mile
north of Ibex Spring, (7) the Western mine in the Alexander Hills, (8)
the Rogers mine on the west face of Kingston Range, (9) the type
locality of the Crystal Spring formation in the Kingston Range, and
(10) the western part of the Silurian Hills.

The sedimentary part of the Crystal Spring formation is composed

of a lower 500 to 2200 feet of predominantly arenaceous sediments
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with subordinate amounts of argillite and shale, a middle 500 to 1000
feet of carbonate beds and massive chert, and an upper 500 to 1000 or
more feet of alternating shale, quartzite and carbonate beds. The
section has been thickened as much as 1500 or more feet by the intru-
sion of diabase. Most of the diabase occurs as large sills in the
middle and upper part of the formation. Where exposed in its entirety
the formation is generally about LOOO feet thick.

Hewett has shown that the Beck Spring dolomite in the Kingston
Range is from 1100 to 1200 feet thick and composed predominantly of
massive gray dolomite, with sandy and shaly beds in the top 200 feet.
The Beck Spring dolomite in the Alexander Hills, although unmeasured
is similar in éppearance to the Kingston Range occurrence. 1n the
Saratoga Spring section the dolomite is about 1350 feet thick and more
thinly bedded than the other occurrences.,

The Kingston Peak formation in the Kingston Range, Hewett found
to be 1000 to 2000 feet thick and to consist perdominantly of shaly
sandstone with local pebble zones, and a middle third composed of a
coarse conglomerate with pebbles mainly of quartzite and dolomite,
Near Saratoga Spring the exposed part of this formation consists of a
lower 40O feet of shaly sandstone and a higher 1500 feet of coarse

conglomerate, Here its uppermost strata are hidden beneath alluvium.
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STRATIGRAPHIC UNITS OF THE CRYSTAL SPRING FORMLTION

General statement

Sections of the Crystal Spring formation that apparently are com-
plete, or almost so, occur in the Panamint Range, at Saratoga Spring,
and in the Alexander Hills and Crystal Spring areas. The thickest of
these sections is at the Warm Spring locality in the Panamint Range
where about 4200 feet of sediments are exposed. Here the uppermost of
the exposed Crystal Spring strata are overlapped by Tertiary volcanic
rocks, and the original section may well have been considerably thick-
er, The Crystal Spring formation sections measured in the Alexander
Hills and at Crystal Spring are respectively 3500 and 3900 feet thick,
but several hundred feet of the lower part of each of these sections
may be faulted cut. The Saratoga Spring section, of which both top and
bottom are exposed, and which is intact or nearly so, is only about 2100
feet thick. The sections studied in the northern Owlshead lountains,
the Ibex Spring area, and the western Kingston Range, contain only the
lower one-half to two-thirds of the formation.

In most of the occurrences of the Crystal Spring formstion, the
arenaceous and argillaceous sediments that comprise its lower part are
divisible into three units., These will be referred to as "the feld-
spathic quartzite member', the '"purple shale member", and the "fine-
grained quartzite member". The carbonate beds in the middle of the
formation have a diverse lithology, but are not divisible into units
that persist on a region-wide scale. The carbonate beds are, there-

fore, collectively designated as the "carbonate member", A "massive
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Plate 13a. (right} Ripple
mark in steeply-dipping, fel
spathic guartzite member of the
Crystal Spring formstion in the
Superior mine area. Observer is
leoking down=-secbion.

Plate 13b. (below) Conglom-
erate at base of Crystal Spring
formation, Superior mine area.
Bedding trace slopes gently from
upper left to lower right.
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chert member" ordinarily overlies the carbonate beds. The sediments
that comprise the upper part of the formation, likewise cannot be
divided into persistent members, but as a group they will be designat-

ed as the "upper sedimentary units".
Feldspathic quartzite member

The most persistent of the Crystal Spring members is the basal
quartzite which, in the sections studied, ranges in thickness from
about 200 feet in the Silurian Hills to more than 1200 feet in the Owls-~
head Mountains., It is ordinarily medium to light gray, but in the
upper part of the member much of the rock has a light tint of blue or
green,

The member has a distinctive, but discontinuous, basal conglomer~
ate (pl. 13b) with a maximum observed thickness of 25 feet and with
well-rounded pebbles, cobbles, and boulders as much as 1 1/2 feet in
diameter. Much of the conglomerate is composed of the more resistant
rocks of the underlying earlier pre-Cambrian complex; but its most
abundant and widespread rock type is a dense, vitreous quartzite, not
noted in the underlying rocks.

The quartzite above the basal conglomerate is characteristically
sub-vitreous and feldspathic. The feldspar, which is commonly present
in fractions of one-quarter to one-third, is predominantly microcline,
In general, the quartzite grades upward from massive, dark weathering,
coarse-grained rock, containing thin conglomerate layers, into more
thinly bedded, light-weathering, medium- to fine-grained rock. Scme

beds high in the member consist of relatively friable sandstone.
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Water type cross-laminations are characteristic of the member's entire

thickness and ripple marks (pl. 13a) are common in its upper part.

Purple shaly member

A member characterized by a purple to blue color, and composed of
shale, argillite and fine-grained quartzite, overlies the basal
quartzite member at all of the sections studied by the writer. Its
measured thickness ranges from a minimum of 30 feet in the western
Kingston Range to a maximum of about 700 feet in the Owlshead loun-
tains. In the Owlshead Mountains, Panamint Range, and Silurian Hills,
the member is composed mostly of fine-grained quartgzite. In the other
sections, it is chiefly shale.

The shale, and quartzite are ordinarily colored various shades of
purple; but some of the shale is blue., Distinctive light green to
light blue blotches (pl. lia) characterize at least part of the member
at all of its observed occurrences, iany of the blotches are
spheroidal; others are irregular and are commonly elongate parallel
with bedding planes. Thin sections show that the blotches are centers
about which ferric oxide has been reduced and, in part, removed,

The purple shaly member grades downward into the basal guartzite
member. The contact between the two on the accompanying maps and
sections is based on a color distinction. Mud cracks are a character-

istic feature of the shaly layers.



109.

Fine-grained quartzite member

In all except the Silurian Hills section, the purple shaly member
is overlain by a dense, fine-grained quartzite, characteristically
green, but locally ranging from gray to light brown and dark red. This
member ordinarily has a thickness of from 50 to 100 feet, but is more
than 200 feet thick in the Superior mine area. Lenticular carbonate
layers from a few inches to several feet thick, though subordinate,
are common and increase in abundance upward. These are generally the
lowest of the carbonate sediments in the Pahrump series. In a few
localities the member also contains subordinate amounts of shale and
argillite.

Most of this quartzite is massive, but some is thinly and evenly
layered. The member does not show the abundant mud cracks, blotches,

ripple marks, and cross-bedding found lower in the section,

Carbonate member

In the sedimentary sequence of the Crystal Spring formation, the
lower arenaceous and argillaceous units, comprising the lower third of
the formation, are everywhere overlain by a several hundred foot thick-
ness of carbonate sediments. A diabase sill, however, ordinarily
separates the carbonate and non-carbonate rocks.

As mentioned above, the carbonate sediments are characterized by
marked lithologic variations, but cannot be subdivided into strati-
graphic units with a region-wide persistence. In the Kingston Range

and Alexander Hills, for example, abundant chert layers (pl. 14a)
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exist in the lower half of the member; exposures of the member, in the
Silurian Hills, contain several prominent quartzite beds, each from 15
to 20 feet thick. Yet the carbonate member in the Ibex Spring and
Saratoga Spring areas contains very little non-carbonate material.,

The character of the carbonate material in the member likewise
differs from place to place in the province. The lower half of the
member in the western Kingston Range and Alexander Hills is dark-gray
and dolomitic, as well as siliceous, and grades upward into light-brown
and light gray limestone. In this area the carbonate material is
typically fine-grained.

In the Saratoga Spring-Superior mine area, the carbonate member
is dolomitic from bottom to top, is pale pink, pale red or light brown
on fresh surfaces, and is compact, massive, and fine- to medium-
grained.

In the section exposed one mile west of Ibex Spring, the lower
part of the member is predominantly a gray, thin-bedded limestone with
subordinate siliceous layers. This rock grades upward into silica-
free, eqgually well-bedded limestone. Superimposed upon this limestone
are large, irregular dolomite masses, the outlines of which lie athwart
the sedimentary layering. Bedding planes, though detectable in the
dolomite, are much less distinct than in the limestone. The
concentration of Mg0, thus indicated by the dolomite masses, probably
occurred at a time distinctly later than the sedimentation.

The carbonate member in the Warm Spring Canyon area, unlike its
typical occurrences, contains highly tremolitic layers through a

thickness of 200 feet in its lowes part. The tremolite, mixed with
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various proportions of fine-grained alkali feldspar and silica, occurs
in layers that, in their shapes and disposition, resemble the chert
layers common at other localities. The layers are associated with car-
bonate material that is predominantly calcite. Though not studied in
detail, this rock appears to have formed by a low-grade metamorphism of
cherty dolomite, a metamorphism unrelated to the diabase intrusives.
The chemical changes indicated by the large dolomite masses in the
lbex Spring area and the tremolitic layers in Warm Spring Canyon, how-
ever, are local features. By far the most abundant and wide-spread
metamorphic effects shown in the carbonate member are those associated

with the diabase sills.

Massive chert member

Massive chert, in thicknesses of as much as 500 feet, lies above
the carbonate member in most of the occurrences of the Crystal Spring
formation. The chert is ordinarily colored pale-brown to blackish-
red, and commonly has a jasperoid appearance. Disseminated chlorite
shreds and opaque particles, both in appreciable proportions, are the
only other typical constituents, Although massive, the chert commonly
shows a distinct, thin, color banding.

The chert ordinarily separates diabase bodies, high in the Crystal
Spring formation, from shales of the upper part of the carbonate member.
In the Alexander Hills the chert bodies lie beneath a diabase sill and
are locally enclosed by dizbase. The larger of these thicken and
thin markedly, and their lower contacts irregularly transgress strata

of the carbonate member. At Crystal Spring and in Warm Spring Canyon
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chert bodies 100 to 300 feet thick appear to grade laterally and vertical-
ly into shales and fine-grained sandstone,

Because the chert bodies are ordinarily in contact with diabase
sills, the suggestioﬁ is strong that at least some of the chert is
genetically related to the diasbase and has formed by silicification
of both carbonate and non-carbonate strata. In the area of the Superior
mine north of Saratoga Spring, however, a very continuous chert layer
as much as 150 feet thick is separated from the nearest large diabase
body by the underlying carbonate member. The persistent occurrence of
chert in essentially the same stratigraphic position, even when uwnas-
sociated with diabase, and regardless of the amount and position of dia-

base elsewhere in the section, points toward a sedimentary origin.

Upper sedimentary units

Crystal Spring sedimentary rocks that overlie the massive chert

member are much less abundantly exposed than the other units of the

43/

formation. In the eastern part of the Kingston Range, Hewett— has

43/ Hewett, D. F., op. cit.

shown that the Beck Spring dolomite rests directly upon the chert.
In many other places the upper sedimentary units have been eroded away
or are hidden beneath Quaternary deposits.

If the chert has partly or wholly formed at the expense of sedi-
mentary rocks the originel nature of the upper sedimentary units has
been somewhat obscured. In the Crystal Spring, Alezander Hills, and

Saratoga Spring sections, however, the writer noted well-exposed
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sediments between the top of the massive chert member and the base of
the Beck Spring dolomite. These sediments range in thickness from
about 250 feet in the Saratoga Spring section to more than 1100 feet
in the Alexander Hills. This, the upper part of each of the three
sections, is composed predominantly of shale, but also contains sub-
ordinate amounts of quartgzite and dolomite.

Most of the shale is a greenish to brownish gray, but various
shades of red and brown are also common. Most is thinly layered, but
is also compact and breaks into slabs many times thicker than the in-
dividual strata. A characteristic shale in the sections at Saratoga
Spring and the Superior mine is grayish orange, strikingly mottled with
irregular patterns of iron oxide stain, and containing numerous man-
ganese oxide veinlets,

The quartzite is characteristically fine-grained, massive and com~
pact., Its most common colors are yellowish gray, grayish green, and
grayish red. lbst of the dolomite is gray, and is interbedded with the
shale in layers five feet thick or less. Near the top of the section
at Crystal Spring, however, is a 300-foot thick unit composed chiefly

of thin-bedded yellowish to medium gray dolomite.

DIABASE

Distribution

Virtually all of the diabase in the Pahrump series is confined to
sill-like bodies that lie immediately below, within, or immediately

above the carbonate member of the Crystal Spring formation. Small
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diabase dikes, transecting the sediments of the lower arenaceous and
argillaceous part of the formation, were noted at several places; but
these contain an insignificant volume compared with the total volume
of bodies higher in the formation, At two localities, one in Warm
Spring Canyon, the other at the Montgomery mine, the writer observed
diabase dikes, more than one hundred feet thick, cutting the carbonate
member.

The position most persistently occupied by diabase is at or near
the base of the carbonate member. At every locality known to the
writer, where this part of the formation is exposed, the diabase is
present. Everywhere it forms a sill that is traceable laterzlly for
the length of the exposures of the enclosing sedimentary rocks. These
diabase occurrences, therefore, are considered to be parts of a single
sill, originally at least as extensive as the 70- by 1l5-mile belt con-
taining the diabase exposures. This diabase body, here referred to as
the "lower sill", ranges in thickness from sbout 50 feet in the section
west of Ibex Spring to more than 1500 feet in Owlshead Mountain
section. In the aversge section, the sill is about 250 feet thick.
Its lateral and vertical dimensions place it among the world's largest
diabase bodies, comparable in size with the Palisade sill of New York
and New Jersey, and with the great Whin sill of northern England.

That it is an intrusive, rather than an extrusive body, is shown
by the contact metamorphic effects in the overlying rocks and by con-
tinuous, fine-grained selvages, several feet thick, along its upper
as well as its lower margins( In its thicker occurrences the sill is

ordinarily a multiple body. This is shown by very elongate septa or
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screens of altered sedimentary rocks, within the sill. These septa oc-
cur at various levels, and are themselves bordered, top and bottom, by
fine-grained diabase selvages. Internal selvages also commonly exist
apart from the septa.

Diabase bodies higher in the formation are commonly as thick or
thicker than the lower sill, but are not as persistent. The largest of
these ordinarily lie at the top of the carbonate member. In the section
at Crystal Spring at the top of the carbonate 1500 feet of diabase
separate this member from the upper sedimentary units. In the eastern

part of the Kingston Range according to Hewett&&/, a diabase body, 120

Lh/ Hewett, D. F., op. cit.

feet thick, overlies the carbonate member and is overlain by the Beck
Spring dolomite. Diabase bodieé from 500 to more than 1000 feet thick,
also occur high in the Crystal Spring formzation in the Alexander Hills,
the Ibex Hills and Warm Spring Canyon. The upper dizbase bodies are
missing in the sections at the Saratoga Spring and Superior mine areas,
but are present in both the VWarm Spring Canyon and Ibex Spring sections.
Thin diabase sills, from a foot or two tc several tens of feet thick,
within the carbonate member were noted throughout the province. Like
the lower sill, the sills within and above the carbonate member have
top, bottom, and internal selvages and commonly contain septa.

Previous workers in the region, in noting that the diabase does
not intrude the Paleozoic rocks, have assigned it a pre-Cambrian age.
The diabase appears to be further restricted to the Crystal Spring for-

mation, as it has not been noted intrusive into the Beck Spring
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dolomite or Kingston feak formation. whether or not an unconformity
separates the Beck Spring dolomite from the Crystal Spring formation
and the diabase sills, cannot now be stated. The suggestion is strong,
however, that the diabase was intruded before the deposition of the
Beck Spring dolomite. If so, the intrusion probably occurred at rela-
tively shallow depths and at a time when the Crystal Spring sediments

were poorly indurated.

Character of the diabase

Petrology and petrography

The diabase appears originally to have been composed of from 30
to 60 percent plagioclase (mostly labradorite), from 30 to 60 percent
mafic minerals (principally hypersthene and augite) and from 2 to 10
percent magnetite and ilmenite; but considerably more‘than half of the
volume of the specimens examined in thin section consists of the secon-
dary minerals uralite, chlorite, sericite and clinozoisite (?). The
widespread and pervasive character of the alteration indicates a
deuteric origin rather than a hydrothermal effect genetically unrelat-
ed to the diabase.

Preliminary megascopic and microscopic examinations of the diabase
show a marked mineralogic homogeneity persisting both vertically and
laterally. In a few places unusually high concentrations of feldspar

were noted; but such concentrations seem to be erratic in distribution
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and not attributable to a gravitational differentistion,

The diabase generally has a dark-green to greenish-black color.
It is mostly mediumrgrainéd, but coarse-grained facies are common in
the central parts of some of the larger bodies; the selvages are
typically fine-grained. 4n ophitic texture is characteristic, but
porphyritic textures with phenocrysts of plagioclase and hypersthene
were noted locglly in the selvages. In a very few localities some of
the coarser diabase contains abundant irregularly angular phenocrysts
of plagioclase,

The plagioclase (mostly calcic labradorite), of the ordinary
Crystal Spring diabase is in laths, ranging generally from one-half mm.
to two mm. long. It has altered principally to sericite and clino-
zoisite (?), but irregular inclusions of chlorite are common, The
plagioclase phenocrysts of the porphyritic rock appear to be sodic
lzbradorite.

Augite, mostly in grains less than 1 mm, in diameter, generally
forms 5 percent or less of the rock's volume, and appears to be a
remnant of the primary mafic fraction. Uralite, by far the most abun-
dant dark constituent, is partly, perhaps wholly, an alteration of
augite, Most of the uralite, however, is unassociated with remnants
of earlier mafic minerzls., It occurs in irregular grains from 2.5
mn, to 10 mm, in diameter, and also forms felty sggregates. The
uralite shows azll degrees of chloritization, an zlteration particular-
1y well-displayed along clesvage fractures in the larger uralite greins.

The hypersthene, rarely vresent in proportions greater than one

or two percent, is mostly in subhedral grains less than 0.5 mm, in
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maximum dimension. Unlike the other primary constituents of the dia-
base, the hypersthene is little altered.

The opaque grains, irregularly angular in outline, are as much as
3 mm. long. Illagnetite is the most abundant, but ilmenite is commonly
intergrown with it.

Biotite shreds, thinly scattered through most of the thin sections,
may be remnants of primery grains. The biotite 1s partly chloritized,
Quartz is uncommon, but locally exists as small interstitial anhedral

grains. Apatite is an abundant accessory; sphene is less common.
Chemical composition

As shown in Table 3, a specimen typical of the lower sill, when
compéred with diabases in general, shows several noteworthy differences
in chemical composition. The specimen contains about 7 percent less
silica, 3 pereent more FeO, and has a distinctly higher NaZO to Cal
ratio. Although the average Hy0 figure is not tabulated, other dia-
bases ordinarily contain about 1.5 percent Hs0, or about half as much
as the lower sill specimen. Although only one specimen was analysed
chemically, thin section studies of this and about 15 other specimens
of the lower sill indicate these major chemical differences to be
persistent.

The relatively low SiO; and high FeO contents largely reflect the
abundance of chlorite, formed at the expense of more siliceous and less
ferruginous aluminum-bearing silicates., Silica released in such an
alteration could well have assisted in the silication of the bordering

carbonate rocks. The high Hy0 fraction is attributable to the abundance
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of hydroxyl-bearing alteration minerals.

METAMORPHISM

REGIONAL METAMORPHISM

As previously recognized by both Nobleﬁé/ and Hewetb&é/, the rocks

45/ Noble, L. F., op. cite, p. 950.

L6/ Hewett, D. F., op. cit.

of the Pahrump series record = relatively slight regional metamorphism, and
are not perceptibly more indurated than the Paleoczoic sediments in the
region, The carbonate rocks, although crystalline, are mostly fine-
grained. In general, temperatures have not been high enough to cause
cherty layers to react with the enclosing dolomite., Only the wide-

spread tremolitic layers in Warm Spring Canyon area appear to have forme-

ed in this manner, unrelated to the diabase intrusion.

Throughout the district the most arenaceous of the Crystal Spring
sediments have become quartzites, but sand grains in many of the less
pure layers retain their clastic outlines, The maximum degree of
metamorphism of the shaly layers is shown by the transformation of
some of them to argillites. Although in a few localities the shales
and argillites show a scondary schistosity, most of the planar struc-
tures throughout the Pahrump section represent bedding. The remarkably
good preservation of cross-bedding, ripple marks and mud cracks also

indicates a regional metamorphism of low intensity.
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1 2
510, 13,79 51,45
A1,03 16.92 15.6k
FeO 10.75 7.93
Fey0g 3.80 3.91
Ti0, 2.87 1.48
MnO 0.35 0.21
Co0 6423 9.11
MgO 6.04 590
K50 1o47 0.98
Nay0 3.26 3.13
Hy0 - 150° ¢ 0,23 %
Hy0 +150° ¢ 3.62 #*
S0 Nil o
P05 0.38 .26
99.71 100,00

Table 3, Analysis of a specimen typical of disbase
in the lower sill compared with average composition of
world-wide diabases.

1. Diasbase nezar center of lower sill in Western
mine area., Analysis by W. H. Herdsman, Glasgow,
Scotland.

2. Average composition of 90 diabase specimens

(world-wide), given by R. A. Daly in Igneous Rocks and
the Depths of the Earth, McGraw-Hill, 1933, p. 406.

*Analyses calculated to water-free.
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SILICATED ZONES

Distribution and size

In contrast with the relatively mild effects of regiohal metamor~
phism, the carbonate member contains pronounced and widespread zones
of silication from a few inches to as much as 200 feet thick, and close-
ly related in space to the disbase sills. The strata at or near the
base of the carbonate member are the most persistently silicuted and
are the ones which by alteration have yielded all of the large bodies
of commercial talc. These lower zones ordinarily lie above the lower
sill, either in contact with it or separated from it by non-carbonate
strata. Iocally, where the lower sill intruded above the basal carbonate
beds, silicated zones lie beneath it.

Silicated mones also border the sills higher ih the member and
comprise most of the septa in these and in the lower éill as well., Many
of the higher disbase~carbonate rock contacts, however, show little
silication or none at all. Conversely the carbonate beds above the
lower sill show some degree of silication for virtually its entire
length., Lower zones, from 20 to 200 feet wide, are commonly traceable
for several thousand feet. The septa are characteristicelly several
tens of feet wide and several hundred to several thousand feet long.

The widest and most persistent zones are associatéd with sills more
than 100 feet thick; whereas the smaller sills show thin, discontinuous
zones, or none at all. However, at some localities, such as the
Superior mine area, where the lower sill is thick and multiple in

character, it is overlain by a zone of relatively weak silication.
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Non-carbonate strata in contact with diabase ordinarily appear
unaltered., As noted above, however, much of the massive chert, com-
monly in bordering the higher diabase bodies, may have formed by con-

tact silicification of shale and carbonate strata.

General features of the silicated rocks

Petrology

A1l of the silicated rocks are characteristiczlly fine-grained; all
contain an abundance of magnesian silicate minerals. They are, however,
divisible into rather clearly defined lithologic types distinguished
either by mineralogic or textural differences or by both. The name
"tale~-tremolite rock" is applied to a variety composed princinally of
magnesian silicate minerals and notably poor in alumina, alkalies and
iron. It is white or very pale shades of gresy, green, or pink. Its
principal minerals are tale, tremolite, chlorite and calcite. These
exist in various proportions and combinations. The rock contains
traces of feldspar and quartz, and less than one-half percent, by
weight of iron oxide. Textures range from blocky to thinly laminated
to schistose. Classified as talc-tremolite rock is all of the material
of commercisl interest, but much is made sub-commercial by a carbonate
content in excess of 15 percent.

Other sub-commercial silicated rocks have distinctly darker colors.
They ordinarily contain from 10 to 60 percent alkeli feldspar (both al-
bite and orthoclase) and from 5 to 25 percent guartz. The most ebundant

of these rocks is a massive to platy, pale green to pale bluish gray
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tremolitic type, conveniently called "green tremolitic rock"., Its
other common constituents are calcite, diopside, chlorite, and opaque
material,

A less abundant, but very widespread sub~commercial rock is a
crudely foliated, pale yellowish orange to reddish brown type, named
"transition rock™" for its restriction in occurrence to the borders and
outer parts of zones consisting largely of talc-tremolite rock. This
rock, like green tremolitic rock, ordinsrily contains appreciable
fractions of albite, orthoclase, calcite, and quartz. In general it is
distinguished from the green rock by a much lower tremolite content, an
abundance of sericite (?), the presence of other hydrous, magnesium-rich
minerals such as talc, chlorite, serpentine or phlogopite, and a
pervasive limonitic stain.

Well-defined planar features, paralleling the margins of the sills
and the sedimentary bedding, characterize each of the three rock types
both in gross and in textural detail. Such parallelism is shown by the
layers and elongate lenses of the various alteration rocks of individual
zones, and by the schistose or laminated textures of most of these
rocks. Some of the bodies, however, have a schistosity discordant with

their margins,
Distribution of rock types

The zones associated with the lower sill, and altered from the
basal beds of the carbonate member, contain all but a small part of
the district's tale~tremolite rock, Some of these lower zones consist

almost entirely of talc-tremolite rock; but most also contain layers
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and lenses of the more feldspathic alteration rocks. The transition
rock is confined almost entirely to the lower zones. It most commonly
occurs as layer: separating bodies of talc-tremolite rock and unal-
tered rocks of the carbonate member. It also interfingers with and
forms septa in the outer parts of these bodies., Less common in the
lower zones, but by no means rare, are lenses of green tremolitic rock,

The siliceted zones that border the diabase bodies higher in the
carbonate member, and compose septa in these as well as in the lower
sill, consist predominantly of green tremolitic rock., Zones consisting
largely or wholly of talc-tremolite rock locally border the higher
diabase bodies, but such zones are discontinuous and rarely exceed four
feet in width.

At the Montgomery mine and at a locality on the north side of
Warm Spring Canyon, the spatial relations between the three varieties
of silicated rock are especially well shown. At each place are ex~
posed silicated rocks beneath a large diabase dike. Bach dike, lying
at a moderate angle with the bedding, can be traced for a lateral dis-
tance of about 1000 feet and crosses the lower part of the carbonate
member through a stratigraphic thickness of approximately 300 feet.

The silication has produced tzlc-tremolite rock and transition
rock in the lower 50 to 100 feet of the member and green tremolitic
rock in the higher exposures. Layering in the silicated rock is paral-
lel with the bedding; the altered rocks grading imperceptibly into un-
altered dolomitic strata. The alteration seemingly produced no change
in volume. Nor do the major compositional differences in the three

types of alteration rocks appear to be attributable to variations in
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the composition of the dolomite.

Tale~tremolite rock

Gross structural features of bodies of talc-tremolite rock

Most of the talc-tremolite rock associated with the lower sill oe—
curs in the silicated zone directly above the sill or separated from
the sill by shale or quartzite a few tens of feet in maximum thickness.
A relatively small proportion lies beneath the sill or in the altered
septa within it.

Included among the talc-tremolite bodies of commerclal interest
that lie next to the upper margin of the lower sill are those at the
Excelsior, Harry Adams, Western (pl. 15b), Acme, Eclipse, Monarch,
Pleazsanton, iiarm Spring and Death Valley mines. The €rystal Spring,
Smith, and Ibex deposits are separated from the upper margin of the
sill by non-carbonate strata.

The Superior (pl. 11), White Cap, Sheep Creek and Owlshead Moun-
tain deposits are in zones beneath the sill. The Saratoga and Pana-
mint claims contain concentrations of talc-tremolite rock in the septa
within the sill.

The Excelsior, Sheep Creek, White Cap, and Warm Spring Cenyon
(pl. 15a) deposits are the notable examples of commercial talc-tremo-
lite bodies that form parts of much wider alteration zones composed
largely of sub-commercial rock (pl. 15a).

In a few places deposits at the base of the carbonate member have

localized faulting with displacements of several hiindred or more feet,
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Lubricated by tale, blocks of the member have moved over Archean rocks
or lie with a transgressive céntact ageinst other membérs of the Pah-
rump series. &xamphes of such deposits include the Booth deposit and
some of the unexploited deposits in the Vlestern mine area (fig. il).
Brecciated countfy rock within these zones'commonly lessens the com-

mercial value of the talc,
Dimensions of commercial bodies

In all of its observed occurrences the silicated zone above the lower
sill can be traced laterally on the surface to points where it is fault-
ed off or lies hidden beneath post-Pahrump rocks. Although the zone is
composed predominantly of tale-tremolite rock, individual bodies of
this materiel may lens  laterally into other silicated rocks, or may
be terminated by faulting within the zone. The talc-tremolite rock oc-
curs mostly in bodies with lengths of several hundreds to seversl
thousands of feet, and widths in the range of 5 to 80 feet; but by no
means are all of these bodies of commercial interest.

In their average development the talc-tremolite bodies that have
been mined are from 10 to 30 feet wide. These have been sxplored for
several hundred feet along-strike to their termination against faults,
to places where they are too narrow to be profitably worked, or to
places where they lens into non-commercial alteration rocks.

The largest proved continuous zone of marketable talec-tremolite
rock, the principal deposit in the Western mine area, is about 5000
feet long and 80 feet in maximum width. The deepest workings in this

deposit are about 300 feet below the surface outcrop.
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Plate 15a. View of south wall of Warm Spring Canyon showing
Big Tale workings (left) and Kennedy workings (rig ut) Tale lies
above diabase sill at base of Crystsl Spring carbonste member,
Another sill caps the ridge.

Plate 15b.

VloW‘northWﬂrd along strlke of We

#Western taiﬂ deposit.
On ridge crest the units of the Crystal Spring formation are exposed

from left to right in the following order: (a} feldspathic ﬂugrtzlte,
(b) purple shale, (c¢) fine~grained guartzite, (4) thin talc zonpe,
(e} lower diabase sill, (f) thick talc zone, (g)

siliceocus dolomite,
(h) limestone, (i) higher diabase sill.
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The largest deposit in the Verm Spring Cunjyon area mzy nrove to
be of comparable size, but is noorly exposed at the surface and has
mich less ertensive underground workings. The surface exposure of the
longest »nroved commercial desposit in the Superior mine ares is about
1000 feet longz. To date none of the district's other commercial de-
posits have been shown to be more than 1000 feet long, althoush future
development may show that several exczed this length.

Seversl of the smaller bodies have bottomed within 200 feet of the
surface and have been largely worked out. But most of the bodies of

comnercial interest have not been mined to their down-dip limits.
Internal structure of commercial bodies

ithough the gones conteining larze bodies of tale-tremolite rock
wave broad similerdties, by no means do they everywhere duplicate each
other in minerzlo-y or textures of thelr contiined rock voriceties or in
the distribution of these vordeties within individual bhodizs., ot only

is there a wide rcnge in the onrovortion znd disposition of the sub-com-

mercial alter-tion rocks zssoclcted with the commercial deposits, but

the depogits themselves show mnrked differcnces in internsl structure

(fig. 12}, 3Somz of the commercizl bodies zre composed of tzle-tremolite
rock that 1s essentially homogeneous from wall to well, but most consist

of two or three loyers of tele-tremolite rock distinguished from one
another lergsly by textursl differences; but differences in minersl com-
position are slso commoli.

Textures of the tele-tremolite rock ranze from thinly-lamin-sted to

mossive to schictose. The principal minerslogic distinction ic the

-h

relative chundancs of tulce wod tremnlits, one of which renerzlly is
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present almost to the exclusion of the other; rarely do the two exist
in comparable proportions. In either the massive or thinly-laminated
rocks, talc or tremolite may predominate, but in the schistose variety,
talc appears to be invarisbly the more abundant. In view of these dis—
tinctions, the talc-tremolite rock is separable into the following five
varieties: (1) laminated tale-rock, (2) laminated tremolite-rock, (3)
massive tremolite-rock, (4) massive talc-rock, and (5) talc schist.
Rocks of each of these varieties are currently marketed under the com~
mercial term of "tale". In general, an individual layer contains only
one of these varieties, but in a few pnlaces the writer noted laterazl
gradations from one variety to another.,

Of the deposits that do not show this layering, some have localiz-
ed such intense fault movement that any original structure would have
been obscured. The relative homogeneity of most of the unlayered de-
posit, however, appears to bes a primary feature,

In most of the layered deposits, the layer next to the dizbase
consists of the thinly laminsted rock in which either talc or tremo-
lite predominates (fig. 12b, ¢, d). Ordinarily from 5 to 15 feet wide,
the laminated layer generally occupies from one-half to one-fifth of
the width of the deposit. Upon casual inspection, the laminations may
seem to be inherited from a thinly-bedded sedimentary rock. But point-
ing ageinst such an origin are the seeming rarity of thinly-bedded
fock in the unaltered parts of the carbonate member, and lack of any
trace in the tale-tremolite rock of even such pronounced pre-alteration

features as the chert layers. The close gpatial relationship betiween
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laminated layers and dizbase indicates a metamorphic origin for them.
The lamination is perhapégAneffect of diffusion adjacent to the diabase
margins. Outward from the diabase contact, the laminated layer is
ordinarily bordered by a layer of schistose or massive rock contzining
talc as the predominant silicate mineral. In a few deposits, however,
the layer contains a relatively large proportion of massive tremolite
rock. A characteristic feature of this layer is a marked pinching and
swelling caused, in large part, by faulting localized by the rock's in-
herent weakness. In several deposits it conbains abundant inclusions
of country rock, a feature not shown by the laminated layer.

Most of the more tremolitic deposits including the Excelsior,
Western (fig. 12c), Acme, and Valley deposits show the two-layered
structure for much of their lengths. In these, the thinly laminated
layer next to the diabase is highly tremolitic in contrast with the
characteristically schistose and talcose outer layer. In such deposits,
even though tremolitic masses exist in the outer layer, the outermost
several feet are markedly tremolite-poor.

Some of the tale-rich, tremolite-poor deposits alsc show the two-
layered structure. In these, the thinly laminated inner layer, as well
as the outer layer, is highly talcose and contains a very subordinate,
or even negligible tremolite fraction. The Eclipse deposit and parts
of the Warm Spring talc-bearing zone (fig. 12d) are of this type.

The Superior deposit (fig. 12g) is unusuel, not only because it
is the largest of the known commercizl bodies that lie beneath the
lower sill, but also because for a distance of about 700 feet it has a

three-layered structure. In their surface exposures the inner and
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outer layers each average more than 15 feet wide, and consist mostly
of a fine-grained, talc-rich, tremolite-poor schistose rock., iuch of
the rock in the layer next to the diabase, like that of the inner layer
of the two-ply deposits, is thinly laminated,

The middle layer, which averages about 30 feet thick, is essenti-
ally a tremolite-calcite rock. For thicknesses of three or four feet
along both margins of the middle layer is a nearly monomineralic tremo-
lite rock of commercial value., In the center of the layer the tremolite
is less abundant.

Many of the talc-rich and tremolite-poor deposits contain but one
variety of talc~tremolite rock. This is true of such deposits as the
Crystal Spring, Tecopa (fig. 12e), Ibex, white Cap, and Owlshead Moun-
tain, which sre separated from diabase by non-carbonate, sedimentary
strata or by non-commercial alteration rocks. Most of these are com—
posed predominantly of talc schist; locally they contain massive talc
rock. Several deposits that are in contact with diabase also are com-
posed mostly of talc schist. These include the Monarch (fig. 12a) and
Pleasanton, 2nd parts of the Markley and Brown deposits. The lontgomery
deposit (fig. 12h), lying benesth a diabase dike that cuts the carbonate
member, is composed mostly of massive talc rock. The Pongo deposit,
glso in contact with diabase, is composed of laminated rocxk for its en-

tire 15-foot thickness.
Petrology and petrography

Laminated rocks. The thinly laminated rocks, common in the inner

parts of numerous deposits that lie next to diabase, are persistently
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compact, white and fine-grzined. Both the tremolitic and talcose
verieties ordinarily contain from 5 to 15 percent of carbonate ma-
terial. One or more minerals of the chlorite groupy the only other
relatively abundant silicates, rarely form more than a few percent of
the rock, and appear to be absent in a large proportion of the thin
sections examined.

Individual laminations have uniform widths, mostly within the 0.1
to 2,0 mm. range. Parting planes are very flat and are commonly
traceable for many feet. The laminations are well-shown on weathered
surfaces of the tremolitic rock (pl. 1léa), where some of the laminae
are accentuated by a brownish stain. Weathered specimens of the tremo-
litic rock characteristically spall into paper-thin layers; but, where
uaweathered, both the talcose and tremolitic varieties break into
relatively thick, platy slabs.

Thin section studies show that the laminations are caused mainly
by vertical variations in grain size. Some of the layers contain con-
centrations of carbonate grains or opacque particles, Both talc and
tremolite occur in grains that range in outline from stubby and shred-
like to acicular. Most are between 0,01 mm., and 0.2 mm. long; grains
from 0.2 mm, to 2.0 mm. long commonly compose individual laminations.
The similarity in habit between the talc and tremolite suggests that one
is pseudomorphic after the other. The intermediate stages of replace-
ment were not observed, but a tremolite-to-talc alteration noted else-
where in the deposits suggests that, should such pseudomorphism exist,
talc is the later,

Most of the talc and tremolite grains occur, with no apparent
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preferred dimensional orientation, in mesh-like aggregates; but some
of the most pronounced laminations contain relatively large grains
that lie normal to the foliation planes. Laminations, containing talc
grains dimensionally aligned with the planes are not uncommon,

Carbonate material (probably calcite with subordinate dolomite)
forms from about 2 percent to as much as 10 percent of the volume of
the laminated rocks observed in thin section. The carbonate grains
range in outline from equant to markedly elongate. MNost have maximum
dimensions in the 0.02 to O.4 mm. range. Some of the specimens con-
tain grains that are evenly disseminated through the rock, either sing-~
ly or in mosaic-like clusters. Others contain disseminated grains that
are most abundant along individuzl laminations. Much of the carbonate
material, however, occurs in minute veinlets and lenticles; many of
which are also quartz—bearing. liost of these lie parallel with the
laminations, but others are cross—cutting features. The disseminated
carbonate grains are ordinarily corroded or transected by aggregates
of talc or tremolite. The veinlets appear to post-date talc and tremo-
lite.

The chlorite seems to be less sbundant in the laminated varieties
than in the schistose or massive varieties of talc-tremolite rock. But
in a few thin sections it is present in amounts of as much as 20 per-
cent. Some specimens show a relatively even distribution of chlorite
grains; in others the mineral is largely concentrated along individual

laminations. The chlorite grains show two habits, one plumose or
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feathery, and another very irregular to equant. Maximum grain dimen—
sions in the range of 0.05 mn. to 0.5 mm. are chzracteristic of both
habits. Both have formed at least partlg at the expénse‘of tremolite
and carbonate and have been partly replaced by £alc.

Some of the specimens are abundantly clouded with pale brown, sub-
microscopic material. This material also appears to vary in amount
from lamination to lamination. Other constituents were noted in pro-
portions less than one percent. Opaque particles, consistently less
than 0,01 mm., in diameter, are ubiguitous. Although present only in
traces, they are much more abundant in some specimens than in others.
fuartz, present in traces, occurs only in lenticles or late-stage vein-
lets, and is commonly associated with carbonate materizl. In most
specimens guartz was not observed. Sphene was noted in very sparsely
scattered grains. Although feldspar was noted in none of the thin
sections, should it occur in fine grains and in trzces, it ezsily could
have esceped detection,

Massive rocks. The massive varieties of talc-tremolite rock do

not show the thin and even layering nor the close spatial relation to
diabase contacts characteristic of the laminated varieties. Neither
are they composed predominantly of mineral grains in dimensional align~
ment as are the schistose varieties. The massive rocks break into
tough, blocky fragments, rather than into plates or friable, schistose
slivers. But they commonly do exhibit a crude planar structure
featured by lenticles and layers, in subparallel arrané@ent, that con-
trast with each other intexture and mineral content,

In thin section the silicate grains are shown to be
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ordinarily in mesh-like aggregates or in radial clusters, but relative-
ly common are layers in which grains lie roughly normal to the planar
structure. As in the laminated rocks, the carbonate materizl is dis-
seminated in single grains or in grain clusters, or occurs in minute
veinlets, variously oriented with respect to the planar structure. In
specimens intermediate between massive and schistose, most of the talc
shows a dimensional parallelism, and most of the tremolite lies athwart
the schistosity.

Microscopic textural patterns typical of the massive rock are shown
in the following examples: (1) very fine-grained, decussate aggregates
of talc, of tremolite, or of a mixture of bothj; (2) aggregates similar
to the above in grain size and mineralogy but composed largely of
radiating grain clusters; (3) matrices that resemble 1 or 2, but con-
taining knots or elongate lenses of distinctly coarser grained tremo-
lite, or interfingering with irregularly-shaped aggregates of chlorite;
(4) tremolite (?) in cloudy, brownish masses embayed and traversed by
talc-chlorite veinlets, and (5) brownish masses composed mostly of
radiating serpentine blades, and occurring in a much finer-grained talc-
tremolite~chlorite matrix.

Bxcept for the differences in fabric, most of the microscopic
festures of the massive rocks are similar to those of the laminated
rocks., This is true of the habit and grain sizes of the talc, serpen-
tine, carbonate, and much of the tremolite. The occurrenc; and pro-
portions of such minor constituents as the opague grains, quartz, and
sphene are likewise comparable. In individual specimens of the massive

rock, however, the average tremolite grain is generally several times
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longer than the average talc grain. As in the laminated rocks, most

of the disseminated carbonate grains or grain clusters are corroded or
cross~cut by aggregates of talc or tremolite, which are in turn cut by
later carbonate veinlets. A few of the tremolite grains are themselves
partly replaced by carbonate. Textures that clearly show age relations
between the silicate minerals are not abundant. Talc locally appears
to be pseudomorphic after tremolite; and to have replaced tremolite in
fine-grained aggregates. That only a small proportion of the talc is
similarly pseudomorpnic, is suggested by the contrast in average grain
sizes of the two minerals. In the massive rocks also, at least part of
the chlorite has replaced tremolite, and part of the talc has replaced
chlorite.

Schistose rocks. The schistose variety of talc-tremolite rock

differs from the laminated and massive varieties mainly in that most of
its contained talc grains are in dimensional alignment, indicating for-
mation under siress . Also peculiar to the schistose rock is the per-
sistence of a very high talc to tremolite ratio. In most of the
schistose specimens examined in thin section, tremolite was missing al-
together, iihere present, the tremolite blades ordinarily lie in
various positions transverse to the schistosity and appear to be resi-
dual from a pre-schist fabric. These features cause most of the
schistose rock to be soft and fissile; whereas the other varieties
are characteristically tough and platy or blocky.

The schistose rock, however, does share many of the features of

the laminated or massive varieties, Like them, it is white or nearly
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so, and is generally fine-grained. Its principal constituents are talec,
tremolite, chlorite and carbonate; but, of these, only talc was observed
in all of the thin sections. It also contains minor to very minor pro-

portions of the opaque grains, quartz, sphene, and the sub-microscopic,

cloudy material previously noted in comparable proportions in the other

talc-tremolite rock varieties.

Talc in some large masses of schist occurs in pearly, curved, mica-
ceous flakes as much as one cm. in diameter; but in its average develop-
ment the talc is much finer-grained, and the schist is chalky in appear-
ance, Thin section studies show that the finer-grained talc occurs in
grains, mostly less than 0,2 mm. long. In aggregate these grains ex-
tingdish nearly simultaneously over large parts of single thin sections,
and give the appearance of much larger individual grains.

Carbonate material composes at least 2 percent of most of the
thin sections examined, and as much as 50 or 60 percent of some. As in
the other talc-tremolite rock varieties, the diameters of individual
carbonste grains are generally in the 0,02 to 0.4 mm. range, and the
grains are distributed singly, in clusters, or in veinlets. kost of
the clusters are markedly elongate parallel with the schistosity. The
veinlets too generally are parallel with the schistosity, but some lie
at high angles across it. The disseminzted grains and clusters are
commonly corroded and traversed by talc aggregates; the veinlets appear
to post-date the talc.

The tremolite in the schist occurs as irregularly scattered blades,
either individually or in clusters. The blades ordinarily are several

times longer than the aligned talc shreds with which they are associzted.
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The chlorite, like the tremolite, is rare or absent in most of
the thin sections examined; but it comprises as much as 20 percent of
some. It occurs in irregular knots and lenticles, that appear to be
corroded by talc and are commonly cross~cut by streaks of 2ligned talc

shreds.

Green tremolitic rock

Distribution

Unlike the talc-tremolite rock, the large bodies of which are re-
stricted to alteration zones associated with the lower diabase sill,
the green tremolitic rock occurs in alteration zones along the higher
sills as well. It also composes most of the material in the septa
within the multiple sills. In some localities, including the Excelsior,
Superior, and Warm Spring mine areas, a relatively large proportion of
the contact zone bordering the lower sill 1s of the green tremolitic
rock; but in most of its occurrences the lower sill is associated with
little or none of this rock. Conversely, almost all of the silication
associated with the higher diabase bodies has yielded green tremolitic
rock.

where the green tremolitic rock and talc-tremolite rock exist in
the same alteration zone, the two generzlly form layers from several
inches to several feet thick, with contacts ranging from very sharp to
gradational through several inches. These layers, like those within
ﬁhe individual talc-tremolite bodies, are essentially parsllelwith

the bedding of the nearest unaltered sedimentary rocks.
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The contacts between green tremolitic rock and unaltered carbonste
strata also range from sharp to gradational thréugh several inches.
Most of these contacts also parallel the sill margins and the bedding,
but locally the alteration to green tremolitic rock appears to have
been guided by fractures at high angles to the sill margin. These re-
placement veins extend into carbonate strata that upon megascopic in-
spection seem to contain little, if any, original argillaceous, or

siliceous material.
Petrology and petrography

The green tremolitic rock is compact, fine-grained, and character-
istically breaks into evenly-layered slabs from a fraction of an inch
to several inches thick. The pale green color is most typical, but the
veriations to pale bluish gray are quite common. The rock appears per-
sistently to maintain these general megascopic features regardless of
the proportions of such other constituents as alkali feldspar, carbonate,
quartz, diopside, or opaque particles.

Each of ten thin sections of representative specimens of green
tremolitic rock contains an apprecisble, but variable, proportion of
tremolite. Locally tremolite comprises almost all of the rock,

Alkali feldspar (albite and orthoclase) generally is present in
fractions of from one~-fourth to three-fourths.,

Each section also contains from a trace to several percent of
finely divided, opague and semi-opaque material., Carbonate grains form
as much as 30 percent of the sections; but in two sections no carbonate

was noted, Diopside occurs in only two sections, but forms about 20
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percent of the rock in these., fuartz, though difficult to distincuish in

thin sections from untwinned feldspar, probably constitutes no mors than

5 percent of wny section. Helatively rare constituents are zctinolite

and chlorite, tremolite.
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Zach section shows a relatively homogeneous hexturs featurad by an
even distribution of tremolite needles. Some of the needles are in jock-
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510, 51.09 L9.T7
Ale3 0.69 1.84
Fe, 0.

2 3} 0.33 0.16
Fel
g0 25.36 28,71
Cal 9.32 9.20
Nazp 2,18 1.80
KZO 1,70 0.61
Hé@* 2.84L
HZP-— 0.11 7.90
002 5421
Totals 98,83 99.99

3 4 5
51.30 5642 55.90
1.08 0.58 1.2,
0.88 0.28 0.31
29.52 28.11 28.77
6.20 5.63 L7
0.16 0,12 0.10
0.05 0.02 Oulsy
L.12 Le40
10.65 0.09 - 0.10
Lelo b4o35
99.84 99.83 100.38

1. Laminated tremolite rock from Western deposit.

2. Laminated tremolite rock from New Acme deposit.

3. Laminated talc rock from Pongo deposit.

L. Massive talc rock from Montgomery deposit.

5. Talc schist from Tecopa deposit.

6. Massive talc rock from Warm Spring deposit.

7. Talc schist from Ibex deposit.

8. Talc schist from Superior deposit.

9. Transition rock from Western deposit.

10. Transition rock from Tecopa deposit.

11. Green tremolitic rock from Warm Spring mine area.

12. Green tremolitic rock from Warm Spring mine area.
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6
56462
1.14

0.18

27.75
5.91
1.13
0.4k
3.94
0.10
b0
101.61

Table 4 Chemical analyses of commercial tales and other

silicated rocks of the Crystal Spring formation.
and 8 furnished by Southern California Minerals Company,

All others furnished by Sierra Talc and
Clay Company, analyst 4, J. Mcarthur,

analyst undetermined.

Analyses 2, 3,

5477
1.08

0.38

26,05
5.81
0.27
0.21
b 58
0.23

56

97,94

8 9 10
56.88 35.12 60.90
0.45 9.22 8.85
0.63 1.11 1.91
31.29 12.24 9.88
4.92 13.95 5.23
1.86 1.46

L.27 Le66

0.95 2.12

5.53 0.14 0.16
21.00 5.30

99.70 96.86 100.47

12

11
57.75 62.85
11.54 14.60

2.22 1.43
6.02 6.12
7.48 1.32
2.30 2.16
7.67 10.37
3.18 1.17
0,17 0.17
2.98 0.22
101,21  100.41
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less magnesian. Other less marked, bub probubly persistent differences,

are higher iron, soda and water percentages in the green tremolitic

rock.

Transition rock

PDistribution

Transition rock, in its characteristic positicn at or near the
outer margins of the larger bodies of tale-tremolite rock and commonly

separating them Ifrom unaltered carbonate rocks, is widespread in the

s &

1

silicated zones low in the carbonate member. Among the deposits showe
ing well-defined loyers of transition rock are those zt the Rogers,
western, Acme, Ibex, and Pleasunton mines. Layers of the rock range

in thickness from a few inches to as much as 12 feet. Their contacts
with tale~tremolite rock are very sharp, whereas contacts with carbonate
strata are gradationzl.

The transitio

jo

rock 1s particularly well developed at the lWestern
mine where it forms an culer border with an average thickness of nearly
10 feet. Bodies of the rock as much as eight feet thick and several
tens of feet long interfingsr with tale schist and form elongate in-
clusions within the schist. Veinlets, as much as a foot wide, compose
of white talc-schist commonly extend into the transition rock. Some

of the inclusions are rimmed with an irregular and discontinuous border
of light gray csleite as much as one foot thick. The caleite rims are

persistently thickest zlong the bottoms of the inclusions,
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Petrology and petrography

The transition rock is fine-grained and ranges from very hard and
tough to punky. It has a typical mottled appearance and is colored
from moderate orange pink to pale brown, with the latter by far the
more common. Characteristic is a wispy foliation marked by thin, dis-
continuous, wavy laminations. The laminations, although parallel with
planar features in nearby sedimentary rocks, do not appear to be relict
bedding.

As previously noted, the transiticn rock, like the other silicated
rocks, is rich in carbonate and hydrous magnesian silicates. Unlike
talc~tremolite rock it generally also contains apprecilable fractions of
quartz, alkali feldspar, and probably sericite, Unlike the green trem-
olitic rock, it is generally poor in tremolite and rich in one or more
non-calcic hydrous magnesian silicate minersls (talc, chlorite, serpen-
tine, or phlogopite). Limonitic material, a distinctive though minor
constituent, occurs in pseudomorphs after pyrite, and as a pervasive
stain particularly heavy along fractures.

In its characteristic texture, the rock is composed of minute
lenticles and veinlets generally less than 2 mm. wide, and of contrast-
ing mineralogy. Some are composed mainly of magnesian silicate minerals,
others of very fine-grained quartz, still others of carbonate, albite
and quartz. Age relations are not well shown, Some of the chlorite
appears to be pseudomorphous after tremolite; much of the talc, albite,

quartz and carbonate occurs in late-stage veinlets.,
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Chemical analyses of two specimens of typical transition rock
(table 4) are notably higher in COp, 41,503 and K50, and lower in 1iz0

than analyses of typical tale~tremolite rock. Ths former are also

v

somewhat richer in iron and NapO. The high Alp03 and Ky0 percentages
suggests thet much of the untwinned alkali feldspar is orthoclase, and
that the micaceous materisl, zt first believed to be entirely tale, is

largely sericite.

Origin of silicated zones

General statement

Briefly reviewed, =z contact metamorphic origin is indicated for the
silicated zones by (1) their close spatial relation to diasbase bodies,
(2) by thicknesses roughly commensurate with the thicknesses of the
diabase bodies with which they are associated, and (3) by 2 recurrence
of similar sequences of alteration rock layers outwzrd from the margins

of dizbhase bodies.

0]

The influence of metasomatism is shown in the merked contrast in
chemical composition between the altered rocks and the adjacent unal-
tersd carbonzste sediments. These differences, considered in more de-
tail below, indicate the sbundant addition of kg0 and 5105 Lo produce

tele-tremolite rock, and 210z, Xz0 and 21203 to produce the average

green tremclitic rock and transition rock. Large guantities of Cal wnd

CO, were remcved in the development of 211 three rock types. The hy-
drothermal nature of the zlterction ig shown in the abundance of the
hydroxyl-bezring minerals. The extensive hydration of the diabase,
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probably a deuteric process, appears to relate the metasomatism to the

end stages of the diabase emplacement.

Previous studies of contact metamorphism

related to mafic igneous rocks

Previous studies of rocks that border mafic igneous bodies ordi-
narily have shown that metasomatism was not active or was of minor
significance. The minerals most characteristic of such border zones
are anhydrous and have formed principally through isochemical recon-
stitution of the wzall rocks in a temperature range somewhat higher than
tan be attributed to the hydroxyl~bearing mineral assemblages of the
Crystal Spring alteration zones. To the writer's knowledge the only
diabase sills bordered by extensive contact metamorphic bodies composed
mostly of hydrous magnesian silicate minerals are those that have in-
truded Algonkian carbonate strata. In several regions throughout the
world asbestos~bearing serpentine bodies have formed in this manner;
but such an environment for commercial quantities of talc may well be
vnique to the Death Valley-Kingston Range region.,

Among the reported contact rocks of other mafic bodies are those
of the great Whin diabase sill in northern England, as described by

L1/ .

Hutchings=" in 1898. These appear to represent an essentially

47/ Hutchings, Ww. M., The contact rocks of the Great lWhin
1898.

isochemical reconstitution of sedimentary rocks. Only soda was describ-
ed as a derivative of the digbase magma. In the contact zones, which

are commonly several tens of feet wide, the siliceous, nonargillaceous
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limestones were merely recrystallized; whereas the metamorphism of
argillaceous limestones and czlcareous shales produced such minerals
as garnet, augite, idocrase, wollastonite, epidote, hornblende and
feldspar.,

Lewisé§/, who in 1907 described the contact metamorphism of the

L8/ Lewis, J. V., Petrography of the llewarK igneous rocks of
New Jersey: New Jersey Geol. Survey, Ann. Rept. of
1907, pp. 97-167, 138-147, 1907.

shales and arkoses thet border the Palisade disbase sill of New York
and New Jersey, noted the development of high-temperature assemblages
through zones several hundred feet thick., These assemblages, which in-
clude the minerals cordierite, pyroxene, plagioclase, quartz, ortho-
clase, and biotite, form several types of hornfelses. The differences
in ihe hornfels, Lewis states "are dependent only on original differ-

L9/

ences in the composition of the shales themselwes!.

49/ Lewis, J. V., op. cit., p. 139-140,

In 1924, Schwartzig/ in a description of the comparative effects

ég/ Schwartz, G. il., The contrzst in the effect of granite
and gabbro intrusions on the AEly greenstone:
Jour, Geology, vol. 32, p. 134, 1924.

of granite and gabbro intrusives on greenstone in northesstern Min-
nesota, found a thorough dehydration of the greenstone along contacts
with gabbro, an effect he attributed to the dryness and high temperature

: 1
of the gsbbro magnma. Schwartzé—/, in & later paper, concludes that

51/ Schwartz, G. M., Metamorphism of extrusives by basic in-
trusives in the Keweenawan of Minnesota: Geol,
Soc. america Bull., vol. 54, p. 1212, 1943,
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metamorphism involving dehydration is "peculiar to the effect of basic
intrusives which in general form anhydrous minerals . . . « ",

Rosség/, also impressed with the lack of metasomatic effects along

52/ Ross, C. S., Physico-chemicd factors controlling magmatic
differentiation and vein formation: Econ. Geol.,
vol. 23, p. 873, 1928. ’

the borders of mafic bodies states as follows:

"The almost complete absence of recognizable contact-
metamorphic effects in the wall rock of even the relatively
hot magmas that have formed basalt dikes or diabase sills
is noteworthy. Hypabyssal intrusive magmas, even those
that are known to have had high temperatures, were in general
able to exert little effect on most inclosing rocks by heat
energy unassisted by hydrothermal or gaseous emanations . . .Y

Evidence of metasomatism in the anhydrous contact zones next to

mafic bodies, however, is not altogether lacking. Buddingtonéz/, for

53/ Buddington, A. F., Adirondack igneous rocks and their
metamorphism: Geoli Soc. America, Mem. 7,
p. 61, 1939,

example, in his Adirondack Mountain studies has described a gabbro
that locally contains limestone lenses partly altered to pyroxene-
garnet-scapolite tactite; but he notes thét, in this area, contact
metamorphism related to gabbros is rare. |

Tilleyéé/ in describing the high temperature mineral assémblage

54/ Tilley, C. E., On larnite (calcium orthosilicate, a
new mineral) and its associated minerals from
the limestone contact zone of Scawt Hill, Co.
Antrim: Mineralog., Mag., vol. 22, p. 86, 1929.

-in the dolerite-chalk contact zone at Scawt Hill, Antrim concludes that
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"the purity of the chalk outside the thermal zone
clearly denotes that solutions from the dolerite
magma enriched the contact-zone in silica, magnesia,
iron oxides, and alumina, so enabling the formation
not only of calcium silicates, but also of merwinite,
melilite (gehlenite), and spinel."

The contact metamorphic effects of a diabase sill at Safe Harbor,

55/

Pennsylvania, as described by Chapman in 1950 indicate a two-stage

22/ Chapman, R, W., Contact-metamorphic effects of Triassic
diabase at Safe Harbor, Pennsylvania: Bull,
Geol. Soc, America, vol. 61, pp. 191-220, 1950.

history; the first characterized by high-temperature metamorphism, the
second by lower temperature, hydrothermal alteration. In the first
stage cordieriﬁe and orthoclase formed at the expense of quartz and
mica in a quartz-feldspar-biotite-muscovite schist, and forsterite was
produced by the reaction of guartz and dolomite in a dolomite contain-
ing phlogopite, quartz and feldspar. vIn the second stage water,
ferrous iron and magnesia, and possibly alumina and silica were added
to the schist to produce chlorite, clinozoisite, chlorophyllite and
specularite; and water, magnesia, silica, iron; zine, and sulphur were
added to the dolomite to produce tremolite, diopside, talc, antigorite,
magnetite and sphalerite. Chapman concludes that the magnesia and
silica were probably not of magmatic origin and that the magnesium may
have been derived from dolomite at depth.

of the‘asbestos—bearing serpentine bodies that border diabase
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. . o 56
sills examples are known in northern and south-central Arizona™ , in

56/ Diller, J. S., lineral Resources U. S., 1907, pt. II,
op. 720-721, 1908.

, Mineral Resources U. 5., 1908, pt. II,
pp. 705, 1909.

Noble, L. F., The Shinumo quadrangle, Grand Canyon
district, Arizona: U. S. Geol. Survey Bull. 549,
pp. 57-560, 1913,

Bateman, A. M., An Arizona asbestos deposit: Icon.
Geology, vol. 18, pp. 663-690, 1923.

Wilson, &. D., Asbestos deposits of Arizona: Arizona
Bur. iMines Bull. 126, pp. 28-33, 1928.

TransvaaléZ/, and in southern Indiaég/, In each area the rocks intru-

21/ Hell, 4. L., Asbestos in the Union of South Africa:
S. Africa Geol. ¥em., no. 12, pp. 145-156, 1930.

58/ Coulson, 4. L., Barytes and asbestos in the ceded dis~
tricts of the lkiadras Presy.: India Geol. Surfey
Mem., vol. 64, pts, 1 and 2, 1933-34.

Murphy, P. B., Genesis of asbestos and barite, Cuddapzh
district, Rayalaseema: Kcon. Geol., vol. L5,
pp. 681-695, 1950,

ded by the siils closely resemble the Cryst=l Spring formstion in both

lithology and sequence., These other sedimentary rocks -the Grand

“ -7 - o &/ .
Canyon series in northern Arizona, and the Apache group in south

59/ Hoble, L. F., op. cit.
60/ Ransome, F. L., Geology of the Globe copper district,

Arizona: U. 3. Geol. Survey Prof. Paper 12,
pp. 28-40, 1903.
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61/

central arizona, the Trznsvaal systemr— in Transvaal, and the Cuddapah

é;/ DuToit, A. L., Geology of South ifrica: Oliver and
Bond, Edinburgh, pp. 101-135, 1939.

62/

system™'" in southern India - are also probably Algonkian in age.

62/ Viedia, D. N., Geology of India: Mciillan Co., Ltd.,
London, pp. 86-=92, 1939,

In brief, the zones of serpentinization range from a few feet to
as much as 200 feet in width and have replaced carbonate sedimentary
rocks., Chrysotile asbestos occurs in veins, generally less than 3
inches thick, in massive serpentine. 4ll1 students of thesg zones have
agreed upon a contact-metamorphic origing; most have belleved the dia-
base to be the source of additive silica, maghesis, and water, But

Dilleréé/ and Nobleé&/ in early descriptions of the Arizonan deposits,

63/ Diller, J. S., lineral Resources U. S., 1908, pt. II,
p. 705, 1909,

6L/ Noble, L., ¥., op. cit.

ascribed a wholly sedimentary source to the magnesiaz., Coulson™~ sug-

65/ Coulson, A. L., op. cit.

gested a connate origin for the water of the Indian deposits.
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Paragenesis of the silicated zones

Character and influence of the parent rocks. Because the carbo-

nate member ordinerily shows little lithologic varistion within thick-
nesses of several tens of feet, the parent rocks of the silicated

zones are assumed to have been essentially the seme z2s the unaltered
carbonate rocks in contact with or nearest the zones. If so, the zones
essoclated with the lower sill consistently have altered from dolomite,
either cherty or chert~free., The zones bordering or enclosed by the
higher =ills have altered from limestone and dolomite, both character~
istically chert—free. Of the large concentrations of tale-tremolite
rock, only the Ibex deposit anpears to have zltered from limestone.

A comparison of bodies of tolc-tremolite rockAformed from cherty
dolomite with those formed from chert-free dolomite, shows that the
provortion of chert has exercised little, if any, control upon their
ultimete mineralogic or chemical composition.v For example, the highly
talcose Smith deposit, and the highly tremolitic Western deposit have
altered from similar cherty dolomites; whereas chert~free dolomite has
sltered to tremolitic rock 2t the Valiey deposit and talcose rock at
the Brown deposit.

In many of the bodies gross layering is 2 metasomatic effect un-
related to differences in the original strata. This is shown by the
common recurrence of the same layered sequence - laminated tremolite
rock, talc schist and transition rock - outward from diabase contect
rezardless of the character of the parent rock., Layering within other

gones, however, nrobably is attributable to such fzctors os differences
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in permeability or in the proportion of impurities of the original
strata. Although the textural laminations generally do not appear to
be relict strata, the altering solutions were probably guided, in
large part, by bedding planes, thereby producing the parallelism with
bedding in the unaltered, more massive sedimentary rocks.

Tale~tremolite rock and transition rock. The close association

of transition rock with telc-tremolite strongly suggests a genetic
relationshin between the two; the transition fock produced by metaso-
matism that permitted the coexistance of =lkali feldspar, quartz and
ferricé hydroxide, as well as carbénate and various hydrous magnesian
silicates; the talc-tremolite rock a product of metasomatism thzt yield-
ed hydrous megnesian silicate - carbonste assemblages generally free of
ferric hydroxide and feldspar znd containing but a minor proportion of
late-stzge quartz.

4lthough the transition rock is locelly cut by veins of white,
micaceous talec, for the most part, it zppesis to have developed as a
concurrent, generzlly marginal phase of the metasomestism that produced
the tele-tremolite rock. The formation of transition rock may have
been favored by a decreasing temperature gradient.

Ags shown in table 4 the commercizl talc deposits in the Southern
Death Valley-Kingston Range region average about 54 percent 8102,
28 percent g0, 5.5 percent Ca0, 4.5 percent COp, 4 percent HyO,
1 percent AlZOB, less than 1 percent each of KéO, NaZO, and less than
1/2 percent i{,?“ oxide. If, as the field relations at the Montgomery
mine indicate, the silication involved little or no change in volunme,

the reconstitution of the carbonate rocks to talc-tremolite rock and
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~

transition rock required much additive material and the removal of 1ot
of the Cz0 and COZ' Sven if ideally pure, the dolowmites contained but
19.1 percent #gO. With a high chert content so common, the parent rocks

probably averaged between 10 and 15 percent ug0. Becazuse few, if any,

indicated. The introduction of £50 and A,gOB in the formetion of

;_l-
o+
[}
vy
i...l.
q

transition rock is indicated in gh percentage of thess two oxides,
whereas the unclhbered curbonate rocks, zs observed in hand specimen and

thin section; are ordinarily free of »otash- or alumina-bearing minerzls,

Nagl has also been introduced.

From foregoing petrographic descriptions it will be recallsd that
the major chemicsl chznges in the development of tale-~tremolite rock
are recorded in the following minerslogic sequences; the replacement of
disseminated carbonzte by aggregates of tremeolite, of chlorite, or of

tale; the replacemesnt of tremolite by aggregutes or pseudomorphs of

chlorite or of talc; and replacement of chlorite by aggregates of tale,

The gensrsl ssquence, therefore, is carbonste, tremolite, chilorites,
tule, euch of the silicates having formed at the =2xpense of each

minersl listed before it. Carbonats lsater than that in the disseminated

greine has loezlly replaced tremolite ond occurs with subordinahe

least partly contemporaneous with the silication of the bordering
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veriod of declining temperatures produced by the cooling diabase, The
suggestion is strong, therefore, that the sequence tremolite to chlo-
rite to talc formed under successively lower temperatures, This is
also suggested (1) by the common occurrence next to the diabase of high-
1y tremolitic layers which are in turn bordered by layers of chlorite-
bearing tale schist, and (2) by the occurrence of talcose borders around
chert layers as the outermost evidence of silication.

A significant clue to the maximum temperature at which the tremo-
lite could have formed is given by the persistent tremolite-calcite
association in all three varieties of silicated rock. These two are

diagnostic minerals of the fourth of Bowen'séé/ thirteen steps in the

éé/ Bowen, M. L., Progressive metamorphism of siliceous
limestone and dolomite: Jour., of Geol., vol. 48,
no. 3, p. 257, 1940,

progressive metamorphism of siliceous dolomite. This step, above which
calcite and tremolite can no konger exist in equilibrium is shown by
the following equation:
2CaC0g + BCaMgB(SiOB)h = 5CallgS8iy04 + 2AgySiQ) + 200,
calcite tremolite diopside forsterite )

In a schematic P-T curve Bowen suggests that for all pressures low—
er than 1500 atm. the reaction proceeds only at temperatures lower than
650 degrees. Although tremolite does occur in higher temperature as-
semblages, these occurrences are limited to associations with minerals

67/ .

more magnesizn than dolomite—~ The tremolite-dolomite-calcite

67/ Bowen, N. L., op. cit., p. 245.
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association, apparently the earliest shown by the talc-~tremolite rock,
permits the application of "step four" with reasonable certainty.

The carbonate-tremolite-chlorite-tzlc seguence, each mineral re-
placing each of those listed before it, indicates the enrichment in MgO
and 5i0y and removal of Ca0 and CO, to have been continuing processes.
The greatest chemical changes, however, appear to have been during the
early phase of silication when the highly tremolitic rocks were formed.
This also was probably the period of formation of much of the tale and
chlorite that has directly replaced carbonate in the outer parts of the
bodies. 4 rapid evolution of COp probably caused maximum pressures dur-
ing this phase. The replacement of tremolite by chlorite and tale,
and of chlorite by talec, therefore, apparently proceeded under succes—
sively lower temperatures and pressures and regquired smaller amounts of
1ig0 and 510,.

That stress was also a factor in the later phases of the formetion
of talc-tremolite rock is shown in the widespread development of talc
schist, partly at the expense of rock composed largely of tremolite
blades with no pronounced dimensional elignment, It will be recalled,
however, that much of the tzlc rock is not schistose, and that the
laminated and schistose layers in a given deposit are generally sharply
separated from one another, The masses of laminated rock appear to
have undergone little change attributsble to stress.

Green tremolitic rock. The paragenesis of the green tremolitic

rock consisting, in general, of

an apparently contemporansous develop-
ment of tremolite and alkali feldsper zt the expense of carbonate, is

simpler than that of the talc-tremolite rock. HIoreover the formation
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of the green rock has considercbly higher proportions of KéO, AlZOB
and probably Nazo, and correspondingly lower proportions of MgO and H50.
If, as investigations to date suggest, the green tremolitic rock has
formed partly from limestone and partly from dolomite, both cherty and
chert-free, but very poor in potassic, sodic, and sluminous materials,
these three have been introduced.

In many occurrences of green tremolitic rock, the lig0 content may
well have been derived entirely from the original sedimentary rocks;
but the formation of highly tremolitic varieties, even from ideally
pure dolomite, would reguire an enrichment in MgO. This is also true
of the ordinary tremolite-feldspar rock formed from the more calecareous
strata. Because the higher carbonate beds ordinarily contain very
minor proportions of 5i0,, much of the 5i0, in the green tremolitic
rock also has been introduced,

Cause of petrologic differences between lower and higher zones

and sources of additive materials. The localization of tale~tremolitic

rock and transition rock to the lower part of the carbonate member, and
the preference shown by green tremolitic rock alterstion for septa and
for zones high in the member, cannot be correlsted with original
variations in the lithology of the member. Neither can this strati-
graphic disposition of alteration rocks be caused by inherent differ-
ences in the disbase bodies with which they are assocciated; a con-
clusion drawn from the nzture of the nreviously noted silicated zones

along diabase dikes that cross the menmber,
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Of probuble sigznificonce to thz problem is the evidence thot the
lower zones werzs subject to continuing hydrothsrmzl activity; which nro-
duced prozressive chamic:l snd minaruloolc changes; whereas the tremo-

lite, @lbite, and zuartz in the alterction rock of the septa and hijher

zones, appear to have formed simultoneously ond in equilibrium and to

[»]
c+
bte
]

have undergone little, if any, luter alteration. Also sisznifica
the likelihood thot the diabzse intruded soon after the Crystal Soring
strote were deposited end thet the strats, then poorly consolideted,

contuined an abundince of connnte water, If so, the lover sill, intru-

dinc ot oor near the ton of o sgecusnce of water—soturcted non-crrhonate

[ o - -

strate, probubly crystzllized in o wore agueous envircament than did the
higher diabsse bodies bordered by carbonate strate, Similerly the lover
zones along the cross-cutting dikss would have besen closer to such s
source of weter then would the hizher zones.

The locrlization of talc-tremolite rock and transition rock, there-
fors, is nerhaps attributsble to the greater aveilsbility of connste
water to zlteration cffecting the bagsl beds of the carbenate memher.
Indeed, intrusion into wnter-rich strota moy well sceount for the zppar-
ent, unusual wetness of the disbuse megmn. lost of the additive SiOQ,
Hz0, ¥50, lasC, . and ﬂleS, however, was prohably magmatic in origin, It
will be remembered that mafic bodiss at other localities have been des-
cribed as sources of one or more of iLtnese components, and thet in the
bodies horderinz the diabase of the Crystal Svring formetion ell five
heve been introduced in the higher as well as the lowsr silicated zones.

In the Crystel Spring disgbose, the abundant alteration of lsbradorite to

chlorite and sericite and of augite to urelite and chlorite suggest that

Si0

[AS}



160,

and Nazo were released in the late stages of diabase emplacement.
Connate water may have diluted hydrothermal solutions emanating
from the diabase, or, if strongly saline, may have effectively enrich-
ed the solutions in 'soda, potash, chlorine or magnesium. That addi-
tive MgO has traveled upward from other dolomites, as suggested by

68/

Chapman for the contact rocks at Safe Harbor, is unlikely in the

68/ Chapman, R. W., op. cit.

silicated zones of the Crystal Spring carbonate member beneath which

dolomite occurs in insignificant volume.

THE WHITE EAGLE DEPOSIT

GENERAL STATEMENT

The White Eagle and the other talc deposits of the Inyo Range dis-
trict differ in several respects from the talc deposits in the Southern
Death Valley-Kingston Range and Silver Lake areas, Moétly alterations
of Paleozoic sedimentary rocks, less commonly of Mesozoic granitic rocks,
the Inyo Rgnge deposits are either Late Mesozoic or Tertiary in age.
They are ordinarily pod-like or irregular in shape, and tremolite-free,
thereby contrasting with the highly iremolitic, very elongate pre-
Cambrian deposits described in preceeding sections. Moreover, the
Inyo Rahge deposits, apparently showing no genetic relationship with
nearby igneous bodies, were farther removed from the source of their
altering solutions than were the others.

Most of the Inyo Range deposits occur at or near contacts between
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dolomite and guartzite and have replaced both. Part of the White Hagle
deposit has formed in this manner, but it is largely a replacement of
adamellite, which, in the Inyo Range region, is an uncommon parent rock

for talec,
PHYSICAL FIATURES

The white Eagle mine, high on the east flank of the Inyo Range
(pl. 17), overlooks the north end of Saline Valley, and lies about one
mile west of Wwillow Creek Camp, a small group of permanent buildings
at the base of the rsnge. The camp is at an elevation of 2000 feet;
the mine is about 1500 feet higher. innual rainfall probably averages
less than 3 inches, but a small perennizl stream, Willow Creek, flows
southeastward through the camp.

The camp is about 16 airline miles due azst »f Independence, but
it is reached by a 52 mile, fair to poor, dirt road extending southeast
from Big Pine. The deposit, about 1 1/2 miles by trail from the road,
is exposed on a slope of nearly barren bedrock, locally covered by

talus,

GENTRAL GEOLOGY
Regional features

, , 69/ . L. . . .
is shown by Knopfégf in his classic reconnaissance studies

69/ Knopf, Adolph, 4 geologic reconnaissance of the Inyo

- fonge and the eastern slope of the southern
Sierrs Nevada, California: U, S, Geol. Survey
Prof, Poper 110, 1918.




Plate 17. View westward of east face of Inyo Hange showing
location of White Bagle deposit (arrow). Slopes beneath and north
of deposit underlain prinecipelly by granitic rocks; Paleozoic

sedimentary rocks are exposed on slopes above and soubh of dsposit.
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of the Inyo Range arez, a pluton of adamellite underlies an area of
zbout 100 scuare miles in the central part of the range. Ths northern
boundary of the pluton lies about 2 1/2 miles north of lillow Creek,

its southern boundary sbout 10 miles to the south. ILow on the east
flank of this part of the range, however, is 2 belt of westerly dipping
Paleczoic sedimentary rocks, extending from the vicinity of 1i1low Creek

southeastward for 2 distance of eight miles. The bhelt is bordered by
“uaternary alluvium on the east, elsewhere by adazmellite. In plan, it
has a meximum width of about 2 miles at its ncrthern end., Hsre the

White Zagle talc deposit has formed at a locality where dikes and irregu—

lar apophyses of adamellite extend into Paleozoic crystelline carbonate

rocks and guartzites.

Geology of the mine ares

General features

The geological features of the immediate sreaz of the mine have

70/
\ . 70/ . , . o . ;
been described by Page™ , and will be but briefly reviewed nere,
70/ Page, B. N., Talc deposits of steatite grade, Inyo
County, Caolifornia: Colifornis Div, lines,
Spec. Rept. 8, in press, 1951,
Three major sedimentary units exist in the mine zres. 4Ls expossd
in upward secquence, thess are (1) & unit composed partly of erystalline

limestone, partly of dolomitic merble, and containing lenticuler,
siliceous, alzal (?) bodies, (2) a quartzite layer from 75 to 150 feet

thick, and (3) a predominantly dolomitic, locally limy, marble, free of
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siliceous bodies. The carbonazte units were not measured, beyond the
area of the accompanying mzp, but are considersbly thicker than the

guartzite. Although extensively invaded by adansllite, the larser
4 & o o 3 [=)

.

masses of sedimentary rock extend southward into o relutively intucet

section. Commonly included in the adamellite of the mine ares, however,
are angular blocks o arbonzte rock as rmuch zg 200 feet in maxirmy
dimension, Contzcteg of adamellite with the sedimentary rocks sre sharp

and ordinsrily show a one- to two-inch selvage.
On the basis of lithology, the sedimentury rocks are tentatively
7/

correlated with Silurian™ ualts, widely exposed in.the Inyo Range area,

z&/ Herriam, C. ., Silurian cuartzites of tne Inyo Hountains,

s iy

California:  Geol. Soc. im. 2ull., vol., AL, no. 12,
1951.

and common as parent rocks for tulec. No fossils other than the algal (?7)

remains were noted.
Petrology

Carbonate rocks. Both carbonate units are massive and rarely show

bedding features, They range in color from medium gray to very pale
orange, and from fine- to medium~grained. In generzl the dolomitic
facies are lighter colored and coarser-grained than the limestones. 1In
thin section the carbonate is seen to form a mosaic of clear, egquant
grains with diameters ordinarily less than 0.5 mm. in the limestone,
and in the 1 mm. to 5 mum. range in the dolomite. The color range is

used mostly by differences in the abundance of opague, carbonaceous

(?) particles. Except for the siliceous algal (?) bodies the only
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other impurities noted were traces of disseminated tremolite and quartz.

Quartzite. The quartzite, a white, compact, vitreous rock is
massive, but locally shows well-developed cross-laminations. The thin
sections examined show sutured quartz grains, flattened parallel with
the bedding, generally from 1 mm. to 3 mm, long and less than 1 mm. wide
in cross section. Rows of minute bubbles criss-cross the quartz grains,
seemingly in random directions. The rock contains less than one per-
cent impurities, principally muscovite and alkali feldspar; these occur
in grains averaging less than O,1 mm., in diameter and evenly dissemi-
nated through the rock.

Adamellite. The adamellite, a gray, medium-grained, porphyritic
rock, appears to be structurally homogeneous. Its average composition
is about 45 percent plagioclase, 25 percent potash feldspar, 20 percent
quartz, 10 percent biotite, and a percent or two of hornblende. Sphene,
magnetite and ilmenite are relatively abundant accessories,

The phenocrysts, generally between 5 mm. and 10 mm. in dizmeter,
are of microcline microperthite, Oligoclase, orthoclase, and micro-
perthite grains of the groundmass are mostly from 1 mm., to 3 mm., in
diameter. The feldspars are anhedral with sutured borders. uicro-
perthite and orthoclase grains are equant, oligoclase grains aré some-
what eiongate. Qscillatory zoning is common in the oligoclase grains
and orthoclase grains. Quartz grains are generally round or ovoid in
cross-section and have diameters within the O,1 mm, to 5 mm. range.
Biotite shreds and hornblende blades are as much as 5 mm. long.

Sericite, the most abundant mineral, has altered from both feld-

spar and biotite. In general, the oligoclase is more extensively
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sericitized than the potash feldspars.

Talec bodies

General features. Most of the talc in the White Eagle mine area

is contained in an irregular body (pl. 4) which in plan is a crude
obtuse triangle nearly 600 feet long and 200 feet in maximum width,
The body trends north-northwest ; surface exposures suggest a moderate
westerly to southwesterly dip. It is in contact with all three sedi-
mentary rock units and has partly altered from each., But it is bor-
dered mostly by adamellite, both acute angles of the triangle terminat-
ing in this rock. That adamellite is the principal parent rock is
shown by the existence, throughout the main talc body, of zbundant in-
clusions, all showing various stages in the alteration of adamellite
to talc.

The mine area also contains numerous smaller replacement bodies
of talcose rock. The largest of these, about 150 feet long and 5 to 10
feet in average width, is in the lower carbonate unit, and is near and
roughly parallel to the lower margin of the quartzite. HNumerous smal=-
ler talcose lenses and veins exist within the guartzite and carbonate
rocks.,

Character of the talc. Pale green talc is characteristically as-

sociated with adamellite, white to very pale green talc with quartzite,
and white to medium gray talce with the limestone and dolomite. Irres-
pective of color znd associzted rocks, the white Hagle talc is very
fine~-grained, and is ordinarily semi-translucent and blocky. Some of

it has a poorly developed schistosity; friable masses are not uncommon.
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Thin section studies show the talc to be in stubby, oiﬁd to shred-like
grains, mostly less than 0.3 mm. long, with no pronounced dimensional
alignment. The most common impurities (feldspar in the green talc,

quartz in the brighter green to white talc, and carbonate in the gray

talc) are residual from pre~existing rocks.
Character of the alteration

Alteration of adamellite. The alterations preference for adamel-

lite is probably attributable to a higher degree of. pre-talc fracturing
in this rock than in the sedimentary rocks. The most completely altered
parts of the principal talcose body seem to have formed in thes most
fractured adamellite; whereas the partly altered adamellite inclusions
represent relatively unfractured, less permeable remnants of the orig-
inal rock.

Many of the inciusions contain a core of unaltered adamellite sep-
arated from neerly monomineralic‘talc rock by a transition zone ordin-
arily less than one foot thick (pl. 18). Other inclusions, more com-
pletely zltered, contain no unaltered core, but are partly talcose for
their full thickness. UWhere the entire transition is shown, the
alteration has produced, from the unaltered rock inward (1) a reddish
brown outer zone, less than one inch wide, showing the disintegration
of biotite and hornblende, precipitation of the iron &s ferric
Xoxide, and incipient alteration of feldspar and guartz to tale; (2)

a pale grayish green, ''bleached" middle zone, free of ferromagnesian
minerals and ferric hydroxide, showing pronounced albitization (at the

expense of potash feldspar and quartz) and extensive alteration of
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albite and quartz po talc; and (3) an inner zone consisting almost en—
tirely of tale. Zones of similarly "bleached" adamellite, several tens
of feet wide are peripheral to the main talec body. In all of the many
exposures showing, within a several inch thickness, the adamellite to
tale transition, this zonal sequence is repeated. The alteration,
therefore, appears to have been confined to a single period and to have
been produced by solutions essentially uniform in composition.

Chemical analyses (table 5) together with modal analyses of thin
sections cut across the transition zone, permit a diagrzmmatic repre-
sentation of these mineralogic changes (fig. 13). Thin section examin-
ations show that the ferric hydroxide, formed from the disintegration
~of biotite and hornblende, occurs as a reddish brown stain, filling
fractures and coating feldspar and gquartz grains, Incipient slteration
of feldspar.and quartz to talc also characterizes this outer zone.

That virtually all of the feldspar in the middle zone is albite
is shown by the rocks very low K50 content and an Naps0 to Ca0 ratio of
about 13 to 1. Albite pseudomorphs after microcline are cloudy and un-
twinned, Other albite grains which aré euhedral, unclouded and show
polysynthetic twinning (pl. 19b), have grown into quartz grains, a re-
placement causing a progressive increase in albite and decrease in
quartz through the transition zone to talc-rock.

The talc which evenly increases in abundance from unaltered rock
through the transition zone, has formed principally at the expense of
albite, less commonly of guartz., Talc shreds, singly or in aggregzte,
have developed interstitial to or within albite and quartz grains

(pl. 195), and along fractures. Talc replacement 1is particularly
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pronounced along cleavage cracks and twin lamellae in albite.

The contact between the transition zone and relatively pure talec
rock is ordinarily sharp, but in some places there is no perceptible
lithologic break. The sharp contzcts mark fronts of nearly complete
replacement of albite by tale leaving only traces of feldspar in the
talec rock. Such fronts are characterized by a band of tale rock less
than one-fourth inch thick in which a large proportion of the talc
grains lie normal to the contact. Along the gradational contacts num-
erous albite "islands" exist in a "sea" of talc (pl. 20a).

The alteration of adamellite to tale rock, therefore, has involv~
ed the ultimate removal of most of the A1203, NaZO, CaQ, and Fe203
originally contained in the adamellite, it has advanced behind a wave
of intensive Naj0 and moderate MgO and H,0 enfichment, a wave enclosed
by two simultaneously advancing fron@s, ordinarily showing.closely
spaced (one foot or less), sharp boundaries, but in some places more
widely spaced and gradational,

Alteration of quartzite. The quartzite to talc alteration is most

pronounced at the termination of the gquartzite layer against the main
talc body. Several talcose veins, all less than 4 feet wide and 100 feet
long and apparently guided by fractures extend into the quartzite, other
talcose masses irregularly embay it. Contacts between quartzite and
relatively pure talc range from very sharp to gradational through
several inches.

Partly talcose quartzite, when observed in thin section, shows an
association of albite with the tale. The albite grains, identical in

habit with the newly-formed euhedral albite in the partly altered
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adanellite, are much more chbundont than the alkali feldspars of the

wnaltered Ailbite apnears to huve formed, with

stitial to quartz greins and alony froctures, but is consistently

N

earlier than the tale which has replaced both elbite and juartz with

no marted preference for either., The albite aonarently records o weve
of Han0 and AlgOB metasomatism, ralated to, but preceedingz, the i

(tele-producing) metasometisaz, The alterction has involved removal of

510, and addition of 1z0 and 0.

dlberction of carbonate rocin, Gruy tale,formed ot the cipense of

=

voth dolomite and limestone,occurs in zones, lese than 10 feet thiclk,

zlong the southern znd eastern borders of the principal talc body, and
in laysrs and lenses within the carbonate masses.. The alteration has

largely followed fthe nre-exicting contzcte between corboncte rocks and

edding nlanes cnd froe-

tures within the carboncts rocis. zilicoous algal
show & partial to complete selsctiv ement by tele,
Thin sections of - 1y altered curbonate rock chow that in the

haat™
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incipient steges of alteration tele ond chrysotiles developed as dls-
[ A s P SRR o~ . - . ;
t tho expense of carbonute., Also present are treno-

1inl; scettered, but more chundent theon in the thin

completely zltersd rock, iuch of the tole wssociated with curbonste
rock has replaced chrysotile ag i intermediate stege. Some of the
talc, however, is aclicular and nrobsbly psevdomornhic cfter tremolite,

sced carboncte material.
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In the carbonate to talc alteration shown at the White Eagle mine,
as at the deposits in the Southern Death Valley-Kingston Range and

Silver Lake areas, the addition of Mg0O, SiO, and Ho0, and the subtrac-

tion of CaQ and CO» is indicated,
Conclusions

The occurrence of zones between adamellite and talc, everywhere
showing the same mineralogic transition inward from unaltered rock,
strongly suggests a continuous reaction between adamellite and a solu~-
tion whose composition remained essentially unchanged during the al-
teration. That the same solution also altered the quartzite and car-
bonate rocks is indicated by the close spatial relation of talc bodies
altered from each of the three, and by the albite-talc assoclation shown
in glteration of both adamellite and quartgite.

The solution was capable of bfeaking down calcite, dolomite,
quartz, potash feldspar, plagioclase, biotite, ﬁornblende, and limonit-
ic material, In so doing it carried away Cal, 5i0,, K50, Nay0, A1203
and Fe203. It was also capable of adding kg0 and Hy0 to each of the
three parent rocks and, in addition, 5i0Op to the carbonate rocks. 1In
the siliceous rocks, however, an enVelop of albite-forming Nas0, was
nushed shead of the principal alteration front., The albite, formed
principally by the displacement of K2O by NazO in potash feldspar, less
abundantly by replacement of guartz, was metastzble in the partly
talcose rock, but was soon almost completely replaced by talc where the
alteration was most intense.

The unstability of the minerals of the parent rocks may be partly
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attributable to a temperature gradient but the marked compositional
changes could only have been produced by a chemically potent hydrother-
mal solution rich in Mg0O, and poor in the subtracted materials, but con-
taining sufficient SiOp to deposit it in the carbonate rocks.

The Nas0 and 41503 added in the transition zone probably were de-
rived from nearby adamellite in which talc alteration is nearly complete,

The source of the MgO is less clear. The thorough pre-talc frac-
turing in the adamellite records a deformational period separating the
adamellite emplacement and the talec alteration. Moreover, elsewhere in
the region, post-adamellite dikes also show fracture-controlled talc
alteration. The MgQO, therefore, apparently did not originate in an
adamellite magma. A&t other talc-bearing localities, such as the White
Mountain mine about 15 miles to the south, a sedimentary origin for
Mg0O is indicated in an azbundant alteration of dolomite to a punky lime-
rock, an alteration common along the borders of individual talc bodies,
Although lime~rock of this type was not noted near the iihite Eagle mine,

the MgO may well have been leached from dolomitic rocks at depth.
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Chemical analyses and changes in bulk chemical

composition of suite showing alteration of adamellite to talc.
Analyses 1 and 2 by L. C. Peck, University of lfinnesota.

inalysis 3 by 4. J.

licarthur, Sierra Talec and Clay Company.
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