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% II%YLR‘I‘”ER ;T"‘ AMS’QJBL \GE
FROM THE *MODELO" FORMATION OF REINIE
TAOL« x" xlm 3&5?? 5-. *‘ ‘ ‘:

ABSTRACT

An upper Miocene marine molluscan fauna occurs in basal "lodelo®
sandstones that flank Reynier Canyon of the southeastern portien of
the Ventura basin, los Angeles County, California, Here two outliers
of these beds are nonconformable on continental silistones and tuffs
of the #int Canyon formation. The "lodelo® sandstones grade upward
into punky diatomaceous shales also of the "lodelo" sequence, that cone
taln Anadara of. obispoana and a foraminifc-ol fauna reported to be
Mohnian in age. The shales of one outlier are unconformably overlain
by other marine sediments.

The uwpper Miocene age of the basal "Hodelo" beds is indicated by
the presence of Clementla of. martini, Dosinda arnoidi, Lyropecten
estrellsnus s, Spisula albaria, Tivels disblosnsis, and & large
Ostrea. Approximately half of the forms in the Reynler Canyon "Modelo®
fauna also occur in the Elemere Canyon faeuna; these include
Laevicardium centifilosum, L. guadragenarium var. fernandcense,

Lucine nuttallii, Cancellaris elsmerensis, C. hemphilli, C. tritonidea,
Surculites remondii, Murithais eldridgei, Nuculana tephria, and
Twrritells cooperd. The Elsmere Canyon species Patinopecten lohri,

Astrodapsis fernandoensis, and Dendraster sp. are mlssing from the

"iiodelo® fauna.
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INTRODUCTION

The position éf the iMiocene~Fliocene boundary in the sediments of
the eastern Ventura Basin haa long been a subject of interest to students
of Callfornia Cenozoiec stratigraphy. In this region, during upper
¥locene~lower Pliocens time, both non-marine and marine beds were de~
posited. The non-marine beds, several thousand feet thick, comprise
the Mint Canyon fbrmatien, and consist predominantly of sandstone, silte
stone and conglomerate, The marine beds, several hundred fest thick,
are mostly sandstones, siltstones and dliatomaceous shales, These have
been correlated with part of the "Modelo" formatien,

The contact between tim two formations is exposed along & north-
west-trending belt asbout 18 miles long, and extending from the Eligaw
beth Lake Canyon area on the northweat to the Sand Canyon area on the
southeast, For a distance of sbout 12 miles between Eligzabeth Lake
Canyon and Bouquet Canyon, the contact's exposures are almost continue
ous, but southeast of Bouquet Canyon it is overlapped by post-"Modelo"
formations, In the Sand Canyon area "Modelo" beds are contained in two
erosional outliers resting upon Mint Canyon strata,.

Kev&/ in his pioneer reconnaissance study of a part of the eastern

1/ Kew, W, S, W., Geology and oil resources of & part of
Los Angeles and Ventura Counties, Celiforniat U, 5,
Geol, Survey Bull., 753) Pe 63, 1924,

Ventura Basin, described the "lodelo" beds exposed in the Dry Canyon,
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Bauqnet Canyon and Sand Canyon areass as unconformable upon sediments
of the Mint Canyon formation. In exposures of the contact north of
Dry Canyon, howaver, Clemntsy has reported an apparent lateral and

2/ Clements, T,, Strueture of the southeastern part of Tejon
Quadrangle, California: Am, Assoc, Petroleum
Geologists Bm«; vol. 21, no. 2, ps 215, Feb, 1937,

upward gradation from Mint Canyon into "Modelo"™ beds. Jahnsz/ s In a

3/ Jahns, R, H., Stratigrapﬁy of the easternmost Ventura
basin, Californias Carn, Inst, Wash., Publ., 514,
PPe L45-194, 1940, | |

later, detailed study of the vicinity of Baizgwt. Canyon area, concurred
with Kew's description of the unconformity in that area, -

Reynier Canyon, a small tributary draining northeastward inte Sand
Canyon, separates the two "llodelo” outlierse. The "lModelo" sediments of
the larger outlier, which is immediately northwest of Reynier Canyon,
arve in turn overlain by marim beds of the Pico formstion and by non-
marine beds of the Saugus formation. ‘The other contains only "Modelo®
sediments. The "Modelo" occurrences in both outliers were apperently
at one time Joined to the more extensive exposures of the formation in
the Bouquet Canyon area.

The data contained in the present report were gathered along the
southern border of the northwestern outlier, Here the unconformity
separating the Mint Canyon and "lModelo" formetions, as previously re-
ported by Keﬂy » is clearly shown, In this area also, the basal

4/ EKew, W, 8, W., op. cit,
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"Modelo® beds contain a numerous and hitherto unreported invertebrate
fauna,

Invertebrate collections from the "Modelo" beds exposed to the
northwest of Boguet Canyon? have been essigned to the uppermost Miocens ,

é/ m’ W, 8. W%, 0D cit.

Woodring, W, P,, Age of the “ibdelo” formation of the
Santa ¥onica Mountains, California (abstract):
Geol. Soc. America Bullv.-, vol, }él: Do 155' 19300

Haxson, J+ He, Hiocene~Pliocene boundary: a paper pre-
sented before the 15th annual meeting of the
Pacific Section, Amer. iAssoc, Petrol. Geol., Los
Angeles, California, November 3, 1938,

%ﬁ@g R. c#, and M‘imﬂ, B cb; &g@ of the Modelo (?)
beds in Haskell and Dry Canyons, northern los Angeles
County, California (abstract): Geol. Soc. America
Bﬂll«, vol. 59, p« 1389, 1948,

as recognized by invertebrate pnlcmehginta. staok-é/ and Hamong/,

6/ Stock, Chester, as cited by Kew, W. S, W,, op. cit.

1/ Maxsen, d. H., A Tertiary mammalian fauna from the Mint
Canyon formation of southern Cslifornia: Cariwgle
235‘&., Wﬁahiﬂgt’m, ?uba wz\l-, PRs 77'-1.13, 19353.

who have studied the vertebrate fauna of the Mint Caayon beds, conclu~
ded that these also were deposited in upper Miocene time, The Mint
Canyon fauna, however, includes the genus Hiprarion, a form that most

vertebrate paleontologists consider a guide te the Pliacane; Stirtcm-?/ N

&/ stirten, R. A., Critical review of the Mint Canyon
mammalian fauna and its correlative significance:
Amer, Jour, Sci., 5th ser,, wol, 26, No. 156;
ppe 569-573, December 1933,
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in a oritical review of the problem held to this conventional concept
asnd advosated a lower Pliocens age for the Mint Canyon formstion,

THe age problem, therefore, involves = seeming anomaly in which
marine beds with an uppermost Mioccene invertebrate fauna unconformably
overlie non«marine beds waa%aims a vertebrate fauna recognized by
most vertebrate paleontolegists as lower Pliocene,

A conclliation of these conflicting interpretations will not be ate
tempted here. It is hoped, however, that additionel data will assist
in such a conciliation and will lend precision to the correlation of the
"lodelo® formation of eastern Ventura basin.

TOPOGRAPHIC AND GEOLOGIC FEATURES
OF THE REYRIGR CANYOH ARSA

Reynier Canyon, a feature of moderate relief, has been cut in
Tertiary and uaternary sediments, which, in generzl, dip northward
from the erystalline rocks of the north flank of the San Gabriel Range.
The eanyon, for most of its course, follows the strike of a relatively
unresistant, eilty part of the Mint Genyon formation, The canyen walls
are underlain principally by the relatively resistant sandy and con-
glomaratic beds lower in the Mint Canyon formation, and by the cliffe
forming sandstone and shaly beds of the "Modelo" formation as exposed
in the outliers flanking the canyon (pl. I).

The stream channel is dry except during perioeds of heavy winter
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raina, It drains frem a common divide (elsvation sbout 2010 feet) with
Placerita Canyon, and joins Sand Canyon at a point sbout one mile to
the northeast (elevation about 1800 feet). The cliffs along the southe
ern edge of the larger outlier rise to an elevation of sbout 2300 feet,
The Canyon bottom, for the lower half of its longbh, has an alluvial
£i1ling into which the present stream channel has cut to a depth of as
much as 10 feet,

"The basal "Hedelo® beds containing the fauna herein described are
immediately west to west-southwest of the Reynier Canyon-Sand Canyon
confluence, and are exposed low along the northwestern wall of Reynier
Canyon itself,

The accompanying geologic map (fig. 1) which was prepared on a
scale of 600 feet to the inch, covers sn ares approximately 0.6 mile
long and 0,4 mile wide along the Mint Canyon-“lModelo" contact., An
enlargement of a part of the 1:24,000 seale Sylmar quadrangle wss used
as a base, The geologic map is merel)r a large~scale refinement of a
vm small part of Kew's reconnalssance map.

Migt Canyon formation

The Mint Canyon formation in the Reynier Canyon area is less well
exposed than elsewhere in the eastern Ventura basin. me?/ has shown

9/ Rew, W, S, W, op. cit., accompenying map.

that south of Heynier Canyon, the northwest~trending San Gabriel fault
has brought Hint Canyon beds against the pre~Tertiary crystalline rocks
of the San Gabriel Hange, Between this contact and the southernmmst
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basal “ifodelo" exposures of the larger outlier, the Mint Canyon beds
dip steeply to moderately northward. This section, totaling about 3000
feet in thickness, is conglomeratic in its lower third and sandy and
osilty in its upper two thirds, Its general lithologlc features are
outlined in Table 1.

The beds of the upper part of the Mint Canyon formation, under-
lying the lower slopes of the northwestern side of Reynier Canyon, are
mostly hidden beneath a grass covered surface, Several landslides also
have partly obscured the geology, but a tuff bed, within the Mint Can~
yon formation and close to the "Modslo" contact, is relatively well
exposed for the length of the accompanying mep., As traced laterally,
this bed guccessively diverges from and converges on the basal "Modelo®
beds,

At a point nesr the western edge of the map the tuff bed and
basal "Hodelo" bedas are separated by a thickness of approximately 300
feet of Mint Canyon sandstone, but at twe places within four-tenths of
a mile to the east, the basasl "iodelo" beds overlsp the tuff bed, At
the westernmost overlap, the unconformity is marked by an angular dig-
cordance of at least 45 degrees,

"lodelo" formation

Beds of the "Modelo" formation in the Reynier Canyon area are best
exposed in the ¢liffs along the canyon's northwest wall, Here a thick-
ness of about 400 feet of marine sandstone, siltstone and dlatomaceous
shale has been folded in a broad syncline plunging gently northward,

An outline of the formaticns lithologic features is included in



Table 1.

Measured section of Mint Canyon and M"Hodele" formations

Pico formation, unmeasured sandstones and conglomerates,
unconformity

nHodelo® formation

h, Siltstone and diatomaceous shale, very pale orange;
evenly bedded. C. I. T. loc, 1626 200 feet shbove
base of "Modele® formation.

3, Sandsbone, very pale orange to pals yellowish
orange; in aliernating layers of fine-grained
massive ond shaly strata; layers about 10 feet
thick, Grades laterally westward into
dlatomacaous shale similar to unit 4, Cliff-
forming.

2. Sandstone, yellowish gray, fine-grained; becomes
shaly upward; gypsiferous, locally fissile.
Abundant ironestained fractures.

1. Szndstone, yellowish gray, finewgrained, frisble,
massive to evenly bedded. Contains discontinuous
concretionary layers witha abundant marine mega-
fossile. Conglomerstic layers common and basal
conglomerate prominent in esstern Heynier Canyon
area., Boulders mostly granitic; meximum diameter

-2 feet, €Contains ¢, I, 7. Loe, 18‘;9*

Total thickness of "Hedele" formation
unconformity
Mint Canyon formstion

1l. Sandstone and siltetone, light gray to pals yelleowish
orange. Pale olive beds in lower part,

8,

220 feet

g Is

300
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9

8,

7.

b

5e

3e

2s

1.

9.

Tuff, vitric, pale gray; fine-grained, frisble to 15
compact, Continuous,

Sandstone and siltstone, similar to unit 8, con=~
eretionary lsyers more sbundant, Non-tuffaceous, a0

Sandstone and silistone, light gray to pale yellow=
ish orange; pebbles become less abundant upwards,
Loecal hard coneretionary layers. Highly lenticular
vitric tuff beds in lower part, Poorly exposed 750

Sandstone and siltstone, same as below, but with
local orange layers. 250

Sandstone and siltstone, same as below, but color
predomipnantly very pale yellow, 156

Sandstone and siltstone, grayish yeilow to yellow
ish gray. Pebbly conglomerate hayers common, 125

Sandstone, grayish yellow, medium-grained, pebbly,
Congomeratic layers become more abundant upward;
fragments mostly granitic, locally voleanic,
better rounded than in lower conglomerate, 90

Siltstone, light gray to light olive gray. Hostly
poorly stratified and poorly cemented, but ghaly
layers are common. Conbtains o few discontinuous
tuffaceous layers several inches thiek, Under-
lies nonresistant grassy slopes, 37

diltatone, moderate reddish brown to moderate yellow-
ish brown becoming grayish upward, interbedded
with conglomerate, Alterncting layers several feet
thick, CUonglomerate very poorly sorted, contains
angular to subrounded fragments mostly leucogranite,
granite gpeiss and mieca schist. 500

Sandstone, arkosic, with interbedded pebble~to-boulder
conglomerate. Pale to dark yellowish orange.
Poorly stretified, poorly cemented, Conglomerate
contains angular to subrounded {raguments of leuco-
granite, granite gneiss and biotite schist., Poorly
expused. 500

Total thickness of Mint Canyon formation 3100 feeb
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Table l..

In the eastern half of the area mapped the basal "Modelo" beds
contain pebble to boulder conglomerstic lenses as mch zs 10 feet
thick. The overlying beds, in general, grade upward from fine-grained
ﬁandstahe through siltstone to diatomaceous shales, Pmmaixt in the
section, however, are layers about 10 feet thick alternately coarser
and finer grained, Also noteworthy is an east to west lateral
gradaﬁian from sandy to sualy Bsdn.

In addition to the megafossils noted in the following section,
the Reynier Canyon "Modelo" beds are répor‘bsd to contain a microfossil
assemblage of Mohnian agog"g/ »

10/ Durham, J. W,, personal communication,

FAUNA OF THE "MODELO"™ FORMATION

Logalities

Most of the invertebrate megafossils in the "Modelo® sediments of
Ryenler Canyon have been found in strata approximately 15 feet above
the basal beds in the eastern half of the aceompanying map. The re-
mains are particularly abundant in conglomeratic and 6alcareous con-
eretionary lenses along this horizon, Bore than half of the specimens
in the collection described in this paper were gathered at the locality
C.I,T, loc. 1849, During the early stages of the study, the collections
gathered at different places along this fossiliferous horizon were kept
separate; but when found to contain virtuslly identical assemblages,
they were combined,
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FPelecypoda

Chione of, pabloensig (Clark)

&+ of, fernandoensis English

Clementia of, martini Clark

C. (Egesta) eof. pertenuis (Gabb)

Cryptomya of. ovalls Conrad

Cyathodonta of. padroana Dall

Dosinia arnoldi Clark

Laevicardium (Nemocardium) centifilosum (Carpenter)

L (Trachycardium) cf, quadragenarium (Conrad) var. fernandoense (Arnold)
Lueina (Myrtea) of. seutilineata Conred

L. (Here) cf. excavata Carpenter

L. (iyrtea) nuttallii Conrad

L. (iths) xantusi (Pa1l)

HMacoms indentata Carpenter

4, secta (Conrad)

Y. of, planiscula Grant and Gale

Marcia (Compsomyax) ef. subdisphana Carpenter
Huculana taphria (Dall)

Ostrea of, titan Conrad

Panope generosa Gould

Paphia tenerrima Carpenter

Pecten (Lyropecten) estrellanus (Conrad)
Sanguinolaria ef, nuttallii Coarad
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Solen of, perrini Clark
Spisula albaria Conrad var,
Tellina idae Dall

Tivela (Pachydesms) disbloensis Clark
Venus (Chione) of. elsmeransis (English)

Y. (C.) of. parapodema Dall
Gastropoda

Astraea (Pomaulax) gradata Grant and Gale

Burga sp.

Calliostoms cf, costatum {(Martyn)
L. of, supragranosum Cerpenter
Cancelleria elsmerensis English
C. hemphillj Dall

C. tritonidea Gabb

Calcantharus breaensis (Carson)
Calyptraea filosa (Gabb)
Cantharus elsmerensis Carson
Conus californicus Hinds
Crepidula (Crepipatella) ef, charybdis Berry
Co adunca Sowerby

C, aculeata (Gmelin)
C. princeps Conrad
Crucibulum imbricatum (Sowerby)

Ficus (Trophosycon) ocoyana (Conrad)

ﬁel%stia Jﬂhnai Ns 8Ps
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Mitrella of, carinsta (Hinds) var. gausapata (CGould)

Murithaie eldridgei (Arnold)

Polinices (Neverita) reclusianus (Deshayes) var. gcallosus (Gabb)
Sinum scopulosum (Conrad)

Sureulites (Megasurcula) remondii (Gabb)

Turritella cooperi Carpenter

T. vanvlecki Arnold sub. sp. hemphilli Applin S
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A second fossiliferous horison, containing a less numerous assem-
blage and apparently less continuous than the horizon described above,
is exposed at locality C.I.T. loc. 1626. This is approximately 200
feet above the base of the "lodelo" formation,

Deseriptions of species

Angdara cf, obispoana (Conrad)

Plate 11, figure 1,
Arca ebi Conrad, Paeific R, R, Rept., vol. 7,
pl. 5, fig. 1.
e e ey
Spec. P. no, 47, pp. 70-72, pl. 10, figs. 6,
7, 11.

Well preserved external casts of Anadara of. obispoana abundant
at C.I1.T. loc. 1626, approximately 200 feet stratigraphically higher
than C.I1.7, lea,.' 1849. Shell flat, elongate; height about 2/3 length.
Harkedly inegulilateral; beak close to anterior end. Hingmargin
straight., Anterdor and posterior margine sharply arcuste; wvemtral
margin broadly arcuate, Sculpture of about 28 relotively flat ribs
which become wider posteriorly. Interspaces at anterior end egqually
as wide as ribs. Posterior ribs have no distinct intersgaceé. Ribs
contain poorly preserved fine lines, which are mest pronounced near
ventral mergin. Entire rib pattern slightly concave toﬁard dorsal
posterior margin, Faint concentric gm%hvlines moat prominent near

posterior and posterior ventral mergins, Dentition not well pre-
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served. Figured specimen 42 millimeters long, 29 millimeters high.
Compared with previously figured specimens of Anadars obispoanaly ,

11/ Arnold, R., Descriptions of new Cretaceous and Tertiary
fossils from the Santa Cruz Mountains, Californiag
U, 8, Nat, Mus,, Pr., wl, 32, ao. 1545, pl. 35,
figﬂ l, 1908.

53:‘&!’1!18!‘, Ju Ci’ ﬁm&‘}m" J: FQ; and m&ld, R‘Q, ﬁ& 3. G@elt
Survey, Sante Cruz Folio, fig. 50, 1509,

Grant, U. 8, 1V, and Gale, R, H.,, Pliocene and Pleistocene
mollusca of California: San Diego Soc, Hat. History,
m; vol. l’ plt 33, fi.g; ‘{9, 1931,

Heinhart, P. W., Mesozoic and Cenozoic Arcidae from the
Pacific slope of North Americat Geol. Soc. America,
32}9(% P&P@r, Ps A«?,‘ Pl l@; figs. 6, ?’ ll, }-91‘30

the Reynier Canyon specimens have a more extended pomxiér ventral
margin, a beak that is closer to the anterior end, nerrower interspaces
between the posterior ribs, and an average of 2 additipnal ribs,

The occurrences of Anadars obispoana, as listed by Rmzxméw »

w Rsiahm, Pe Wy ops ¢it., p. Tle

are in the Monterey and Temblor formations (both Hiocene), 4 reported
Pliocene ocourrence of the speeiasw s in western Kamchatka, is dig-

13/ Bledkewitsch, W. S., Tertiary pelecypoda from the Far
Fagt: Acads Sei, U, S. 8. R,, Palsant
lﬂﬁt’q, Palmtﬂlﬂw of U, 8. 8, R" vol. lQ’
pt‘t 3, fasc, 19, pb. II; Ps 106; pl, i1,
£ig. by

eredited by Reinhart, The species has not been noted in the Pliocene
of California.



Flate II. Pelecypods from C. I, T. localities 184% and 1626.

adara cf. obispoana (Conrad), right valve, locality 1626.

Chione fernandoensis Inglish, left valve, locality 1849.

Clementia cf. mertini Clark, left valve, locality 1849.

Clementia (Zgesta,) ci. pertenuis (Gabb), right valve, locality 1849.
Dosinia ernoldi Clark; 5@, exterior of right valve; 5b, exterior

ventral part of leit valve; 5c, dentition of 5b; x 1 1/2, locality 1849,
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Clementia cf, martini, Clark
Plate II, figure 3.

Venus martini Clark, Univ., California Publ, Geol.,
vol, 8, pps 470-471, ple 54, fige 1, 1915.

A single specimen (left valve) of Clementia of, martini was col~

locted at C,I.T. log. 1849. The vahhrai margin and anterior and pos~
terior extensions are not pressrved, Shell thin., Anterior dorsal edge
markedly congave, upper part of posterior dorsal edge nearly straight;
lowsr part not preserved, Surface ornamented by heavy, evenly spaced
lines, Demtition poorly preserved, bul does show remnants af three
fairly heavy cardinzls,
The pronounced comcavity of the anterior dorsal margin of the

Clumanﬁiﬁ;gggﬁggﬁ specimen distingulshes it from C. pertenuis.

 Glementia martini has been noted in the San Pablo (upper Miccens)
formation east of San Franeisco Bay and in the Santa %argarita\(uppér
¥iocsne) formation north of Gaalinguéﬁ/. It is unr@porﬁad in Plioccene

14/ Clark, B. L., Fauna of the San Pablo group of middle
Californias Univ, California Publ. Geol., vol. 8,
PPe 470=4TL, 1915,

formetions.
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Clementia (Bgesta) cf. pertenuils (Gabb)
Plate II, figure 4.

Venus pertenuis Gabb, Geol. Surv. Calif,, Palaco.,
vol, 2, pp. 55+56, pl. 5, fig. 37, 1868-9.

Clementia (Egasta) rtenul (Gabb), Woodring, U, S, |
" Geol. survey Prof, Paper L47-G, pp. 40~42,
Ple 1&, figs. 1-6, 1926, Grant and Gﬂl&, San
Diego Soec. Hat, History, Mem, 1, p. 335, 1931,

Two incomplete right valves of Clementia (Egesta) cf. pertenuis

wers collected at C.I.T. loc. 1849, The anterior end of each speci-
men is poorly preserved, but the shape of the shell is apparently only
glightly ineguilateral. Posterior end elongate; posterior slope con=
vex. Lunular area only slightly depressed. Coarse, concentric waves
pronounced on dorsal margin, Fine concentriec threads appear lower on
ghell. Near ventral margin waves disappear and threads become promi-
nent, Hinge of larger specimen, though not perfectly preserved, shows
three cardinal teeth: a thin, anterior cardinal; a 'thicker middle
gardinal; and the upper part of a thin, posterior cardinal, ‘Tha larg~
er specimen, when complete, was probably more than 55 millimeters in
length and more than 45 millimeters in height.

Twenty-two of the 23 Clementis (Egesta) pertenuls locclities list-

ed by Wm&ringg'ﬂ are in Miocene formations. The other locality, rew

15/ Voodring, W. P., American Tertiary mollusks of the
genus Clementla: U, 8, Geol, Survey Prof,
?ﬂpﬁfg M?“"G’ P« 40*&2, 1926.

ported by Branner; Newsome, and ﬁr'wld:hé-/ » is in the lower part of the

16/ Branner, J. C., Newsome, J. F., and Arnold, Ralph, U, S,
Geol, Survey Geol, Atlas, Santa Cruz follo
(HO» 163)y PP by 1909,
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Purisinma, a formation thought by them to be partly upper Miocens, but

now considered to be Pllocena,.

Doginis arnoldi. Clark

Plate I1I, figures 5a, b, c.

Dosg_n%a ?;rmtgi glax‘k. zxﬁligfzégalgarﬁa g;:.bl‘l
2, 1(}-{5‘ 1, s DPs » Pde 04y 11E8 Ly
Several specimens of Dosenia srnoldi were collected at C., I. T,

loc. 1849. Nost are poorly preserved, but the exterior of one right
valve is nearly complete, Another, a left valve, has a moderately
well preserved dentition. Shell circular in outline; length and width
almost equal, Lunule well impresaa&,. Anterior dorsal shoulder extends
prominently from umbo, Posterior dorsal margin slopes away from besk
in a2 relatively broad, uniform arc, Surface near posterior dorsal
margin does not have the depression noted in Clark's description of the
type™ . OSuprface of the shell covered with fine concentric growth

17/ Clark, B, L., Fauna ef the San Pablo group of middle
California: Univ, California Publ., Geo., vol. 8,
PPe 459"‘&60; 1915,

lines, closely, though irregularly, spaced. Posterior part of hinge
plate has a lower margin that is relatively straight, but curves sharp-
ly downward nezr the posterior margin of the shell, Three cardinal
teeth in left valve, Anterior cardinal relatively thin and short, in-
eclined slightly toward anterior marggin of shell., Middle cardinal
fairly heavy and inclined toward posterior margin at angle of about 45
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degrees, Posterior cardinal inclined at relztively low angle, but
poorly preserved on all Reynier Canyon specimens, Height of figured
specimen 73 millimeters; width 73 millimeters,

Grant and @alew list Doginia arnoldi, D. jacalitosana, and

w G’X’m, vp 8*, IV, and G’&l@, Rt H«’ Oh citﬁ, Pe 3524

D. Herriami as synonyms of D, po ndemgg var. jacalitosana, The Reynier
Canyon specimens, however, closely resemble the type arnoldi at the
University of California, and differ in several respects from the type
merriami,

The prominently extended anterior dorsal shoulder and the large
radius of curvature of the posterior margin ol arnoldi are not shown
in jacalitosens. The anterior cardinal in the left valve of ponderosa
van jacalitos as figured by Grant and Gale:ﬁ/ has a marked posterior

19/ Grant, U, 8., IV, and Gale, H. R., op. cit,, pl, 15,
fig. 3. .

inelination which is shown neither in the Reynler Canyon specimens nor
in Clark's figured type. The socket separgting the anterior and middle
cardinals is, therefore, distinctly wider in arnoldi than in jecalitosana,
The ieynler Canyon specimens have s larger radius of curvature of the
dorsal posterior margin and a more pronounced extension of the anterior
shoulder than does merriami.

The type loeality of Dosinia arnoldi is in the upper San Pablo
(upper Miocene), It has also been found in Santa dargarita (upper Mice
cens) beds north of Goalinga&/ 3 but it not known in the Pliocene,

_29/ Clark, B. L., op. eitey Do 460,




I. Pelecypods from C. I. T. locality 1849.
alberia (Conrad); la, exterior of right valve;

nterior of same valve, x 1 1/3.

Tivela
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Spisula albaria (Conrad)
Plate I1I, figures 1 a, b,

Mactra albaria Conrad, Amer. Jour, Sci., Ser. 2,
vol. 5, p. 432, fig. 4, 1848, reprinted by
Dall, U. 8. Geol, Survey Prof., Paper 59,

p. 150, fig. 4, 1909.

———

ol, Survey rrof. Paper 59, pl. 130-131,
pl. 10. fig. l, 1909.

Spisula (Hemimactra) albaria Conrad, Dall, U. S,

Spisula albaria (Conrad), Clark, Univ. California
Eubi. Leaia, Vbl. 8, Ps AZQ, pl. 60, fi&; 8,
19153 Packard, Univ, California Publ. Geol.,
vol. 9, P Zgog pl. 24, fig. 1, Ql; 25,
figs. 3-8, 1916.

Mactra (Spisula) albariz Conrad, Grunt and Gale, San
Diego Soc. Hat. History, lem, 1, pp. 395-396,
ple 23, figs. 3z, 3b, 1931,

One specimen, a right valve, of Spisula albsris was collected at

CoI.Ts loc, 1849, It is foirly well preserved but ventrsl margin is
incomplete., Shell medium size, rather heavy, trigonal, nearly equi=
lateral. Height approximately 2/3 length., Dorsal margins slope from
beak at about same angle, Anterior dorsal margin slightly convex.
Posterior dorsul margin straight. DBoth dorsal slopes rather wide.
funular srea depressed. Low posterior umbonal ridge. Shell surface
smoothh except for fine growth lines which are clustered in irregularly
spaced concentric waves., Dentition poorly preserved but apparently

similar to ths albaria dentitions figured by Pmckardg%/.

21/ Packard, B, L., Mesozoic and Cenozoic Hactrinae of
the Pacific Coast of Horth America:t Univ,
California Publ, Geol., vol. 9, pl. 25,
figs. 3“6, 1916,
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The Reynier Canyon Spisula albaria specimen is maerkedly more

elongate than the Pliocene and Miocene albaria specimens figured by
Packardgg/, but closely resembles in shape the Hiocene specimen figured

22/ Packard, E. L., op. cit., pl. 24, fig. 1, ple 25,
figs. 3~8, 1916.

Dalkgé/ and the Miocens (?) specimen figured by Grant and G&lagﬁ/.

23/ Dall, W, H, The liocens of Astoria end Coos Bay,
Oregon: U, S, Geol,. Survey Prof, Paper 59,
plc 10, figo lg 1909,

24/ Groent, Us S., IV, and Gale, H, K., op. cit., pl. 23,
fié;ﬁu 33, Bb, l€7310

Tivela (Pachydesma) diabloensis Clark

Plate I1I, figures 3a, b.

Tivela (Pachydesma) diabloensis, Clark, Univ, California
Publ, G@Olt, vol. 8, PPoe 1}62?’1&63, pl. 5‘{-, figﬁo 5,
6, pl; 55; fig- l, 19150 :

One specimen, a right valve, of Tivela (Pachydesms) diabloensis,

was collected at locality C.I.T. loc. 1849. Shell heavy, trigonal,
nearly equilateral. Height approximately 2/3 length. Posterior dorsal
margin slightly concave near beak, anterior extension slightly convex,
Posterior dorsal margin strongly depressed, but the carina noted by

Glarkgz/; on the type specimen is missing (not preserved ?) on the

25/ Clark, B. L., op. cit., pp. 462-463.
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Reynier Canyon specimen, Anterior dorsal margin but slightly depressed;
has poorly developed carina, Closely spaced growth lines become clus-
tered in crude concentric waves toward ventral margin., Right valve has
three cardinals; posterior cardinal elongate and parallels dorsal mare
gin; middle cardinal‘intlined tawa&d péstefier end; anterior curdinal
slightly inclined to anterior end. Reynier Canyon specimen 74 milli-
meters long, approximately 54 millimeters high,
Tivela (Pachydesma) diabloensis has been noted in the Lower San

Pablo Group (Upper Miocene), but not in Pliocene sediments,

Kelletia jahnsi n. sp.

Plate IV, figures 3a, b, c.

An undescribed Kelletia species is relatively abundant at C.I.T.
loc, 1849, It is of medium size and weight. OShell fusiform. Spire
highly elevated; spiral angle about 40 degrees. Five to seven whorls,
ventricose, Body whorl has rounded outline with slight angulation
about one~fourth of its length in front of suture, Succeeding whorls
are distinetly angulated above the middle. Body whorl has numerous,
irregularly spaced, fine erenulations; succeeding whorls have 9 to 11
pronounced nodes extending from suture to suture., In front of angue
lation, nodes are nearly vertical, but have a slight convex curve,
Suture distinet and straight. Spirsl ornementation a system or riblets,
Spiral whorls have about 14 riblels, all of near’y uniform width except
a distinctly wider riblet in front of suture. Body whorl has about 16
riblets in front of angulation, 8 riblets on shoulder, Riblets on
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body whorl below angulation are wider than those above and have a faint
groove slightly in front of the widdle. Fine growth lines are only
longitudinal sculpure. Aperture ovoid, constricted at canal, Canal
relatively long and sharply recurved. Figured specimen 56 millimsters
long, 25 millimeters wide at maximum diameter of body whorl.,

Kelletia jahnsi n. sp. var.

Plate IV, figures 3b, c.

Several specimens collected at C,I.T. loc. 1849 differ markedly
from Kelletiz n. sps in the sh&pé of the body whorl, but in all other
features are similar. The body whorl in these varisnts has ss proe-
nounced an angulation and as prominent nodes us the spiral whorls.
Some of these gpecimens are as large or larger than the type Kelletis

Ne Spe, and apparently are not ilmmsture individuals,

Conclusions

As shown in tables® and 3, more than half of the Heynier Canyon
species have previously been nbtqd in the lower Pliocene assemblages of
Elsmere and Holser Canyons a féw miles to the west, Indeed 16 of the
Reynier Canyon species apparently have not been reported below the
lower Pliocene. In general, hovmrer, these ,spécies have a2 limited geo-
graphie range and are undiagnostic., Seven species from Reynier Canyon -
Anadara cf, Dosinia arnoldi, Ostrea cf. titan, 'I‘ivelé dlabloensis, and




- 1.
2.

3.
Lo
5‘

Plate IV. Gastropods from C. I. 1. locality 1849; natural size,
Bursaz n. sp. (?).
ricus (Trophosycen) ocoyana (Conrad), about twice as large as

average specimen from this locality.
selletia Jahnsl n. sp., rounded body whorl.
selletia jahnsl n. sp. var., angulated body whorl.
surculites (wegasurcula,) remondii (Gabb).
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Spisula albaria - are widely recognized as pre-lower FPliocene forms.

The species of this group, a typical upper Miocene asserblage, have not
been reported in the Elsmere and Holser Canyon faunas. Conversely in
these faunas the forms that are belicved diagnostic of the lower Flio-
cene - Patinopecten lohri, Astrodapsis sp., and Dendraster sp. = are ap~-

parently miseing in Reynier Canyen. Therefore, the Reynier Canyon
fauna, although closely related to the faunas of Elsmere and Holser
Canyons, is probably ancestral to them, and belongs to the upper Miocene

of the invertebrate paleontologists.
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Tivela (Pach[dem) diebloensis Clark
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D\u cwus

Gastropoda
Agtraea (?amaulax) gpadata Grant and Gale

Bursa ap.

Calliostoma of. castatum (Hartyn)

Céilioshama sugrggraﬂaﬁum Carpenter

Cancellaria elamaransis hnglish

. hemphilli Dall
¢, tritonides Gabb

Galcantharus breaansia (ﬂaxwen}

Cg@gptraed filosa (Gabb)

bantharus elsmmranaiﬁ Garaon

Conus californiaus ﬁinds

Grqpidula (Crep§paballa) charybdzs Berry

C. adunc¢ Soweruy /

C. sculeats (Gmelin)

E ceg s Conrad
Crucibulum imbricatum (Sowerhy)

Ficus (‘X’mphas_ycon) acoyam (bonr@d)

K@llstia Jahn 8l n. sp.
%itralla ef, carinata (Hindﬁ) var. gausag:ta (chld)

Murithais eldridgei (Arnold)
}?lecgs (N@veri'ha) reclusianus (1)3 8“3}' @5) Var, callc 3us ({"“bb) I )‘\ -
Sinum scgpulaaum (Conrad)

%wcﬁtes (decm) remondii (Gabh)

T. vanvleaki ﬁrnald sub. 8D hemghill; Applin Ms

Table 3.. Geologic range of gustropod species from CIT loc.

1849, Species from closely related, nearby faunu shown by E
(Elsmere Canyon) snd H (Holser anyon).
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GEOLOGY AND CRIGIN OF TALC DEPOSITS OF E.STZHN CALIFORNIA

ABSTRACT

4 200-mile northwest-trending belt in easstern Célifornia contains
more than 100 talc~bearing localitiesﬂ The belt is divisible into three
districts; each with talc devosits in a distinctive terrane.

In the southernmost district, near Silver Leke, tremolitic talc
deposits have formed in highly metamorphosed Archean (?) sedimentary
rocks extensively invaded by lamprophyre and granitic focks. The
development of talc-tremolite rock probably involved the extensive in-
troduction of MgQ and 5i0p to silica poor dolomite in a complex, multi-
stage history. The Kg0 may have been released in the granitization of
high-magnesian sediments.

In the Southern Death Valley-Kingston Range region tremolitic talc
deposits occur at or near the borders of a disbase sill intruded near
the base of the lowermost carbonate unit in the Algonkian Pahrump series.
The deposits have generally altered from dolomite, both siliceous and
silica~poor. Other alteration rocks rich in alkali feldspar are
associated with the talc deposits and border diabase bodies higher in
the member. MgO and SiOp Have peen introduced to form the talc bodies; SiO,,
A120 » K20, and probably Na,O to form the feldspathic rocks. Diabase
magme. was probably the source of most of the additive material, but
some may have been derived from connzte water,

In the Inyo Range area tremolite-poor talc depoéits have formed as
alterations of Paleozoic dolomite and quartzite, and of Nesozoic granitic

intrusives. The VWhite Eagle depocit shows all three types of alteration,



but has formed largely as a replacement of adamellite. Feldspars,
quartz and ferromagnesian minerals were decomposed; the talc alteration
followed an advance wave of albitization. The additive MgO probably

was leached from dolomites at depth.
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GEOLOGY AND ORIGIN OF TALC DEPOSITS OF EASTERN CALIFORNIA

INTRODUCTION

GENERAL STATEMENT

All but a small part of the output of commercial talcl/ in

1/ 1In commercial usage, the term "tale" is applied to
numerous mineral mixtures composed predominantly
of magnesium silicate minerals. In such mixtures,
the mineral talc is commonly, but not necessarily,
a prominent constituent. In this report, the term
"tale", unless otherwise qualified, will refer to
the commercial material.

California and Nevada has been obtained from deposits within an elon-
gate belt near and roughly paralleling the central part of the border
between the two states (fig. 1). Nearly 100 known talc deposits of
commercial interest are contained within this belt, which is approxi-
mately 200 miles in length and 30 miles in average width. It extends
from the vicinity of Silver Lake in north-central San Bernardino
County northwestward to the Palmetto-Oasis district of western Nevada,
and includes the southern Death Valley and Kingston Range region in
California, and the Inyo Range of California.

Although the geographic restriction of the deposits at first sug-
gests a persistent genetic relationship, from place to place within the
belt talc has formed in markedly different geologic environments. Even
to the casual observer, the talc deposits of California are separable

into three talc districts, each within a distinctive geologic terrane.
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its four component districts, and the location of the
three largest mines.
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The southernmost tale-bearing area, which is here designated as
the Silver Lake talc district, is relatively small. Its principal
deposits are centered at two localities, one a few miles north of the
Silver Lake playa, and another 12 miles to the north-northeast of
Silver Lake near the small settlement of Yucca Grove on the highway of
U. S. Routes 91 and 466. At these localities, highly metamorphosed
sedimentary rocks are the hosts of the talc bodies. Granitic rocks
underlie most of the intervening area and also intimately penetrate the
metasediments.

At the Silver Lake locality, several commercial talc bodies have
been developed by workings known collectively as the Silver Lake mine,
The output of the Yucca Grove area has been obtained from two operations,
the Calmasil and Pomona mines. Evidence to be cited later indicates a
probable Archean age for both the metasediments and the talc bodies.

A second talc district occupies an area of approximately 1000
square miles north and northwest of the Silver Lake province, and ex-
tends from the southeastern part of the Panamint Range eastward to the
eastern part of the Kingston Range. This area, which will be referred
to as the Southern Death Valley-Kingston Range talec district, contains
about 40 known talc-bearing localities. All of the deposits are in the
Crystal Spring formation, the lowest of three formations that comprise
the pre~Cambrian Pahrump series of Algonkian age. Each deposit is an
alteration of carbonate strata near the base of a massive, carbonate
member in the middle of the formation. Each is also in contact with or
near a diabase sill that ordinarily separates the carbonate member from

underlying units of quartzite, argillite and shale.
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The mines in this district that have been most actively worked
since 1940 are the Montgomery and Warm Spring mines in the southeast-
ern Panamint Range; the Monarch, Pleasanton and Ibex mines near Ibex
Springs at the southern end of the Ibex Hills; the Superior, White Cap,
and Pongo mines north of Saratoga Springs at the southern end of Death
Valley; the Western mine in the Alexander Hills; and the Smith and Ex-
celsior mines on the west and east flanks respectively of the Kingston
Range. Because of their economic importance, these are the deposits
of the southern Death Valley-Kingston Range region that have been
studied most cleosely by the writer, and will be the ones most frequent-
ly referred to in the description of the district.

The deposits of the third talc district of eastern California are
most closely grouped near the southern end of the Inyo Range in an area
about 13 miles southeast of Keeler, Inyo County. Other talc deposits,
however, are also exposed on the west and east flanks of the Inyo Range,
in Eureka Valley, and in the northern part of the Panamint Range., Most
of the talc in this district has formed as an alteration of Ordovician
and Silurian dolomite and quartzite, but most of the talc in one large
body, the White Eagle deposit, has formed as a replacement of adamellite
(quartz monzonite).

Approximately 20 talc deposits of commercial interest have been
noted in this area, which, im this report, will be referred to as the

Inyo Range talc district. Most of the deposits contain a variety of
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talc known to the ceramic industry as steatiteg/. This material is an

g/ Steatite, in its present ceramic meaning, is an essentiazlly
pure talc (maximum allowable Ca0 and Fey0 contents
each 1.5 percent), that is adaptable to the techniques
of electrical insulator manufacture.

essential ingredient in the manufacture of certain high freqguency elec-
tricel insulators. It was in critical demand during World War II and
remains so.

Most of the talc produced in the Inyo Range district has been ob-
tained from a single property, the Talc City mine, near the southern
end of the range and about midway between the towns of Keeler and Dar-
win., The White Mountain mine, on the east slope of the Inyo Hange and
above the south end of Saline Valley, has the second largest talc out-
put of the mines in this district. The other talc properties in the
province have been worked less continuously and on a smaller scale than
these two. In this report, only the white Eagle deposit will be
described.

The deposits of the Palmetto-Oasis district in Nevada are similar
to those of the Inyo Range and may well represent an extension of the
Inyo Range talc district. The Nevada deposits, which were also studied
in the U. S. Geological Survey's wartime steatite program, will not be

discussed in this report.
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SCOPE AND METHCDS OF THE PRESENT INVESTIGATION

From May to December, 1942, the writer, then an employee of the
U. S. Geological Survey, assisted Dr. B. M. Page in studies of actual
and potential steatite sources in California, Nevada and New Mexico.
This program, which centered largely about the Inyo Range and Palmetto-
QOasis district, involved plane-table mapping of most of the larger
deposits that were believed to contain talc of steatité purity. Includ-
ed in this group was the White Eagle deposit (pl. 4), mapped in May
1942, Petrographic studies of the White Eagle deposit were begun in
the winter of 1947 when the writer was a student at the California
Institute of Technology, and were continued at intervals during the
winter of 1948 while he was employed by the California Division of Mines.

The investigation of the Silver Lake and Southern Death Valley-
Kingston Range talc provinces has been a project of the California
Division of Mines. This phase of the study has required five fisld
months and four office months during the period of October 1947-
February 1950.

A plane-table map on a scale of 100 feet to the inch was made of
most of the Silver Lake talc zone (pl. 1). The Western (pl. 2) and
the Superior-White Cap mine areas (pl. 3) were mapped by plane-table on
a scale of 200 feet to the inch. Additional data were gathered during
the inspection of about 30 other deposits in the two districts. Be-
cause observations in the Southern Death Valley-Kingston Range district
indicated a stratigraphic control of talc deposition, a better under-

standing of the pre-Cambrian stratigraphy of the region was deemed
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desirable. Consequently, detailed sections were measured at ten of
the localities at which the lower part of the late pre~Cambrian series
appears to be best exposed and least deformed. These localities are:
(1) near Warm Springs in the southeastern Panamint Range; (2) on the
northern flank of the Owlshead Mountains; (3) north and (4) west of
Ibex Springs at the southern end of the Ibex Hills; at the (5) Superior
and (6) Saratoga mines north of Saratoga Springs; (7) at the Western
mine in the Alexander Hills; (8) at the Rogers mine on the western
slope of the Kingston Range; (9) at the type locality of the Crystal
Spring formation in the west central part of the Kingston Range; and
(10) on the western slope of the Silurian Hills. Most of the strati-
graphic features of these sections will be but briefly discussed in
this report. Emphasis will be placelon the features that bear most

directly on the origin of the talc deposits.

SILVER LAKE TALC DEPOSITS

PHYSICAL FEATURES

The talc deposits of the Silver Lake area are in a group of hills
about 10 miles northeast of the Silver Lake playa. The deposits are
1,4 miles north-northeast of Baker, a settlement on the highway of U. S.
Routes 91 and L66 connecting Barstow and Las Vegas.

The Silver Lake mine is 16 miles by road from Baker. It is reach-
ed by traveling 8 miles on State Highway 127 north-northwest from Baker,
and thence 8 miles east-northeast by a graded dirt road. The two roads

join at the site of the old Silver Lake siding on the now abandoned



Tonopah and Tidewater Railroad. This siding which is on the north edge
of the playa was formerly the shipping point for the Silver Lake mine,
The talc is now trucked to Dunn siding, a point on the Union Pacific
Railroad about 23 miles west-southwest of Baker.

The altitude of the Silver Lake playa is slightly less than 1000
feet. The talc~bearing zone lies at an average altitude of 2500 feet,
and the nearby hills are as much as 300 feet higher. Most of the talc
deposits are exposed low on the southern slope of a weét-trending
ridge, but the two westernmost deposits underlie low rises on relative-
ly level ground. West of these rises, bedrock is hidden beneath
alluvium,

Talc deposits have been worked at 6 localities along the zone's
two mile length. The five workings shown on the accompanying map |
(pl. 1) are spaced at intervals of approximately 1200 feet. From west
to east, these are the (1) Western Addenda, (2) Eastern Addenda,

(3) Gould, (4) Number Two and One-half, and (5) Number Two workings.
At each of these, one or two shafts have been sunk on talc bodies.
The deposits have been worked by overhand stopes connected to drifts
in talc,

The sixth locality at which talc bodies have been opened is at
the eastern end of the zone. The developmert here, known as the Number
Four workings, is mainly a group of irregular drifts, gently inclined
stopes, and rooms connected to the surface by a vertical shaft.

The Gould workings have a maximum strike-length of about 1500
feet, and are by far the most extensive of the Silver Lake mine area.

In 1919 the Gould talc deposits were opened by a shaft, which
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subsequently was sunk to a depth of about 250 feet. The talc was
hoisted through this shaft until 1925, when the shaft was intersected at
about the 150-foot level by an adit driven eastward from a canyon wall,
Since then the talc has been trammed through the adit.

Because precipitation in the Silver Lake area averages less than 3
inches annually, the mine workings are dry even to their lowest levels.
The water consumed at the mine is trucked from a well about 5 miles
to the south.

The region contains a very sparse vegetation; most of the hill-
slopes are virtually barren bedrock exposures. Some of the slopes in
the mine area, however, are overlain by relatively thick talus slopes

and remnants of an earlier alluvial cover.

PREVIOUS INVESTIGATION

Very little is known of the geologic features of the Silver Lake
region outside of the immediate area of the accompanying map. In a

reconnaissance study Milleré/ briefly described metasedimentary and

3/ Miller, W. J., Crystalline rocks of southern California:
Geol. Soc. America Bull., vol. 57, pp. 498-501,
1946.

granitic rocks exposed in the hills between the mine and the Silver
Lake siding. These and similar rocks exposed near Halloran Spring
(about 5 miles west-southwest of Yucca Grove) were believed by Miller
to be early pre-Cambrian in age and to belong to the Halloran Complex

as defined by him, Although the Silver Lake mine area was but
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briefly mentioned by'Miller&/, he noted the presence of both granitic

4/ Miller, W. J., op. cit., pp. 490-500.

and metasedimentary rocks, and tentatively correlated them with the

Halloran Complex.

GENERAL GEOLOGY

The Silver Lake talc deposits lie in a series of highly metamor-
phosed but relatively undeformed sedimentary rocks., Most of the
deposits occur in a narrow zone, not more than 50 feet wide and dis-
continuously exposed for a distance of about 2 miles. In the western-
most 5000 feet (pl. 1) of the talc-bearing zone, the deposits and the
enclosing metasedimentary rocks dip moderately to steeply southward
and are cut by several cross-faults. At the eastern end of the zone,
the deposits are in the southern part of a structural block character-
ized by broad open folds but bordered on the east, south, and west by
highly brecciated and intricately faulted blocks of both granitic rock
and metasediments that contain no talec bodies, The relatively simple
structural features of both the southward-dipping and the folded parts
of the talc-bearing zone have been greatly complicated by the emplace-
ment of lamprophyre and several varieties of granitic rocks.

In the absence of detailed geologic data on the Silver Lake
region outside of the immediate area of the mine, neither the age of

the metasediments nor the time of formation of the talc bodies can be
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determined with certainty. Miller'sé/ suggestion of an early pre-

5/ Miller, W. J., op. cit.

Cambrian age for the metasedimentary granitic rocks north of the Silver
Lake siding, was based on the presence of granite-free, slightly meta~-
morphosed Carboniferous sediments immediately west of Baker. The
presence of relatively unmetamorphosed sediments in the Silurian Hills
about 8 miles north of the Silver Lake mine area also suggests an early
pre-Cambrian age for the Silver Lake metasediments; but Hewetté/ has

6/ Hewett, D. F., The geology and mineral resources of
the Ivanpsh Quadrangle: U. S. Geol., Survey
Prof. Paper, in press.

shown that a wide belt of Mesozoic quartz monzonite lies at least as
close as 5 miles northeast of the mine area. The possibility that some
or all of the granitic rocks of the mine area are genetically related

to this rock must not be overlooked. HewettZ/ has noted, however, that

7/ Hewett, D. F., personal communication.

the quartz monzonite is a strucfurally homogeneous unit. None of the
granitic rocks of the Silver Lake area are as devoid of structure.
Indeed both planar and linear features are well displayed in them.
Because of the slight degree of regional metamorphism shown by the
late pre-Cambrian rocks nearest the mine area, and the contrast in the
respective structures of the granitic rocks of the mine area and the
Mesozoic quartz monzonite, the writer agrees with Miller's suggestion

of an early pre-~Cambrian age for the rocks of the talc-bearing belt.
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The actual age of the talc bearing metasedimentary rocks of the Silver
Lake talc district may well remain in question, however, because they
appear to be geographically restricted and are not known to be in con~
tact with other metamorphic or sedimentary rocks of proved age.
Because the western part of the Silver Lake talec zone is the most

continuously exposed and the least faulted, the spatial relations and
general petrologic features of all of the rock units are best shown
here. The following discussion will center mainly about this area, but

the same rock types are also in the eastern part of the zone.

ROCK UNITS
METASEDIMENTARY ROCKS

Geperal features

The metasedimentary units shown on the accompanying map are part
of a considerably thicker section, exposed for many hundreds of feet
both north and south of the talc-bearing zone. The section's continu-~
ity has been broken by the emplacement of granitic rocks. These pre-
dominate in the west part of the mine area where they enclose numerous
metasedimentary "islands". Nevertheless five metasedimentary rock
members can be recognized throughout most of the western 5000 feet of
the talc-bearing zone. In upward succession, these are here named the
hornfels, quartz~biotite schist, quartz-muscovite schist, forsterite

marble, and quartzite members. Their petrologic features are outlined



Plate 5. View westward along western part of Silver
Lake talc zone. Gould workings in middle distance, Western
Addenda workings on flat in upper right corner. Talc
bodies dip steeply southward.
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in Table 1. That this is the true stratigraphic succession is shown
by their occurrence in the same order upward ipn the broadly folded
rocks at the eastern end of the zone.

The most characteristic structural features shown by the outcrop
pattern of these units are (1) a general lack of deformation except
for the uniform tilting and broad folding, and (2) a parallelism of
the metasedimentary planar textures with contacts of sedimentary origin.
Many bodies that clearly were once sedimentary strata, such as marble
layers in quartzite and quartzite layers in schist and hornfels are
commonly only a few feet thick and sewveral hundreds of feet long. Such
layers have nearly straight or broadly curved traces. They are
ordinarily parallel with each other and with comparably undeformed con-
tacts that separate the five principal metasedimentary units.,

Among the textural features that parallel these sedimentary planes
are the schistosity of most of the schist cccurrences, foliation planes
in the hornfels and tremolitic rock, a planar distribution of forster-
ite grains in tremolitic rock and in marble, and the flattening of

quartz grains in quartzite and quartz-mica schist.

Hornfels member

Distribution

The lowermost and most northerly exposed of the five metasedi-
mentary members is also the most heterogeneous., Because a green
diopsidic rock with a hornfelsic texture predominates, the name

"hornfels member" is applied. This member also contains all of the
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large concentrations of talc and tremolite, as well as subordinate
amounts of other non-hornfelsic rock types. The northern boundary of
the member is mostly in contact with granitic rocks; but large elon=-
gate masses of biotite schist and musbovite schist are included in the
granitic rocks and appear to be remnants of units stratigraphically
beneath the member.

The hornfels member has a maximum thickness of about 150 feet but
it is ordinarily much thinner, The thinning is caused principally by
the encroachment of granitic rocks and is not, in general, a strati-
graphic or deformational feature. The hornfels member appears to have
resisted such encroachment more effectively than the bordering mica
schists., Consequently, in the western part of the mine area, where the
granitic rocks are the most extensive, the hornfels is the principal
island-forming rock. The Western Addenda and Eastern Addenda tale
deposits are in two such islands.

The rock types within the hornfels member, in general, exist as
distinet units in sharp contact with one another, but the textural and
mineralegic variants 6f the diopsidic hornfels commonly have gradational

relationships.
Petrology

The hornfels itself is essentially a diopside-feldspar-quartz—
calcite rock; but garnet and phlogopite are locally prominent. The
rock ranges in color from pale green to grayish olive green, agnd is

generally fine-grained, although some is medium~- to coarse-grained,
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In most exposures, the rock is dense and tough, but in some it is rela-
tively friable. From place to place within the member, the rock ranges
from thinly and evenly layered to massive,

Schist, composed of various proportions of tremolite, actinolite,
phlogopite and alkali feldspar, and locally containing an appreciable
proportion of biotite, forms consplcuous layers in the hornfels member,
but is less extensive than the diopsidic rock. The micas and amphibole
grains are in very wniform dimensional alignment. The schist ranges in
color from dark through light green to yellowish gray. In sunlight,
the phlogopite-rich rock has a lustrous, golden sheen., Layers of trem-
olite-phlogopite-albite schist, from a few inches to a foot or two
thick, ordinarily separate the commercial talc bodies from diopsidic
wall rock. Along the hanging wall of one of the Gould talc bodies, the
schist is as much as 5 feet thick, Schistose layers within diopsidic
rock range from a fraction of an inch to several feet in thickness,

The member contains a few thin quartzite beds, commonly traceable
for several hundred feet. Marble is likewise a subordinate unit. Hast
of the Gould workings, a very thin part of the member contains marble
as the principal metasedimentary rock, but has been extensively invaded
by pegmatite,

The following comments on the talc-tremolite bodies anticipate
data to be included in a more detailed section to follow, but bear upon
the origin of the member as a whole. The bodies range in width from
several inches to about 15 feet, are as much as 800 feet long, and
consistently occur near the center of the hornfels member. Some grade

laterally into diopsidic rock, others abut against granite, still
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others are terminated by cross-faults. The tale-tremolite bodies com—
monly occur in pairs, each body from 5 to 15 feet thick and separated
by from 10 to 15 feet of diopside hornfels,

In addition to talc and tremolite, the bodies also contain appre-
ciable proportions of forsterite, serpentine, calcite, chlorite (?), and
phlogopite. The silicates have formed in the following general
sequence: forsterite, tremolite (first generation), chrysotile,

tremolite (second generation) and phlogopite, chlorite (?) and talc.

Petrography

Hornfelsic rocks. Microscopic studies of the truly hornfelsic

fécies of the hornfels member show that, despite a wide range in the
relative proportions of minerals, it does have persistent mineralogic
and textural characteristics. In thin sections of each of 20 rock
specimens collected at widely distributed points within the member,
both diopside and feldspar are present. These minerals are generally
accompanied by quartz and calecite. Garnet and phlogopite, though much
less abundant, are locally prominent in certain layers., In a few
sections, the diopside has been partly altered to talc or serpentine,
but such alteration is rare.

The grains of diopside, feldspar, and quartz, the principal
silicates, are generally of uniform size and average less than 0.3 mm.
in diameter. From place to place within the member, these minerals are
present in widely different proportions, and locally any one of the
three may predominate. The pronounced, thin banding typical of much
of the diopsidic facies is caused chiefly by alternating diopsidic and

felsic layers.
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Plate 6. View westward along talc-bearing zone in
hornfels member, Stoped material is composed mostly of
tremolite and tale, Wall rock is a diopside~feldspar~
quartz-calcite hornfels.



Most of the diopside is in subhedral grains forming a mosaic
texture with quartz and feldspar; but some of the diopside in a few
thin sections is in relatively large, very irregular grains that are
deeply embayed and transected by grains of quartz and microcline. In
the specimens that were examined microscopically, the diopside content
ranges from about 10 to more than 95 percent.

Both plagioclase and potash feldspars ares abundant in the diopsidic
facies as a whole, although in large masses of the rock, feldspar is
very subordinate to diopside. Locally, either potash or plagioclase
feldspar composes more than half of the rock, and in a few places
layers several feet thick were noted in which quartz and alkali feldspar
occur to the exclusion of diopside. Most of the plagioclase is albite
or sodic oligoclase, but in some specimens it is as calecic as bytownite,
In one section, bytownite grains are as much as 6 mm, in diameter and
enclose smaller equant diopside grains.

The garnet is straw yellow in transmitted light, and occurs in
small, irregular grains as part of the diopside-feldspar-quartz mosaic.
Garnet grain clusters several millimeters in length are common., Such
clusters are characteristically elongate parallel with the banding of
the rock.

Calcite in the hornfels phase persistently forms the coarsest
grains. Although most are less than 1 mm. in diameter, diameters of
as much as 1 cm. are not uncommon. The calcite occurs in veinlets and
iﬁ large irregular poikilitic grains that surround smaller grains of
silicate minerals.

Most of the talec, serpentine, and phlogopite in the diopsidic
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rock apparently occur within a few feet of the borders of the tale-
tremolite bodies. Near these borders minute layers of the tremolite-
phlogopite schist are commonly interlayered with diopside-feldspar
rock. OSparsely distributed tremolite and dark green amphibole, how-
ever, were observed elsewhere in the diopsidic rock.

Schistose rocks. In thin section, specimens typical of the

schistose rocks of the hornfels member are shown to be uniformly fine-
grained, but to have a wide range in mineral composition. Most of the
rock is composed of grains from 0,5 to 1.5 mm. in length. Some layers
contzin only tremolite or actinolite; others contain tremolite with
subordinate phlogopite and alkali feldspar; still others are composed
principally of phlogopite. Diopside is notably lacking.

A representative specimen of the schist that separates the com-
mercial talc bodies from wall rock contains approximately 60 percent
tremolite, 20 percent phlogopite, and 20 percent alkali feldspar. In
this rock, some of the tremolite blades exceed 1 mm. in length. These
are commonly corroded by aggregates of finer grained phlogopite and
feldspar. Some of the feldspar grains show plagioclase twinning, and
apparently all have indices less than that of balsam. Some, if not all,

of the feldspar, therefore, is albite or sodic oligoclase,

Metamorphism

General statement. Because the metasedimentary rocks of the Sil-

ver Lake mine area cannot be traced into less metamorphosed facies, the
origin of the hornfels member as well as the other metasedimentary

units, is somewhat obscured. The nature of the original rocks, the
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role of metasomatism, and the influence of stress are each partly spec-
ulative. The bodies of hornfels, quartzite and tale-tremolite rock,
stratiform in appearance and with contrasting bulk chemical composi-
tions, apparently reflect chemical or physical differences in original
sedimentary layers. Metamorphic differentiation seems to have produced
the small-scale textural laminations, but most of the gross layering,
involving laterally persistent units several or more feet thick, is prob-
ably a relict sedimentary feature.

Shearing in non-schistose tremolite rock has produced’zones of
talc schist; the thin laminations are probably an effect of metamorphic
differentiation in a stressed environment, Widespread metasomatism is
shown in the alteration of forsterite to tremolite, serpentine, and
talc, of tremolite to serpentine, carbonate, and tale, and of diopside
to tremolite; but none of the contacts between the large metasediment-
ary bodies are clearly of metasomatic origin nor are they related in
space to contacts with granitic rocks.

The quartzite, carbonate rocks and schist of the hornfels member
have more abundant counterparts higher in the section. The following
discussion of the member's metamorphism, therefore, will be concerned
mainly with the hornfelsic rocks.

Derivation of present chemical composition. Mineral assemblages

identical or similar to those of the hornfelsic rocks of the Silver
Lake area have been noted at numerous other localities where marly

and arenaceous dolomites have been metamorphosed under conditions
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characteristic of the amphibolite facies. Hornfelses of this origin

8/

were described in 1914 and 1915 by Eskola~ in his classic descriptions

g/ Eskola, P., On the petrology of the Orij&rvi region in
southwestern Finland: Comm. géol. Finlande Bull.,
no. 40, 1914.

------ s> On the relation between chemical and mineralogical
composition in the metamorphic rocks of the Orijfrvi
region: Comm. géol. Finlande, Bull., no. 44, 1915.

of the rocks of the Orij¥rvi region of Finland, Similarly derived
hornfelses in other parts of the world have been described since by

others, including Adams and Barlowg/, Sugilg/, and Benson and Bartrum&é/.

9/ Adams, F. D., and Barlow, A. R., Geology of the Haliburton
and Baneroft areas, Province of Ontario, Geol., Surv.
Canada, Mem. no. 6, 1910.

10/ Sugi, K., A preliminary study on the metamorphic rocks of
southern Abukuma Plateau: Jap. Jour., Geol. and Geogr.,
VOl. 12, nos. B—LI—, ppo 115"'151, 1935‘

11/ Benson, W. N., and Bartrum, J. A., The geology of the
region about Chalky and Preservation inlets: III;
Roy. Soc. New Zealand, Trans., vol. 65, pt. 2,
pp. 108-152, 1935,

If isochemical reconstitution is assumed, the diopside-plagioclase~
microcline-calcite—quartz assemblage, which composes most of the truly
hornfelsic rock of the hornfels member, would have been derived from
original impure dolomite rich in alumina, silica, potash and soda. The
abundance of albite in some of the sections indicates a Na20 fraction
of about 3 to 5 percent, which is distinctly higher than normal for an

impure dolomite, and suggests that much of the NayO may have been
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introduced. A chemicai analysis of a specimen typical of the feldspar-
diopside hornfels, however, shows 1.26 percent of Nay0 which may well
have been present in the original rock. Textures in which microcline
and quartz appear to have formed at the expense of diopside suggest at
least a local introduction of potash and alumina into other rocks of
the hornfels member, an introduction also indicated by the presence
in tremolite bodies of late-~-stage phlogopite, occuﬁing as fracture-
controlled veinlets and bordering granitic dikes.

The preponderance of sodic over calcic feldspar in a calcite-
bearing rock, however, need not necessarily be attributed to the meta-
somatic introduction of soda, but could well have been caused by high

12
pressure and shearing stress. Such conditions are known-/ to restrict

12/ Turner, F. J., The genesis of oligoclase in certain
schists: Geol. Mag., vol. lxx, pp. 529-541, 1933,

the lime content of plagioclase. The formation of microcline in pref-
erence to muscovite, probably was controlled by the excess of alkalies;
whether of sedimentary or hydrothermal origin. As indicated by

Turnerié/, in all but highly magnesian rocks, potash feldspar in an

;2/ Turner, F. J., Evolution of the metamorphic rocks:
Geol. Soc., Am, Mem, 30, p. 94, 1948,

environment of calcite will always crystallize in preference to mica if

Ca0 + Kp0 +Nag0

the weight ratio exceeds unity.

Although diopside is present in the hornfelsic rocks to the almost

complete exclusion of other magnesium-bearing minerals, elsewhere in the
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mine area it occurs inbreplacement veinlets in forstertic marble.

These veinlets suggest the possibility that at least some of the
diopside in the hornfels is of hydrothermal origin. The diopside in
the hornfels, however, is not veinlet-forming, and probably was de-
rived mostly from original constituents. The thorough dissemination of
quartz suggests that silica also was originally abundant.

Physical conditions and eguilibrium relations. Significant to a

consideration of the physical environment and equilibrium relations of
the hornfelsic rocks are (1) the preponderance of diopside over
amphibole and the post-diopside age of most or all of the amphibole,
(2) thedbundance of quartz and the absence of forsterite, and (3) the
widespread quartz-calcite association and the absence of wollastonite.

Bowen;&/, in his classic discussion of the progressive metamorph-

1,/ Bowen, N. L., Progressive metamorphism of siliceous
limestone and dolomite: Jour. Geol., vol. 48,
no. 3, p. 245, 1940,

ism of siliceous limestone and dolomite, notes that diopside first ap-
pears in the fourth of 13 steps that mark increasing decarbonation

with rising temperature. This step, which is indicated by the reaction

2CaC03 + 3Calig3(5i03)y, % 5CaligSis04 + 2MgpSil; + CO,

calcite tremolite diopside forsterite

is defined by a P-T curve showing the temperature at which the reaction
can proceed at a given pressure. At higher temperatures for a given

pressure, calcite and tremolite cannot coexist in eguilibrium.
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15/

Bowen's schematic representation of this curve suggests, for example,

15/ Bowen, N. L., op. cit., p. 256.

that the reaction could occur at about 470 degrees C, under 200 atmo-
spheres pressure, and at about 600 degrees C. under 2000 atmospheres

pressure,

A/

Bowe has also arranged the following sequence of minerals in

;é/ Bowen, N. L., op. cit., p. 260.

the order of their production with rising temperature: (1) tremolite,
(2) forsterite, (3) diopside, (4) periclase, (5) wollastonite, (6) mon~-
ticellite, (7) akermanite, (8) spurrite, (9) merwinite, (10) larnite.
He cautions, however, that the presence of any one of these minerals
can be used as an indicator of metamorphic temperature only if the
original material was a siliceous dolomitic limestone, and only when
such a rock was sufficiently immobile to prevent the rapid elimination

of carbon dioxide from the system, BowenEZ/ also notes that "the

17/ Bowen, N. L., op. cit., p. 258.

amount of alumina present (or added) might ......... be so great as to
prevent thé formation of some of the reference phases in all stages of
metamorphism®, He believes, however, that in the contact metamorphism
of a siliceous dolomite a high concentration of carbon dioxide is
generally maintained, and that the index minerals, as listed, can be
used with reasonable certainty.

If, in the hornfelsic rocks the formation of diopside was
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preceded or accompanied by the formation of tremolite or forsterite,
evidence of this was not noted by the writer. Tremolite appears in the

first of the thirteen steps which is represented by the reaction

3Calig(C03)2 + 4Si02 = CaMg3(Si03);, + CaCO3 + 4CO2
dolomite quart g tremolite calcite

provided an anhydrous formula for tremolite is used. As indicated by
Bowen, the hydrous character of tremolite introduces a complicating
factor, beeause a participating liquid phase must be present both above

and below the reaction temperature., "If the rock 'boils dry'i§/ below

18/ The term "dry", as used by Bowen and in the present
paper, does not imply that no water is present,
but that no liquid water is present.

the reaction, no tremolite is formed; if it 'boils dry' at the reaction

point, some tremolite forms"lg/.

19/ Bowen, N. L., op. cit., p. 24l.

In the known examples of thermal metamorphism of siliceous dolo-
mites tremolite, as a mineral phase, is commonly absent, and forsterite
is ordinarily believed to be the first phase formed. Because fors-
terite is unstable in the presence of quartz, the forsterite-quartz
association is cited as an example of diseguilibrium.

The extent of circulating solutions, during the formation of
diopside, cannot be démgnstrated with certainty. It will be shown in
following sections, however, that the mafic and granitic masses, which

intimately penetrate the hornfels member, were emplaced in an order of
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decfeasing basicity and that much, if not all, of the metasomatism is
related to the granitic rocks. It is possible, therefore, that the
highest temperatures were reached in a relatively "dry" environment
before the granitic rocks were emplaced, perhaps during the emplacement
of the mafic rocks.

If circulating waters were present in negligible amount, or, if
abundant, were able to maintain a high concentration of carbon dioxide,
during the formation of the diopside, several factors could account for
the general absence of tremolite and forsterite. Water may not have
been available to enter into the tremolite-forming reaction or an ahun-
danee of alumina may have prevented the appearance of tremolite
altogether. If tremolite did exist and equilibrium was attained upon
the appearance of diopside, the instability of the association calcite-
tremolite would have led to the disappearance of tremolite as a mineral
phase. The absence of forsterite could be attributed to either an
abundance of alumina or to an attainment of equilibrium wherein
forsterite was unstable in the presence of quartaz.

Wollastonite, like forsterite, is notably absent from the horn-

fels., The production of wollastonite by the reaction of quartz and
Ca003 + 810, == CaBi03 + 002,
calcite quartz wollastonite

calcite, as shown by the equation

is commonly cited as a reliable indicator of temperature and pressure
during metamorphism. The association of quarts and calcite in
equilibrium is likewise used to indicate that, at a given pressure,
the temperature that would permit the reaction has not been reached.

This reaction is the sixth of the thirteen steps mentioned above.
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Its P-T curve, as shown by Bowengg/, includes, for example, points at

20/ Bowen, N. L., op. cit., p. 256.

about 650 degrees C. and 200 atmospheres pressure, and at about 780 de-
grees C, and 2000 atmospheres preépre. But caution should be used in
citing of even these temperatures as the highest at which calcite and
quartz can coexist at the indicated pressures; and the possibility that
the highest temperatures_in the metamorphism of the rocks of the Silver
Lake area were attained under conditions of high temperature and shear-
ing stress should hot be overiooked. Such conditions are ascribed to
the metamorphism of rocks of the staurolite-kyanite facies as described

by Turnergl/. In this facies wollastonite is believed to be unstable,

21/ Turner, F. J., op. cit., pp. 86, 102.

If the presence of diopside and the association of calcite and
quartz can be taken as relisble indicators of metamorphic temperature
and pressure in the development of the hornfels, the maximum tempera-
ture would lie in the area between the curves of step 4 and step 6 as
shown by Bowen. If, for example, a pressure of 1000 atmospheres is as-
sumed, a temperature in excess of 600 degrees C., would be indicated to
assure the formation of diopside; and a temperature of 780 degrees C.
probably could not have been greatly exceeded without the appearance of
wollastonite.

The talc bodies are composed mostly of minerals produced during a
period of retrogressive metamorphism and extensive metasomatism, which

will be discussed in more detail in a section to follow. Remnant
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grains of forsterite partly to wholly replacé%by tremolite, serpentine,
and talc,were noted at several places along the talc-bearing zone. The
forsterite grains appear to be the only representatives of the assem-
blage that antedated the three later minerals. Of the three, tremolite
is by far the most abundant. The association of tremolite and
forsterite, known only to occur in metamorphosed carbonate rocks, in-
dicates the original sediment to have been ca;bonate-rich. In con-
trast with the enclosing wall-rocks of hornfels, the talc bodies con-
tain only one or two percent each of alumina, potash, and soda. That
the original sedimentary rock was comparably poor in these constituents,
is probably a valid assumption.

If equilibrium can be assumed at the time of the production of the
forsterite, a deficiency of silica would thereby be indicated., That
the original rock was silica-deficient is suggested by virtually com-
plete absence of quartz in the talc bodies, except in granitic veinlets,
It should be recalled, however, that in other metamorphic terranes
forsterite and quartz are commonly in close association, howbeit in
disequilibrium, and that an original silica deficiency cannot be con-
clusively demonstrated for the talc bodies.

The lenses of various schistose rock types in the hornfels member
generally appear to represent zones of stress that parallel the planar
features of the member, The phlogopite and tremolite, so common in
the schistose layers, are probably both younger than the diopside in
the enclosing rocks. Although diopside is notably absent in the larger
schist bodies, it is in association with amphibole (tremolite or

actinolite) along the schist borders and along contacts between
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hornfels and granitic dikelets. Wherever age relations between diop-
side and the amphibole were observed, the amphibole was consistently

22
later—' . That phlogopite commonly occurs in tremolite rock as vein-

22/ A diopsidic border zone along a granite veinlet in
tremolite rock provided the only observed ex-
ception to this statement.

lets and as borders of late-stage granitic dikelets, shows that much,

if not all, of the phlogopite in the mine area was late-forming,

Quartz-biotite schist member

Distribution

A quartz-rich, commonly schistose metasedimentary unit containing
biotite as a distinctive mineral, persists for the full length of the
talc-bearing zone. This quartz-biotite schist member (pl. 7a) overlies
the hornfels member; but the two are ordinarily separated by bodies
of granitic rock or lamprophyre. The quartz-biotite schist member's
full thickness is about 150 feet. Invasion ef granitic rock has caused
the member to be considerably thinner for much of its exposed length,
but has nowhere visibly displaced or distorted it.

Other biotite-~-rich metasedimentary units exist below and above
the part of the section occupied by the five members considered here;
but, of the five, only the quartz-biotite schist contains biotite as a

characteristic mineral,
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Petrology

Though easily recognized by its biotite content, the member has a
markedly variable mineralogy. Its texture ranges from massive grsnular
to schistose, and from fine- to medium-grained., The more massive
varieties, represented by exposures south of the Gould workings are
largely quartzites with very subordinate amounts of biotite, muscovite,
and feldspar. A crude planar structure in these rocks is produced by
layers of contrasting grain size and by layers with a somewhat higher
than average mica content,

The quartzitic varieties, which are typically light gray, grade
into dark gray, distinctly schistose rocks containing as mmch as 30
percent biotite and apprecizble amounts of muscovite and feldspar.
Biotitic layers characteristically alternate with felsic lenticles or
~ bands one-eight inch or less thick. The rocks of this phase commonly
grade‘into migmatites which, in turi, pass gradationally into poorly
foliated granitic rocks. Both the migmatites and granitic rocks con-
tain dikelets of leucogranite and aplite that lie across the planar
struétures. |

Migmatitigzation is particularly well shown in the area south of
the two Addenda workings where the hornfels and biotite schist members
are separated by a 200~foot belt of predominently tonalitic rock.
Here, as elsewhere, the contacts between hornfels and granitic rocks
are sharp. The biotite schist, however, is gradationally separated
from the granitic belt by migmatite. In a zone from 50 to 100 feet

wide, there is a gradation from schist-free tonalite with a crude
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planar structure, through tonalite with many schistose layers and high-
ly migmatized schist, to schist relatively free of migmatite. Similar
gradations are common elsewhere., Virtually all of the truly migmatitic
rock in the mine area is, in this manner, associated with the more mica-
ceous phases of quartz-biotite schist. The quartzitic phases, as well
as the area's other non-schistose rocks are generally free of migmatite,

but contain granitic material in relatively large sill-like masses.,
Petrography

In thin section, a specimen of a biotitic phase of the quartz-—
biotite schist member is shown to contain about one-half quartz, one~
fourth microcline, one~-fourth mica, and minor amounts of albite,
apatite, and opaque grains., The quartz and microcline form a mosaic
with grains as much as 5 mm. in diameter., Most of the microcline, how-
ever, is concentrated in what seems to be a migmatitic layer. The
quartz grains show undulatory extinction and a tendency toward
elongation parallel with the schistosity.

About three-fifths of the mica is biotite; the remainder is mus~
covite and sericite. Most of the mica shreds are in general alignment
and are clustered in discontinuous parallel layers. Biotite grains are
as much as 3 mm. in length; the muscovite grains are ordinarily smaller.
Some of the muscovite is in large grains, but most is in sericitic
aggregates that have partly to wholly replaced biotite., The microcline

is slightly sericitigzed.
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Metamorphism

The unmigmatitized parts of the biotite schist member, consisting
predomiﬁantly of dimensionally oriented, elongate quartz grains and
biotite shreds, seem best attributed to the metamorphism of an impure,
carbonate-free quartzite under conditions of high directional pressure,
That biotite, rather than muscovite, is the principal mica, suggests
iron- and magnesia-rich impurities indigénous to the original sediment
in the form of chloritic or perhaps mafic tuffaceous material. The
abundance of biotite in and near the migmatite zone in the west part of
the mine area could, perhaps, be cited as a basic "front" in which iron

2/,

and magnesia had been introduced in advance of a "granitization wave"

23/ See, for example, Reynolds, D. L., The association of
basic "fronts" with granitization: Sci. Prog.,
VOl. 35, ppo 205-219, 19h7a

Several factors, however, mitigate against the presence of biotite-~
rich basic "fronts" in the mine area. The distribution of biotite in
the metasediments appears to be largely, if not entirely, a stratigraph-
ic feature. Well defined stratigraphic planes separate the quartz-
biotite schist member from the underlying biotite-poor hornfels member
and the overlying biotite-free quartz-muscovite schist members. None
of the metasedimentary rocks that normally contain little or no biotite
show the development of the mineral in the vicinity of granitic con-
tacts. There is widespread evidence of iron and magnesia metasomatism
in the hornfels member; but the two generally have been separated in

time (i.e. dolomite (?) replaced by tremolite rock which is in turn
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altered to actinolite along borders of granitic dikelets) and did not
produce biotite. Instead, in the mine area, biotite schists appear to
have been most susceptible to migmatization. A degree of impoverish-
ment in iron and magnesia and enrichment in potash is indicated by a
progressive decrease in biotite with increasing intensity of migmdtiti-
zation, a trend shown microscopically by the partial sericitization of
the biotite.

The reconstitution of initially solid rocks to migmatites commonly
has been described as occurring in the presence of silicate melts.

Eskolag&/, for example, limits the term "migmatite" to rocks of this

24/ Eskola, P., et. al., Die Entstehung der Gesteins,
Springer, Berlin, 1939.

origin. Such melts have been indicated variously as true magmas, as
highly fluid magmas, and as liquids produced by differential fusion.
The development of rocks with migmatitic textures has also been ascrib-
ed to metasomatic replacement involving an aqueous pore solution, and
to diffusion in the solid state. Few geologisté insist, however, that
all migmatitic rocks must develop by any one of these processes.,

Turnergé/ has stated that the presence of a silicate melt during the

25/ Turner, F. J., op. eit., p. 305.

development of a migmatite is indicated by a "general abundance of
pegmatitic, aplitic and other igneous veins, lenses, and streaks";
whereas quartzose veins prevail in strictly metamorphic rocks. If this
criterion is valid, the migmatite zones of the mine area were of the

silicate melt variety.
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Time limitations did not permit a detailed petrographic study of
the migmatites of the Silver Lake mine area. Megascopic observations
and detailed mapping, however, show that the enclosing schists have

not been displaced or shouldered aside in the development of migmatite.

Quartz-muscovite schist member

Distribution

The quartz-muscovite schist member is pale orange to dark yellowish
orange in color and consequently contrasts with the underlying gray
quartz-biotite schist. In the area mapped, the quartz-muscovite schist
ranges from 35 to 125 feet in thickness; but farther east, in the

vicinity of the Number Four workings, the member is much thicker.
Petrology

The member is composed mostly of very even layers, alternately
micaceous and quartzitic, and ranging in thickness from a fraction of
an inch to several feet. The schistose rock commonly contains scatter—
ed iron oxide grains producing a pepper-sprinkled appearance.

locally interbedded with the schist and guartzite are elohgate
lenses of marble similar in appearance to the forsterite marble of the
overlying member. The quartz-muscovite schist member also contains a
small amount of quartzose amphibolite in thin layers. This member is
virtually free of migmatite, but contains sill-like bodies of granitic

rocks.
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Petrography

A thin section of a specimen, typical of the more schistose facies
of the member, is composed of approximately three-fourths quartz and
one-fourth muscovite. It also contains one or two percent of ferric
oxide and a minor amount of sphene and rutile.

Most of the quartz grains have lengths from 1 1/2 to 3 times their
widths and are dimensionally oriented parallel with the schistosity,
The grains are generally less than 0.3 mm. in long dimension; only a
few exceed 0.5 mm. They show no undulatory extinction. The rutile,
which occurs as numerous needle-~like inclusions in the quartz, is also
oriented parallel with the schistosity.

Some of the muscovite occurs in shreds from 0.1 to 1 mm. in
length, but most of it is in aggregates of much smaller sericite shreds.
The aggregates are peripheral to the quartz grains, and form thin
layers that are the principal cause of the schistosity. The ferric
oxide grains are dark red and opaque to translucent.

V¥icroscopic examination of a specimen from one of the marble
lenses shows that it is an ophicalcite composed of about three-fourths
carbonate, one fourth chrysotile, and a few percent of antigorite,
talc and opaque material. The carbonate, mostly if not entirely dolo-
mite, is in grains that average about 0.2 mm. in diameter. These are
locally stained with iron oxide, but are generally unclouded. The
serpentine is in evenly disseminated grains that average less than 0.l

mm, in maximum dimension. Most are nearly equant grains of chrysotile,
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probably pseudomorphic after forsterite, but some are antigorite shreds,
partly to wholly replaced by talc. The opaque material occurs mostly

as minute inclusions in the equant serpentine grains., The presence of
both forsterite and clinohumite elsewhere in the marble lenses was noted
in the inspection of mineral fragments in immersion média.

Thin section studies show that the amphibolite schist layers are
composed almost entirely of elongate grains of quartz and ferruginous
amphibole of approximately equal proportion. DBoth are dimensionally
parallel and range mostly from C.5 to 1 mm. in long dimension. The
amphibole (actinolite or hornblende) is strongly pleochroic in shades
of pale yellow to medium green. Very minor amounts of sphene and

opaque material were the only accessories noted.
Metamorphism

Rocks composed essentially of quartz, subordinate muscovite, and
minor amounts of ferric oxide, rutile, and sphene, appear originally to
have been impure sandstone notably lacking in magnesian and carbonate
material., Although the proportion of muscovite varies from layer to
layer, its very even distribution vertically and laterally within indi-
vidual layers several inches to several feet thick suggests that much,
if not all of the muscovite-forming material wes present in the
original sediment, as sericite, argillaceous material, or a mixture
of the two, and that this gross layering is a stratigraphic feature.

As in the other rocks that also show minute layering, the thin
laminations are probably attributable to metamorphic differentiation.

In a less metamorphosed terrane these smaller laminations could easily
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be interpreted as bedding planes, but the survival of such strata is
improbable in the rocks as highly metamorphosed as those of the Silver
Lake mine area.

The quartzose amphibolite layers are apparently metamorphosed im-
pure sandstone beds, but it is unlikely that impurities were present in
proportions from which amphibole (actinolite or hornblende) alone was
formed without the addition or subtraction of material. Perhaps CO,
was simply removed from an original carbonate fraction, or MgO, SiO,,
or iron oxide may have been added as they were in other rocks of the
area. The textures of the rock record little of its metamorphic history
except formation under conditions of high pressure and stress producing
thin laminations. Because the amphiboles in the other members post date
such minerals as diopside and forsterite, the amphibole of the quartzose

amphibolite may have formed relatively late.

Forsterite marble member

Distribution

The forsterite marbie member (pl. 7b), a crystalline unit rich in
disseminated magnesian silicates (i.e. forsterite, clinohumite, chryso-
tile, antigorite, and talc), and containing numerous diopside-%?ysotile-
antigorite-calcite veins, persists from the area south of the Gould
talc bodies westerly for about 4000 feet to the alluvial overlap. In
this area, the member ranges from 45 to 65 feet thick. South of the
eastern part of the Gould workings it terminates against a granitic

mass, but east of the mass a series of thinner marble lenses apparently



Plate 7a. Quartz-biotite schist member (right) containing
granitic layers and in contact with crudely foliated tonalite
(left). Exposure near Western Addenda shaft.

Plate 7b. Forsterite
marble member containing
diopside~ and serpentine~
bearing veinlets (dark).
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represents an extension of the unit. The forsterite marble member is
the thickest and uppermost of a group of lithologically similar marble
layers, smaller bodies of which lie in the quartz-muscovite schist mem-

ber below,

Petrology

On fresh surfaces the marble is generally light-olive gray, but a
dark gray or dark, greenish gray color is not uncommon. It is a
medium~-grained, dense rock, characteristically massive, but showing a
crude planar structure. It weathers to a hackly surface, mostly pale
yellowish brown, but showing the veinlets in prominent relief as dark
brown-weathering bodies (pl. 7b). These veinlets, mostly one-eighth
to one-half inch thick, are much more gbundant in the member itself
than in the marble of the underlying lenses. Although many of the vein-
lets parallel the general sttitude of the member, others criss-cross it,
seemingly at random. The disseminated grains also protrude from the
weathered surface, and are commonly clustered in planes parallel to the

general attitude of the member.
Petrography

Thin sections of several typical unvelned specimens of the marble
member conbaln approximately three-fourths crystalline carbonate and
ocne=fourth disseminated magnesian silicate grains. The carbonate
grains, mostly dolomite, average about 0.1 mm. in diameter and are
clouded by very fine-grained semi~opague particles.

Of the disseminated magnesian silicates, forsterite and clino-

humite are by far the most common (fig. 3). The relative proportion of



43,

Figure 3. Marble containing forsterite (partly
to wholly replaced by chrysotile), clinchumite
(unaltered), and antigorite. From forsterite marble
member,
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the two minerals differs from section to section, but on the average,

appear to be equally abundant in the marble of the member itself. In

the lenses below, forsterite (or chrysotile altered from it) apparent
1y predominates.

The grains of both the forsterite and clinohumite are equant and
sub-rounded. Both have maximum diameters of about 2 mm., but most
grains are less than 0.5 mm, in diameter, and distinctly smaller than
the forsterite grains in the talc-tremolite bodies., Both are similar
in appearance and in optical properties; but the clinohumite is ordi-
narily distinquishable by a straw yellow pleochroism. The forsterite
is best recognized by a partial to complete alteration to chrysotile.
The clinohumite, by contrast, is unaltered.

Scattered shreds of antigorite mostly 1 mm. or less in length,
compose 2 or 3 percent of each thin section. These have been partly
to wholly altered to tale. Minute grains of a steel gray opagque miner-
al, probably magnetite, are common inclusions in the chrysotile derived
from forsterite. Green spinel grains are sparsely scattered through
several of the thin sections.

An inspection of numerous powdered specimens of the veinlet ma-
terial showed that chrysotile is the most abundant mineral in these
bodies, but that diopside locally predominates. VWhere chrysotile and
diopside are associated, serpentine is the later of the two minerals.
The diameters of the diopside grains average less than 0,3 mm., but
some are as much as 3 mm. Antigorite shreds are interstitial to the
diopside; both are transected by numerous chrysotile veinlets and by

less numerous calcite veinlets, Opague grains are commonly included
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in the antigorite shreds and are particularly abundant in the chryso-
tile veinlets. Extended petrographic studies may well show that the
serpentine in all of the veinlets has similarly formed aﬁ the expense

of diopside and antigorite.
Metamorphism

The silica deficient assemblages that characterize the forsterite
marble member and the marble lenses in the underlying schist are typical
metamofphic derivatives of low-silica magnesian limestones and dolo-
mites; but the paragenesis is somewhat obscured by the effects of cir-
culating solutions, the full extent of which cannot be completely
demonstrated. In the absence of contradictory evidence, it is assumed
that the evenly disseminated silicate grains, in large measure, reflect
the amount and character of the impurities in the original rock, and
that a large ﬁart of the Vein-forming material has been introduced.
That hydrous solutions also peﬁetrated the intervein blocks of the
member and the)unveined lenses beneath is shown by the widespread
serpentinization of forsterite and alteration of antigorite to talc.
The introduction of fluorine is indicated by the abundant clinohumite.

That the combined amount of forsterite and clinohumite remains
nearly constant throughout these rocks, regardless of the proportions
of the two minerals, suggests that the magnesia and silica of both
were derived largelj from the original sediments. The abundénce of
clinchumite would fhereby seem to be a measure of the availability of
fluorine. Because the rock contaihs no free silica, it can be

reasonably assumed that the silica, in the original sediments was
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consumed in the development of the magnesian silicates. The presence
of very thinly disseminated spinel, the only aluminous constituent of
the marbles, probably points to the original presence of a correspond-
ingly low proportion of argillaceous material.

The metamorphic significance of the disseminated antigorite shreds
is nof clear. If formed at the expense of a pre-existing magnesian
silicate, they contain no remnants of it, nor is it demonstrably

pseudomorphic. Bowen and Tuttlégé/ have cited laboratory evidence that

26/ Bowen, N. L., and Tuttle, O. F., The system MgO-SiOp-Hp0:
Geol. Soc. America Bull., vole 60, ppe L39-L60,
1949,

pure magnesian serpentine cannot exist at temperatures above 500 degrees
Ce regardless of pressure. Therefore, the antigorite and chrysotile
probably formed at temperatures well below maximum for the metamorphisme.
It will be remembered that the mineral associations of the hornfelsie
rocks strongly suggest maximum temperatures well in excess of 500 degrees
C. Higher temperatures are also suggested by the position of chryso-
tile in the paragenesis of talc-tremolite rock.

The serpentinization of forsterite by merely the addition of Ho0

also yields brucite by the equation,

2Mg,Si0), +  3H,0 =~ Mg(0H), + H;MgySin0g

forsterite brucite serpentine

2
a reaction that Bowen and Tuttle-z/ have shown to proceed only at

27/ Bowen, N. L., and Tuttle, O. F., op. cit., ps 542
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temperatures less than 400 degrees C. The serpentinization of forster-
ite in the marbles of the mine area, however, was apparently unaccom-
panied by brucite. If, as many geologists believe, such serpentiniza-
tion involves no change in volume, silica and water were added to the
forsterite while magnesia was removed.

The origin of the dolomite, abundant in the carbonate fraction of
the rock, is obscure, A survival of dolomite from the original sedi-
ment would indicate that the fifth of Bowen's thirteen steps had not
been reached. This step marks the decomposition of dolomite, which ,
in the absence of available silica, intréduces periclase as a new
mineral phase. The forsterite-calcite-dolomite association is thereby
replaced by the forsterite~calcite-periclase association according to
the reaction -

Calig(CO3)p + CaCO3 == MgO + COp

dolomite calcite periclase
Although periclase does not exist in the rock it may have been com-
pletely replaced by some of the serpentine.

If the magnesium in the disseminated silicate minerals is in-
digenous to the original sedimentary rock, the minerals are abundant
enough to contain most, if not all, the magnesium of the original dolo-
mite.  The rock's present high proportion of dolomite, therefore, sug-
gests the addition of relatively large amounts of magnesium. Perhaps
some of the magnesium was derived from the serpentinization of forster~
ite; but the abundant veinlets of serpentine and diopside point toward

a more distant source for much of the hydrothermally transported

magnesia.
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The planes along which the silicate grains commonly cluster resem-
ble relict bedding in that they are approximately parallel to planes
that are clearly of sedimentary origin. In this rock, as in the others
that contain small-scale planar structures, such small strata could
hardly have survived the stress and high pressure for which there is

such abundant evidence in rocks of the mine area,

Quartzite member

Distribution and petrology

The uppermost of the five members is a vitreous quartzite that in
all of its exposures lies between the forsterite marble member and the
granitic rock. The quartzite is medium light gray, medium—~ to coarse-
grained, dense, and vitreous. The member also contains very subordinate
thinly-layered quartzose amphibolite similar to the amphibolite in the
quartz~muscovite schist member. The guartzite was not traced east of
the area south of the eastern part of the Gould workings where it abuts
against a granitic mass. The exposed thickness of the member ranges
from 2 to 25 feet. Because it is nowhere overlain by metasediments,

its original thickness may not be indicated in these exposures.
Petrography

A thin section of a specimen typical of the quartzite member con-
tains about 90 percent guartz, 10 percent feldspar, and 2 to 3 percent
mica. The quartz grains, although irregular in outline and having

sutured borders, are markedly elongate parallel with the overall
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Maximum
Name thickness Description
in feet

Upper units 400 + Complex of metasedimentary bodies,
principally quartz-biotite schist;
diopside~feldspar hornfels and
guartzite less abundant; interlay-
ered with tonalite and granitic
gneiss.

Quartzite member 25 Guartzite, light gray, medium-grained,
: massive, compact, vitreous; con-
tains thin layers of amphibolite.

Marble member 60 Marble, dolomitic, olive gray, medium-
grained. Generally shows crude
planar structure. Contains abun-
dant disseminated silicate grains
(forsterite, clinochumite, chryso-
tile, antigorite, talec) and small
silicate veinlets (diopside,
chrysotile, antigorite).

Quartz-muscovite 125 Schist and quartzite composed mostly
schist member of quartz and muscovite; orange,
fine- to medium-grained. Contains
layers of marble and amphibolite.

suartz-biotite 135 Schist znd guartzite composed mostly
schist member of quartz and biotite; gray,
medium-grained; commonly contains
migmatite,

Hornfels member 155 Hornfels composed mostly of feldspar,
diopside, and quartz; green, fine-
to coarse~grained; thin laminations
characteristic; also contains lay-
ers of mica schist, tremolite schist,
massive tremolite rock, talc schist,
quartzite, and marble. A common
host for pegmatite and lamprophyre.

Lower units 400+ Complex of various metasedimentary rocks
: (schists, hornfels, quartzite)
interlayered with tonalite, granite
gneiss, and silexite.

Table 1. General features of metasedimentary rock sequence in
western part of Silver Lake mine area.
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attitude of the member. The lengths of such grains commonly exceed 5
mm, and zre ordinarily from 2 to 5 times their widths.

The feldspar and mica grains are much smaller; these occur in the
quartz as poikilitic inclusions and are also elongate parallel with the
general planar structure of the rock. The lengths of most of the feld-
spar and mica grains are less than 0.2 mm.; rarely do they exceed 0.5
mm. Although much of the feldspar is highly sericitized, all appears
to be alkalic. Many of the less altered feldspar grains are albite,
The mica is predominantly biotite, but the section contains a few
scattered grains of muscovite, Minute rutile needles, oriented in
seemingly random directions, are common in the quartz-grains. Other

relatively abundant accessories are sphene, apatite and opaque grains.
lMetamorphism

The quartzite apparently is a metamorphosed siliceous sandstone,
with very subordinate aluminous material, recrystallized under con-

ditions of high directional pressure, and partly sericitized.

LAMPROPHYREgg/

g§/ The term "lamprophyre" is used here in its broad com-
positional and textural meaning and does not imply
a diaschistic origin.

Distribution

Lamprophyric rock, mostly hornblende kersantite but gradational

through diabase into diorite, is widespread in the Silver Lake mine



51,

area, but is much less extensive than the granitic rocks. Most of the
lamprophye bodies are dikes or irregular pods less than 50 feet in max~-
imum dimension; but a few are relatively thick, tabular bodies several
hundred feet long. In general, both the abundance and size of the
lamprophyre bodies increase from west to east within the area mapped.,
The bodies are particularly numerous within or adjacent to the hornfels
member; but, unlike the granitic bodies in the hornfels member, the

lamprophyre has not visibly altered the bordering metasediments.

Petrology and petrography

All of the lamprophyre bodies are persistently composed of about
two-thirds andesine and one-third mafic minerals. The mafic fraction
of the smaller bodies and large parts of the larger bodies consists of
biotite and hornblende in nearly equal amounts, to form the hornblende
kersantite facies. The larger bodies contain all gradations between this
rock and biotite-poor diorite, All facies of the lamprophyre are gray
in color., The dioritic facies ordinarily has an ophitic texture. The
hornblende kersantite facies is locally ophitic but generally shows a
strong secondary schistosity.

The largest lamprophyre body in the mine area lies south of the
Number Two and Number Two and One-half workings and separates the
hornfels and quartz~biotite schist members. It is approximately 1000
feet in length and 300 feet in maximum width., The bordering meta-
sedimentary units conform in outcrop pattern with the margins of this
body, and appear to have been shouldered aside during its emplacement.
The lamprophyre of this mass locally grades into diorite and is also
cut by dike-like bodies of tonalite, aplite, and pegmatite, each of

which has sharp contacts.
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A smaller lamprophyre body, approximately 300 feet long and 50
feet wide, lies along the hornfels and quartz-biotite schist contact
between the Gould and Number Two and One-half workings and also shows
a transition into tonalite. It is most mafic near the hornfels con-
tact, and becomes successively more felsic from north to south toward
the quartz~biotite schist contact. The transition is mostly gradation~
al, but it is also marked by a north to south mafic to felsic change
in the composition of dikelets that intimately penetréte the rock.

Most of the mineralogic and textural variants of the lamprophyre in
the mine area, however, grade into one another almost imperceptibly,
and are probably closely related in time,

Tonalitic, aplitic, and pegmatitic dikes and dikelets that cross-
cut the lamprophyre show that it is older than the granitic rocks of
the area; but the local gradation of lamprophyre into tonalite suggests
that the time of formation of the less felsic phase of the granitic
sequence closely followed the emplacement of lamprophyre. Such a
gradation, however, may represent a replacement of lamprophyre by tona-
lite rather than closely related magmatic phases,

An examination of several thin sections of the hornblende
kersantite showed only a moderate range in mineralogy. The smaller
bodies consistently contain about 70 percent andesine, 15 percent
hornblende, and 15 percent biotite. A specimen typical of the medium-
grained dioritic parts of the larger bodies is somewhat more mafic in
that it contains about 60 percent andesine, 35 percent hornmblende,
and 5 percent biotite. Sphene and opaque grains are very abundant

accessories; apatite is also common.
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The rock is holoerystalline and the grains of its principal
minerals are generally of comparable size. The minerals of the small-
er bodies are mostly in grains that range from 0.2 to 1 mm. long.
Average grain sizes of more than 2 mm. are common in the larger bodies.
Some of the dioritic rock contains hornblende blades as much as one
inch long. Miuch of the feldspar is partly to thoroughly sericitized,

Otherwise, the rock shows very little alteration.

GRANITIC ROCKS

General features

The granitic rocks of the Silver Lake mine area range in compo-
sition from tonalitic to silexitic, and in texture from granular to
gneissic and schistose. Three rock types comprise most of the granit-
ic material: (1) a granular to poorly-foliated rock, designated as
tonalite, but gradational into true granite; (2) a microcline-quartz-
mica gneiss; and (3) a microcline silexite. These three persist as
relatively well-defined units throughout the area, but in many places
the tonalite and microcline-quartz-mica gneiss are too intricately as-
sociated to be mapped separately on the scale of the accompanying map
(pl. 1). Therefore, the two appear as a single unit.

Dikes and dikelets of pegmatite, aplite, and granite, though sub-
ordinate in volume, are widespread. Each is composed principally of

microcline and guartz.
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Tonalite
Distribution

Under the name "tonalite" is included a structurally homogeneous
to moderately schistose rock (pl. 8a) that composes more than half of
the granitic material in the mine area. In most of its occurrences
this unit is tonalitic, but the granite into which it grades is rela-
tively abundant,.

Tonalite together with subordinate amounts of microcline-quartz
gneiss, comprises most of the granitic mass that surrounds the large
metasedimentary "islands'" in the vicinity of the two Addenda workings.
Nearly all of the granitic rock south of the Gould, Number Two and One-
half, and Number Two workings is likewise tonalite. In this area the
rock commonly occurs in sill-like bodies, as much as 50 feet thick and
1100 feet long. The bodies are particularly large and numerous in ‘the
quartz-biotite schist member; but several are also in the guartz-musco-
vite schist member.

In the area south and east of the eastern part of the Gould work-
ings, tonalite occurs in large, irregular masses that contain very
elongate metasedimentary inclusions consisting mostly of quartaz-biotite
schist. Some of the inclusions are several hundred feet in length,

The inclusions are ordinarily parallel to each other and have the same
attitudes as larger nearby metasedimentary masses.

A schistose granite phase of the tonzlite unit exists in two
elongate masses, each more than 300 feet long. One is north of the

Bastern Addenda workings; the other is north of the Gould workings.
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The Eastern Addenda mass is in sharp contact with structurally homo-
geneous tonalite and appears to be surrounded by it., Ifuch of the
other mass is hidden by alluvium and talus; in some exposures, it is
bordered by tonalite, and in others by microcline silexite.

As noted above, much or e2ll of the tonalite unit postdates the
laﬁprophyre. Its age relation to the microcline-quartz-mica gneiss
and to the microcline silexite is less clear. 1In many places a narrow
zone of tonalite lies between the gneiss or the silexite and metasedi~
ments. In the western part of the area, such a zone separates meta-
sediments of the guartzite, forsterite marble, and guartz-muscovite
schist members, from microcline-guartz-mica gneiss to the south. This
zone is 8 to 50 feet thick and more than 1500 feet long. It is in
sharp contact both with gneiss and metasediments; within a few feet of
the gneiss it contains numerous large microcline crystals. A gzone of
the tonalite unit discontinuously separates microcline silexite from
the lower border of the hornfels member throughout the eastern part of
the area. Here, too, contacts are sharp, but the large microcline
crystals are absent.

The pattern of these zones at first suggests an intrusive origin;
but the abundance of the microcline crystals near the contact with
gneiss, and absence of crosscutting tonalite bodies in gneiss or the
silexite do not support the intrusive concept. Indeed, the zones ap-
pear to be a less siliceous and less potassic contact phase of the
microcline-rich units. At a locality Jjust east of the Gould workings,
a dike-like septum of silexite extends into tonalite and apparently

postdatesit, The tonalite, therefore, appears to be part earlier, and
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in part contemporaneous with the microcline-quartz-mica gneiss and the
microcline silexite. Conversely, much or all of the tonalite is later

than the lamprophyre.
Petrology and petrography

The average tonalite is a light to medium gray, medium-grained
rock composed of about one~half plagioclase feldspar, one-fourth quartz,
and one-fourth potash feldspar, muscovite and biotite. In some places
it also contains scattered euhedral microcline phenocrysts as much as
two inches in length. In many of its occurrences, it appears to be
structurally homogeneous; in others, it has a crude planar structure
that approximstely parallels the attitude of the nearest metasediment-
ary masses.,

Thin sections of specimens of the tonalite unit gathered at wide-
1y spaced localities show that, in spite of the differences in the
ratios of potash feldspar to plagioclase, the textural and structural
features of the unit are persistent. Most of the plagioclase and
quartz are in grains that range from 1 to 5 mm., in maximum dimension.
The plagioclase ranges from calcic oligoclase in the granite facies to
andesine in the typical tonalite. The potash feldspar is predominantly
microcline, the grains of which are commonly much larger (as much as
5 mm, long) than those of plagioclase and quartz, Orthoclase is less
abundant and finer grained. The felsic minerals form a £ypical
granitic mosaic, that in some places contains the larger microcline
crystals. Microperthitic grains and micrographic intergrowths of

quartz in orthoclase are common.
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Plate 8a. Contact between tonslite (below) and microcline-
quartz-mica gneiss (above).

Plate 8b. Detail of microcline-guartz-mica gneiss. HNote
cross—-cutting aplite dikelet at top.
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In general, the specimens gathered in the vicinity of large bodies
of lamprophyre and in the sill-like bodies within the metasediments,
are the richest in plagioclase. The specimens gathered near masses of
microcline—quarti—mica gneiss are the richest in potash feldspar.

Mica, consisting of biotite and very subordinate muscovite,
ordinarily forms from 3 to 10 percent of the rock. The mica is mostly
in shreds from 0.5 to 2 mm. long, and is corroded and transected by
quartz and feldspar. Opague accessory grains are commonly associated
with the biotite. In some sections, apatite is also a common accessory.,
Zircon is present, but less abundant.

Some of the feldspar has been partly sericitized, but the rock as
a whole is relatively unaltered. Minute fractures are common, however,

and the quartz grains show undulatory extinction.

Microcline-~guartz-mica gneiss

Distribution

Microcline-quartz-mica gneiss is a distinctive and prominent unit
in the area of the Addenda workings. It commonly occurs in small
masses intimately associated with tonalite; but the gneiss composes
nearly all of the large granitic mass exposed south of the quartzite
member in the area of the two Addenda workings. It is separated from
the metasedimentary rocks that border it on the north by the thin zone
of tonalite,

In the granitic rock mass exposed north of the quartz-biotite

schist member in the Addenda area, the gneiss is subordinate to
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slightly schistose tonalite. In this area, relatively small bodies of
the gneiss are interlayered with tonalite. The two units are generally
separated by sharp contacts, but neither rock appears to penetrate the

other. East of the Addenda area, very little gneiss was observed,
Petrology and petrography

The gneiss is a light gray, medium~grained rock composed of about
one-half potash feldspar, one-third quartz, subordinate albite, biotite
and muscovite, and a trace of opaque grains. The rock locally contains
microcline crystals as much as 4 mm., long. The foliation (pl. 8a,b) is
caused principally by thin layers, rich in aligned mica flakes, alter-
nating with thicker, mica-poor layers composed of a feldspar-quartz
mosaic., The micaceous layers are ordinarily spaced about one centi-
meter apart., Many of the gnelss exposures show a proncunced lineation
produced by small crenulations in individual folia and by broad crenu-
lations in folia grocups.

In thin section the quartz-microcline mosaic is shown to be com-
posed of irreguler grains mostly in the 1 to 4 mm. range in long
dimension. The albite and orthoclase grains are much smaller.

The microcline is slightly perthitic. It is also poikilitic and
contains numerous rounded grains of quartz and orthoclase. Micro-
graphic intergrowths of orthoclase and quartz are common. Mica shreds
are as much as 3 mm. in length. They commonly occur as aligned
residua, surrounded and corroded by feldspar and quartz.

Microcline is the least altered of the feldspars, although it is

somewhat clouded with minute kaolinite (?) and sericite grains. Many
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of the albite and orthoclase grains are strongly sericitized. Altera-

tion of biotite to chlorite is also common.

Microcline silexite

Distribution

Microcline silexite, an extensive and widespresd unit east of the
Bastern Addenda workings, is the most resistant rock in the mine area.
The largest silexite body supports the hills along whose lower southern
slopes much of the talc-bearing zone is exposed. This body, from 70
feet to more than 400 feet in outcrop width, was mapped for a strike-
distance of 3000 feet, and may well continue much farther to the east.
Many smalier silexite bodies are exposed in the area that lies south
of the talc zone and between the Gould and Number Two workings.

Most of the silexite bodies are elongate lenses parallel with
planar elements of the metasediments and of the other granitic rocks;
but a few are very irregular bodies. Some are enclosed by tonalite or
metasedimentary rocks, but most lie between units of these two. The
large body is separated from hornfels on the south by thin, discontin-
Hous tonalité lenses,

Although most of the silexite contacts are relstively sharp,
gradational contacts are not uncommon. In several places, for example,
the large body grades laterally into gquartz-mica schist through several
feet. At one locality the writer noted a several-inch gradation of
silexite into limestone. Irregular septa of silexite locally extend

into tonalite, but apparently none of the silexite occurs in simple,
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fracture-filling dikes.

Petrology and petrography

The silexite, a white to light gray, medium-grained, equigranular
rock, is composed of about 70 percent quartz, 25 percent microcline,
and a few percent of muscovite and biotite, Apatite and opaque grains
are abundant accessories. Also present are traces of rutile, albite,
and sphene. The rock is sufficiently feldspathic to be locally a nor-
mal granite, In a few localities the silexite is mica-rich and contains
schistose masses, but these are uncommon. In most of its occurrences,
the silexite is remarkably uniform, both in texture and composition.
The rock is vitreous, compact, and tough. Weathered surfaces show
quartz cleavages, so well developed that, upon casual inspection, they
give the rock a highly feldspathic appearance. The rock generally has
a faint planar structure marked by an alignment of mica flakes, and by
a parallel elongation of quartz and microcline grains.

Thin section studies show that most of the quartz and microcline
is in grains from 1 mm. to 3 mm, in long dimension., The guartz grains
show a marked undulatory extinction and are crisscrossed by numerous
rows of minute bubbles. The microcline is locally perthitic. The
mica is in shreds that are mostly from 0.5 to 2 mm. long and are corroded
and transected by quartz and microcline.

Some of the mica is sericitic and occurs in irregular, vein-like
aggregates, of which some are elongate parallel with the planar
structure, and others are not. These aggregates apparently record a

late-stage sericitization that has proceeded mainly along mineral
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boundaries and fractures. Sericite shreds also occur sparsely scatter-
ed in some of the microcline grains, MMuch of the biotite is chloritiz-
ed, Otherwise, the rock is comparatively unaltered.

Observed under the microscope, the gradation from silexite to
limestone is complete within about 4 inches, and is marked by grains of

quartz, plagioclase and sericite in limestone.,

Microcline-guartz dike rocks

Dike rocks, composed mostly of quartz and microcline, but with
textures ranging from aplitic to pegmatitic, are widespread throughouﬁ
the area mapped. From dike to dike within this group, there are all
gradations in grain size from fine to very coarse. One type or another
has been noted in crosscutting relationship with all of the previously
described rock units except the microcline silexite. In this unit,
finer grained granitic dikes may well have been overlooked, but their
apparent absence may indicate a degree of contemporaneity with the
silexite,

The most irregular in outline and generally the largest of the
granitic dikes are the pegmatites. These have formed as elongate
lenses or irregular pods in most of the rocks of the area. The pegma-
tites are simple in mineralogy and internal structure. Most are merely
bodies of coarse granitic rock in which the grains do not exceed five
inches in diameter, and which contain no prominent minerals other than
quartz and microcline, Such dikes range from a few inches in width
(pl. 10) and a foot or two in length to as much as 30 feet wide and 200

feet long. The pegmatite dikes within the talc bodies rarely exceed 3
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Plste 9. Hicrocline-cuartz pegmstite dike cross—cutting
diopside~feldspar-quartz—calcite hornfels. HNote dark contact

£

zone rich in ferrugincus amphibols,



feet in width; many consist entirely of graphic granite.

The granite and aplite dikes generally are narrower and of more
uniform thickness than the pegmatites. These finer grained bodies also
are as long as 200 feet, but most of them are much shorter,

The microcline~quartz dikes within talc-tremolite rock are common-
1y bordered by concentrations of phlogopite, chlorite, or ferruginous
amphibole (actinolite ?). Borders of phlogopite or chlorite occur as
well defined schistose iayers that lie close against the dike walls.,
Actinolite (?) accompanies chlorite, and tremolite accompanies phlogopite
in many of these layers. Such schistose borders are as much as 1 inch
thick, but most are less than one~half inch thick. The chloritic
horders are black to dark green, in striking color contrast to the
granitic and tremolitic rocks that they separate. Chlorite~bordered
graphic granite dikes locally contain elongate blades of chlorite, as
much as 3 inches in length, that extend into the dikes from the dike
walls, Some dikes in tremolitic rock do not have schistose borders,
but in these the bordering tremolite is ordinarily altered to deep green
actinolite (?). Many of the dikes in tremolitic rock contain inclusions
of tremolite-or actinolite (?).

Microcline~quartz dikesvin diopsidic hornfels commonly have
clusters of actinolite (?) blades along their margins (pl. 9). These
| blades, mostly much coarser than the grains of the hornfels, are as
much as one-half inch in length. The actinolite has formed at the ex-
pense of diopside, but also contains poikilitic inclusions of diopside,

feldspar and quartz as remnants of the hornfels assemblage.
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Dacite porphyry

A dacite porphyry, the youngest of the dike rocks, is apparently
unrelated to the granitic sequence described above., It occurs in
elongate bodies, from a few inches to about 10 feet in width, that
transect both the metasedimentary and granitic masses. At one place
near the center of the mapped area, discontinuous bodies of dacite
porphyry have been emplaced along a northwest-trending fault. The
fault has displaced both metasedimentary and granitic rocks a horizon-
tal distance of about 15 feet. To the east other dacite porphyry
bodies have been explaced along fractures parallel with the fault.

The dacite porphyry is a medium~gray rock, with chalky plagioclase
phenocrysts and a very fine-grained groundmass. A thin section of a
typical specimen of the rock shows a groundmass composed of approxi-
mately 45 percent calcic andesine, 15 percent quartz, 25 percent bio-
tite, 10 percent hornblende, and 5 percent opaque grains. Plagiocclase
phenocrysts form about 10 percent of the section. These appear to be
labradorite, but are highly sericitized and difficult to identify. The
andesine and quartz of the grbundmass are mostly in grains that range
from 0.1 to 0.3 mm. in length; the biotite and hornblende grains are
generally 2 to 3 times longer. Most of the plagioclase phenocrysts
are 1 to 2 mnm, in diameter. The grains of the goundmass are dimension-

ally aligned, causing a pronounced schistosity.
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Emplacement of the large granitic masses

Although critical study of the significance of and mode of emplace-
ment of the granitic rocks of the Silver Lake region requires many more
data than could be obtained in the relatively small area of the accom~
panying map (pl. 1), the mapping did record distributional and structur—
al features that may prove significant in future regional studies, and
that may well bear on the origin of the talc-tremolite bodies.

These features indicate emplacement of the large granitic masses
without appreciable disturbance of the metasedimentary section. Con-
tacts between metasedimentary units remain nearly equidistant through-
out the talc-bearing area, regardless of the amount of granitic
material that now exists from place to place in the area. For example,
at a locality in the Gould area, a 200~foot thickness of layered rock
separates the base of the lowest talc body from the base of the quartz-
muscovite schist., Of this thickness, about 150 feet is rock of the
quartz-biotite schist and hornfels members and 50 feet is granitic rock,
At a locality west of the Eastern Addenda shaft, the same stratigraphic
horizons are separated by a 210-foot thickness of which only 40 feet
is quartz-biotite schist and hornfels; the remainder is granitic rock.

The tonalite and microcline-quartz-mica gneiss contain numerous
metasedimentary inclusions which are characteristically elongate and
range in long dimension from a few inches to several hundred feet,
Within the granitic masses, inclusions of each metasedimentary rock
type are distributed in the same order in which they occur in the

metasedimentary section. Hach type is confined to a band of granitic
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rock comparable in thickness to the corresponding metasedimentary mem—
ber. The inclusions are approximately parallel with each other and
with the planar structures of the more complete occurrences of the meta-
sedimentary section. The inclusions, therefore, appear as aligned rem-
nants of the section, and the surrounding tonalite and microcline-
quartz-mica gneiss seem to occupy space in which sedimentary rocks once
existed. The silexite is generally free of such well defined inclusions
but its wispy, schistose inclusions and lateral gradation into lime-
stone lenses and large masses of schist, all apparently undisturbed
parts of the metasedimentary section, suggest passive emplacement.

Throughout the area, the surface traces of contacts between meta-
sedimentary units are ordinarily straight or gently curved, whereas
contacts between metasediments and granitic rocks are very irregular,
The metasediments have not been visibly deformed at the granitic con-
tacts. Indeed, the planar structures in the granitic rocks and the
layering and schistosity in the metasediments are everywhere essential-
ly parallel.

The distributional features of the granitic rocks could be attri-
buted to (1) stoping or assimilation in the presence of a magma, (2) to
replacement of the metasediments by any of the processes to which
granitization is ascribed, or (3) to a combination of fluid invasion
and replacement., If the granitic rocks have formed largely by replace~
ment, the process has involved the transformation of widely different
metasedimentary rock types into apparently homogeneous granitic bodies,
or into granitic bodies whose textural and mineralogic variations seem

unrelated to preexisting metasedimentary features. 1In the Addenda area,
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for example, the quartz-muscovite schist, forsterite marble, and
quartzite members are in juxtaposition to tonalite which, upon mega-
scopic examination, is apparently of uniform composition and texture.
Furthermore, the transformation of metasedimentary rocks to mica
gneiss would have had to proceed largely along nearly knife-edge con-
tacts., Homogeneity in granitic bodies and the sharpness of their con-
tacts, have commonly been cited as evidence for a magmatic origin.

The well-defined, dike-like bodies of tonalite that cut the larger
lamprophyre bodies show no evidence of a replacement origin. Instead
their uniform thickness, generally straight traces, and very large
length~-to-width ratios, strongly suggest that the bodies have been in-
jected along fractures. The numerous aplite and pegmatite dikelets and
dikes appear to have originated similarly.

On the other hand, gradational contacts between metasedimentary
and granitic rocks do exist. Examples of these are the migmatite
zones, and the gradation of silexite into schist and limestone.
Furthermore, because it is well-known that sharply defined fronts com-
monly separate replacement bodies from unreplaced rocks, the sharp-
contact criterion, as evidence against replacement should be used with
caution. Moreover the planar structures of the granitic rocks, in
general, are not attributable to flowage, because they parallel planar
structures in the metasediments, regardless of marked irreguiarities in
the contacts between the two rocks. If the granitic rocks crystallized
from a magma, post-emplacement stress must have produced their planar
structure, If of replacement origin their structures may be relict

from the metasedimentary rocks or may have been caused by stress during
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or after the initial crystallization of the granite-forming minerals.
The metasedimentary "islands", arranged in orderly belts in normal
stratigraphic sequence and in dimensional and textural alignment, do
not have the appearance of xenoliths. Their textural alignment may
well be an effect of post-emplacement stress; but, in view of the
lack of large-scale deformation in the larger metasedimentary masses,
such stress could hardly have drawn all of the inclusions, regardless
of size to their present dimensional alignment. If the granitic rock
was once mostly a magma, stoping into a roof pendent, of which each
"island" was a part, may have caused their present dispositicn and
alignment; but many of the smaller "islands" appear to have been pod-
shaped.

With the evidence thus in apparent conflict, and with the lack
of proved criteria, the origin of the granitic rocks must remain
speculative. Probably both processes, crystallization from a granitic
magma and replacement, were effective. DBut replacement evidence,
particularly as shown by the disposition of the metasedimentary "islands",
seems most abundant to the writer. Extensive replacement would have
involved principally the introduction of potash and soda and the
removal of most of the metasedimentary Ca0 and MgO. The average
chemical composition of the five metasedimentary members probably
originally lay between 5 and 10 percent MgO, compeared with an g0 con-

tent for the average granitic rock of less than 2 percent.
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TALC BODIZLS
GENERAL COMPOSITION AND DISTRIBUTION

The rocks mined as commercial talc in the Silver Lake area are
composed principally of magnesian silicate minerals. IListed in order
of decreasing abundance, these are tremolite, talc, forsterite, ser-
pentine, and chlorite (?)., Tremolite forms an estimated three-fourths
of the volume of the bodies, and talc is markedly in excess of the others.
Calcite is ordinarily present, but in amounts of only 2 to 3 percent.

All of the material currently mined in the area is obtained from
bodies within the hornfels member. One relatively small body, which is
not being worked, occurs a few hundred feet south of the Number Two and
One-half workings. This body, however, is also enclosed in green
diopsidic hornfels, apparently a lense separate from the member., Where
the hornfels member exists in its full 150-foot thickness, the talec

bodies lie very close to the center,
SIZE AND SHAPE

Although largely confined to a narrow, persistent zone, the tale
bodies themselves are much less continuous. The mineable bodies range
from a few tens of feet to about 800 feet long and from 5 to 15 feet
wide. The larger bodies ordinarily occur in parallel pairs (pl. lla,
fig, L) separated by from 10 to 20 feet of diopsidic rock.

Individual bodies terminate in several ways. Many of them narrow
gradually, lensing into diopsidic rock. Others are brought against

diopsidic rock by cross-faults. Several of the bodies in the Addenda
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workings end abruptly against irregular masses of pegmatite. The
principal cause of discontinuity, however, has been the emplacement

of the larger masses of granitic rocks. One or more of the tale
bodies at each of the five workings terminate against rock of the
tonalite unit. Microcline silexite transgresses the surface exposures
of one body at the eastern end of the Gould workings, and also trans-
gresses the downward extension of much or all of the Gould talc zone
at a depth of about 300 feet.

Very pronounced planar structures, in the massive tremolitic
rocks as well as the talc schists, parallel the planar structures of
the nearby granites and metasedimentary rocks. In the massive tremo~
litic rocks these structures are caused mostly by variations in grain
size, by the concentration of forsterite, calcite, or tale along even
layers, and by parallelism of serpentine veinlets.

White tremolitic rock, the most abundant variety in most of the
talc bodies, ordinarily occupies from three-fourths to their entire
thickness (fig. 5). Layers of talc schist, from a few inches to as
mach as five feet thick, occur along the foot-walls of most bodies,
1§ss abundantly along the hanging walls and within the bodies. The
talc schist appears to have formed along shear zones and at the ex~-
pense of the various types of massive tremolite rock. Tremolite-
forsterite-serpentine rock, pre-dating the white tremolitic rock, oc-
curs as residual masses within it and locally forms the entire width
of a talc body. Green tremolitic rock, the least abundant of the four,

was noted locally in several-foot layers near hanging walls.



Plate 10a. (above). View
westward along surface exposures
of Gould talc bodies. Two
parallel bodies are bordered by
diopside~feldspar quartz-calcite
hornfels. Tonslite and quartz-
biotite schist member exposed on
hill to upper right.

Plate 10b. (right). Typical]
stope in massive tremolitic rock
of Gould deposits.
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ROCK TYPES AND INTERNAL STRUCTURE OF BODIES

General statement

The commerciél talc bodies are composed of several metamorphic
rock types characterized by contrasting,textufes and distinctive mag-
nesian silicate mineral assemblages. All of the types have been
marketed as ceramic raw material. They are broadly divisible into
(1) schistose rocks composed mostly of the mineral talc and (2) massive
rocks predominantly of tremolite. The highly tremolitic rocks are
further subdivisible into three varieties: (1) a snowy white rock with
subordinate amounts of the mineral talc, (2) a pale bluish green,
virtually monomineralic tremolite rock, and (3) a pale yellowish green
to pale brownish gray rock rich in disseminated forsterite and numerous
sefpentine veinlets. The white variety is by far the most abundant,
but the other two were noted in relatively large amounts at several
places. All gradations exist between the white rock and talc schist

containing virtually no tremolite.

White tremolite rock

The snowy white variety of massive tremolitic rock is typically
composed of more than three-fourths tremolite, less than one-fourth
talc and a few percent carbonate, It is a medium- to coarse-grained
rock, and breaks into tough, irregular blocks. Although a decussate
texture is most common (fig. 7), layers of contrasting grain size,
from one~eighth to one-half inch thick, produce a laminated appearance,

HMany of the layers consist of tremolite blades lying normal to the
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planar structure. Less common are layers of tremolite blades dimen-
sionally oriented parallel with the planar structure. Concentrations
of micaceous talc within the rock form other schistose layers as small-
scale counterparts of the larger bodies of talc schist along the walls
of the bodies.

Most of the tremolite blades are between 2 mm. and 2 cm. long.
The talc occurs in two principal habits; one equant, the other mica-
ceous., The observed equant grains, as much as 3 mm. in diameter, are
disseminated through the tremolite, and represent replacements of it.
They commonly contain aligned tremolite residua, but pseudomorphs of
talc after tremolite are rare. The micaceous talc forms the schistose
layers. In the thihnest layers, aligned talc shreds cross the decus-
sate tremﬁlite needles in a markedly contrasting texture. Tremolite
residua that lie askew the schistosity are common.

The carbonate, which forms 2 to 3 percent of the white tremolite
rock, occurs in seams and in grains interstitial to the tremolite
needles., It occurs in distinct but cloudy grains and appears to have
formed contemporaneously with or later than the tremolite. Phlogopite

is locally a minor constituent.

Green tremolite rock

The pale bluish green tremolite rock, much finer grained than the
snowy white variety, is composed of needles , mostly less than 1 mm.
long. The specimens observed in thin section contain only tremolite,
the decussate texture of which imparts and unusual toughness and com-

pactness to the rock. This rock ordinarily occurs in layers, less
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than 3 feet in width, parallel to the other planar features of the tale
bodies. Such layers were particularly well developed near the hanging
wall of the Number Two and One-half deposit, now largely worked out.
Where the white and green varieties are in contact, the white tremolite
veinlets commonly extend into the green rock; in other places the two

types grade into each other.

Tremolite-forsterite-serpentine rock

The massive rock composed mostly of tremolite, forsterite and ser-
pentine and pre-dating the white tremolitic rock, is relatively abund-
ant in the Gould and Eastern Addenda deposits. In the Gould workings
it ordinarily occurs as irregular masses, several feet in long dimen-
sion, enclosed by white tremolite; but locally in these deposits and ex~
tensively in Zastern Addenda deposits, this rock occupies most or all
of the entire width of an individual talc body.

The tremolite-forsterite-serpentine rock, colored pale yellowish
green to light brownish gray, is composed principally of tremolite.
Forstérite and serpentine, in various proportions, form as much as one-
third of the rock (fig. 6). It ordinarily also contains an appreciable
proportion of talc and two to five percent of carbonate material.

As in the white tremolite rock, decussate tremolite needles,
mostly from 2 mm., to 2 cm. long, give the rock an unusual toughness.

In hand specimen this tremolite is generally darker colored than the
tremolite of the white rock.

Disseminated grains of forsterite or talcose ghosts of forsterite,

in planar concentrations, cause a distinct layering. Most of the
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Figure 6. Tremolite-forsterite-serpentine rock showing
progressive replacement of forsterite by tremolite., Tremolite
partly replaced by talc (upper left) and by carbonste (lower
right). Chrysotile veinlets cut all other minerals.
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Figure 7. Wwhite tremolite rock containing talcose material
(center; probably ghost of a forsterite grain) and carbonate.
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forsterite is in relatively large, equant grains as much as 5 mm. in
diameter., Some of the grains are markedly elongate,

Thin section studies show all stages of a forsterite to tremolite
alteration ranging from the marginal corrosion of forsterite by tremo-
lite blades to the existence of aligned forsterite residua in 2z tremo-
lite mesh. The original outlines of the forsterite grains are general-
ly detectable, and indicate that the mineral formed between one-eighth
and one-fourth of the volume of the pre-tremolite rock.

Chrysotile forms alteration rims about forsterite grains, pseudo-
morphs after tremolite, and networks of megascopic and microscopic
veinlets extending across forsterite, tremolite, talc and carbonate
grains and grain aggregates indiscriminantly. The veinlets are apple
green in hand specimen. They rarely exceed one~fourth inch in width;
most of them parallel the other planar features of the nearby rock
units. Many, however, form seemingly random, criss-cross patterns.

The chrysotile and forsterite, ubiquitous in this earlier metamorphic
rock, do not exist in the other rock types of the talc bodies. Chryso-
tile veinlets extend to, but not beyond, contacts with white tremolitic
rock.

The mineral talc occurs in the serpentine-~ and forsterite-bearing
tremolite rock in several habits, but not in the schistose layers so
common elsewhere in the deposits., The forsterite has commonly altered
to a dark-brown, felty, and very fine-grained talcose materizl. All
stages in this alteration are shown. The completely talcose ghosts
of forsterite appear to be most abundant near contacts with the white

tremolite rock and a few were noted in the white tremolite rock itself,



79.

Talc also occurs in colorless, fine-grained aggregates that have
formed at the expense of tremolite, and, less abundantly, as a re-
placement of the chrysotile.

The carbonate material is ordinarily very fine-grained and occurs
in veinlets and irregular aggregates. An intimste association of car-
bonate veinlets with chrysotile veinlets, commonly with mutually
cross-cutting relations, probably indicates contemporaneity. The car-
bonate aggregates, largely, if not wholly, formed at the expense of
tremolite, and are closely associated with chrysotile that has also re-
placed tremolite.

That the occurrences of tremolite~forsterite~serpentine rock are
older than the white tremolite rock with which they are associzted is
shown in several ways. In many places the tremolite-forsterite-ser~
pentine rock is cut by phlogopite~filled fractures along which white
tremolite needles have grown normal to the fracture walls. Granitic
dikes and dikelets that cross this rock are also bordered by zones of
white tremolite. Such zones range from a fraction of an inch to
several feet in width, and are commensurate in size with the granitic
bodies they border. The tremolite-forsterite-serpentine rock that oc-
cupies most of the thickness of one of the Eastern Addenda bodies is
bordered on both the hanging and foot-walls by one~ to three-foot zones
of white tremolite rock that appear to have formed slong shearing

planes locallized by the contacts of the deposit with hornfels.
Talc schist

Talc schist, so common in relatively thick layers along the
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foot-walls of the talc-tremolite bodies, occurring less abundantly
along the hanging walls and within the bodies, was the material most
sought in the early mining operations. Some is reported to have been
marketed as cosmetic talc. Now the schist is mined with massive tremo-
lite rocks and mixed with them.

The talc schist is a snowy white, micaceous, and very friable
rock. Although consisting mostly of talc, it contains variable pro-
portions of tremolite and chlorite (?) and a percent or two of car-
bonate (predominantly calcite). The falc grains, micaceous in habit,
are commonly a centimeter or more in diameter. 1In close dimensional
alignment, and characteristically curved, they produce an undulating
schistosity and give the rock a lustrous, pearly sheen. Tremolite
blades, locally abundant, are less evenly aligned than the talc and are
corroded(and cross~cut by talc shreds, A mineral with a very low bi-
refringence, tentatively identified as a colorless chlorite, is
intimately associated with the talc. Pseudomorphism may be indicated

by similarity in habit, but replacement textures were not observed.

METAMORPHISM

Nature of the parent rock

A sedimentary parent rock for the "talc" bodies is indicated by
their occurrence in the metasedimentary section as well-defined layers
and elongate lenses, paralleling each other and composed of mineral
assemblages characteristic of metamorphosed carbonate rocks. That the
bodies were strata that contrasted in composition with bordering strata

from which the hornfelsic rocks altered, is strongly suggested by
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(1) the persistence of the "talc" bodies, ordinarily in pairs, in the
same stratigraphic position for the entire 2-mile length of the talc-
bearing zone, (2) relatively uniform thicknesses, (3) a marked con-
trast, in mineralogy and bulk chemical composition, between the bodies
and the bordering hornfelses, and (4) a close resemblance in plan with
other layers in the section that are unquestionably sedimentary strata
(i.e. marble layers in one quartzsmuscovite-schist member),

The abundance of forsterite and lack of disseminated quartz in the
talc bodies, together with the diopside-quartz association in the horn-
fels, probably indicates that the original rocks were respectively sub-
silicic and silica-rich. It will be remembered that in the other
metamorphic rocks of the area, the forsteritic units are also quartz-
free, whereas the quartz-rich calcareous rocks are forsterite~free and
generally diopside-bearing. The forsterite-quartz association, common-
ly cited as an example of disequilibrium in other metamorphic terranes,
apparently does not exist in the Silver Lake mine rocks.

The sparsity of alumina, soda, and potash in the talc bodies
probably is also a feature inherited from the original strata. Although
much of the potash and soda in the hornfelsic rocks may well have been
introduced, these rocks apparently contained silica and alumina by
which the alkalies could have been fixed.

The phlogopite within or bordering the talc bodies may have been
derived partly or wholly, from original material, the crystallization
of feldspar prevented by a high proportion of magnesium. The phlogopite-
rich border zones may be effects of metamorphic differentiation involv-

ing an outward movement of original material. But even if the potash
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and alumina in such zones were distributed through the talc bodies as-
sociated with them, the bodies would still be much poorer in these ma-
terials than comparable thicknesses of bordering hornfels. Moreover
the phlogopite borders along granitic dikes, and phlogopite-filled
fractures strongly suggest that alumina and potash have been introduc-
ed into the talc bodies late in their metamorphic history. The tale
bodies, therefore, originally may well have been magnesian carbonate

rock, low in silica and nearly free of other impurities.

Physical and chemical environments

The paragenesis of the Silver Lake talc bodies is divisible into
five.stages, each reflecting a change in physical or chemicai environ-
ment (fig. 8). 1In brief, these stages appear to have been as follows.
First, dolomite, low in silica, was heated under stress to temperatures
in the 600 to 800 degrees C. range, with little or no accompanying
metasomatism, yielding a forsterite-~bearing carbonate rock. Second,
extensive silica and magnesia metasomatism, under non-stress conditions
and somewhat lower temperatures, yielded the first generation of
tremolite, mostly at the expense of carbonate, partly at the expense
of forsterite., Third, the temperature decreased to less than 500 de-
grees C., producing a partial serpentinization of forsterite and
tremolite and a partial carbonatization of tremolite, with little
change in bulk chemical composition. Fourth, a rise in tempsrature
concurrent with the intrusion of granitic dikes, and accompanied by
the introduction of several percent each of Ca0 and Si0O,, produced

the second generation of tremolite at the expense of all pre-existing
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minerals. Preceding their alteration to tremolite many of the forster-
ite residua were altered to a talcose material. Fifth, a renewal of
stress, MgO enrichment and probable lowering of temperature yielded
abundant tale and subordinate chlorite (?) largely at the expense of
second generation tremolite. |

That volumes remain essentially unchanged during the second, third,
and fourth stages, is indicated by the growth of newly-formed minerals
into the pre~existing rocks with no apparent disturbance in the relict
textures. The changes in bulk chemistry during these steps, therefore,
probably were truly metasomatic.

The silica-magnesia metasomatism of stage two is indicated by (1)
the contrast in chemical composition between the inferred low-silica
dolomite and the commercial talc rocks (table 2) which consistently con-
tain more than 25 percent MgO and more than 60 percent SiO; and (2) the
post-forsterite age of the first generation of tremolite. An early
production of forsterite at the expense of dolomite and silica, ac=-
cording to the equation

ZCaMg(CO3)2+ 5100 = MgpSi0), + 2CaC03 + 2C0p

dolomite quartz forsterite calcite
would have brought a slight decrease in volume and enrichment in MgO.
But such enrichment could not have produced the MgO fraction of the com-
mercial talc rocks. The MgO content of an ideally pure dolomite, it
will be recalled, is 19.1 percente. Similarly SiOy, which probably com-
posed no more than one~-eighth of the original rock, apparently increas-
ed more than 5-fold in the development of the first generation of tremo-

lite. The formation of tremolite at the expense of calcite~-rich
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carbonate material, would also involve removal of Ca0 and 002. The
metasomatism thus related to stage two seems to have produced the most
pronounced chemical changes in the metamorphic development of the talc
bodies, Why tremolitization in‘the Silver Lake area was largely con-
fined to the parent rocks of the talc bddies, Whéreas other calcareous
metasediments contain little or no tremolite, is not clear. Perhaps
most significant was the degree of access to tremolitizing solutions
as determined by the physical nature of the various rocks.

. The 600 to 800 degree temperature range postulated above for the
formation of diopside in the hornfels may be also claimed for the
forsterite, as the two appear to have been coexistant. That the tremo~
lite formed at somewhat lower temperatures is indicated by the ina-
bility of tremolite to exist in equilibrium with calcite in a dolomitic

29/

rock above the fourth of Bowen's=~" thirteen steps. Points on Bowen's

29/ Bowen, N, L., op. cit., p. 245.

schematic P-T curve for this step include 550 degrees C. at 500 atmo-
spheres pressure and‘630 degrees C. at 2000 atmospheres. It will also
-be‘remembered that tremolite precedes both forsterite and diopside when
listed in their theoretical order of production with rising temperature,
A further decline in temperature is probably also shown in the ap-
pearance in stage three of chrysotile, a mineral which, as noted above,
cannot form at temperatures above 500 degrees C. at any pressure. The
addition of CO,, probably at the expense of 5105, was needed in the
carbonatization of tremolite. Otherwise the changes in bulk chemistry

were insignificant during this stage.
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The disappearance of chrysotile and reappearance of tremolite in
the fourth stage apparently record a rise in temperature above 500 de-
grees C, This is further indicated by alteration of forsterite to

talc near contacts with white tremolite rock. Bowen and Tuttlezg/ have

30/ Bowen, N. L., and Tuttle, O. F., op. cit., p. 452.

shown that, whereas the serpentinization of forsterite can proceed only
at temperatures below 500 degrees C., these workers state that above
this temperature "a medium which could add silica or subtract
magnesia could change forsterite only to talc or to
talc and enstatite if the supply of water were
deficient, Talc could form from forsterite at low
temperatures also but only with intermediate forma-
tion of serpentine."
The white tremolite zones that border granitic dikes may well be pri-
marily an effect of heating and suggests that the temperature of the
granitic material was well in excess of 500 degrees C.

A replacement by nearly monomineralic tremolite rock of a tremo-
lite~forsterite~serpentine-calcite rock would require principally the
subtraction of COp and addition of SiOp , both in small proportion.

The fifth and final stage in the metamorphism, as shown in the
alteration of the white tremolite to tale, indicates a removal of Ca0
and an enricnment in MgO. In the formation of the equant talc grains,
causingllittle or no change in volume, an actual addition of Mg0 is
probably indicated. Whether the development of the large talc schist

layers caused significant volume changes is not known, but the enrich-~

ment in MgO may have been largely or wholly an effect of a shearing out
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of Ca0. In thin section, however, the smaller schist layers appear to
have evolved with only a slight disturbance of tremolite. It is prob-
able, therefore, that the development of at least some of the schist-
forming talc required additive g0, At this late stage most of the 002
evolved in the earlier stages had probably escaped. This may partly
account for the sparsity of carbonate material associated with the tremo-~
lite to talc alteration, whereas the earlier tremolite to chrysotile

alteration was accompanied by formation of several percent of calcite.

Source of the additive materials

Either by strong inference or by direct evidence the stages in the
metamorphism of the tale bodies can be correlated in time with stages
in the emplacement of the lamprophyric and granitic rocks. The lampro-
phyre probably was emplaced during the first metamorphic stage previous
to the hydrothermal conditions characteristic of the later stages. The
lamprophyre, distinctly more mafic than the granitic rocks, suggests a
hotter, dryer environment. The lamprophyre bodies, it will be remem-
bered, show no contact effects, whereas zones of hydrous minerals com-
monly border the granitic dike rocks.

The tremolitization, marking the pronounced chemical changes of
the second stage, appears to have been contemporaneous with the emplace-
ment of the large granitic masses, partly at the expense of magnesium-
rich metasedimentary rocks. The hydrothermal activity, shown in the
silica-magnesia metasomatism of the tslc bodies as well as in the
alkali metasomatism indicated for other metasedimentary units, is com-

patible with the aqueous environment characteristic of granitic rocks.
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1 2 3 4 P
510, 51.17 57.40 58.90 59.25 58.12
Al 04 0.64 1.29 0.57 0.53 0.60
o3 0.36 0.86 0.30 0.30 0.28
FeO
MgO 29.80 23.91 25.14 25.80 28.65
Cal 11.25 13.55 12.66 11.82 8.11
Nas0 0.20 0.33 0.26 0.13 0.27
K20 0.10 0.11 0.11 0.06 0.11
Hy0* 3.79 2.12 1.60 242L 2.89
Hy0~ 0.67 0.08 0.11 0.13 0.09
COo 2.37 None None 0.02 0.06
Un0 _0.03 Tr. Ir. _ None _Tr.
Total 100,38 99.65 99.65 100,28 99.18
1. Forsterite-tremolite-serpentine-calcite rock from Gould workings.
2. Green tremolitic rock from No. Two and One-half workings.
3., White tremolitic rock from Gould workings.
L. White talc-tremolite rock from Gould workings.
5. Green talc-tremolite rock from No. Two and One-half workings.
6. Talc-tremolite schist from Gould workings.
7. Commercial talc blend.
8. Diopside-feldspar hornfels wall rock from No. Two and One-half workings.

Table 2. Analyses of representative samples of Silver Lake
commercial talcs and wall rock; Alberta J. licArthur, Sierra Talec
and Clay Company, analyist.

59.05
0.78

O.42 |

28,67
5.81
0.41
0.18
3.7
0,19
0,42

_Tr.

99.64

56429
1.07

0.43

28,31
9.26

1.06

4,02

1044 4y

56.70
9.16

2.04

8.55
1449
1.26
5.50.
0.90
0.31
2.30
_0.03

101.74
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iloreover the extent of the metasomatism requires a comparably large-
scale source.

The third stage, which yielded chrysotile, apparently marks a
period separating the end stages of the emplazcement of large granitic
bodies and the intrusion of the granitic dikes, and accompanied by
lower temperatures and decreased hydrothermal activity. The fourth
stage is clearly fixed in time by the white tremolitic rock that
borders granitic dikes. The fifth or telc-~forming stage post-dates
the granitic dikes.

The additive material may have been derived from a granitic magma
or it may be transferred metasedimentary material. Wwhether or not the
large granitic masses are partly replacement bodies or solidified from
a magma, the primary source of the HZO and SiO2 was probably mostly
magmatic. Silicification and hydration characterize granitization and
are common effects of granite intrusion. That granitic magmas can also
yield hydrothermal MgQ is shown by the common occurrence of magnesian
silicate skarns along granite~limestone contacts., But such skarns are
ordinarily ferruginous, whereas the Silver talc bodies are not. Iron-
free Lig0-laden solutions, however, may well have formed during
granitization of the magnesium-rich metasedimentary rocks. If MgO was
also introduced during talc formation in the fifth stage, the MgO-
bearing solutions must have been residual or were derived from an un-

determined source.
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DEPOSITS OF THE SOUTHERN DEATH VALIEY-

KINGSTON RANGE DISTRICT

INTRODUCTION

DELINEATION OF THE DISTRICT

The talc deposits of commercial interest in the Southern Death
Valley-Kingston Range district are confined to the Crystal Spring for-
mation, the lowest unit of the late pre-Cambrian Pahrump series. Each
deposit is further restricted to the lower part of a massive carbonate
member in the middle of the formation and is associated with a diabase
sill intruded at or near the base of the member, At every locality
visited by the writer, where this part of the formation is exposed,
talc mineralization was noted.

The outline of the talc-bearing district (fig. 9), therefore, en~-
closes virtually all of the known exposures of the Crystal Spring for-
mation. The talc~bearing district, a northwest-trending belt athwart
the San Bernardino-Inyo county line, is about 70 miles long and
averages 15 miles wide, It contains a part of the southeastern Pana-
mint Range, the southern part of the Amargosa Range, the Ibex Hills,
the Alexander Hills, a narrow east-trending belt in the central part of
the Kingston Range, the western part of the Silurian Hills, and the
northern tip of the Owlshead Mountains. The western one-third of the
district is largely with in the limits of Death Valley National

Monument.,
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Figure 9. Map of southern Death Valley-Inyo Range region showing locations of
principal talc mines; (1) lontgomery, (2) Warm Spring, (3) Death Valley, (4) Ibex and
Monarch, (5) Pongo, (6) Superior, (7) iestern, (8) Tecopa, and (9) Excelsior. Stippled

area contains all known exposures of Crystal Spring formation.

*16



92.

PHYSICAL FEATURES

The Southern Death Valley-Kingston Range talc deposits are in an
area famed for its magnificent desert scenery, but likewise noted as
one of the most arid and least inhabited regions of North America.
Within the district, however, are two settlements, Tecopa and Shoshone,
with a combined population of about 300 people. Both are on the Amar-
gosa River east of the Amargosa Range. Tecopa is about 2 miles north
of the San Bernardino-Inyo County line., Shoshone is about 9 miles
north of Tecopa.,

The talc deposits range in altitude from approximately 300 feet
near Saratoga Spring at the southern end of Death Valley to nearly 5000
feet in the Kingston Range. Rainfall in the district ranges from an
annual average of less than 2 inches on the floor of Death Valley to
somewhat more than 5 inches in the higher parts of the Amargosa and
Kingston Ranges. All but the easternmost tip of the province is drain-
ed by the Amargosa River and its tributaries. The Amergosa, whose
headwaters are near Death Vglley Juﬁ@ion about 20 airline miles northe
northwest of Shoshone, flows south~southeastward to a point sbout 10
miles south of Tecopa. From this point, the river swings westward and
then northward in a broad arc, and ends in the undrained Death Valley
basin., The channel carries large quantities of water only duriné
periods of heavy rainfall, Ordinarily it has a continuous, thoﬁgh
feeble, flow in the winter months and is dry during the rest of the
year,

Except for local marshy areas along the Amargosa River, and in
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the vicinity of widely sﬁaced springs, the vegetation of the region is

. execeedingly sparse. Most of the mountain slopes are virtually barren
of plants or overburden. Ifuch of the pre-Quaternary geology, however,
is hidden bhenesth depressions containing Pleistocene or Recent conti-
nental sediments.

The central part of the province is crossed by State Highway 127,
which extends north-northwestward from Baker through Choshonz to
Death Valley Juntion. Talc mined in the region formerly was shipped
from various points on the Tonopah and Tidewater Railroad which, in
general, paralleled the highway. Since‘l941, when the ralls were re-
moved, talc has been trucked to Dunn siding, a point on the Union
Pacific Railroad. Dunn is about ninety miles by road from Shoshone,
and 155 miles by rail from Los Angeles.

Roads leading east and west of Highway 127 extend to most of the
talc-bearing localities. Autos can be driven to within a mile of near-
1y every other locality in the district. Wost of the mine access roads
are graded and fairly well-kept. Others are unimproved and should be
used only by persons experienced in desert driving, and preferably

with truck-type or four-~wheel-drive vehicles.
DISTRIBUTION OF TALC DEPOSITS

As inferred above, the numerous talc-bearing localities in the
Southern Death Valley-Kingston Range district are nearly as widespread
as exposures of the Crystal Spring formation itself. In the south-
eastern part of the Panamint Range, deposits have been operated at the

Warm Spring mine in Warm Spring Canyon (pl. 16a), at the Death Valley
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mine in Galena Canyon, and at the lontgomery mine high on the ridge
separating the two canyons. Deposits on the Panamint claims, between
Anvil Spring and Warm Spring Canyons, were scheduled to be opened in
1951.

Taic—bearing Crystal Spring rocks also exist in the south central
part of the Amargosa Range; but these are in relatively small blocks in

the chaotic terrane described by Nobleél/ and Curryég/. None of these

2;/ Noble, L. F., Structural features of the Virgin Spring
area, Death Valley, California: Geol. Soc. Americe
Bullo, VOl. 52, ppo 91}1“'999, 191{-1.

32/ Curry, H. D., "Turtleback" fault surfaces in Death Valley,
California (abstract); Geol. Soc. American Bull,,
vol. 49, p. 1875, 1938.

deposits has been seriously worked. Beds of the Crystal Spring forma-
tion are exposed in the southernmost tip of the Amargosa Range, about
midway between Ibex Spring and Confidence Mill., Here a talc-bearing
zone is discontinuously exposed for a distance of about 3 miles; but
this zone , which includes ths Brown and Valley deposits, has been only
prospected.

Several talc mines aﬁd unworked talc deposits are in the north-
trending Ibex Hills that lie east of the southern part of the Amargosa
Range and extend from the Sheephead Pass area southward to the vicinity
of Saratoga Spring. In these hills, the Crystal Spring formation is
almost continuously exposed for a distance of 12 miles. Here too, the
formation is in comparatively large faulted blocks. The Eclipse mine
is on the east flank; the undeveloped larkley deposits are near the

crest of the northern part of the hills. The closely spaced llonarch,
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Pleasanton, and Ibex mines (pl. 12a) are in the vicinity of Ibex Springs
and south of the Markley deposits. In the southernmost group of the
Ibex Hills north of Saratoga Spring, are the Superior, White Cap,
Pongo, and Saratoga mines.

The Grimshaw prospects are exposed low on the west side of a
eastward-tilted block of late pre-Cambrian sediments that lie east of
the southern part of the Ibex Hills. The original Acme mine is in an
exposure of the Crystal Spring formation in the Rainbow kiountain area
about 4 miles south-southeast of Tecopa.

In the Alexander Hills, about 9 miles southeast of Tecopa, the
Crystal Spring formation is exposed in relatively large, moderately
tilted fault blocks. These contain the Western (fig. 11, pl. 15b),
Booth mines, and another Acme mine which, to avoid confusion with the
original Acme mine at Rainbow Mountain, will be referred to as the
"New Acme mine", The Donna Loy mine is in exposures of the formation at
the southern end of the Nopah Range north of Tecopa Pass, The Crystal
Spring prospect and the Harry Adams, and Excelsior mines are in a
narrow belt of the Crystal Spring formation that extends eastwardly
through the central part of the Kingston Range. The Tecopa (Smith)
and Rogers mines are in Crystal Spring sediments exposed on the west
central flank of the Kingston Range.

The southernmost of the known exposures of the Crystal Spring
formation are in the western part of the Silurian Hills. Here talc
has been obtained from the Annex Number One and Berryhill mines;
several other properties have been prospected. The Sheep Creek deposit,

near the mouth of Sheep Creek Canyon on the northern slope of the



97-

Avawatz Range, is in a sliver of Crystal Spring rock in the Garlock
fault zone. The only other talc-bearing area within the district, and
known to the writer, is high on the northernmost tip of the Owlshead
Mountains., Here a group of undeveloped deposits are contained in a
steeply north-dipping Crystal Spring section.

A description of the geological features of each of these talce-
bearing areas cannot be included in the present discussion. As a
group, they have many features in common, suggesting that the deposits

have formed under essentially the same geological conditions.

THE CRYSTAL SPRING FORMATION

PREVIOUS INVESTIGATION

In the mid-eighteen-seventies G. K. Gilbertéz/, upon observing

22/ Gilbert, G. K., Report upon the geology of portions
of Nevada, Utah, California, and Arizona,
examined in the years 1871 and 1872: in Geog.
and Geol. Surveys W. 100th Mer. Rept., vol. 3,
pPpe. 31+, 170, 1875,

the geological features of the Saratoga Spring area, was the first to
describe the marine sedimentary and intrusive diabasic rocks that were
later to be included in the Pahrump series. Gilbert noted their un-
fossiliferous character, but did not assign an age. In 1902 the same

exposures were briefly mentioned by M. R. Campbelléﬁ/ who presumed the

2&/ Campbell, M. R:, Reconnaissance of the borax deposits
of Death Valley and Mojave Desert: U, 3. Geol.
Survey Bull., 200, p. 14, 1902.




Plate 12a. Hast face of Ibex Hills, composed of lower part of
Crystal Spring formstion dipping steeply toward observer. Diabase
sill (darkest unit) is overlain by carbonate member (lower slopes and
underlain by quartzite and shaly members (higher slopes). Monarch
mine at left center; Pleasanton and Ibex mines, far left.

Plate 12b. View norbthward along the sbrike of Ibex Hills

Crystal Spring section shown in plate 123, Feldspathic gquartzite
member exposed on horizon between points 1 and 2, purple shale
member between points 2 and 3, and fine-grained guartzite member
between points 3 and 4. These lower units are in fault contact
with higher units of the formation (mid-foreground) which contain

the Ibex deposit (I.).



99.

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



100.

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.
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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.



122,

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



136.

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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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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silicated rocks of the Crystal Spring formation.
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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}
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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



1{4!{.0

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
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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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