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SURVEY PUBLICATIONS ON GOLD AND SILVER.

The following list includes the more important publications by the
United States Geological Survey, exclusive of those on Alaska, on
precious metals and mining districts. Certain mining camps, while
principally copper or lead producers, yield also smaller amounts of
gold and silver. Publications on such districts are listed in the
bibliographies for copper and for lead and zinc. When two metals
are of importance in a particular district, references may be- dupli-
cated.

These publications, except those to which a price is aflixed, may
be obtained free by applying to the Director, United States Geolog-
ical Survey, Washington, D. C. The priced publications may be
purchased from the Superintendent of Documents, Government -
Printing Office, Washington, D. C.; the monographs from either the
Director of the Survey or the Superintendent of Documents.

Anxorp, Rarem.. Gold placers of the coast of Washington. In Bulletin 260,
pp. 154-157. 1805. 40c.

Bamy, . F. Reported gold deposits of the Wichita Mountains [Okla.]. In Bulle-
tin 225, pp. 120-122. 1904, 35c.

Bar, 8. H. Geological reconnaissance in southwestern Nevada and eastern
California. In Bulletin 285, pp. 53-73. 1906, 60c. Also Bulletin 308. 218 pp.
1907,

Bancrorr, Howranp. Reconnaissance of the ore deposits in northern Yuma
County, Ariz. Bulletin 451. 130 pp. 1911.

BarrziL, JoseeH. Geology of the Marysville mining district, Montana. Profes-
sional Paper 57. 178 pp. 1807.

Brcxer, G. F.  Geology of the Comstock lode and the Washoe district; with atlas.
Monograph I1I. 422 pp. 1882. $11.

Gold fields of the southern Appalachians. In Sixteenth Ann. Rept., pt.
3, pp. 251-331. 1895.

Witwatersrand banket, with notes on other gold-bearing pudding stones.
In Eighteenth Ann. Rept., pt. 5, pp. 153-184. 1897.

Brief memorandum on the geology of the Philippine Islands. In Twen~
tieth Ann. Rept., pt. 2, pp. 3-7. 1900.

Bourwerr, J. M. Economic geology of the Bingham mining district, Utah. Fro-
fessional Paper 38, pp. 73-385. 1905.

Progress report on Park City mining district, Utah. In Bulletins 213, pp.
3140 (25¢.); 225, pp. 141-150 (35c.); 260, pp. 150-153 (40c.).

Caukins, F. €., and MacDownarp, D. F. A geologic reconnaissance in northern
Idaho and northwestern Montana. Bulletin 384. 112 pp. 1909.

ConuEr, A.J. Gold-bearing river sands of northeastern Washington. In Bulletin
315, pp. 56-70. 1907. '

Cross, WrrmmaN. General geology of the Cripple Creek district, Colorado. In
Sixteenth Ann. Rept., pt. 2, pp. 13-109. 1895. $1.25.
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SURVEY PUBLICATIONS ON GOLD AND SILVER. 127

Cross, Wmitaan. Geology of Silver Cliff and the Rosita Hills, Colorade. In
Soventeenth Ann. Rept., pt. 2, pp- 269-403. 1896.

Cross, Wartman, and SPENCER, A. C.  Geology of the Rico Mountains, Colorado.
In Twenty-first Ann. Rept., pt. 2, pp. 16-165. 1900,

Curtis, J. 8. Silver-lead deposits of Bureka, Nev. Monograph VII. 200 pp.
1884. $1.20.

DitLer, J. 8. The Bohemia mining region of western Oregon, with notes on the
Blue River mining region. In Twentieth Ann. Rept., pt. 3, pp. 7-86. 1900. $1.50.
Mineral resources of the Indian Valley region, California. In Bulletin 260.
pp. 45~40. 1905. 40c.

Geology of the Taylorsville region, California. Bulletin 353. 128 pp.

1908.

Dinrer, J. S., and Kav, G. F. Mines of the Riddles quadrangle, Oregon. In
Bulletin 340, pp. 134-151. 1908,
Mineral resources of tho Grants Pass quadrangle and bordering distriets,
Oregen. In Bulletin 350, pp. 46~79. 1909.

Ecxen, E. €. Gold and pyrite deposits of the Dahlonega district, Georgia. In

_ Bulletin 213, pp. 57-63. 1903. 2bc.

Eaaoxs, S. F. Geology and mining industry of Leadville, Colo.; with atlas.
Monograph XII. 870 pp. 1886. $8.40.

Progress of the precious-metal industry in the United States since 1880.
In Mineral Resources U, 8. for 1891, pp. 46-94. 1892. 50c.

Economic geolo y of the Mercur mining district, Utah. In Sixteenth
Ann. Rept., pt. 2, pp. 349-369. "1895. §1.25.

The mines of Custer County, Colo. In Seventeenth Ann. Rept., pt. 2,
pp. 411472, 1896, $2.35.

Euymons, S. F., and Irving, J. D. Downtown district of Leadville, Colo. Bulle-
tin 320. 72 pp. 1907, :

Exaowns, W. H. The Neglected mine and mnear-by properties, Colorade. In
Bulletin 260, pp. 121-127. 1905. 40c.

Ore deposits of Bear Creek, near Siiverton, Colo. In Bulletin 285, pp.
25-27. 1906. 60c.

The Granite-Bimetallic and Cable mines, Philipsburg quadrangle, Mon-
tana. In Bulletin 315, pp. 31-65, 1907.

Gold deposits of the Little Rocky Mountains, Montana. In Bulletin 340,
pp. 96-116. 1908,

Reconnaissance of some mining camps in Elko, Lander, and Eureka coun-
ties, Nev. DBulletin 408. 126 pp. 1910.

Eanioxs, W, H,, and Garrey, G. H. Notes on the Manhattan district, Nevada.
In Bulletin 303, pp §4-93. 1907,

Gare, H. 8. The Hahns Peak gold field. In Bulletin 285, pp. 28-34. 1906. 60c.
Gold placer deposits near Lay, Routt County, Colo. In Bulletin 340, pp.
84-95. 1908.

Graron, L. C. Reconnaissance of some gold and tin deposits of the southern
Appalachians; with notes on the Dahlonega mines, by Waldemar Lindgren. Bulletin
293. 134 pp. 1906.

Hacuge, Arworp. Geology of the Eureka district, Nevada. Monograph XX.
419 pp. 1892, $5.25.

Hamn, O. H. The smelting of argentiferous lead ores in the Far West. In Mineral -
Resources-U. 8. for 1882, 3 324-345. 1883, 50c. :

Hess, F. L. Gold mining in the Randsburg quadrangle, Cahforma In Bulletin
430, pp. 23-47. 1910. '

Hmn, J. M. Notes on the economic geology of southeastern Gunnison County,
Colo. In Bulletin 380, pp. 21~40. 1908,
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128 CONTRIBUTIONS TO ECONOMIC GEOLOGY, 1010, PART I.

Hiwn, J. M. Notes on the placer deposits of Greaterville, Ariz. In Bulletin 430,
pp. 11-22. 1910.

Izving, J. D. Ore deposits of the northern Black Hills, In Bulletin 225, pp.
123-140. 1904. 35c. .
Ore deposits of the Quray district, Colorado. In Bulletin 260, pp. 50~77.

1905. 40c.

Ore deposits in the vicinity of Lake City, Colo. In Bulletin 260, pp.
78-84. 1905, 40c.

Irving, J. D., and Eumons, S. F. Economic resources of northern Black Hills.
Professional Paper 26, pp. 53-212. 1904.

LiNDGREN, WALDEMAR. The gold-silver mines of Ophir, Cal. In Fourteenth Ann.
Rept., pt. 2, pp. 243-284. 1894. $2.10.

The gold-quartz veins of the Nevada City and Grass Valley districts, Cali-
fornia. In Seventeenth Ann. Rept., pt. 2, pp. 1-262. 1896. $2.35.

The mining districts of the Idaho Basin and the Boise Ridge, Idaho. In
Eighteenth Ann. Rept., pt. 3, pp. 625-736. 1898. $2.15.

The gold and silver veins of Silver City, De Lamar, and other mmmg dis-
tricts in Idaho. In Twentieth Ann. Rept., pt. 3, pp. 75-256. 1900. $1.50.

The gold belt of the Blue Mountains of Oregon In Twenty-second Ann.,
Rept., pt. 2, pp. 551-776. 1902.

Mineral deposits of the Bitterroot Range and the Clearwater Mountains,
Montana. In Bulletin 213, pp. 66-70. 1903. 25c.

Tests for gold and silver in shales from western Kansas. Bulletin 202.
21 pp. 1902. bec. .

The production of gold in the United States in 1904, In Bulletin 260, pp.
32-38. 1905. 40c.

The production of silver in the United States in 1904. In Bulletin 260, pp.
3944. 1905. 40c.

The Annie Laurie mine, Piute County, Utah. In Bulletin 285, pp. 87-90.
1908. 60c. '

——— Notes on the Dahlonega mines. In Bulletin 293, pp. 119-128. 1906.
Geology and gold deposits of the Cripple Creek dlst.nct Colorado. Pro-
fessional Paper 54. 516 pp. 1906.

A geological analysis of the silver production of the United States in 1906
In Bulletin 340, pp. 23-35. 1908.
Resources of the United States in gold, silver, copper, lead, and zinc. In
Bulletin 394, pp. 114-156. 1909.

LiNDGREN, WALDEMAR, and Graron, L. C. Mineral deposits of New Mexico. In
Bulletin 285, pp. 74-86. 1906. 60c.

LiNDGREN, WALDEMAR, GraTON, L. C., and Goroon, C. H. The ore deposits of
New Mexico. Professional Paper 68. 361 pp. 1910.

LiNDaREN, WaLpEMAR, and McCaskry, H. D. Gold and silver. In Mineral
Resources U. S. for 1909, pt. 1, pp. 121-150. 1911.!

LinpGREN, WaLDEMAR, and Ransomzs, F. L. The geological resurvey of the Cripple
Creek district. Bulletin 254. 36 pp. 1905.

Logp, Brror. Comstock mining and miners. Monograph IV, 451 pp. 1883. $1.50.

MacDowanp, D. F. Economic features of northern Idaho and northeastern Mon-
tana. In Bulletin 285, pp. 41-52. 1906. 60c.

Notes on the Bohemia mining district, Oregon. In Bulletin 380, pp.
80-84. 1909.

The Weaverville-Trinity Center gold gravels, Trinity County, Cal. In
Bulletin 430, pp. 48-58. 1910,

1Ses also Gold, silver, copper, lead, and zino (mine production) in Western, Central, and Eastern
States, by several authors. In Mineral Resources U. 8. for 1909, pt. 1, pp. 217-548, 1811.

IR

AR pAB S L

W

P

TR N Ty

PR,

H




|

T N R IR SRR R alas iz,

CEL

SURVEY PUBLICATIONS ON GOLD AND SILVER. 129

McCasxey, . D. Notes on some gold deposits of Alabama. In Bulletin 340,
pp. 36-52. 1908.
Nrrze, H. B. C. History of gold mining and metallurgy in the Southern States.

In Twentieth Ann. Rept., pt. 6, pp. 111-123. 1899,
Parpxe, J. T. TFaulting and vein structure in the Cracker Creek gold district,

Ef Baker County, Oreg. In Bulletin 380, pp. 85-93. 1909. :
{f{ Placer gravels of the Sumpter and Granite districts, eastern Oregon. In '
g Bulletin 430, pp. 59-65. 1910.

§ ) Pexnose, R. A, T, Jr. Mining geology of the Cripple Creek district, Colorado.

In Sixteenth Ann. Rept., pt. 2, pp. 111-209. 1895. $1.25. g
Puringron, C. W. Preliminary report on the mining industries of the Telluride

guadrangle, Colorado. In Eighteenth Ann. Rept., pt. 3, pp. 745-850. 1898. $2.15.
Ravsomz, F. L. Report on the economic geology of the Silverton quadrangle,

Colorado. Bulletin 182. 265 pp. 1901. 50c. )

The ore deposits of the Rico Mountains, Colorado. In Twenty-second Ann.

Rept., pt. 2, pp- 220-398. 1902.

Preliminary account of Goldfield, Bullfrog, and other mining districts in

gouthern Nevada. In Bulletin 303, pp. 7-83. 1907.

Geology and ore deposits of Goldfield, Nev. Professional Paper 66. 258

pp. 1909.

Some mining districts of Humboldt County, Nev. Bulletin 414. 75 pp.

1909.

The Hornsilver district, Nevada, In Bulletin 380, pp. 41-43. 1909.
Round Mountain, Nevada. In Bulletin 380, pp. 44-47. 1909.

Ransoxk, F. L., and Cavxins, F. C.  Geology and ore deposits of the Ceeur d’Alene
district, Idaho. Professional Paper 62, 203 pp. 1908. 85c. '

RaxsoME, . L., Exarons, W, H., and Gareey, G. H. Geology and aore deposits
of the Bullirog district, Nevada. Bulletin 407. 128 pp. 1910.

ScaraDER, . C. Mineral deposits of the Cerbat Range, Black Mountains, and o~
Grand Wash Cliffs, Mohave County, Ariz. In Bulletin 340, pp. 53-84. 1908.
The mineral deposits of the Cerbat Range, Black Mountains, and Grand ./
Wash Cliffs, Mohave County, Ariz. Bulletin 397. 226 pp. 1909.
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i Scravrrz, A. R. Gold developmertsia Central Uinta County, Wyo., and at other
g; points on Snake River. In Bulletin 315, pp. 71-88. 1907.

¥ SuvERAL AuTHORS. Gold, silver, copper, lead, and zinc (mine production) in 1909
Z’j in Western, Central, and Eastern States. In Mineral Resources U. S. for 1909, pt. 1,
g pp- 1911. ) .

o Sarrr, G. O. Gold mining in central Washington. In Bulletin 213, pp.
g,} 76-80. 1903. 25c.

% Quartz veins in Maine and Vermont. In Bulletin 225, pp. 81-88. 1904.
ks 3b6e.

;: Srurg, J. E. Economic geology of the Mercur mining district, Utah. In Six-
VA teenth Ann. Rept., pt. 2, pp. 343-455. 1895. $1.25.

;‘3 Geology of the Aspen mining district, Colorado; with atlas. Monograph
B XXXI. 260 pp. 1898. $3.60.
IE;g The ore deposits of Monte Cristo, Washington. In Twenty-second Ann,
i Rept., pt. 2, pp. 777-866. 1902. )
‘;.% Ore deposits of Tonopah and neighboring districts, Nevada. In Bulletin
j 213, pp. 81-87. 1803. 25c.

Preliminary report on the ore deposits of Tonopah. In Bulletin 225, :
pp- 89-110. 1904, 35c. 3
Ore deposits of the Silver Creek quadrangle, Nevada. In Bulletin 225, .
pp. 111~117.  1904. 35c.
94174°—Bull. 470—11—9
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130 CONTRIBUTIONS TO ECONOMIC GEOLOGY, 1910, PART I.

Seurr, J. E. Notes on the geology of the Goldfield district, Nevada. In Bulletin

225, pp. 118-129. 1904. 35c.

Geology of the Tonopah mining district, Nevada. Professional Paper
42, 295 pp. 1905.

The ores of Goldfield, Nev. In Bulletin 260, pp. 132-139. 1905. 40c.
Development of Tonopah during 1904. In Bulletin 260, pp. 140-149.
1905. 40c.

Ore deposits of the Silver Peak quadrangle, Nevada. Professional Paper
55. 174 pp. 1906.

Srurg, J. E., and Garrry, G. H. Preliminary report on the ore deposits of the

Georgetown mining district, Colorado. In Bulletin 260, pp. 99-~120. 1805. 40c.
The Idaho Springs mining district, Colorado. In Bulletin 285, pp. 35-40.
1906. 60c.
Economic geology of the Georgetown quadrangle (together with the Empire
district), Colorado, with general geology by S. H. Ball. Professional Paper 63. 422
pp. 1908.

Tower, G. W., and Swmre, G. 0., Geology and mining industry of the Tintic

~ district, Utah. In Nineteenth Ann. Rept., pt. 3, pp. 601-767. 1899. $2.25.

Weep, W. H. Geology of the Little Belt Mountains, Montana, with notes on the

mineral deposits of the Neihart, Barker, Yogo, and other districts. In Twentieth
Ann. Rept., pt. 3, pp. 271-461. 1900. $1.50.
Gold mines of the Marysville district, Montana., In Bulletin 213, pp.
88-89. 1903. 25c. _
Notes on the gold veins near Great Falls, Md. In Bulletin 260, pp.
128-131. 1905. 40c.

Weep, W. H., and BArr=sLL, JosEr. Geology and ore deposits of the Elkhorn
mining district, Jefferson County, Mont. In Twenty-second Ann. Rept., pt. 2, pp.
399-550. 1902. :

WeeDp, W. H., and Pirsson, L. V. Geology of the Castle Mountain mining dis-
{rict, Montana. Bulletin 139. 164 pp. 1896. 15c.

Geology and mining resources of the Judith Mountains of Montana. In
Eighteenth Ann. Rept., pt. 3, pp. 446-616. 1898, $2.15.

WeEKs, F. B. Geology and mineral resources of the Osceola mining dlstnct White
Pine County, Nev. In Bulletin 340, pp. 117-133. 1908.

WirLiams, ALBERT, JR. Popular fallacies regarding precious-metal ore deposits. In
Fourth Ann. Rept., pp. 253-271. 18384, $1.65.

Woorsey, L. H. Lake Fork extension of the Silverton mining area, Colorado.
In Bulletin 315, pp. 26-30. 1907.
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LIST OF SELECTED REFERENCES PERTAINING TO EPITHERMAL

PRECIOUS~METAL DEPOSITS, THE EVOLUTION OF MINERALIZATION
IN THE SAN JUAN MOUNTAINS, AND THE MINERAL ALUNITE

Albers, J.P., and Cornwall, H.R., 1968, Revised interpretation
~ of the stratigraphy and structure of the Goldfield district,
" Esmeralda and Nye Counties, Nevada (abs): Geol. Soc. America
Spec. Paper 101, p. 285.

, and Kleinhampl, F.J., 1970, Spatial relation of mineral
deposits to Tertiary volcanic centers in Nevada,in Geological
. Survey research 1970: U.S. Geol. Survey Prof. Paper 700-C,
p. Cl-Clo.

Andrusenko, N.I., and Shchepot'yev, Yu. M., 1974, Temperatures
and stages in the formation of central Kamchatka subvolcanic
Au-Ag deposits: Geochemistry Int., vol. 11, p. 130-137.

- Ashley, R.P., 1974, Goldfield mining district, in Guidebook to the
= geology of four Tertiary volcanic centers in central Nevada:
Nevada Bur. Mines and Geology Rpt. No. 19, p. 49-66.

, and Albers, J.P., 1969, Elements associated with gold in
the oxidized zone at Goldfield, Nevada (abs): Geol. Soc.
America Spec. Paper 121, p. 480. o

, and Albers, J.P., 1973, Distribution of gold and other
ore-related elements near ore bodies in the oxidized zone at
Goldfield, Nevada: U.S. Geol. Survey Open-File Rpt., 126 p.

, and Keith, W.J., 1973, Occurrences of alunite in.hydro-
thermally altered rocks and ores at Goldfield, Nevada (abs):
Geol. Soc. America Abs. with Programs,vol.5, vol. 1, p. 6.

, and Silberman, M.L., 1976, Direct dating of mineralization
at Goldfield, Nevada, by potassium~argon and fission-track
methods: Econ. Geol., vol. 71, p. 904-924.

Barton, M.D., 1980, The Ag-Au-S system (abs): Econ. Geol., vol. 75,
p. 303-316.

Barton, P.B., Jr., Bethke, P.M., and Roedder, E., 1977, Environment
of ore deposition in the Creede mining district, San Juan
Mburtains, Colorado: Part III. Progress toward interpretation
of the chemistry of the ore-forming fluid for the OH vein:
Econ. Geol., vol. 72, p. 1-24.

Bejnar, W., 1957, Lithologic control of ore deposits in the south-
western San Juan Mountains, in New Mexico Geol. Soc. Guidebook,
8th Field Conf., Southwestern San Juan Mountains, Colorado,

1957, p. 162~-173.
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‘Bethke, P.M., and Barton, P.B., Jr., 1971, History ofvfilling of
the OH vein, Creede, Colorado (abs): Econ. Geol., vol. €6,
p. 1265. '

, Barton, P.B., Jr., Lanphere, M.A., and Steven, T.A.,
1976, Environment of ore deposition in the Creede mining
district, San Juan Mountains, Colorado: II. Age of mineral-
ization: Econ. Geol., vol. 71, p. 1006-1011.

, Barton, P.B. Jr., and Rye, R.0O., 1973, Hydrogen, oxygen,
and sulfur isotopic compositions of ore fluids in the Creede
district, Mineral County, Colorado (abs): Econ. Geol. vol.
68, p. 1205. :

Boyle, R.W., 1968, The geochemistry of silver and its deposits:
‘ Canada Geol. Survey Bull. 160, 264 p.

, 1979, The geochemistry of gold and its deposits: Geol.
Survey of Canada, Bull. 280, 584 p.

Brannock, W.W., Fix, P.F., Gianella, V.P., and White, D.E., 1948,
Preliminary geochemical results at Steamboat Springs, Nevada:
Trans. American Geophysical Union, vol. 29, no. 2, p. 211-226.

Brophy, G.P., Scott, E.S., and Snellgrove, R.A., 1962, Sulfate
studies II, solid solution between alunite and jarosite:

Am. Mineralogist, vol. 47, p. 112-126.

Browne, P.R.L., 1969, Sulfide mineralization in a Broadlands geo-
thermal drill hole, Taupo volcanic zone, New Zealand: Econ
Geol., vol. 64, p. 156-159. ]

7 T971, Mineralization in the Broadlands geothermal field,
Taupo volcanic zone, New Zealand, in Proceedings of the 1970
IMA-IAGOD Mtgs: Soc. Mining Geol. Japan, Spec. Issue 2,

p. 64-75. : 4

Buchanan, L.J., 1979, The Las Torres mine, Guanajuato, Mexico,
ore controls of a fossil geothermal system: Ph.D. Thesis,
Colo. School Mines, 138 p.

, 1980, Ore controls of vertically stacked deposits,
Guanajuato, Mexico: SME-AIME Meeting, Feb. 1980, Las
Vegas, Nevada.

Bundy, W.M., 1958, Wall rock alteration in the Cochiti mining
district, New Mexico: New Mexico Bur. Mines and Minerals
Res. Bull. 59, p. 1-71.

, and Murray, H.H., - , Argillization in the Cochiti mining
district, New Mexico: New Mexico Inst. of Mining and Tech.,
Reprint Series, No. 4, p. 342-368.
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Burbank, W.S., 1932, Geology and ore deposits of the Bonanza
mining district: U.S. Geol. Survey Prof. Paper 169, 166 p.

, 1933, Manganese minerals of the Sunnyside veins, Eureka
Gulch, Colorado: Am. Mineralogist, vol. 18, no. 12, p. 513-

527.

, 1940, Structural control of ore deposition in the Un-
compahgre district, Ouray County, Colorado, with suggestions
for prospecting: U.S. Geol. Survey Bull. 906-E, p. 189-265.

, 1950, Problems of wall rock alteration in shallow volcanic
environments: Colo. School Mines Quart., vol. 45, p. 286-316.

, 1951, The Sunnyside, Ross Basin, and Bonita fault systems
and their associated ore deposits, San Juan County, Colorado:
Colo. Sci. Soc. Proc., vol. 15, no. 7, p. 285-304.

, 1960, Pre-ore propylitization, Silverton caldera, Colorado:
U.S. Geol. Survey Prof. Paper 400-B, p. B12-Bl3.

Callaghan, Eugene, 1938, Preliminary report on the alunite deposits
of the Marysvale region, Utah: U.S. Gecl. Survey Bull. 886-D,
p. 91-134«

e
Casadevall, T., and Ohmoto, H., 1977, Sunnyside mine,.Eureka mining
district, San Juan County, Colorado: Geochemistry of gold
and base metal ore deposition in a volcanic environment:
Econ. Geol. vol. 72, p. 1285-1320.

Coats, R.R., 1940, Propylitization and related types of alteration
on the Comstock Lode, Nevada: Econ. Geol. vol. 35, no. 1,

p. 1-16.

Dreier, J.E., 1976, The geochemical environment of ore deposition
in the Pachuca-Real del Monte district, Hidalgo, Mexico:
Unpub. Ph.D. thesis, Univ. of Arizona, 115 p.

Einaudi, M.T., 1977, Environment of ore deposition at Cerro de
Pasco, Peru: Econ. Geol. vol. 72, p. 893-924.

Emmons, W.H., and Larson, E.S., Jr., 1913, A preliminary report
on the geology and ore deposits of Creede, Colorado: U.S.
Geol.Survey Bull. 530, p. 42-65.

, 1923, Geology and ore deposits of the Creede district,
Colorado: U.S. Geol. Survey Bull. 718, 198 p.

Ewers, G.W., and Keays, R.R., 1977, Volatile and precious mectal
zoning in the Broadlands geothermal field, New Zealand:
Econ. Geol., vol. 72, p. 1337-1354.
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Fernandez, H.E., and Damasco, F.V., 1979, Gold deposition in the
Baguio gold district and its relationship to regional
geology: Econ. Geol., vol. 74, p. 1852-1868.

, Damasco, F.V., and Sangalang, L.A., 1979, Gold ore shoot
development in the Antamok mines, Philippines: Econ. Geol.,
vol. 74, p. 606-627.

Field, C.W., 1966, Sulfur isotopic method for discriminating be-
tween sulfates of hypogene and supergene origin: Econ.
Geol., vol. 61, p. 1428-1435.

Forester, R.W., and Taylor, H.P., 1972, Oxygen and hydrogen
isotope data on the interaction of meteoric ground waters
with a gabbro-diorite stock, San Juan Mountains, Colorado:
Intern. Geol. Cong., 24th, Montreal 1972, Sec. 10, Geo-
chemistry, p. 254-263.

Graton, L.C., and Bowditch, S.I., 1936, Alkaline and acid
solutions in hypogene zoning at Cerro de Pasco: Econ.
Geol., vol. 31, p. 651-698.

Gross, W.H., 1975, New ore discovery and source of silver-gold
veins, Guanajuato, Mexico: Econ. Geol., vol. 70, no. 7,
p. 1175-1189. :

Harvey, R.D., andVitaliano. C.J., 1964, Wall rock alteration
in the Goldfield district, Nevada: Jour. Geology, vol. 72,
p. 564-579.

Hattori, K., 1975, Geochemistry of ore deposition at the Yatani
lead~zinc and gold-silver deposit, Japan: Econ. Geol.,
vol. 70, p. 677-693.

Hemley, J.J., Hostetler, P.B., Gude, A.J., and Mountjoy, W.T.,
1969, Some stability relations of alunite: Econ. Geol.,
vol. 64, p. 599-612.

, and Jones, W.R., 1964, Chemical aspects of hydrothermal
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CATHODOLUMINESCENT ZONATION IN HYDROTHERMAL DOLOMITE CEMENTS:
RELATIONSHIP TO MISSISSIPPI VALLEY-TYPE PB-ZN MINERALIZATION
IN SOUTHERN MISSOURI AND NORTHERN ARKANSAS
E. Lanier Rowan

U.S. Geological Survey, P.0. Box 25046, Mail Stop 912, Denver,
Colorado 80225

Hydrothermal, vug-lining dolomites from mines and drill core in
the Viburnum Trend lead district, southeast Missouri, and in drill
core from southern Missouri and northern Arkansas, have been examined
using cathodoluminescence. A cathodoluminescent (CL) microstrat-
igraphy in the dolomites has provided a time framework to which fluid
inclusion measurements have been tied. Equivalent CL zones within
microstratigraphies from different locations are interpreted to be
time correlative. Local dissolution, much of which is visible only
with cathodolunminescence, is assoclated with sulfide precipitation.

Regionally, the CL microstratigraphy defined in the Viburnum
Trend may be traced in dolomite cements for a distance of up to 350
km to the southwest. This observation is consistent with a model in
which Mississippi Valley-type lead-zinc mineralization in Missouri
and Arkansas is related to regional fluid migration northward from
the Arkoma basin.
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The sediment-hosted disseminated gold deposits of the Jerritt Canyon District are
world class Carlin-type deposits located in the Independence Mountains about 80 km
north of Elko, NV. Gold is hosted in the marine carbonaceous siltstones of the
Silurian-Devonian Roberts Mountains and the marine carbonates and cherts of the
Ordovician Hanson Creek Formations. These rocks are in the lower plate of the
Roberts Mountains thrust and are exposed locally in winde s.
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calcareous siltstone) provide a time-space framework for placing gold mineralization
in the complex geologic history of the area. They are common throughout the area
and are most abundant in the chert-rich units of the Hanson Creek Fm. Where the
host-sediments are mineralized the jasperoids may be mineralized. The majority of
the jasperoids are roughly tabular, shallowly-dipping stratiform bodies up to tens-of-
“=ters thick that extend hundreds of meters along strike. Additionally, jasperoids are
genetically related to faults and fault breccia zones. :

Jasperoids and chert record an extensive history of diagenesis, tectonism,
metamorphism and hydrothermal activity leading to gold mineralization and
dissipation of the hydrothermal system. First, brittle chert-rich beds were repeatedly
fractured, preferentially silicified, and cross-cut by numerous randomly oriented
quartz veins. These siliceous rocks or early jasperoids were then repeatedly
brecciated, silicified, and some were cross-cut by gold mineralization during Tertiary
tectonism. Where mineralized, the jasperoids are coarser grained and early formed
textural features have been obliterated. The last stage of silicification, consisting of
quartz veinlets and drusy quartz crusts on breccia fragments post-dates gold
mineralization and extends well beyond the mineralized area.
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Previous geochemical studies of sediment-hosted gold deposits lacked precise paragenetic
control. This has obscurred geochemical relationships critical to the understanding of these
deposits. At Jerritt Canyon, silicified rocks, particularly jasperoids, record the diagenetic,
metamorphic, tectonic, and hydrothermal history of the area, including the paragenesis of
gold. At least 16 episodes of silica deposition have been distinguished by cross cutting
relationships, textural criteria, grain size (GS), cathodoluminescence (CL) color, and
accessory mineralogy. These episodes record 3 hydrologic events that developed in
response to tectonism: Event I, regional diagenesis/metamorphism (Antler Orogeny);
Event IIA, local ore-stage hydrothermal activity (Tertiary deformation); and Event IIB,
widespread post-ore hydrothermal activity (Tertiary deformation).

Volumetrically large and widespread Event [ silica has 3 forms: recrystallized chert,
jasperoid, and milky quartz veinlets. Recrystallized chert has a jigsaw texture (GS 2-25
um) and jasperoid a xenomorphic texture (GS 5-200 pm). Large veinlets have a granular
texture, whereas small veinlets (<0.5 mm wide) adopt textures of the enclosing silica.
Brick-red CL colors are diagnostic of Event [ silica. Graphite, apatite, and pyrite are

£- "1gnostic accessory minerals.

"~ Event [IA jasperoid is volurnetrically small and restricted to areas near faults. It cements
breccia, replaces host rock, and locally contains ore-grade gold. It has a xenomorphic to
reticulate texture (GS 10-400 ym) and rarely a jigsaw texture (GS 2-75 pm). Mottled brick
red and blue CL is diagnostic. Hematite pseudomorphs of pyrite and gold are diagnostic
accessory minerals. Gold occurs as irregular to spherical 10 to 0.1 pm grains disseminated
within quartz and barite. Gold often resides on particles of graphitic carbon and/or
hematite, but is not found on or within pyrite.

Colorless, drusy, Event IB quartz is volumetrically small but widespread, occuppying
fractures and breccias developed at the onset and during this event. It contains little gold
(40 ppb) and has a granular to euhedral texture (GS S pm - 10 mm). Banded and sector
zoned grains are revealed by strong CL colors of brick red, yellow, lime green, white,
gray, blue and black. Diagnostic accessory minerals are stibnite, barite, + realgar.
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The role of organic matter in the genesis of the Carlin-type deposits has long been
questioned. It colors the rocks black, giving them either a shiny, sooty, or mat surface
appearance. Companion studies (this abstract volume) have recognized 3 hydrologic
events: regional metamorphism (I), hydrothermal gold mineralization (ILA), and post-gold
hydrothermal mineralization (IIB). Organic carbon content of unmineralized rock remote
from the deposit is <0.1%; whereas, at the deposit it ranges between 0.3 and 5% in both
mineralized and unmineralized samples. During Event I, organic matter, now seen as vein
fillings and rounded blebs, was introduced into jasperoids and subsequently graphitized.
The mature state of the organic matter was determined by Rock-Eval, X-ray diffraction,
and laser Raman spectroscopy and agrees with with fluid inclusion temperature data.
Several parameters are all consistemt with maturation and migration of normal marine

organic matter: bulk 813Ctorganic) values (-27.7 to -30.3) that vary with organic carbon
contents, methane/total hydrocarbon ratios of = 15 and the §13C values for Clgl4 and C2Hg

in inclusions (-33.7 and -31.4, respectively).

.*, Prior to hydrothermal gold deposition (Event ITA), the organic matter had already been
altered to poorly ordered microcrystalline graphite, more mature than anthracite rank coal.
Thin-section examination of Event [IA jasperoid shows 10 to 50 pm indigenous sub-
angular and rafted particles of poorly ordered graphite. Neither shiny, sooty, or mat black
surface appearance nor bulk organic matter content correlates with gold content. Because
the organic matter was immobilized as graphite before the gold was introduced, organic
matter could not have played a role in the transport of gold. _

At Jerritt Canyon the adsorption surface area (m2/g, determined by BET method) of the
rocks is a function of their organic matter content and is not related to the shiny, sooty, or
mat black surface appearance. The surface area (organic content) of rocks from mineralized
areas is 7 times greater than remote country rock. However, the surface area of mineralized

samples does not always correlate with gold content. Gold may have been localized by
adsorption and/or reduction on organic matter.
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Fluid inclusions in quartz veins, jasperoid, and barite studied by microthermometry, mass
spectrometry, laser Raman spectroscopy, and gas chromatogra lay record changes in
compostion, T, and P that characterize 3 hydrologic events. Event I fluids contain =10 eq.
wt. % NaCl, high CHy, C2Hg, Hj, N3, and CO,, and small amounts (<1 mole %) of short
chain hydrocarbons (HC), H,S, and Ar. Fluid immiscibilig produced variable gas to
water ratios. During Event I the fluids evolved from a HC:CO; ratio of =10 to a HC:CO,
ratio of =1. P-T conditions were 250°-300°C and 1-1.5 kbars.

Event IIA fluids responsible for gold mineralization have a wide range of compositions.
At one extreme are 3-10 eq. wt. % NaCl brines with =5 mole % gas. (,502 is the dominant
gas (=4 mole %) with up to 1 mole % of CH4 and N3 and typically <0.1 mole % of HC,
H,S, SO,, and Ar. However, some inclusions contained up to 1 mole % H;S. At the
other extreme are very low salinity (<0.1 eq. wt. % NaCl), low gas (<0.5 mole %) fluids.
The observed variation in salinity suggests mixing of two fluids. Minimum trapping
conditions for the saline, gas-rich inclusions are 200°-300° C and 0.5-1.0 kbars.

Event IIB fluids contain <0.5 eq. wt. % NaCl and 0.5 to 1.5 mole % gases. CO; is the
dominant gas with 0.05 to 0.1 mole % of CH4 and N7 and <0.02 mole % of H,S, SO, Ar,
ﬁ;\‘}HC. CH4:CO; ratios are <0.25. P-T conditions were 200°-250° C and <200 bars.

~Jas compositions and P-T conditions of Event I fluids are typical of natural gas
generated during metagenesis of carbonaceous sediments; this probably took place during
the Antler orogetll_r. Although gold-bisulfide complexes may have been dominant durin
Event IIA, the pH (=4) indicated by dolomite dissolution, high Pcq,, temperature, an
salinity suggest that gold may have also been carried as a chloride complex. Our data
suggest that gold deposition resulted from mixing of a gold-bearing, chemically reduced,
saline brine with an oxidized solution. Regardless of how gold was complexed, mixing of
these two fluids would have been an effective mechanism for gold precipitation. The =300
bar drop in fluid pressure between Event IIA and ITB may represent a shift from lithostatic
to hydrostatic pressures at the same depth. Widespread fracturing and brecciation at the
onset of Event IIB allowed meteoric water to flood the system, ending ore deposition.
However, these fluids contained enough H,S (10-2 to 10-3 mole %) to redistribute gold.
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GEOCHEMISTRY AND A MODEL OF ORE DEPOSITION }
NORTHROP H. R., RYE, R. O,, LANDIS, G. P.,, LUSTWERK, R., U.S.
Geological Survey, MS963, Box 25046, Denver, CO 80225; and JONES, M. B.,

Freeport McMoRan Gold Co., Elko, NV, 89801
Geologic and geochemical studies of Jerritt Canyon jasperoids in companion abstracts have
defined 3 hydrologic events: regional metamorphism (Event I), hydrothermal gold
mineralization (Event [IA) and hydrothermal post-gold mineralization (Event IIB). Stable
isotope studies constrain the mechanism of gold deposition. Event I jasperoids and
included cherts have a narrow range of 5!80 values from about 25 to 28. The 5180 of
Event I quartz veins that cut these jasperoids evolved with time and vary inversely with the
CO2/CH4 ratio of the parent fluids. Early Event I veins precipitated from CH4-rich brines
and have §!80 values between about 24 and 26. Late Event I veins have the lowest 5180
(17.2) and formed from fluids whose CO2=CH4. Corresponding calculated §180y,q for
Event I quartz fluids decrease with time from about 18 to <7. Measured 8Dy,q of CH4-rich
Event I fluids was -118. Late Event I barite had 834S-5180 values of 29.7 and +12.0
respectively, and may record the most 130 depleted fluid (§!30y,0 =5) from Event I. In
Event ITA jasperoid, textural features a few mm across contain as much as 300 ppm Au. In
hase samples, log ppm Au (-1.52 to 2.48) varies directly with 5180 (1.1 to 15.2). §34S-
< O values of Event ITA barite average 29.3 and 11.9 respectively. 5180 values of
granular quartz (Event IIB) range between 9.2 and--1.0; calculated §1801,0 ranges between
-3 and -15. 8D of Event A and IIB waters were -111 and -118, respectively. §34S-5180 of
Event IIB barite averages 19.5 and -1.9 respectively. Data from Event I indicate that during
Paleozoic regional metamorphism CH4-rich fluids in a nearly closed system evolved to a
more oxidized CH4+CO2 fluid in a more open system. Gold mineralization, following
Tertiary faulting, resulted from deep (1-3 km) mixing of Au-bearing, isotopically evolved
(8180y,0 2 +4.6), slightly acid, C1-CO?2-H2S-rich brines with unexchangeg (3130 £-9.0),
dilute meteoric water. Au in solution decreased exponentially as a function of the amount of
mixing. The onset of Event IIB was marked by a large increase in the areal extent of quartz
deposition. Additionally, the fluids in the system went from brine to dilute meteoric-
dominated. Gold in a widespread halo (ppb) plus As, Sb, and Hg were deposited during
the time this meteoric water flooded the system.
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faults where it cements breccias, replaces host rock, and
locally contains ore grade gold. Jasperoid is at one end
of the spectrum of alteration types in these rocks. A
preliminary study of mineral zonation across an ore zone
revealed the sequence quartz, gquartz+dolomite,
dolomite+calcite, calcite. The bulk of the ore in these
deposits is generally in intermediate zones of
decarbonation and partial silicification indicating that
the hydrothermal fluids were moderately acidic.

The mode of occurrence of gold and mineral paragenesis
in this deposit type has long been questioned. This is due
to the very small size (<10 microns) and disseminated
nature of the gold. However, this study has shown that
gold can be located in these samples using a standard
petrographic microscope with a high power (125x) objective.
The majority of gold observed in jasperoid was found to
occur as irregular to equant 0.1 to 5.0 micron blebs
disseminated within 100-500 micron jasperoid quartz grains.
Gold also is found as inclusions in barite that are
disseminated within Jjasperoid. Another important
observation 1s that pyrite crystals encapsulated within
jasperoid quartz grains are partially to completely
oxidized to hematite. Within jasperoid quartz grains, gold
is occasionally found to reside on particles of graphitic
carbon and/or hematite pseudomorphs of pyrite. Using these
methods no evidence of gold coprecipitation with pyrite has
been observed such as reported by Bakken and others (1987)
in ores from the Carlin deposit. The replacement of
hydrothermal pyrite by hematite and precipitation of barite
during gold deposition indicate that oxidizing fluids were
present during ore deposition. Although we have found some
evidence of gold adsorption on graphitic carbon, our data
show that oxidation was the most important mechanism of
gold deposition.

Fluid inclusions in gold stage jasperoid and barite
were studied by microthermometry, mass spectrometry, and

laser Raman spectroscopy. They have a wide range of
salinities (<0.1 to 15 eqg. wt. % NaCl) and gas contents
(<0.5 to 12 mole %). At one extreme are saline brines (~3-

10 eg. wt. % NaCl) with ~5 mole % gas. COz is the dominant
gas (~4 mole %) with up to 1 mole % of CHs4 and N» and
typically <0.1 mole % of short chain hydrocarbons, H2S, SOz,
and Ar. However, some inclusions contain up to 1.0 mole %
H»S. At the other extreme are very low salinity (<0.1 eq.
wt. % NaCl), low gas (<0.5 mole %) fluids with similar gas
speciation. CO2/CH4 ratios are typically near 100 but range
from 5 to 500. Minimum trapping conditions for the saline,
gas-rich inclusions were 200-250°C and 0.5 to 1.0 kbars.
Fluid inclusion evidence of boiling or fluid immiscibility
has not been observed in these samples. These data suggest
that two fluids were present during mineralization and that
mineralization took place at a depth of a least 1 km and
possibly as deep as 5 kms. Figure 2 shows that, at the
moderately acid conditions indicated by the alteration
assemblage, that the saline, gas-rich fluid containing 0.1
to 1.0 mole % H2S and 3 to 10 eqg. wt. % NaCl was capable of



transporting large amounts of gold as a bisulfide complex
and that chloride complexes were less important. It also
shows that oxidation is a particularly effective gold
precipitation mechanism.

Stable isotope compositions of ore stage minerals
provide more difinitive evidence that two fluids were
present during gold deposition. The 6Dy,o value of both
fluids was -115 permil and shows that both were derived
from meteoric water. The 08180 wvalues of gold stage
jasperoid, ranging from 1 to 15 permil (SMOW), correlate
with the salinity of associated fluid inclusions such that
isotopically light jasperoid contains fluid inclusions with
<1l eg. wt. % NaCl; whereas, isotopically heavy Jasperoid
contains both low salinity and high salinity, up to 15 egq.
wt. % NaCl, fluid inclusions. The data suggest that gold
stage jasperoid was deposited from mixtures of high 31804,0
fluids of variable salinity and low 8180y,0 dilute fluids.
Mixing is also indicated in isotope data from ore stage
pbarite. 8180 and §34S values of sulfate covary, with 8180
ranging from 12 to 9 permil and 834S ranging from 23 to 28
permil. The heavy sulfate was present in the isotopically
exchanged fluid; whereas, the lighter sulfate was derived
by oxidation of hydrothermal HS or sulfide minerals during
mixing with the isotopically unexchanged fluid. This data
shows that the f0; of the unexchanged fluid was high enough
to oxidize sulfide to sulfate. The mineral paragenesis
described above provides direct evidence of this. The 634s
values of gold stage pyrite of 5 to 10 permil are
consistent with derivation of sulfur from Paleozoic
sedimentary sulfides and/or Tertiary organic matter in
basin fill.

GOLD STAGE JASPEROID
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Fig. 3 Plot showing positive log-linear correlation between Au
content and 8180 of gold stage jasperoid.
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ORIGIN OF SEDIMENT-HOSTED DISSEMINATED GOLD DEPOSITS BY
FLUID MIXING - EVIDENCE FROM JASPEROIDS IN THE JERRITT
CANYON GOLD DISTRICT, NEVADA, U.S.A.

ALBERT H. HOFSTRA, H. ROY NORTHROP, ROBERT O. RYE, GARY P.
LANDIS, and DONALD J. BIRAK*

U.S. Geological Survey, Box 25046, Denver, CO 80225
*Freeport McMoRan Gold Company, Elko, NV 89801

The Jerritt Canyon gold district, 1located in the
Independence Mountains in north-central Nevada (Fig. 1),
contains six sediment-hosted disseminated gold deposits,
Since mining began in 1982, the Enfield Bell mine has
produced 1.5 million ounces of gold from four of these
deposits. There are additional proven reserves of 2.5
million ounces in the district. Ore grade averages 0.184
oz/t (~7.0 g/t) gold. The deposits are low grade,
disseminated, eapigenetic, stratabound and 1locally
strataform bodies that are typical of Carlin-type deposits
occurring throughout north central Nevada (Fig. 1). The
deposits are hosted in miogeoclinal, carbonaceous
limestones, carbonaceous calcareous silstones and cherts of
the Upper Ordovician to Lower Silurian Hanson Creek and
Lower Silurian to Lower Devonian Roberts Mountains
Formations. These rocks are exposed locally in windows
through allochthonous, Ordovician, eugeoclinal, siliceous
sedimentary and volcanic rocks that are believed to have
been thrust to the east over the younger miogeoclinal rocks
in Mississippian time (Roberts et al., 1958) during
accretion of an island arc terrain onto the western margin
of North America. The gold deposits most often occur
immediately below the Roberts Mountains thrust that
separates these contrasting lithologies. The deposits are
also spatially associated with high angle faults that are
thought to be related to Miocene extensional tectonics
associated with development of the Basin and Range province
in the western U.S. The absolute age of the gold deposits
is not known, but the deposits appear to postdate Basin and
Range faults in the mine area and therefore may be Miocene
or younger in age. Although altered and mineralized
intermediate composition dikes and sills can be found in
some of the deposits, mineralization has not been directly
linked to igneous activity.

Silicified rocks in the Jerritt Canyon district,
particularly Jasperoids, reveal a complex history of
diagenesis, metamorphism, tectonism, and hydrothermal
activity, including the paragenesis of gold (Hofstra and
Rowe, 1987). Jasperoid is composed predominantly of silica
in the form of aphanitic to fine-grained quartz. The term
is used to describe epigenetic replacements of previously
lithified host rocks as defined by Lovering (1972). The
different types and stages of silicified rocks were
examined at a variety of scales from field observations of
ore zones and mappable units to microscopic observations of
thin sections. A variety of techniques were employed to



study these rocks including cathodoluminescence, laser
Raman spectroscopy, x-ray diffraction, scanning electron
microscopy with energy dispersive x-ray analysis
capability, and standard optical petrography. Conclusions
presented here are based on petrographic examination of 111
polished thin sections and cathodoluminescence observations
on 43 polished thick sections (~100 microns thick) cut from
samples collected at 62 sites in the Jerritt Canyon
district. On the basis of this work, at least 17 stages of
quartz were 1identified and grouped into two events.
Previous work (Hofstra et al., 1987a,b, Northrop et al.,
1987 and Leventhal et al.,1987) has shown that the first
event is related to regional metamorphism and deformation.
Only the second event is attributable to the hydrothermal
system that produced the gold deposits.
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District (diamond) as well as and 0.01 m S in aqueous solution.

locations of other Carlin-type The distribution of aqueous sulfur
deposits in Nevada (circles). species is shown by the bold

dashed line. The relative
solubility of gold bisulfide
complexes (solid lines) and gold
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are also shown. Adapted from
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Jasperoid related to hydrothermal gold mineralization
was distinguished from pre- and post-gold stages of
silicification by cross-cutting relationships, textural
criteria, grain size, cathodoluminescence <color and
intensity, and accessory mineralogy. Gold stage Jjasperoid
was found to be resticted to areas near high and low angle



To examine the relationship between gold deposition
and fluid mixing small (~10 mg) duplicate samples of ore
stage jasperoid were separated and analyzed for gold and
53180, Gold analyses were done by neutron activation
analysis and graphite furnace atomic absorbtion
spectrophotometry. Figure 3 shows that log ppm gold (-2.22
to +2.54) varies directly with 880 (1.1 to 15.2) of quartz
in jasperoid. The calculated 8180y,0 value of the parent
fluid at 250°C is also indicated. The 0180y,0 of the
parent fluid decreased from about 5 to -10 permil while the
corresponding gold content of the jasperoid deposited from
this fluid decreased from about 300 to 0.03 ppm. This is a
very important data set. It shows that mineralization
occurred at the interface of two fluids. It demonstrates
that gold was carried by the 3180 enriched fluid and that
most of the gold precipitated at the onset of mixing with
the 8180 depleted fluid.

The mineral paragenesis, fluid inclusion, geochemical
and stable isotope data from ore stage jasperoid combine to
show that gold deposition occurred during deep (1-5 km)
mixing of two fluids. All of the fluids that we have
identified in the hydrothermal system were derived from
meteoric water. One fluid was an unexchanged, oxidizing,
low salinity, low gas, near neutral fluid that did not
exchange much with the wall rocks. The other fluid
underwent extensive exchange with wall rocks at low
water/rock ratios and elevated temperatures to produce an
5180 enriched, moderately acid, Cl-COz-HzS-rich brine. This
fluid apparently scavenged gold from rocks along fluid flow
paths, transporting gold predominantly as a bisulfide
complex. During the first increments of mixing with the
unexchanged oxidized £fluid, small increases 1in f02
destroyed the bisulfide ligand, producing large decreases
in the solubility of gold (Fig. 2), causing it to
precipitate.

A preliminary hypothesis that is consistent with all
of our data is that ore fluids were derived from meteoric
water that moved through basin £ill and circulated to deep
levels along major Basin and Range faults where it was
heated due to regional high heat flow associated with Basin
and Range tectonism. This fluid was focused along major
high angle faults in the upwelling part of the system. Ore
deposition occurred where the ore fluid encountered
oxidizing dilute water descending along the Roberts
Mountain thrust. In this model the Roberts Mountains
thrust is viewed as a regional freshwater aquifer that
allowed cool, dilute waters to descend to great depths and
apparently acted as a chemical and possibly as a hydrologic
barrier to ascending ore fluids. This model explains the
spatial association of the mineral deposits with high angle
faults immediately below the thrust at Jerritt Canyon and
at many other Carlin-type deposits in western Nevada. If
this model 1is correct, ore deposition was a natural
consequence of Basin and Range tectonism and associated
high regional thermal gradients. There was probably no
need for a specialized heat source.
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The Jerritt Canyon district is located in the Independence Mountains 80 km northwest of Elko,
Nevada. The district contains 8 ore deposits distributed across a 16 by 16 km area. The Enfield Bell
mine has produced about 1.5 million ounces of gold from 3 of these deposits and has additional proven
reserves of 2.8 million ounces. Ore grade averages 0.142 oz/ton. The deposits are disseminated,
epigenetic, stratabound bodies that are hosted in miogeoclinal carbonaceous limestones, carbonaceous
calcareous siltstones, and cherts of the Upper Ordovician to Lower Silurian Hanson Creek and Lower
Silurian to Lower Devonian Roberts Mountains Formations. These rocks are exposed locally in
windows through overlying eugeoclinal, siliceous sedimentary and volcanic rocks of the Ordovician
Snow Canyon Formation.

The district has experienced a long and complex structural history with at least 6 episodes of
deformation. 1) Early Paleozoic tectonism produced local disconformities between the Roberts
Mountains and Hanson Creek Formations. 2) Early Mississippian east-west compression (Antler
Orogeny) thrust the older Snow Canyon Formation over the younger Roberts Mountains and Hanson
Creek Formations along the Roberts Mountains thrust. Exposures of the thrust in the mine show a wide
zone of anastomosing fault strands, tectonic foliation, and rotated blocks. These features are typical of
large regional thrusts. 3) North-south compression (Sonoman Orogeny?) produced east-west trending,
south verging folds, south-directed thrusting, and related northeast and northwest trending fractures. 4)
East-west compression (Laramide? Sevier? Orogeny) produced north-south to northwest trending, large-
wavelength, open folds as well as east-west and northeast trending faults and fractures. 5) West-
southwest-east-northeast extensional tectonism (~35-10 my) produced northwest trending high-angle
faults. 6) West-northwest-east-southeast to east-west directed extension produced Basin-and-Range
style block faulting (~10 my - Present) and north-northeast trending, high-angle, normal faults that

further dissect the range. The orebodies are most often localized along east-west and northeast trending



high angle faults and along low-angle faults, but also occur in the limbs of east-west trending folds,
along northwest trending high-angle faults, and especially at intersections of these features.

Although intrusive rocks are uncommon in the district, three types have been recognized. 1) A
small diorite stock (30 by 150 m) that was dry and unreactive with the surrounding carbonate host rocks
occurs in the southern part of the district. It is within 150 m of gold mineralization and yet it is
unaltered. 2) Several small (<6 m wide) porphyritic andesite dikes that commonly have northwest
orientations are sparsely distributed across most of the district and may be contemporaneous with the 14-
17 my old northwest trending Northern Nevada Rift. These dikes are propylitically altered to chlorite,
smectite, calcite, and pyrite and some of these dikes are mineralized. 3) Porphyritic mafic dikes that
were probably emplaced during Basin-and-Range magmatism (<10 my?) occupy north-northeast
trending fractures, are unmineralized, propylitically altered, and cross-cut mineralization. The absolute
ages of these rocks are currently under investigation.

Detailed mineralogic, petrographic, geochemical, fluid inclusion, and stable isotope studies of
jasperoid show that gold deposition was a consequence of the mixing of two meteoric fluids with
contrasting water-rock exchange histories. The ore fluid underwent extensive exchange with wallrocks
at low water-rock ratios and elevated temperatures to produce an 180-enriched, moderately acid, Cl-
CO2-H2S-rich brine. This fluid scavenged gold from rocks along fluid flowpaths and transported it as a
bisulfide complex. The other fluid was an oxidizing, very low salinity, near neutral pH fluid that
exchanged very little with wallrocks. Jasperoid produced during the mixing of these two fluids shows a
direct correlation between 8180 and log Au concentration. Most of the gold precipitated at the onset of
mixing when small increases in fO7 destroyed the bisulfide ligand. Fluid inclusion data indicate that
gold deposition took place at depths greater than 1 km, and possibly as deep as 5 km, at temperatures of
200 to 250°C.

The geologic relations suggest that mineralization took place after deformation that produced east-
west, northeast, and northwest trending high-angle faults and before or during Basin-and-Range
magmatism and block faulting. At present there is no evidence to indicate that mineralization is related to

a localized intrusive heat source. Our current hypothesis is that mineralization is related to extension that



allowed meteoric water to circulate along open faults to great depths where it was heated, due to high
regional heat flow, underwent extensive exchange with wallrocks, and scavenged gold. In the upwelling
part of the system, the ore fluid was focused along open fracture sytems, especially east-west and
northeast trending faults. Gold deposition occurred at sites where the ore fluid encountered oxidizing
unexchanged meteoric waters descending along permeable pathways below the Roberts Mountains
thrust. The Snow Canyon Formation is rarely mineralized, except within a few feet of mineralizing
structures, and apparently acted as a hydrologic barrier to upwelling ore-forming fluids. The deposits in
the Jerritt Canyon district share many features with other sediment-hosted disseminated gold deposits in
Nevada and the results of this work may have important implications for the origin and age of many of

these deposits.
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Genesis of Sediment-Hosted Disseminated Gold Deposits
by Fluid Mixing and Sulfidation of Iron in the Host Rocks:
Chemical Reaction Path Modeling of Ore Depositional Processes
at Jerritt Canyon, Nevada
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Introduction

Sediment-hosted disseminated gold deposits have characteristics that are unique and
set them apart from the other types of gold deposits found in the Basin and Range
Province. Most important are: (1) alteration patterns (silicification fi dolomitization fi
unaltered calcareous host rock, illite stable, tkaolinite); (2) ore-related mineralogies
(micron- to angstrom- sized gold, native arsenic, realgar, orpiment, stibnite, cinnabar,
thallium minerals, barite, Au+As-bearing pyrite, base metal sulfides and sulfosalts); and
(3) trace element enrichments (Ba 102-10% ppm, As 102-104 ppm, Hg 10-1-102 ppm, Zn 101-102
ppm, Pb 100-101 ppm, Cu 100-101 ppm, Sb 10-1-10! ppm, Au 10-2-101 ppm, T1 10-1-101 ppm,
Ag 102100 ppm, W, +B, £V, £Co, £Ni, +Mn, jasperoid d180g, 0-20%0) (Hofstra and
others, 1988a,b, Bagby and Berger, 1985; Bakken et al, 1989; Bakken and Einaudi, 1989;
Birak and Hawkins, 1985; Holland et al,1989; Kuehn, 1987; Percival et al, 1988; Radke,
1985; Tooker, 1985). If we are to understand the origin of these deposits we must account
for these characteristics. Our approach at Jerritt Canyon has been to conduct detailed
geologic, petrographic, isotopic, fluid inclusion temperature, salinity and gas geochemistry
studies, as well as geochemical studies of the host rocks, to characterize the hydrothermal
fluids and identify ore depositional processes. Chemical reaction path modeling programs
were used to simulate these processes and the results compared to the mineral assemblages
actually observed in the deposits. Our research on the Jerritt Canyon district indicates that
the unique attributes of Carlin-type deposits stem directly from the H2S-rich composition
of the ore forming fluid and from the processes that affected this fluid, namely mixing with
cool, dilute, oxidizing groundwater and sulfidation of reactive iron in the host rocks.

Geology
The Jerritt Canyon gold district is located in the Independence Mountains, about 80
km NNW of Elko, Nevada. The district contains about 5 million ounces of gold



distributed among 10 Carlin-type, sediment-hosted, disseminated, gold deposits. Ore
grade averages 0.12 oz./ton (4 gm./metric ton). The deposits are restricted to miogeoclinal,
carbonaceous limestones, carbonaceous calcareous siltstones and cherts of the Upper
Ordovician to Lower Silurian Hanson Creek and Lower Silurian to Lower Devonian
Roberts Mountains Formations. These rocks are exposed in windows through
allochthonous, eugeoclinal, siliceous, sedimentary and volcanic rocks of the Ordovician
Snow Canyon Formation. The gold deposits are located below the Roberts Mountains
thrust that separates these contrasting lithologies. The deposits are found in favorable beds
along E-W, NE, and NW trending high-angle fauits, along thrust faults, and especially at
intersections of these features. Although scattered small dikes of intermediate to mafic
composition are present in the the district, there is no evidence to link mineralization to
igneous activity. Based on geologic arguments the deposits are younger than the youngest
compressional deformation in the region (Eocene), and older than basaltic dikes that cross
cut mineralization (probably 6-12 Ma).

Two Fluids

Fluid inclusion and stable isotope studies of ore stage jasperoid, barite, sulfides,
and calcite show that two distinctly different fluids were present during ore deposition.
The ore fluid was a highly evolved meteoric water (dD 2 -111%o, d180 2 5%o), that had a
temperature of 2 225°C, salinity of 2 6 eq. wt. % NaCl, and contained 2 2-4 mole % CO3,
20.1 mole % H2S and < 0.1-1.0 mole % combined of N2, CH4, and short-chain
hydrocarbons. This fluid obtained its isotopic and chemical composition by circulation
through sedimentary rocks, particularly carbonate and shaley sequences, at low water/rock
ratios (<1.0) and elevated temperatures (200°-300°C). The other fluid was unexchanged
meteoric water (dD 2 -118%o0 and dl8pe -16%o), that was cool (< 200°C) and dilute
(< 1eq. wt. % NaCl, < 0.5 mole % CO2, < 0.01 mole % H2S and < 0.1 mole % other
gases).

It is important to consider how the ore fluid acquired its high H2S content. d34s
values of ore stage pyrite and realgar, of 5 to 10 %o, are within the range of sulfur in
Paleozoic petroleum and sedimentary sulfides in the region. The reduced sulfur in the ore
fluid may therefore have been derived from the decomposition of organic matter,
hydrolysis of sedimentary pyrite, or desulfidation reactions. These processes would have
been promoted by increased heat flow during Basin and Range tectonism or by heating
from an as yet unknown concealed intrusive at some other time in the Tertiary.



Fluid Mixing

Our studies have shown that there is a log-linear correlation between the Au content
and oxygen isotope composition of gold stage jasperoid. This is conclusive evidence that
fluid mixing caused gold deposition. Mixing at the interface of these two fluids caused the
dlSOHz() of the resulting fluid to decrease from about +5 to -10 %0 while the gold content
of the jasperoid deposited from this fluid decreased from about 300 to 0.03 ppm. Mixing
is also indicated by the isotope data from barite. The d180 and 434S values of sulfate
covary, with d180 ranging from 9 to 12 %o and d34s ranging from 23 to 28 %o. The heavy

sulfate was present in the ore fluid; whereas, the lighter sulfate was derived by oxidation of
H3S or sulfide minerals during mixing with the isotopically unexchanged meteoric fluid.

The f O of the unexchanged fluid was sufficient to oxidize sulfide to sulfate. The mixing
of these two fluids resulted in cooling, dilution, and oxidation of the ore fluid which
destabilized the gold bisulfide complex causing gold to precipitate.

Sulfidation of Iron in the Host Rocks

Gold will also precipitate when the concentration of bisulfide ion in the fluid is
decreased by reaction with iron in the host rocks to form pyrite. This process can be
documented by measuring the degree of pyritization (DOP) of iron. The DOP
determination must be done on fresh unweathered rock and is therefore not generally
suitable as a surface exploration tool. DOP is a measure of the fraction of reactive iron in
the sample that has been sulfidized; thus, DOP = Fepyrite/(Fepyn'te + Fereactive). The
rock also contains unreactive iron that is not considered in this determination. DOP values
for normal marine rocks are typically around 0.5. Unmineralized host rocks from Jerritt
Canyon have normal marine values, whereas mineralized samples have DOP values greater
than 0.7 and ranging up to 0.95. The enhanced DOP values are due to the reaction of
reduced sulfur in the ore fluid with reactive iron in the host rocks. The positive correlation
between the DOP and Au or As content of these rocks indicates that this process
contributed to ore deposition. This process is shown by the reaction:

Au (HS)2"1 + FeO = FeSp + Au® + H2O +e-

where FeO represents reactive iron in the host rocks, gold is reduced and bisulfide is

oxidized.

Composition and Speciation of the Ore Fluid
The program SOLVEQ (Reed, 1982 and Spycher and Reed, 1989) was used to
calculate the speciation and concentration of metals in solution. The composition and
speciation of the ore fluid was calculated based on the measured fluid inclusion
temperature, salinity, and gas data and by assuming saturation with various ore minerals



and inferred aquifer minerals. Based on the requirement, from alteration studies, that the
fluid be undersaturated with dolomite, and using a CO?7 content of about 2 molal, the pH of
the ore fluid was calculated to be 24.95. At dolomite saturation the pH of the ore fluid is
285,07 and at calcite saturation it is 25.19. The oxygen fugacity of the ore fluid was
constrained by the sulfur content of the fluid (¢10-1 molal) and the narrow stability field of
realgar (log f O3 2 -43.19 to -43.16). The solubility of Au, Ag, Hg, As, Sb, Zn, Cu, Pb,
and Fe were constrained by whatever mineral was most stable under the specified pH,

f O2, and total sulfur content of the fluid. The speciation calculations show that sulfide
complexing is dominant for Au, Cu, and Pb; roughly equal in importance to chloride
complexing for Ag and Zn; whereas iron is dominantly chloride complexed. The HgH4S3
complex is about equal in importance to aqueous Hg®. The dominant As species is
H3As03 and the dominant Sb species is Sb(OH)3. The calculations show that the
characteristic mineralogy and the low silver and base metal content of Carlin-type deposits

is due to the predominance of sulfide complexing over chloride complexing in the ore fluid.

Reaction Path Models of Ore Depositional Processes

The reaction path program CHILLER (Mark Reed, 1982 and Spycher and Reed,
1989) was used to model ore depositional processes. Reaction paths modeling cooling,
dilution, and oxidation during mixing of the ore fluid with meteoric water produce ore
minerals in amounts that correspond closely to those observed at Jerritt Canyon and at other
Carlin-type gold deposits. On a weight basis, realgar is the most abundant mineral,
followed by one order of magnitude less cinnabar, two orders of magnitude less gold,
sphalerite, * galena, and three orders of magnitude less pyrite, bornite, * silver-sulfosalts.
Realgar and silver-sulfosalts precipitate only during the first several increments of mixing.
Sphalerite is initially more abundant than gold, but then decreases until it is less abundant.

Reaction paths modeling sulfidation of iron show that isothermal reaction of the ore
fluid with a calcareous host rock containing 0.25 wt. % reactive iron results in the
precipitation of ore grade (27 ppm) gold and one order of magnitude less base metal
sulfides. An equivalent amount of cinnabar, and one order of magnitude less of silver-
sulfosalts precipitate during the first few reaction steps. During the first increments of
reaction, the calcareous host rock is silicified and dolomitized until calcite saturation is
reached. At this point calcite would have been deposited in veins such as found adjacent to
areas of silicified and dolomitized rock. Movement of a reaction front such as this through
the calcareous host rocks would have produced the areas of partially silicified and
dolomitized rock that are found at the center of many ore bodies. This process is
accompanied by a decrease in the volume of the host rock such as documented at Jerritt
Canyon (this study) and at Carlin (Bakken and Einaudi, 1989). Deposition of pyrite and



gold continues until the sulfide content of the fluid is depleted. Our data show that the host
rocks at Jerritt Canyon contained more than enough reactive iron (0.5-1.0 wt. %) for
sulfidation to have been a very effective gold depositional mechanism. Sulfidation readily
explains those enigmatic ore zones that occur in apparently unaltered calcareous rocks. It
also explains the coprecipitation of gold with pyrite documented by Bakken and others
(1989). The disseminated occurrence and small size of the gold in these systems may
result from the disseminated occurrence and relatively small amount of reactive iron in the
host rocks. Sulfidation of rocks containing large amounts of reactive iron would tend to
form narrow high grade ore zones adjacent to fluid conduits. Reaction paths that model the
combination of these two processes; (1) fluid mixing, with cooling, dilution, and

oxidation; and (2) wallrock reaction, with sulfidation of reactive iron in the host rock;
best explain the alteration zonation, mineralogy, and geochemistry observed at Jerritt

Canyon and at other Carlin-type gold deposits.
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