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Bibliography and Index of Conodonts,
1959-1963"

SIDNEY R. AsH

U. S. Geological Survey
Albuquerque, New Mexico

"ABSTRACT.—330 articles pertaining to conodonts published during 1959-1963, and 30
articles published prior to 1959, are listed and indexed. The articles contain descriptions
of 264 new forms, including 209 new species and 29 new genera. In addition to the
index of new forms, a stratigraphic-geographic index of conodont-bearing formations is
included which shows that conodonts are now known to range from Middle Cambrian
through Late Triassic time.
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INTRODUCTION

This is the second in a series of conodont bibliographies and indexes
which has been compiled as a supplement to Fay's Catalogue of conodonts.
The first one covered the period 1949-1958 (Ash, 1961), and this covers the
years 1959-1963. Both have been compared with Ellison’s two conodont
bibliographies (1962b and 1963) and significant omissions have been added
to this one. .

The author is indebted to the students of conodoats who have gener-
ously sent him reprints for use in this compilation. He is particularly indebted
to Dr. John Huddle, Dr. Willi Ziegler, Mr. Dwayne D. Stone, Mrs, Eliza-
beth Kuntz, and Mrs. Mary Paul who have been of assistance to him in various
ways.

4 BIBLIOGRAPHY

Listed in the following bibliography are the 330 articles which are known
to have been published during the calendar years 1959-1962 and most of 1963,
and 30 articles that were published prior to 1959. An asterisk (*) matks
those articles in which new forms of conodonts are proposed and those which are
of taxonomic interest for other reasons.

AMSDEN, T. W.
1960 Hunton stratigraphy. Oklahoma Geol. Survey Bull. 84, 311 pp., 17 pls., 56
text-figs., 3 panels.
1961 Stratigraphy of the Frisco and Sallisaw Formations. Oklahoma Geol. Survey
Bull. 90, 121 pp., 13 pls., 26 text-figs., (conodonts, pp. 19, 68).

'Publication authorized by thg Director; U.S. Geological Survey
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ASH, S. R.
1961 Bibliography and index of comodonts, 1949-1958. Micropaleontology, vol. 7,
pp. 213-244, 1 text-fig., 1 table.
1962 The conodonts - a neglected stratigraphic tool in New Mexico. New Mexico
Geol. Soc. Guidebook 13th Ann. Field Conf. Mogollon Rim region Arizona,
p. 173, (abstract).
ANDERSON, R. Y.
1962 News reports: United States - Rocky Mountain vegion. Micropaleontology, vol.
8, pp. 538-540.
BACHMAYER, F.
1960 Undentbare Reste ausgestorbener Tiere. Verhoffentlihungen aus dem Natur-
historischen Museum, Wien, n.f. no. 3, pp. 10-12.
BAER, J. L. _ v
1962" Geology of the Star Range, Beaver County, Utab. Brigham Young Univ. Geol.
Studies, vol. 9, pt. 2, p. 29-52, 1 pl,, 5 text-figs., 1 geologic map.
BALL, S. M. ‘
1959 Stanton Liméstone in northeastern Kansas. The Compass of Sigma Gamma
Epsilon, vol. 36, pp. 279-288, 1 pl., 1 text-fig.
BALL, S. M., BALL, M. M., AND LAUGHLIN, D. J.
1963 Geology of Franklin County, Kansas. Kansas Geol. Survey Bull. 163, 57 pp.,
12 pls., 9 text-figs., (conodonts, pp. 20, 34, 46, 47, 50, 54).
BARNES, V. E,, CLOUD, P. E,, JR.,, DIXON, L. P, AND OTHERS.
1959 Stratigraphy of the pre-Simpson Paleozoic subsurface rocks of Texas and
southeast New Mexico. Univ. Texas (Bur. Econ. Geol.) Pub. no. 5924, 2 vols.,
836 pp., 65 pls., 38 text-figs., 14 tables, (conodonts, pp. 78, 646).
BARTENSTEIN, H., AND BISCHOFF, G.
1962 Conodonten-Stratigraphie im Devon und Unterkarbon Deutschland. Leitfossilien
der Mikropalaontologie, Gubruder Borntraeger: Berlin, pp. 43-66, figs. 3-6.
BAZOCHE, D.
1960 Deconvertes de Conodonis dans FOrdovicien inferienr du Sondage el Gassi
No. 1 (G:1). Rev. Micropaleontology, vol. 3, pp. 183-186G.
BEACH, G. A.
1961 Late Devonian and Early Mississippian biostratigraphy of central Utah. Brig-
ham Young Univ. Geol. Studies, vol 8, pp. 37-53, pls. 5-6, 5 text-figs.
BENDER, H. ‘
1959  Stratigraphie und Tekronik des sidwestlichen Teils der Hirre-Ackerzone. Deutsch.
Geol. Ges., Zeitschr., vol 111, Jahrg. 1959, pt. 1, pp. 230-231, (abstract).
BENDER, H., HIRSCHBERG, K., AND LEUTERITZ, K.
1960 Zur Geologie der Olonos-Pindos und der Parnass-Kionazone im tal des Ask-
lepicion (Argolis). Géol. des pays Helléniques Annales, 1st Ser, vol. 11,
. pp. 201-213, 1 pl., (conodonts, pp. 201, 207-210).
BERGQUIST, H. R.
1960 OQccurrence of foraminifera and. conodonts in upper Paleozoic and Triassic
rocks, northern Alaska. Jour. Pal, vol. 34, pp. 596-601, 1 text-fig.
BERGSTROM, 8. M. ‘
%1961 Conmodonts from the Ludibundus limestone (Middle Ordovician) of the
Tuiiren area (SE Sweden). Arkiv for Mineralogi och Geologi, vol. 3, no. 1,
pp. 1-61, pls. 1-5.
BERRY, W. B. N.
1960 Graptolite faunas of the Marathon region, Texas, Univ. Texas (Bur. Econ.
Geol.) Pub. no. 6005, pp. 1-179, (conodonts, pp. 21, 34).
BOND, R., AND OTHERS.
1959 Road log of the Columbus, Galena, Gakanna area, Obio. Acad. Sci. Ohio, Sec.
of Geol. 34th Ann. Field Conf. Guidebook, pp. 1-27. Not seen.
BOWYER, C. H.
1959 From Crocodiles to comodonts. The Missouri Alumnus, pp. 16-17, 23.

BRANSON, C. C.
1959 Regional relationships of Ounachita Mississippian and Pennsylvanian rocks. In:
Cline, L. M., Hilseweck, W. J., and Feray, D. E., The Geology of the Ounachita
Mountains, a symposium. Dallas Geol. Soc. and Ardmore Geol. Soc., pp. 118-

212.
1961 Wilbert Hass, 1906-1959 (@ memorial): Privately printed by the Paleontological
Res. Inst., Ithaca, N. Y., Oct. 7, 1961, 1 p.
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1962 Conodonts from Asia. Oklahoma Geol. Survey Geol. Notes, vol. 22, pp.. 165-
166. C

1963 Notes on conodont literature. Oklahoma Geol.  Survey Geol. Notes, vol. 23,
PD. 224-226. - K
BRIDGES, L. W., AND DEFORD, R. K.
1961 Pre. Carbomferou: Paleozoic rocks in central Chibuahua, Mexico. Amer.
Assc))c Petr. Geol. Bull., vol. 45, pp. 98 104, 3 text-figs,, (conodonts, pp. 100-
101 :
BUDUROV, K. '
¥1959 Karnische Conodonta aus der Umgebung der Siadt Kotel. Annuaire de la
Direction générale des recherches géologiques, Ser. A, vol. 10, pp. 109-124,pl. 5,
1960 Uber die Anwesenbeit von Conodontern im Anis bez Gmmtovo, Bezirk Vzdm
Geol. Soc. Bulgaria Review, vol. 21, pp. 78-79.
1961 Conodonten aus dem Devon Nordo.rtbulgarzem Geol Soc. Bulgaria Review
vol. 22, pp. 259-273. Not seen. ‘ ) .
BURCHARDT, I.
1962 Bettmge zur Petragmp/aze und Stratigraphie der Sc/mlmn am Rand der Sud-
harzmulde nordliche Von Stolberg. Geologie, vol. 11, pp. 370-383.
CAMPBELL, C. B.
1951 The Campbell mzcrofos.rzl washer. Acad. Sci., Iowa Proc., vol. 58, pp. 275-277.
CARLSON, C. G.
1960 Stratigraphy of the Winnipeg and Deadwood Formations in North ' Dakota.
North Dakota Geol. Survey Bull.35, 149 pp., 2 pls.,, 17 text-figs., 2 tables
CARPENTER, J.W., AND ORY. T.R.
1961 The American Upper” Ordovician standard VI. The Covington sequence at.
Maysville, Kentucky, Ohio Jour. Sci., vol. 61, pp. 372-378:
CARSS, B. W., AND LANGENHEIM, R. L., JR. -
1963 Cincinnation conodonss and bmcbzopod; from the Ely Sptmg.r Dolomzte, Arrow
Canyon Range, Clark Cozmty, Nevada.  Geol. Soc. Amer. Spec1a1 Paper 73, p.
31, (abstract).
CHING, YU-KAN
*1960 Conodonts from the Kufeng.suite (formation) of Laungtan, Nanking. Acta
Pal. Sinica, vol. 8, pp. 230-248, pls. 1-2. Discussed by C. B. Branson 1962.
CHRONIC, J.
1961 Eﬂrly and. middle Paleozoic index fossils of Colorado. In: BERG, R. R AND
ROLD, J. W. (Editors), Rocky Mountain Assoc. Geol., 12th" Field Conf.,
South- central Colorado, Symposium on lower and rmddle Paleozoic ' rocks of
Colorado, pp. 91-100, (conodonts p. 96)
CLARK, D. L.
*1959 Conodonts from the Triassic of Newzda and Utah. Jour Pal., vol. 33, pp. 305-
312, pls. 44-45, 1 text-fig. .
1960 Triassic bzo.rtmtzgrap/ay of eastern Nemda In: Intermountam Assoc Petr.
Geol., Guidebook, 11th Annual Field Conference, Geology of east-central Nevada,
PP. 122- 125, 2 text-ﬁgs
1961 U-Ph age determination .and. Upper Devoman bzo:tmzzgmpby Geol Soc Amer
Bull,, vol. 72, pp: 163-166.
CLARK, D. L., AND BEACH, G. A.
1962 Late Devonian - Eﬂrl}’ Mississippian bzo:tmtzgmpby, central Utab. Geol Scc
“Amer. Special Paper 68, p. 150, (abstract). :
CLARK, D. L., AND BECKER, J. H.
1960 prew Devonian correlations in western Utah zmd eastern Nevada, Geol.‘ Soc.
Amer. Bull,, vol. 71, pp. 1661-1674. S
CLARK, D. L., AND ETHINGTON, R. L.
1962 Survey of Peymian conodonss in western North Amerzm Bngham Young Univ.
Geol. Studies, vol. 9, pt. 2, pp. 102-114, 2 pls., 1 table.
CLARK, T. H., AND STEARN, C. W.
1960 The geolagzc evolution of North America. Ronald Press Co.: New York, 434
pp., (p. 82). :
CLARKE, W. J. e :
¥1960 Scottish Cczrbomferou: conodonty Geol‘ Soc. Edinburgh Trans., vol. 18, pp.
1-31, 5 pls., 1 table,. ' T e :
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CLINE, L. M.

1960 Late Paleozoic rocks of the Ouachita Mountains. Oklahoma Geol. Survey Bull.

85, 113 pp., 2 pls.,, 45 text-figs., (conodonts, pp. 28, 32, 39-41, 57, 79, 96).
COLLINSON, C. W. : ’

1961 The Kinderbookian Series in the Mississippi Valley. Kansas Geol. Soc. Guide-
book 26th Ann. Field Conf., pp. 100-109, 3 text-figs. Also published as:
Missouri Div. Geol. and Water Res. Rept. Inv. no. 27.

1962 Review [of “Des Karbon der subvariscichen Saumsenke: der Kulm and die
Plozleere Fazies des Namurs,” ed. Rolf Teichmuller and Eva Paproth, 1960].
Jour, Pal.,, vol. 36, pp. 840-842.

COLLINSON, C. W., REXROAD, C. B.,, AND SCOTT, A.].

1959 Abundance and stratigrapbic distribution of Devonian and Mississippian cono-
donts in the upper Mississippi Valley. Jour. Pal, vol. 33, pp. 692-696, 3
text-figs.

COLLINSON, C. W., SCOTT, A. J., AND REXROAD, C. B.

1962a Biostratigraphic zonation of the Devonian and Mississippian in the Mississippt
Valley. Geol. Soc. Amer. Special Paper 68, pp. 154-155, (abstract).

1962b Six charts showing biostratigraphic zones and correlations based on conodonts
from the Devonian and Mississippian rocks of the upper Mississippi Valley.
Ilinois Geol. Sutvey Circ. 328, 32 p., 6 charts.

COLLINSON, C. W., AND SWANN, D. H,

1958 Mississippian rocks of western Illinois. In: Geol. Soc. Amer,, Guidebook, St.
Louis)Meeting, pp. 21-52, 9 text-figs., (conodonts, pp. 30-32, 34-37, 46-48,
50-52).

COLOM, G.
1959 News reports: Spain, Micropaleontology, vol. 5, pp. 268-269.
1962 News reports: Spain. Micropaleontology, vol. 8, pp. 535-536.
CONANT, L. C., AND SWANSON, V. E.
1961 Chattanooga Shale and related rocks of central Tennessee and nearby areas. U. 8.
Geol. Survey Prof. Paper 357, 91 pp., 17 pls., 18 figs., 14 tables.
COSSMAN, M.
%1909 Recrifications de Nomenclature. Revue critique Paleozoologie, vol. 13, mo. 1,
pp. 67-68, (conodonts, p. 68).
CRESPIN, 1.
1959 News reports: Anstralia. Micropaleontology, vol. 5, p. 261, :
1961 News reports: Australia. Micropaleontology, vol. 7, pp. 499-500.
CUMMINGS, R. H.

1960 Recent advances in micropaleontology. Liverpool and Manchester Geol. Jour.,

vol. 2, pp. 288-310, 3 text-figs., (conodonts, pp. 292, 293, 295, 306, text-fig. 2).
CUVILLIER, ]J.

1959 News reports: France. Micropaleontology, vol. 5, pp. 502-506, (conodonts, pp.
502-504, 506).

1961 News reports: France. Micropaleontology, vol. 7, pp. 119-124, (conodonts, pp.
119, 121, 122).

1962a News reports: France. Mircopaleontology, vol. 8, pp. 116-119.

1962b News reports: France. Micropaleontology, vol. 8, pp. 528-532.

DENGLER, H. :

1959  Bisherige Ergebnisse der Anwendung der Conodomten-Chronologie im Devon
der Labnmulde. Deutsch. Geol. Ges. Zeitschr,, vol. 110, Jahrg. 1958, pt. 3, p.
627, (abstract).

DOUGLASS, R. C.

1959 News reports: United States - East Coast. Micropaleontology, vol. 5, pp. 269-
272, (conodonts, pp. 270-271).

1960 News reports: United States - East Coast. Micropaleontology, vol. 6, pp. 245-248,
(conodonts, p. 247).

1962 News reports: United States - East Coast. Micropaleontology, vol. 8, pp. 281-283.

1963 News reports: United States - East Coast, Micropaleontology, vol. 9, pp. 349-351.

DOW, V. E.
1960 Magnetic separation of conodonts. Jour. Pal., vol. 34, pp. 738-743, 2 text-figs.

DROOGER, C. W.
1962 News reports: Benelux. Micropaleontology, vol. 8, pp. 523-526.
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DVORAK, J., FREYER, B., AND FREYER, G.
1961 Die Devon/Karbon - Grenze im Mabrischen Karst (Sudteil des Mabrischen
Sedimentationsbeckens) auf der Grundlage von Conodontenfaunen. Geologie,
vol. 10, pp. 881-895.
DVORAK, J., FREYER, G., AND SLEZAK, L.
1959 Newner palaontologischer Beweis fér das Devonische Alter der Englesberb-
Schichten. Vest. ustred, Ustav, Geol. Ceskoslov., vol. 34, pp. 457-458. Not seen.
EASTON, W. H. :
1960 Appendix to the worms - Phylum Chordata: Group Conodontophorida. In:
Invertebrate Paleontology. New York: Harper and Brothers, 701 pp., (conodonts,
pp. 227-238, text-figs. 6.9-6.12.

ECHOLS, D. J.

1959 News reports: United States - Mid-continent region. Micropaleontology, vol.
5, pp. 384-388.

1961 News reports: United States - Mid-continent region.. Micropaleontology, vol. 7,
pp. 251-255.

1962 News reports: United States - Mid-continent -region, Micropaleontology, vol. 8,
pp. 283-287.

1963 News reports: United States - Mid-continent region. Micropaleontology, vol. 9,
Pp. 353-358.

ECKERT, R., AND OTHERS. :
1961 The magnetic separator as a tool in micropaleontology. Jour. Pal., vol. 35, pp.
876-877.
EHRENBERG, K. -
1960 Palaazo)ologz’e. Vienna Springer-Verlag, 408 pp., 175 text-figs., (conodonts, pp.
89-155).
ELIAS, G. K. o
1963 Habitat of Pennsylvanian algal bioherms, Four Corners area. Four Corners Geol.
Soc., 4th Field Conf., pp. 185-203, 13 text-figs., (conodonts, pp. 190, 193, 194).
ELIAS, M. K. ’
*1959 Some Mississippian conodonts from the Ownachita Mountains. In: Cline, L. M.,
Hilseweck, W. J., and Feray, D. E., The geology of the Onachita Mountains, a
symposium. Dallas Geol. Soc. and Ardmore Geol. Soc., pp. 141-165, 2 pls.
ELIAS, M. K., AND BRANSON, C. C.
1959 Type section of the Caney Shale. Oklahoma Geol. Survey Circ. 52, 24 pp., 3 figs. .
(conodonts, pp. 8-12, 14-15). ‘
ELLISON, S. P, JR.
1960a Thinking patterns for geologists. Jour. Sed. Petr., vol. 30, pp. 324-328, (cono-
donts, pp. 327-328). Also appears in: Jour. Pal, vol. 34, pp. 763-767, and
Amer. Assoc. Petr. Geol. Bull,, vol. 44, pp. 980-983.
1960b Conodonz. In: Encyclopedia of Sci. and Tech., New York: McGraw-Hill Book
Co., pp. 405-406, 1 text-fig.
1962a Conodonts from trans-Pecos Paleozoic of Texas. Amer. Assoc. Petr. Geol. Bull,,
vol. 46, p. 266, (abstract).
1962b Annotated bibliography, and index of comodonts. Univ. Texas (Bur. Econ.
Geol.) Pub. no. 6210, 128 pp., 6 charts.
1963 Supplement to annotated bibliography, and index of conodonts. Texas Jour.
Sci., vol. 15, pp. 50-67.
ERBEN, H. K.
1960 Die Grenze Unterdevon/Mittledevon im Hercyn Deuntschlands und des Massif
Armovicain - ibre Korrelation mit dem Barrandium. Prager Arbeit stagung
Uber die Stratigraphie des Silurs und des Devons, Nat. Cesk., Akad. Ved.
Praha, pp. 187-208.
1961 Ergebnisse der “Arbeitstagung die Silur/Devon - Grenze und die Stratigraphie
von Silur und Devon. Bonn und Brussel, 1960. Deutschr. Geol. Ges., Zeitschr.,
vol. 113, pp. 81-84.
ETHINGTON, R. L. ‘
*1959a Conodonts of the Ordovician Galena Formation. Jour. Pal., vol. 33, pp. 257-
292, pls. 39-41, 2 text-figs.
*1959b Rhynchognathodus, new name for the Ordovician conodont Rhynchognathus,
preoccupied. Jour. Pal.,, vol. 33, p. 1128,
1962  Devonian conodonts in Arizona. New Mexico Geol. Soc. Guidebook 13th Ann.
Field Conf. Mogollon Rim region Arizona, pp. 72-76, 1 text-fig.



8 SIDNEY R. ASH

ETHINGTON, R. L., AND FURNISH, W. M.
1959 Ordovician conodonts from northern Manitoba, Jour. Pal,, vol. 33, pp. 540-
546, pl. 73, 1 text-fig.
*1960 Upper Ordovician conodonts from southern Manitoba. Jour. Pal., vol. 34, pp.
265-276, pl. 38.
1962  Silurian and Devonian conodonts from Spanish Sabara. Jour. Pal., vol. 36, pp.
1253-1290, pls. 172-173, 1 text-fig., 2 tables.
ETHINGTON, R. L., FURNISH, W. M., AND WINGERT, J. R.
1961 Upper Devonian conodonts from Bighorn Mountains, Wyoming. Jour. Pal., vol.
35, pp. 759-768, pl. 90, 1 text-fig.
FAY, R. O.
%1959 Generic and subgeneric homonyms of conodonts. Jour. Pal., vol. 33, pp. 195-

196. .
1961 Bibliography and index of conodonts, 1949-1958, a review. Oklahoma Geol.
Survey Geol. Notes, vol. 21, pp. 202-203.
FLUGEL, H., GRAF, W., AND ZIEGLER, W.
%1959 Bemerkungen zum Alter der “Hochwipfelschichten” (Karnische Alpen).
Neues Jahrb. Geol. Pal., Monatshefte, Jahrg. 1959, pp. 153-167, 2 text-figs.
FOSS, T. H.

1960  Stracture and composition of associated Neurodontiformes and Astraspis scales

from the Harding Formation of Colorado. Jour. Pal, vol. 34, pp. 372-373,
FREDERICKSON, E. A.

1961 Pre-Pennsylvanian rocks of the Canyon City area. In: BERG, R. R., and ROLD,
J. W., (eds.), Rocky Mountain Assoc. Geol. 12th Ann. Field Conf., South-
central Colorado, Symposium on lower and middle Paleozoic rocks of Colorado,
pp. 133-142, (conodonts, p. 137).

FREYER, G.

1960 Jahrestagung der Palaomtologischen Gesellschaft in Berlin vom 26 bis 29 August
1959. Geologie. vol. 9, pp. 460-461.

1961 Zur Taxionomie und Biostratigraphie der Conodonten aus dem Vogtlandes
unter besonderer Berncksichtigung des 10V /VI. Freiberger Forschrungsh. C-
95, 96 pp., 6 tables. Not seen.

FULLER, J.G. C. M.

1961 Ordovician and contignons formations in North Dakota, South Dakota, Montana,
and. adjoining areas of Canada and United States. Amer. Assoc. Petr, Geol. Bull,,
vol, 45, pp. 1334-1363, 21 text-figs., 1 table, (conodonts, p. 1361).

FURNISH, W, M.

1961 Role of a specialist. Amer. Assoc. Petr. Geol. Bull, vol. 45 pp. 1011-1013.
Also in: Jour. Pal, vol. 35, pp. 884-887, and Jour. Sed. Petr., vol. 31, pp.
301-304.

GLENISTER, B. F.

1960 Carboniferous conodonts and ammonoids from northwestern Australia. Congr.

Etudes Strat. Carbonifére, 4th, vol. 1, pp. 213-217, 2 text-figs.
GLENISTER, B. F., AND CRESPIN, I.
1959 Upper Devonian microfaunas from the Fitzroy Basin, Western Australia. Aus-
tralian Jour. Sci., vol. 21, pp. 222-223.
GLENISTER, B. F., AND FURNISH, W. M.
1961 The Permian ammonoides of Australia. Jour, Pal., vol. 35, pp. 673-736.
GOODWIN, P. W.

1962 Late Cambrian and Early Ordovician conodonts from the Bighorn Mountains,

Wyoming. Geol. Soc. Amer. Special Paper 68, p. 183, (abstract).
GRABERT, H.

1962 Die FPaziesentwicklung im Oberdevon des nordlichen Mittelharzes. Geologie, vol.

11, pp. 154-172.
GRAVES, R. W., JR.

1954 Geology of Hood Spring quadrangle, Brewster County, Texas. Univ. Texas
(Bur. Econ. Geol.) Rept. Inv. no. 21, 51 pp., 7 pls., 4 text-figs., (conodoats, pp.
6, 12, 14, 16).

GREILING. L.

1961 Dev?gz im Oberpfilzer Wald. Senckenbergiana Lethaea, vol. 42, pp. 265-271, 1

text-fig.
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1962 Das Silur und. Devon des Schiibelberges bei Elbersrenth Bayerische Fazies des
Frankenwaldes. Neues Jahrb. Geol. Pal., Monatshefte, Jahrg. 1962, pp. 513-547,
8 text-figs.

GROSS, W.

1958  Anaspiden - Schuppen aus dem Ludlow des Ostseegebiets. Pal. Zeitschr., vol. 32,
pp- 24-37, 3 pls., 5 text-figs., (conodonts, pp. 24-25, 30-36).

1960 Uber die Basis bei den Gattungen Palmatolepis und Polygnathus (Conodontida).
Pal. Zeitshr., vol. 34, pp. 40-58, 9 text-figs.

GRUNDEL, J.

1961 Zur Biostratigraphies und Fazies der Gattendorfia - Stufe in Mirteldeutschland
unter besonderer Beriicksichrigung der Ostracoden. Freiberger Forsch., Ser. C,
no. 111, pp. 53-173, 14 pls., 17 text-figs., (conodonts, pp. 141-142). Not seen.

GUFFROY, J.

1959  Sur Vexistence de Comodontes dans les calcaries Paléozoiques du Morvan. Acad.

Sci., C. R., vol. 248, pp. 710-712.
GUTSCHICK, R. C,

1959  Lower Mississippian holothurian sclerites from the Rockford Limestone of
northern Indiana. Jour. Pal,, vol. 33, pp. 130-137, pls. 25-26, 6 text-figs., (cono-
donts, p.'130).

1960 Early Mississippian (Lower Carboniferous-Tournaisian) micropaleontology in
the United Stares. Inter. Geol. Congr., 21st, Norden, Rept., pt. 6, pp. 114-134, 2
text-figs., (conodonts, pp. 114, 117-120, 126-128, 130).

1962 Arenaceous foraminifera from oncolites in the Mississippian Sappington Forma-
tion of southwest Montana. Jour. Pal., vol. 36, pp. 174-175.

GUTSCHICK, R. C, AND PERRY, T. G.

1959 Sappington (Kinderhookian) sponges and their environment. Jour. Pal., vol.

33, pp. 977-985, pls. 122-123, 3 text-figs., (conodonts, text-fig. 2).
GUTSCHICK, R. C,, SUTTINER, L. J.,, AND SWITEK, M. J.
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INDEX OF NEW CONODONTS

All of the new forms of conodonts proposed in the articles cited in the
bibliographic section of this paper are listed here. Included in the alphabetically
arranged list are: 7 new subfamilies, 29 new genera, 4 new subgenera, 209 new
species, 18 new subspecies, and 4 new varieties of disjunct units (form genera
of some authors). No new conodont assemblages were described in any of
the cited articles.

The order of items given in each generic and subgeneric entry is as fol-
lows: Name of the genus or subgenus, its author, date of publication, and
number of the page on which the new form is described; name of the type
species, its author, date of publication; and the geologic age of the new form.
It the type species is not listed in this index the full reference can be found in
either Fay's Catalogue of conodonts or in my Bibliography and index of con-
odonts for the period 1949-1958. —_—

The order of items given in each species, subspecies, and variety entry
is as follows: Name of the new form, its author, date of its publication, page
number on which it is described, and numbers of the illustrations in which it
is figured; its geologic age, and the general geographical area from which it
was collected.
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Sweden.
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Ancyrognathus crypa Ziegler, 1962b, pp. 49-50, pl. 9, figs. 2-6. Late Devonian, Germany.
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Mississippian, Texas.

B. penehamata Hass, 1959a, p. 381, pl. 46, figs. 22, 23, 29. Early Mississippian, Texas.

BALOGNATHINAE Hass, 1959a, p. 379. A new subfamily which includes the following
genera: Balognathus Rhodes, and Icriodella Rhodes.

BELODINA Ethington, 1959, pp. 271-272. Belodus grandis Stauffer, 1935. Middle and
Late Ordovician.

B. dlabamenis Sweet and Bergstrdm, 1962, pp. 1223-1224, pl. 170, figs. 10, 11. Middle
Ordovician, Alabama.

B. dartoni Stone and Furnish; 1959, p. 220, pl. 31, fig. 15. Late Ordovician, Wyoming.

B. kirki Stone and Furnish, 1959, p. 221, pl. 31, figs. 12-13. Late Ordovician, Wyoming.

B. leithi Ethington and Furnish, 1960, pp. 269-270, pl. 38, fig. 12. Late Ordovician,
Manitoba.

BRANMEHLA Hass, 1959a, p. 381. Spathodus inornata Branson and Mehl, 1934. Late
Devonian and Early Mississippian.

Cavusgnathus inflexa Clatke, 1960, p. 23, pl. 3, figs. 18-19. Late Mississippian, Scotland.

CHIRODELLA Hirschmann, 1959, p. 71. Metalonchodina triquetra Tatge, 1956. Triassic.

COELOCERODONTUS Ethington, 1959, p. 273. Coelocerodontus trigonius Ethington,
1959. Late Ordovician.

C. digonius Sweet and Bergsttém, 1962. p. 1224, pl. 168, fig. 1; text-fig. 1F. Middle
Ordovician, Alabama.

C. tetragonius Ethington, 1959, p. 273, pl. 39, fig. 15. Late Ordovician, Iowa.

C. trigonius Ethington, 1959, p. 273, pl. 39, fig. 14. Late Ordovician, Iowa.

Cordylodus excavatus Sweet, Turco, Warner and Wilkie, 1959, pp. 1045-1046, pl. 132,
fig. 16. Late Ordovician, Ohio.

C. oklabomensis Miiller, 1959¢c, pp. 447-448, pl. 15, figs. 15-16, text-fig. 3A. Late Camb-
rian, Oklahoma.

C. proavus Miiller, 1959c, pp. 448-449, pl. 15, figs. 11-12, 18, text-fig. 3B. Late Cambrian
Oklahoma.

C. robustus Ethington and Furnish, 1959, p. 543, pl. 73, fig. 11. Late Ordovician, Manitoba.

CORNUDINA Hirschmann, 1959, p. 44. Ozarkodina breviramulis Tatge, 1956. Triassic.

Ctenognathus pseudofissilis Lindstrdm, 1959, p. 439, pl. 4, figs. 1-9. Middle and Late
Ordovician, England.

CYRTONIODONTINAE Hass, 1959a, p. 378. A new subfamily which includes the
following gemera: Cyrtoniodus Stauffer, Plectodina Stauffer, Gorhodus Lindstrom,
Paracordylodus Lindstrom, Holodontus Rhodes, Keislognathus Rhodes, Phragmodus
Branson and Mehl, Zygognathus Branson and Mehl, Periodon Hadding.
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Cyrtoniodus sinclaivi Ethington and Furnish, 1960, pp. 270-271, pl. 38, fig. 16. Late
Ordovician, Manitoba. )

Distacodus (?) cambricus Miiller, 1959c, p. 450, pl. 14, figs. 1-2. Late Cambrian, Sweden.

D. palmeri Miiller, 1959c, pp. 449-450, pl. 14, figs. 3-4. Late Cambrian, Nevada,

D. procerus Ethington, 1959, p. 275, pl. 39, fig. 8. Late Ordovician, Iowa.

DOLLYMAE Hass, 19592, p. 394. Dollymae sagittula Hass, 1959a. Early Mississippian.

D. sagittula Hass, 1959a, p. 394, pl. 47, figs. 7, 10, Early Mississippian, Texas.

D, hassi Voges, 1959b, pp. 275-276, pl. 33, figs. 5-10. Early Mississippian, Germany.

EOBELODINA Sweet, Turco, Warner, and Wilkie, 1959, p. 1050. Oistodus fornicalus
Stauffer, 1935. Middle and Late Ordovician.

EOFALODUS Harris, 1962, pp. 204-205. Eofalodus brevis Harris, 1962. Middle Ordovi-
cian,

E, brevis Harris, 1962, pp. 205-206, pl. 1, figs. 7a-7d. Middle Ordovician, Oklahoma.

Eoligonodina fairmountensis Pulse and Sweet, 1960, pp. 253-254, pl. 35, fig. 17. Late
Ordovician, Kentucky.

E. magna Ethington, 1959, p. 277, pl. 40, figs. 3-4, Late Ordovician, Jowa.

E. wlyichi Stone and Furnish, 1959, pp. 222-223, pl. 32, figs. 16-18. Late Ordovician,
Wyoming. .

Euprioniodina glencartensis Clarke, 1960, pp. 5-6, pl. 1, fig. 5. Late Mississippian, Scotland.

Falcodys (?) alazoides Rexroad and Burton, 1961, pp. 1152-1153, pl. 140, fig. 8. Late
Mississippian, Illinois.

F. parvidentatus Sexrgeeva, 1963, pp. 103-104, pl. 8 figs. 407, text-fig. 8, Barly Ordovician,
Russia.

F. simplex Sergeeva, 1963, pp. 104-105, pl. 8, figs. 8-10, text-fig. 9. Farly Ordovician,
Russia.

FURNISHINA Miiller, 1959¢c, p. 451. Furnishina furnishi Miiller, 1959c. Late Cambrian.

F. asymmetrica Miiller, 1959¢, pp. 451-452, pl. 11, figs. 16, 19. Late Cambrian, Germany.

E. bicarinara Miiller, 1959¢, p. 452, pl. 12, fig. 3. Late Cambrian, Wyoming.

F. furnishi Miller, 1959¢, pp. 452-453, pl. 11, figs. 5, 6, 8, 9, 11-15, 17, 18, pl. 12, figs.
1, 6, text-figs. 6D-GE. Late Cambrian, Wyoming.

F. primitiva Miiller, 1959c¢, p. 453, pl. 11, figs. 1-4. Late Cambrain, Germany.

F. quadrata Miller, 1959c, pp. 453-454, pl. 12, figs. 2, 4, 9, text-fig. 6C. Late Cambrian,
Germany.

FURNISHIUS Clark, 1959, pp. 310-311, Furnishius triserratus Clark, 1959, Early Triassic.

E, miserratus Clark, 1959, p. 311, pl. 44, figs. 1-6. Early Triassic, Nevada,

Geniculatus glortoides Voges, 1959b, pp. 279-280, pl. 33, figs. 21-25. Early Mississippian,
Germany.

GLADIGONDOLELLA Miller, 1962a, p. 116. Polygnathus tethydis Huckriede, 1958.
Triassic, Upper Cretaceous (?).

Grnathodus clavatns Clarke, 1960, p. 25, pl. 4, figs. 4-9. Late Mississippian, Scotland.

G. commutatus var. multinodosus Higgins, 1962, pp. 8-9, pl. 2, figs. 13-18. Late
Mississippian, Spain. )

G. cruciformis Clarke, 1960, pp. 25-26, pl. 4, figs. 10-12. Late Mississippian, Scotland.

G. smithi Clarke, 1960, pp. 26-27, pl. 4, figs, 13-14; pl. 5, figs. 9-10. Late Mississippian,
Scotland.

G. (Harltonodus) Elias, 1959, pp. 144-145. Mississippian, Texas.

G. (H.) bilineatns Elias, 1959, pp. 145-146, pl. 1, figs. 3-12. Early Mississippian, Texas.

G. (H.) bransoni Elias, 1959, pp. 147-148, pl. 1, figs. 13-18. Late Mississippian, Okla-
homa.

G. (H.) minutys Elias, 1959, pp. 148-149, pl. 1, figs 22-25. Late Mississippian, Okla-
homa.

Gondolella carinata Clatk, 1959, pp. 308-309, pl. 44, figs. 15-19. Barly Triassic Nevada.

G. gracilis Clark and Ethington, 1962, pp. 107-108, pl. 1, fig. 12; pl. 2, figs. 6, 10. Early
Permian, Wyoming.

G. nankingensis Ching, 1960, pp. 238-246, pl. 2, figs. 5-8. Early Permian, China.

G. nevadensis Clark, 1959, p. 308, pl. 44, figs. 11-14. Early Triassic, Nevada.

G. planata Clark, 1959, p. 309, pl. 44, figs. 8-10. Early Triassic.

G. serrata Clark and Ethington, 1962, pp. 108-109, pl. 1, figs. 10-11, 15, 19; pl. 2, figs.
1, 5, 89, 11-14,

GONIODONTUS Ethington, 1959, p. 278. Goniodontus superbus Bthington, 1959, Late
Ordovician.

G. superbus Ethington, 1959, p. 278, pl. 40, figs. 1-2. Late Ordovician, Iowa.
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HADDINGODUS, Sweet and Bergstrdm, 1962, p. 1228. Arabellites serra Hadding, 1913.
Middle Ordovician.

HERTZINA Miller, 1959¢, p. 454. Hertzina americana Miiller, 1959c. Late Cambrian.

H. americana Miller, 1959¢, p. 455, pl. 13, figs. 25-26. Late Cambrian, Nevada.

H. (?) bisulcata Miiller, 1959¢, p. 456, pl. 13, figs. 22-24, 27. Late Cambrian, Sweden.

H. elongata Miiller, 1959¢, pp. 455-456, pl. 13, fig. 28. Late Cambrian, Germany.

Hibbardella fragilis Higgins, 1961, pp. 213-214, pl. 12, fig. 4, text-fig. 2. Late Mississip-
pian, England.

H. pennata Higgins, 1961, p. 213, pl. 12, figs. 5-6. Late Mississippian, England.

Hindeodella dimitrovi Spasov and Ganev, 1960, pp. 82, 92, 94, pl. 2, fig. 1. Late Triassic,
Bulgaria.

H. fragilis Hass, 1959a, p. 383, pl. 48, figs. 18, 21, 26. Early Mississippian, Texas.

H. milleri Clark, 1959, p. 310, pl. 45, figs. 1-2. Early Triassic, Nevada.

H. tenuis Clarke, 1960, pp. 89, pl. 1, figs. 10-11. Late Mississippian, Scotland.

HINDEODELLINAE Hass, 1959, p. 378. A new subfamily which includes the followin,
genera: Hindeodells Bassler, Cervicornoides Stauffer, Kladognathus Rexroad, Tripod-

. ‘ellus Sannemann, and Metaprioniodus Huddle.

HINDEODELLOIDES Huddle em. Elias, 1959, pp. 156-157. Late Devonian-and Lower
Mississippian.

HINDEODINA Hass, 1959a, p. 382. Hindeodina simplaria Hass, 1959a. Early Mississip-
pian, R

H. simplaria Hass, 19593, p. 382, pl. 48, fig. 17. Early Mississippian, Texas.

H. uncata Hass, 19592, p. 383, pl. 47, fig. 6. Early Mississippian, Texas.

HISTIODELLA Harris, 1962, pp. 207-208. Histiodella altifrans Harris, 1962. Middle
Ordovician.

H. dliifrans Harris, 1962, pp. 208-209, pl. 1, figs. 4a-4c. Middle Ordovician, Oklahoma.

H. serrata Harris, 1962, p. 209, pl. 1, figs. 3a-3b. Middle Ordovician, Oklahoma.

Icriodus woschmidsi Zeigler, 1960a, pp. 185-186, pl. 15, figs. 16-18, 20-22. Early Devon-
ian, Germany.

Keislognathus simplex Ethington, 1959, pp. 280-281, pl. 40, figs. 9-10. Late Ordovician,
Iowa.

Lambdagnatbus macrodentata Higgins, 1961, pp. 214-215, pl. 12, figs. 1-3, text-fig. 3.
Late Mississippian, England.

LATERICRIODUS Miiller, 1962a, pp. 114-116. Icriodus latericrescens Branson and Mehl,
1938. Lower ? Middle to Upper Devonian.

Lz'gonodz‘lna dzompleczem Clarke, 1960, pp. 9-10, pl. 1, figs. 14-15. Late Mississippian,
Scotland.

L. cragi Clarke, 1960, pp. 10-11, pl. 2, figs. 1-2. Late Mississippian, Scotland.

L. loisze Clarke, 1960, p. 11, pl. 2, fig. 3. Late Mississippian, Scotland.

L. singularis Hass, 1959a, pp. 384-385, pl. 46, figs. 14-17. Early Mississippian, Texas.

L. zorilis Sweet and Bergstrom, 1962, pp. 1230-1231, pl. 170, figs. 13, 14. Middle
Ordovician, Alabama. .

L. ultima Clarke, 1960, pp. 12-13, pl. 2, figs. 9, 11. Late Mississippian, Scotland.

LIGONODININAE Hass, 1959a, p. 378. A new subfamily which includes the following
genera: Ligonodina Bassler, Euprioniodina Bassler, Synprioniodina Bassler, Hindeo-
delloides Huddle, and Loxognathus Graves and Ellison.

Lonchodina cristagalli Ziegler, 19602, pp. 189-190, pl. 14, figs. 1, 3, 5. Early Devonian,
Germany.

L. jovtschevi Budurov, 1959, pp. 114, 125, 128, pl. 1, figs. 15a, 15b; pl. 5, figs. 32a, 32b.
Late Triassic, Bulgaria.”

L. lungtanensis Ching, 1960, pp. 236, 245, pl. 1, figs. 5, 7; pl. 2, fig. 4. Early Permian
China.

L. walliseri Ziegler, 19602, pp. 188-189, pl. 14, figs. 2, 6, 7. Early Devonian, Germany.

LONCHODININAE Hass, 1959a, p. 378. A new subfamily which includes the following
genera: Lonchodina Bassler, Apatognathus Branson and Mehl. Curtognathus Branson
and Mehl. Erismodus Branson and Mehl, Trichonodella Branson and Mehl.

Loxognathus grandis Ethington, 1959, p. 281, pl. 40, fig. 6. Late Ordovician, Iowa.

Mestognathus bipluti Higgins, 1961, pp. 216-217, pl. 10, figs. 1, 2, text-fig. 4. Late
Mississippian, England.

Metalonchodina conflecta Clarke, 1960, p. 17, pl. 2, fig. 14. Late Mississippian, Scotland.

Microcoelodus sweeti Stone and Furnish, 1959, p. 224, pl. 31, fig. 18. Late Ordovician,
Wyoming.
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NEOPRIONIODONTINAE Hass 1959a, p. 378. A new subfamily which includes the
following genera: Neoprioniodus Rhodes and Miiller, Leptochirognathus Branson
and Mehl, Loxodus Furnish, Pachysomia Smith, and Subprioniodus Smith.

Neoprioniodus brevis Clarke, 1960, pp. 13-14, pl. 2, fig. 7. Late Mississippian, Scotland.

N. cassélaris (Branson and Mehl) em. Elias, 1959, pp. 153-154, pl. 2, figs. 17-21. Early

Mississippian, Illinois. :

. cassilaris var. keokukensis Elias, 1959, p. 154, pl. 2, fig. 2. Early Mississippian, Illinois.

. insolitys Hass, 1959a, pp. 383-384, pl. 48, figs. 19, 22. Early Mississippian, Texas.

. lanceolatus Hass, 1959a, p. 384, pl. 46, figs. 1, 2, 8. Early Mississippian, Texas.

. miseri Blias, 1959, p. 154, pl. 2, figs. 23, 24. Late Mississippian, Oklahoma.

. nankingensis Ching, 1960, pp. 235, 244, pl. 1, fig. 2. Early Permian, China.

. ‘bostinversus Helms, 1959, p. 644, pl. 2, fig. 6, text-fig. 1. Late Devonian, Germany.

. rynikeri Elias, 1959, p. 152, pl. 2, fig. 15. Late Mississippian, Oklahoma.

. Jpafblzztuc:l Higgins, 1961, pp. 217-218, pl. 11, figs 2, 4, text-fig. 5. Late Mississippian,

England.

Oi.rto;’w angulensis Harris, 1962, pp. 199-201, pl. 1, figs. la-1c. Middle Ordovician, Okla-

oma.,

O. basiovalis Sergeeva, 1963, pp. 96-98, pl. 7, figs. 6, 7, text-fig. 3. Early Ordovician,
Russia,

O. bilongalus Harris, 1962, pp. 201-202, pl. 1, figs. 8, 9a, 9b, 10a-10c. Middle Ordovician,
Oklahoma.

O. brevibasis Setgeeva, 1963, pp. 95-96, pl. 7, figs. 4-5, text-fig. 2. Early Ordovician,
Russia.
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O. multicorrugatus Harris, 1962, p. 204, pl. 1, figs. 2a-2c. Middle Ordovician, Oklahoma.

O. originalis Sergeeva, 1963, pp. 98-99, pl. 7, figs. 8-9, text-fig. 4. Early Ordovician, Russia.

O. robustus Bergstrdm, 1961, p. 45, pl. 3, figs. 7-10, text-fig. 3F. Middle Ordovician,
Sweden.

Oneotodns gallatini Miiller, 1959¢, p. 457, pl. 13, figs. 5-10, 12, 18. Late Cambrian,
Wyoming.

0. tem;lz:Miiller, 1959¢, pp. 457-458, pl. 13, figs. 11, 13, 14, 20. Late Cambrian, South
Dakota.
O#lodus casteri Pulse and Sweet, 1960; pp. 255-256, pl. 36, figs. 1, 8, 12. Late Ordovician,
Ohio, Kentucky, and Indiana.
O. rohneri Ethington and Furnish, 1959, p. 544, pl. 73, figs 17-18. Late Ordovician,
Manitoba,
Ozarkodina chengpanshanensis Ching, 1960, pp. 237-245, pl. 1, figs. 6, 8, 11. Early Per-
mian, China.
. hindei Clarke, 1960, p. 18, pl. 3, figs. 1, 6. Late Mississippian, Scotland.
. lacera Helms, 1959b, p. 647, pl. 2, fig. 16; pl. 5, fig. 10. Late Devonian, Germany.
. lungtanensis Ching 1960, pp. 236, 245, pl. 1, figs. 5, 7; pl. 2, fig. 4. Early Permian,
China;
. bsendotypica Lindstrdm, 1959, pp. 441-442, pl. 4, figs. 17-18, text-fig. 3:4. Middle
and Late Ordovician, England.
. rhodesi Lindstrm, 1959, pl. 1, figs. 1-9, text-fig. 3:6. Middle and Late Ordovician,
England. .
. Jpal;:govi Stefanov, 1962, pp, 83, 87-88, pl. 2, figs. 1-2. Middle Triassic, Bulgaria.
Palmatolepis defléctens sigmoidalis Ziegler, 1962b, pp. 56-57, pl. 3, figs, 24-28. Late
Devonian, Germany.
P. glabra pectinata Ziegler, 1960a, pp. 8-9, pl. 2, figs. 3-5. Late Devonian, Germany.
P, helmsi Ziegler, 1962b, pp. 60-61, pl. 8, figs. 16, 17. Late Devonjan, Germany
P, marginata clarki Ziegler, 1962b, pp. 62-65, pl. 2, figs 20-27, text-fig. 4. Late Devonian,
Germany.
P. perlobata sigmoidea Ziegler, 1962b, pp. 71-72, pl. 8, figs. 7, 9-11. Late Devonian,
Germany.
P. guadrantinodosa inflexoidea Ziegler, 1962b, pp. 74-75, pl. 5, figs. 14-18. Late Devonian,
Germany.
P. q. marginifera Ziegler, 1960a, pp 11-12, pl. 1, fig. 6, pl. 2, figs. 6-8 Late Devonian,
Germany.
P rugosa grossi Ziegler, 1960¢c, p 37, pl. 1, figs 1-2. Late Devonian, Germany.
P. 7. postera Ziegler, 1960c, pp, 39-40, pl. 2, figs. 10-11, Late Devonian, Germany.
P. 1. trachytera Ziegler, 1960c, pp. 38-39, pl. 1, fig. 6; pl. 2, figs. 1-9. Late Devonian,
Germany.
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Paltodus variabilis Sergeeva, 1963, pp. 99-100, pl. 7, figs. 10-12, text-fig. 5. Early Ordovic-
ian, Russia.

P. volchovensis Sergeeva, 1963, pp. 100-102, pl. 7, figs. 13-14, text-fig. 6. Early Ordovic-
ian, Russia.

PANDERODUS Ethington, 1959, p. 284. Paltodus unicostatus Branson and Mehl, 1933.
Early Ordovician and Middle Silurian.

PARACHIROGNATHUS Clark, 1959, p. 311. Parachirognathus ethingtoni Clark, 1959.
Early Triassic.

P. ethingtoni Clark, 1959, pp. 311-312, pl. 45, figs. 3, 5, 7. Early Triassic, Nevada.

P. geiseri Clark, 1959, p. 312, pl. 45, figs. 4, 8, 10, 11. Early Triassic. Nevada.

Paracordylodus lindstroemi Bergstrdm, 1961, pp. 50-51, pl. 2, figs. 8-12, text-fig. 2c.
Middle Ordovician, Sweden.

PLEGAGNATHUS Ethington and Furnish, 1959, p. 544. Plegagnathus nelsoni Ethington
and Furnish, 1959. Late Ordovician.

P. nelsoni Ethington and Furnish, 1959, pp. 544-545, pl. 73, figs. 2-3. Late Ordovician,
Manitoba.

Polygﬂag/a-odella tenuis Clarke, 1960, p. 28, pl. 5, figs. 12, 13. Early Pennsylvanian, Scot-

and,
Polygnathus bicavara Ziegler, 1962b, pp. 86-87, pl. 10, figs. 1, 3, 6-8. Late Devonian
(ermany.
P. communis var. bifurcata Hass, 19592, p. 390, pl. 48, figs. 11, 12. Early Mississippian,
Texas.
P. ¢, var. carina Hass, 1959a, p. 391, pl. 47, figs 8, 9. Early Mississippian, Texas.
P. diversa Helms, 1959b pp. 650-651, pl. 5, figs. 5-8, text-fig. 2. Late Devonian, Germany.
Polyplacognathus rutriformis Sweet and Bergstrém, 1963, pp. 1257-1239, pl. 171, figs. 4,
5. Middle Ordovician, Alabama.
P. stelliformis Sweet and Bergstrdm, 1963, pp. 1239-1240, pl. 171, figs. 1,2. Middle
Ordovician, Alabama.
P. pura Voges, 1959b, p. 291, pl. 34, figs. 21-33. Early Mississippian, Germany.
P. p. pura Voges, 1959b. p. 291- 292, pl. 34, fig. 21-26. Barly Mississippian, Germany.
P. p. subplana Voges, 1959b, pp. 292-293, pl. 34, figs. 27-33. Early Mississippian, Germany.
P. glabra bilobata Ziegler, 1962b, pp. 89-90, pl. 10, figs. 4, 5, 16, 17, 21. Late Devonian.
Germany.
P. obliquicostata Ziegler, 1962b, pp. 92-93, pl. 11, figs. 8-12. Late Devonian, Germany.
Polylophodonta (?) triphyllata Ziegler, 1960, pl. 1, fig. 5, pl. 2, figs. 1-2. Late Devonian,
Germany.
P. vogesi Ziegler, 1962b, pp. 94-95, pl. 11, figs. 5-7. Late Devonian, Germany.
Prioniodella bontevi Spasov and Ganev, 1960, pp. 88, 93-94, pl. 2, figs. 4-6, 8. Late
Triassic, Bulgaria.
P. delicatnls Buhurov, 1959, pp. 120, 126-127, 129, pl. 1, figs. 17a, 17b; pl. 3, figs. 4, 3,
11a, 11b; pl. 5, fig. 33. Late Triassic, Bulgaria.
P. dropla Spasov and Ganev, 1960, pp. 87, 92-93, 94, pl. 2, figs. 7-10. Late Triassic,
Bulgaria.
P. tzankovi Buhurov, 1959, pp. 120, 126, 129, pl. 1, figs. 18, 19a, 19b; pl. 3, figs. 12a,
12b, 14, 15. Late Triassic, Bulgaria.
Prioniodina bicurvata promoides Walliser, 1960, p. 33, pl. &, figs. 8-10. Late Silurian,
Devon Island, Northwest Territories.
. kotlensis Buhurov, 1959, pp. 122, 127, 129-130, pl. 5, figs. 10-11. Late Triassic,
Bulgaria.
. montellensis Clark, 1959, pp. 309-310, pl.- 44, fig. 7. Early Triassic, Nevada.
. pulcherrima Lindstrom, 1959, pp. 442-444, pl. 3, figs. 28-30. Middle and Late
Ordovician, England. )
. rotunda Sweet, Turco, Warner and Wilkie, 1959, p. 1061, pl. 131, fig. 12; pl. 133,
fig. 8. Late Ordovician, Ohio.
. tzankovi Spasov and Ganev. 1960, pp. 89-90, 93-95, pl. 2, figs. 13, 14. Late Triassic,
Bulgaria.
. velicuspis Pulse and Sweet, 1960, pp. 259-260, pl. 36, figs. 5, 13. Late Ordovician,
Ohio, Kentucky, and Indiana.
Prioniodus variabilis Bergstrdm, 1961, pp. 51-53, pl. 2, figs. 1-7. Middle Ordovician,
Sweden.
PRISTOGNATHUS Stone and Furnish, 1959, p. 226. Pristognathus bighornensis Stone
and Furnish, 1959. Late Ordovician.
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P. bighornensis Stone and Furnish, 1959, pp. 226-227, pl. 32, figs. 7, 8. Late Ordovician,
Wyoming and Manitoba.

PROACODUS Miiller, 1959¢c, p. 458. Proacodus obliquus Miiller, 1959¢. Late Cambrian.

P. obliguus Miiller, 1959c, pp. 458-459; pl. 13, figs. 1, 2, 4. Late Cambrian, Germany.

PROBLEMATOCONITES Miiller, 1959c. Problematoconites perforata Miiller, 1959c.
Late Cambrian.

P. perforata Miiller 1959c, pp. 471-472, pl. 15, fig. 17. Late Cambrian, Germany.

Psendopolygnathns brevipennata Ziegler, 1962b, pp. 98-99, pl. 12, figs. 1-7. Late Devonian,
Germany.

P. granulosa Ziegler 1962b, pp. 99-100, pl. 11, figs. 25-30. Late Devonian, Germany.

P. lanceolata Hass, 1959a, pp. 391-392, pl. 47, figs. 19-26. Early Mississippian, Texas.

P. miangnla Voges, 1959b, p. 301, pl. 34, figs. 51-66; pl. 35, figs. 1-13, text-fig. 5.
Early Mississippian, Germany.

P 2, é;mequali: Voges, 1959b, p. 302, pl. 34, figs. 51-58, text-fig. 5. Early Mississippian,

ermany.

P. 1. pinnata Voges, 1959b, pp. 302-304, pl. 34, figs. 59-66; pl. 35, figs. 1-6. Early
Mississippian, Germany,

P. trigonica Ziegler, 1962b, pp. 101-102, pl. 12, figs. 8-13. Late Devonian, Germany.

PTILONCODUS Harris, 1962, pp. 206-207. Ptiloncodus simplex Harris, 1962. Middle
Ordovician,

P. simplex Harris, 1962, p. 207, pl. 1, figs. 5a-5¢, 6. Middle Ordovician, Oklahoma.

RHYNCHOGNATHODUS Ethington, 1959b, p. 1128. Rhynchognathodus typica (Ething-
ton), 1959a. The name Rbynchognathus which was originally applied to this unit is
prepoccupied as pointed out by Ethington in 1959b when he proposed this name.
Late Ordovician.

R. aborodentata (Ethington), 1959a, pp. 286-287, pl. 41, figs. 1-2. Late Ordovicidn, Iowa.

R. zypica (Ethington), 1959a, p. 286, pl. 41, figs. 3-4. Late Ordovician, Iowa.

Rou;zdy:zbbi;pimta Sweet and Bergstrom, 1963, p. 1243, pl. 171, fig. 6. Middle Ordovician,
Alabama.

R. plana Helms, 1959b, pp. 654-655, pl. 6, fig. 26. Late Devonian, Germany.

R. prava Helms, 1959, p. 655, pl. 2, fig. 11. Late Devonian, Germany.

R. pyramidalis Sweet and Bergstrdm, 1963, pp. 1243-1244, pl. 170, figs. 7-9. Middle
Ordovician, Alabama.

Sagittodontus dablmani Miiller, 1959c, pp. 460-461, pl. 14, figs. 5, 7, 10. Late Cambrian,
Germany.

S. dentatus Ethington, 1959, p. 287, pl. 39, fig. 13. Late Ordovician, Iowa.

S. dunderbergiae Miiller, 1959¢, p. 461, pl. 14, figs. 8, 9. Late Cambrian, Nevada.

S. enreka Miller, 1959¢, pp. 461-462, pl. 14, fig. 6. Late Cambrian, Nevada.

Scandodus oelandicus Miiller, 1959c¢, p. 463, pl. 12, figs. 14, 15, text-fig. 10. Late Cambrian,
Germany.

S. rarus Miiller, 1959¢, pp. 463-464, pl. 12, fig. 12. Late Cambrian, Getmany.

S. tortilis Miller, 1959¢, p. 464, pl. 12, figs. 7, 8, 10. Late Cambrian, Germany.

S. unistriatus Sweet and Bergstrdm, 1962, p. 1245, pl. 168, fig. 12, text-fig. 1E. Middle
Ordovician, Alabama.

Scolopodus cornulformis Sergeeva, 1963, pp. 93-95, pl. 7, figs. 1-3, text-fig. 1. Early
Ordovician, Russia.

S. giganteus Sweet and Bergstrdm, 1962, p. 1247, pl. 169, fig. 14, text-fig 1j. Middle
Oidovician, Alabama,

S. varicostatus Sweet and Bergstrdm, 1962, pp. 1247-1248, pl. 168, figs. 4-9, text-fig. 14, C,
K. Middle Ordovician, Alabama.

Scutula (?) tripodis Helms, 1959b, p. 657, pl. 5, figs. 17a, 17b. Late Devonian, Germany.

Siphonodella cooperi Hass, 1959a, p. 392, pl. 48, figs. 35, 36. Barly Mississippian, Texas.

S. obsoleta Hass, 1959a, pp. 392-393, pl. 47, figs. 1, 2. Early Mississippian, Texas.

SPATHOGNATHODONTINAE Hass, 19592, p. 378. A new subfamily which includes
the following genera: Apbelognathus Branson, Mehl, and Branson, Bryantodina
Stauffer,Centrognathodus Branson and Mehl, Dinodus Cooper, Elictognathus Cooper,
Falcodus Huddle, Lambdagnathus Rexroad, Nodognathus Cooper, O igodus Cooper,
Pandorinellina Hass, Pinacognathus Branson and Mehl, and Spathognathus Branson
and Mehl.

Spathognathodus anteposicornis Scott, 1961, pp. 1224-1225, text-figs. 2H-2K. Late De-
vonian, Illinois.

S. boblenanus Helms, 1959b, p. 658, pl. 6, figs. 5-8. Late Devonian, Germany.
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. canadensis Walliser, 1960, p. 34, pl. 8, figs. 1-3. Late Silurian, Devon Island, North-
west Territories.
. collinsoni Scott, 1961, pp. 1225-1226, text-figs. 2A-2D. Late Devonian, Illinois.
. cooperi Hass, 1959a, pp. 387-388, pl. 48, figs. 16, 20. Early Mississippian, Texas.
" culminidirectus Scott, 1961, pp. 1226-1227, text-figs. 2E-2G. Late Devonian, Illinois.
" exodentatus Clarke, 1960, pp. 19-20, pl. 3, figs. 7, 8. Late Mississippian, Scotland.
. longus Hass, 1959a, p. 388, pl. 48, figs. 9, 13, 14. Early Mississippian, Texas.
. pusillus Clarke, 1960, pp. 20-21, pl. 3, figs. 10, 11. Late Mississippian, Scotland.
. remscheidensis Ziegler, 1960a, pp. 194-195, pl. 13, figs. 1, 2, 4, 5, 7, 8, 10, 14. Early
Devonian, Germany.
. supremus Ziegler 1962b, pp. 114-115, pl. 13, figs. 20-26. Late Devonian, Germany.
. werneri Ziegler, 1962b, pp. 115-116, pl. 13, figs. 11-16. Late Devonian, Germany.
. whitei Rhodes, 1963, pp. 404-405, pl. 47, figs. 4, 9, 10, 25, 26. Early Permian, Wyoming.
Staurognathus anchoraria Hass, 19592, p. 393, pl. 46, figs. 12, 13, 21. Early Mississippian,
Texas. )
Streptog;iat/adodm parallelus Clarke, 1960, p. 29, pl. 5, figs. 6, 8, 14, 15. Late Mississippian,
Scotland.
S. unicornis Rexroad and Burton, 1961, p. 1157, pl. 138, figs. 1-9. Late Mississippian,
Illinois.
Subbryantbhodus abstractus Clark and Ethington, 1962, pp. 112-113, pl. 1, figs. 16, 20-21;
pl. 2, fig. 2. Early Permian, Texas, Wyoming, Idaho, Arizona.
S. subaequalis Higgins, 1961, pp. 218-219, pl. 12, fig. 15, text-fig. 6. Late Mississippian,
England.
Synprioniodina denticamura Rexroad and Liebe, 1962, p. 513, text-fig. 2. Late Mississip-
pian, Illinois.
S. kufengensis Ching, 1960, pp. 237-245, pl. 1, figs. 9, 10. Early Permian, China.
Tetraprioniodus asymmetricus Bergstrdom, 1961, pp. 55-56, pl. 2, figs. 15-17. Middle
Ordovician, Sweden.
T. lindstroemi Sweet and Bergstrdm, 1962, pp. 1248-1249, pl. 170, figs.  5-6. Middle
Ordovician, Alabama.
T. minax Sergeeva, 1963, pp. 102-103, pl. 8, figs. 1-3, text-fig. 7. Barly and Middle
Ordovician, Russia.
T. parvus Ethington, 1959, pp. 288-289, pl. 40, fig. 8. Late Ordovician, Iowa.
Trichonodella angulata Sweet, Turco, Warner, and Wilkie, 1959, p. 1064, pl. 131, figs.
9, 13. Late Ordovician, Ohio and Kentucky.
T. insoliza Bthington, 1959, p. 290, pl. 41, figs. 10-11. Late Ordovician, Iowa.
T. parabolica Lindsttdm, 1959, p. 450, pl. 1, figs. 18-22. Middle and Late Ordovician,
England.
T. subundulata Sweet, Turco, Warner, and Wilkie, 1959, p. 1065, pl. 131, figs 2, 5, 10.
Late Ordovician, Ohio.
Tripodellus senuis Helms, 1959b, p. 659, pl. 2, fig. 14; pl. 5, fig. 19; pl. 6, fig. 22. Late |
Devonian.
TVAERENOGNATHUS Bergstrém, 1961, pp. 56-57. Tvaerenognathus ordovicia Berg-
strom, 1961. Middle Ordovician.
T. ordovicica Bergstrdm, 1961, pp. 57-38, pl. 1, figs. 1-5. text-fig. 2F. Middle Ordovician,
Sweden. ' :
WESTERGAARDODINA Miiller, 1959¢, pp. 465-467, Westergaardodina biscuspidata
Miiller, 1959¢. Middle Cambrian and Early Ordovician.
W. amplicava Miller, 1959¢c, pp. 467-468, pl. 14, figs. 13, 14. Late Cambrian, Germany.
W. biscuspidata Miiller, 1959¢, p. 468, pl. 15, figs. 1, 4, 7, 9, 10, 14. Late Cambrian,
Germany.
W. boblini Miiller, 1959¢, p. 469, pl. 15, fig. 6. Late Cambrian, Germany.
W. kleva Miller, 1959¢, p. 469, pl. 15, fig. 2. Late Cambrian, Germany.
W. missebergensis Miiller, 1959¢, p. 470, pl. 14, figs. 11, 12, 15. Late Cambrian, Germany.
W. sicuspidata Miiller, 1959¢, p. 470, pl. 15, figs. 3, 5, 6. Late Cambrian, Germany.
Zygognathus crugensis Lindstrdm, 1959, p. 451, pl. 1, figs. 11-15, text-fig. 3:5. Middle
and Late Ordovician, England.
Z. maysvillensis Pulse and Sweet, 1960, p. 262, pl. 37, figs. 9, 12. Late Ordovician, Ohio,
Indiana, and Kentucky.
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HOMONYMS AND SYNONYMS

Ancyroides Miller and Youngquist, 1947, pp. 502, 504, is a junior subjective synonym of
Ancyrognathus Branson and Mehl, 1934, pp. 181, 184, 240, according to Hass, 19593,
p. 379. ,

Ancyropenta Miiller and Miiller, 1957, pp. 1092-1093, is a junior subjective synonym of
Ancyrodella Ulrich and Bassler, 1926, pp. 6, 43-44, 48, according to Hass, 1959a,
p. 379.

Ctenognathodus Fay, 1959, p. 195, is a junior subjective synonym of Spathognathodus
Branson and Mehl, 1941. See Ziegler, 1961,

Ctenognathus Pander, 1856, p. 32, is preoccupied by Crerognathus Fairmaire, 1843, Re-
named Ctenognathodus Fay, 1959, p. 195, which is a junior subjective synonym of
Spathognathodus Branson and Mehl, 1941, p. 98. See Ziegler, 1961; Hass, 1959a,
p. 379; Lindstrdém, 1960b.

Deflectolepis Miiller, 1956, pp. 16-17, is a junior subjective synonym of Panderodells
Bassler, 1925, p. 220, according to Hass, 1959a, pp. 369, footnote 1, 379.

Ellisonia Miiller, 1956, p. 822, is a junior subjective synonym of Hibbardells Bassler,
1925, p. 219, according to Hass, 1959a, p. 379.

Eoligonodina Branson, Mehl, and Branson, 1951, pp. 14-15, is a junior subjective synonym
of Zygognathus Branson, Mehl, and Branson, 1951, pp. 11-12, according to Hass,
1959a, p. 379.

1diognathodus Harris and Hollingsworth, 1933, p. 201,"is a junior synonym of Cavusgna-
thus Harris and Hollingsworth, 1933, p. 200 as pointed out by Merrill, 1963,

Kladognathus Rexroad, 1958, p. 19, is preoccupied by Cladograthus Burmeister, 1847, p.
364. Renamed Cladognathodus by Rexroad, 1961, p. 6.

Lepodus Branson and Mehl, 1933, p. 37, is preoccupied by Lepodus Rafinesque, 1810,
Renamed Lepognathodus Mehl, 1959. See Fay, 1959, p. 195.

Manticolepis Miiller, 1956, p. 16, is 4 junior subjective synonym of Palmatolepis Ulrich
and Bassler, 1926, pp. 6, 43-44, 49, according to Hass, 1959a, p. 380.

Multioistodus Cullison, 1938, pp. 219, 226, is a junior subjective synonym of Belodus
Pander, 1856, pp. 30, 33, 90, according to Hass, 1959a, p. 380.

Neoprioniodus lanceolatus Ching, 1960, pp. 235, 244, is preoccupied by Neoprioniodus
lanceolatns Hass, 1959a, p. 384.

Pdltodus variabilis Sergeeva, 1963, pp. 99-100, pl. 7, figs. 10-12; text-fig. 5. is a junior
homonym of P. wariabilis Furnish, 1938, as. pointed out by Branson, 1963, p. 224.

Pandorina Stauffer, 1940, p. 428, is preoccupied by Panrdorina Bory de St. Vincent, 1827,
and Pandorina Scacchi, 1833. Renamed Pandorinellina Hass, 1959a, pp. 378-379.

Polygnathodella Harlton, 1933, pp. 4-5, 15, is a junior synonym of 1diognathoides Harris
and Hollingsworth, 1933, pp. 193-194, according to Hass, 1959a, p. 380.

Prioniodella Bassler, 1925, p. 219 is a junior synonym of Prioniodina Bassler, 1925, p.
219, according to Hass, 1959a, p. 380.

Prionognathus Pander, 1856, p. 34, is preoccupied by Prionograthus Ferté-Sénéctere, 1851.
Renamed Prionognathodus Fay, 1959, p. 195.

Rhynchognathus Ethington, 1959a, p. 286, is preoccupied by Rbynchognathus Jaekel, 1929,
p. 60. Renamed Rhynchognathodus Ethington, 1959b, p. 1128,

Valentia Smith, 1907, p. 251, is preoccupied by Valentia Stil, 1865. Renamed Scotlandia
Cossmann, 1909, p. 68. See Fay, 1959, p- 195.

NEW NAMES

Cladognathodus Rexroad and Collinson, 1961; p. 6. New name for Cladognathus Rexroad,
1957, p. 28, and Kladognathus Rexroad, 1958, p. 19, which are preoccupied by
Cladognathus Burmeister, 1847.

Gnathodus commutatus homopunciatus Ziegler, 1960b, p. 5. New name for Grathodus
commutatus punctatys Bischoff, 1957, p. 24, which is preoccupied by Dryphenitus
punctatus Cooper, 1939.

Lepognathodus Mehl, 1959. New name for Lepodus Branson and Mehl, 1933, p. 37,
which is preoccupied by Lepodus Rafinesque, 1810, as pointed out by Fay, 1959, p.
195.

Pandorinellina Hass, 1959a, pp. 378-380. New name for Pandorina Stauffer, 1940, p.
428, which is preoccupied by Pandorina Bory de St. Vincent, 1827; Scacchi, 1833,

Prionognathodus Fay, 1959, p. 195. New rame for Prionognathus Pander, 1856, p. 34,
which is preoccupied by Prionognathus Ferté-Sénéctere, 1851,
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Scotlandia Cossmann, 1909, p. 68. New name for Valentia Smith, 1907, p. 251, which is
preoccupied by Valentia Stdl, 1865, as pointed out by Fay, 1959, p. 195, and Hass,
19592, p. 380.

ERRATA AND CORRECTIONS TO INDEX OF CONODONTS, 1949-1958.

Five errors have been noted in the previous index of conodonts (Ash, 1961, pp. 229-237)

as shown below: On page 230 authorship of Avignathus and Avignathus beckmanni was

incorrectly assigned to Lys, Serre, and Deroo whereas the authors are Lys and Serre.

On page 235 Polygnarhus styriaca was incorrectly spelled Polygnathus styriaea.

On page 235 authorship of Polygnathus styriaca and Prioniodina bischoffi was incorrectly

assigned to Flugel and Ziegler whereas the author is Ziegler.

“The corrected entires should read as follows:

Page 230.

Avignashus Lys and Serre, 1957, pp. 797-798. Avignathus beckmanni Lys and Serre,
1957. Late Devonian.

A, beckmanni Lys and Serre, 1957, p. 798, text-figs. 2a-2b. Late Devonian, Germany.

Page 235.

Pa%ygnatbm styriaca Ziegler, 1957, p. 47, pl. 1, figs. 11-13. Late Devonian, Germany.

Prioniodina bischoffi Ziegler, 1957, p. 48, pl. 4, fig. 5. Late Mississippian, Germany.

INDEX OF CONODONT-BEARING FORMATIONS

Names of conodont-bearing formations and faunal zones mentioned in the
articles listed in the bibliographic section of this paper are indexed here. For-
mations and faunal zone.are listed alphabetically under the appropriate geologic
series as used by the U. S. Geological Survey together with the name of the
author and the publication date of the articles which indicate that the unit con-
tains conodonts. Nomenclature used in this report is adapted from the pub-
lished sources. An asterisk (*) precedes the publication date of articles in
which faunal lists are included for the indicated formation or zone.

CAMBRIAN (UNDIVIDED)
Unnamed formation:

Australia - Ludbrook, 1963.
Germany - Miiller, 1960a.
Nevada - Miiller, 1960a.
Oklahoma - Miiller, 1960a.
South Dakota - Miiller, 1960a.
Sweden - Miiller, 1960a.
Utah - Miiller, 1960a.
Wyoming - Miiller, 1960a.

MIDDLE CAMBRIAN

Gros Ventre Formation:
Wyoming - Koucky, Cygan, and Rhodes, #1961; Miiller, *1959c.

Lejopyge laevigata Zone: ‘
Sweden - Westergdrd, 1940, 1953.

Olygomys exporrecta conglomerate:
Sweden - Westergard, 1953.

Orusia lenticularis conglomerate:
Sweden - Westergird, 1922.

Solenopleura brachymetopa Zone:
Sweden - Westergird, 1953.

Zone of Piychagnostus (Triplagnostus) gibbus (Bi):
Sweden - Miiller, *¥1959.

UPPER CAMBRIAN
Acerocare - Parabolina heres Zone:
Sweden - Westergard, 1953.
Arbuckle Limestone:
Texas - Barnes, Cloud and others, ¥1959.
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Chatsworth Limestone:
Queensland, Australia - Jones, P. J., 1961.
Conaspis - Zone:
Wyoming - Miiller, *1959c.
Deadwood Formation:
South Dakota - Miiller, #1959c. -
Williston Basin - Echols, 1961.
Also see Little Elk Member.
Dunderberg Shale:
Nevada - Miiller, ¥1959c.
Eoorthis subzone of the Conaspis Zone:
Utah - Miiller, *1959c.
Gallatin Limestone:
Wyoming - Koucky, Cygan and Rhodes, #1961; Miiller, #1959c.
Gros Ventre Formation:
Wyoming - Goodwin, 1962,
Little Elk Member of the Deadwood Formation:
South Dakota - Miiller, ¥1959c.
Mungerebar Limestone:
Queensland, Australia - Jones, P. J., #1961,
Olenus Zone:
Sweden - Westergird, 1953,
Orusia lenticularis conglomerate - listed under Middle Cambrian.
Orusia-Peltur-Crenopyge Zone:
Sweden - Westergird, 1953,
Peltura-Ctenopyge Zone:
Sweden - Westergird, 1953.
Signal Mountain Formation:
Oklahoma - Miiller, #1959c.
Windfall Formation:
Nevada - Miiller, ¥1959c.
Zones 1, 2, 3, 4, 5, 5¢, 5d, Se, and 5f:
Sweden - Miiller, #1959c.
Zones 1, 2, 3, 5b, and 5d:
Germany - Miiller, ¥1959c.

ORDOVICIAN (UNDIVIDED)
Unnamed formation:
Australia - Ludbrook, 1963.

LOWER ORDOVICIAN
Ceratopyge Shale:
Sweden - Westergdrd, 1953; Wiman, 1893.
Deadwood Formation (upper part):
North Dakota - Carlson, *1960.
El Paso Limestone:
Texas .- Ash, 1962; Ellison, 1962a.
Erratic boulders:
Poland - Wolska, *1961.
Expansus Limestone:
Sweden - Lindsttdm, *1960a.
Gigas Limestone:;
Sweden - Lindstrém, #1960a.
Grove Creek Formation:
Wyoming - Goodwin, 1962,
Honeycut (?) Formation:
Texas - Barnes, Cloud, and others, 1959.
Jefferson City Dolomite:
Missouri - Unkleshay, *1952.
Kunda horizon:
Russia - Sergeeva, #1963.
Leetse Stage (B:) of the Ontiken Subseries of the Oelandiar Series:
Estonia - Roomusoks, 1960.
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Lepidurus Limestone:

Sweden - Lindstrom, *1960a.
Limbata Limestone:

Sweden - Lindstrém, #1960a.
Lower Dicellograptus Shales:

Sweden - Nilsson, #1960.
Lower Didymograptus Shales:

Sweden - Tjernvik, *1960.
Middle Dicellograpius Shales:

Sweden, Nilsson, *1960. )
Oelandiar Series - see Leetse Stage (B:) of the Ontiken Subseries
Ontiken Subseries - see Leetse Stage (Bi).
.Pander Greensand:

Western Australia - Teichert, 1958.
Prairie du Chien Group:

Minnesota - Echols, 1959.

Upper Mississippi and Minnesota River Valleys - Echols, 1959.
Raniceps Limestone:

Sweden - Lindstrdm, *1960a.

Unnamed formation:

Mexico - Bridges and DeFord, 1960.
Volkhov horizon:

Russia - Sergeeva, *1963.

MIDDLE ORDOVICIAN
Crassicauda Limestone:
Sweden - Lindstrém, #1960a.
Crug Limestone:
England - Lindstrdm, #1959, #1960b.
Cynthiana Formation:
Kentucky.- Kesling, 1961; 1963.
Ohio - Kesling, 1961; 1963.
Erratic boulders:
Poland - Wolska, ¥1961.
Galena Formation - see Prosser Member. Also listed under Upper Ordovician.
Harding Formation:
Colorado - Chronic, 1961; Sweet, 1961.
Harding Formation equivalent:
Wyoming - Koucky, Cygan, and Rhodes, ¥1961.
Ice Box Member of the Winnipeg Sandstone:
North Dakota - Carlson, *1960.
South Dakota - Carlson, *1960.
Joins Creek Formation:
Oklahoma - Harris, ¥1962; Sweet, 1963.
Ludibundus Limestone:
Sweden - Hessland, 1960; Strachan, 1960.
Normanskill Shale:
Maine - Hessland, 1962; Sweet and Bergstrom, ¥1962.
Oil Creek Formation of the Simpson Group:
Oklahoma - Echols, 1961.
Platteville Formation:
Minnesota - Echols, 1959.
Platyurus Limestone:
Sweden - Lindstrom, *1960a.
Pratt Ferry Formation:
Alzbama - Kesling, 1959, 1960, 1961; Sweet and Bergstrdm, *1962.
Prosser Member of the Galena Formation:
Iowa - Ethington, *1959.
Roughlock Member of the Winnipeg Sandstone:
North Dakota - Carlson, *1960.
South Dakota - Carlson, *1960.
Schroeteri Limestone:
Sweden - Lindstrom, *1960a.
Simpson Group - see Oil Creek Formation.
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Tallinn horizon:
Russia - Sergeeva, #1963,
Trenton Limestone:
New York - Kesling, 1960.
Ontario - Kesling, 1960.
Unnamed formation:
Kentucky - Kesling, 1960.
Upper unit of the Winnipeg Sandstone:
Manitoba - Carlson, *1960. )
Also see Ice Box and Roughlock Members of the Winnipeg Sandstone.

UPPER ORDOVICIAN
Beaverfoot Limestone:
British Columbia - Echols, 1963.
Bighorn Dolomite:
Wyoming - Jones, #1960.
See also Lander Sandstone and Leigh Dolomite Members of the Bighorn Dolomite.
Brisco Formation:
British Columbia - Echols, 1963.
Cape Phillips Formation:
Northwest Territories, Canada - Ethington, 1959.
Crug Limestone:
England - Hessland, 1960; Lindstrém, #1959, #1960b.
Dubuque Member of the Galena Formation:
Iowa - Ethington, *1959.
Eden Group:
Indiana - Sweet, 1959.
Kentucky - Douglass, 1960; Kesling, 1959; Sweet, 1959.
Ohio - Douglass, 1960; Kesling, 1959; Pulse and Sweet, #*1960; Sweet, 1959.
Also see Fulton Shale, Economy, McMicken, and Southgate Shale Members.
Ely Springs Dolomite:
Nevada - Carss and Langenheim, #1963; Langenheim and others, 1962.
Erratic boulders:
Poland - Wolska, #1960.
Fairview Formation:
Indiana - Kesling, 1960; Pulse and Sweet, #1960; Sweet, %1959,
Kentucky - Kesling, 1960; Pulse and Sweet, #1960; Sweet, #1959,
Ohio - Kesling, 1960; Pulse and Sweet, *1960; Sweet, #1959,
Fulton Shale and Economy Member of the Latonia Shale of the Eden Group:
Kentucky - Sweet, Turco, Warner, and Wilkie, #1959,
Ohio - Sweet, Turco, Warner, and Wilkie, #1959.
Galena Formation - See Stewartville and Dubuque Members,
Also listed under Middle Ordovician.
Gelli-grin Limestone:
England - Lindstrém, #1959.
Gunn Member of the Stony Mountain Formation:
Manitoba, Canada - Ethington and Furnish, 1959, ¥1960.
Keisley Limestone: .
England - Lindstrém, #1959,
Lander Sandstone Member of the Bighorn Dolomite:
Wyoming - Koucky, Cygan, and Rhodes, #1961,
Leigh Dolomite Member of the Bighorn Dolomite:
Wyoming - Koucky, Cygan, and Rhodes, #1961; Stone and Furnish, #1959.
McMicken Member of the Eden Formation:
Ohio - Sweet, Turco, Warner, and Wilkie, *1959.
McMillan Formation of the Maysville Group:
Indiana - Sweet, 1959; Kesling, 1960; Pulse and Sweet, * 1960,
Kentucky - Sweet, 1959; Kesling, 1960.
Obhio - Sweet, 1959; Kesling, 1960; Pulse and Sweet, *1960.
Maysville Group:
Ohio - Kesling, 1959, 1960.
Also see McMillan Formation.
Montoya Limestone:
Texas: Ash, 1962; Ellison, 1962a.
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Ottawa Fomation:
Ontario - Echols, 1963.
Pen-y-garnedd Limestone:
England - Lindstrdom, *1959.
Richmond Group:
Indiana - Sweet, ¥1959.
Kentucky - Sweet, #1959,
Ohio - Sweet, *#1959.
Shamattawa Limestone:
Manitoba, Canada - Ethington, 1959; Ethington and Furnish, *1959; Stone and
Furnish, #1959. -
Southgate Shale Member of the Latonia Shale of the Eden Group:
Ohio - Sweet, Turco, Warner, and Wilkie, #1959,
Stewartville Member of the Galena Formation:
Towa - Ethington, ¥1959,
Stony Mountain Shale - see Gunn Member.
Unnamed formation:
France - Remack-Petitot, *1960.
Mexico - Bridges and DeFord, 1961.
Winnipeg Formation:
North Dakota - Echols, 1959, 1961.
Also listed under Middle Ordovician.

SILURIAN (UNDIVIDED)
Unnamed formation:
Illinois - Echols,” 1961.
Indiana - Kesling, 1962.
Western Australia - Teichert, 1958.

LOWER SILURIAN

Chimneyhill Formation:
Oklahoma - Echols, 1961; Ireland, 1961.
Also see Clarita and Cochrane Members.

Clarita Member of the Chimneyhill Formation:
Oklahoma - Amsden, 1960.

Cochrane Limestone Member of the Chimneyhill Formation:
Oklahoma - Amsden, 1960.

Unnamed formation:
Algeria - Remack-Petitot, #1960.

MIDDLE SILURIAN
“Calizas alabeadus” (Santi Petri-Kalk):
Spain - Colom, 1959.
Chimneyhill Formation - listed under Lower Silurian.
St. Clair Limestone:
Arkansas - Amsden, 1960.
Unnamed formation:
England - Echols, 1959.
Upper Haugh Wood Bed:
England - Squirrell and Tucker, 1960.

UPPER SILURIAN .
Beyrichia Limestone: .
Germany - Walliser, ¥1960a.
Bodenham Beds - see Lower and Upper Bodenham Beds:
“Calizas alabeadas” (Santi Petri-Kalk):
Spain - Colom, 1959.
Henryhouse Formation:
Oklahoma - Amsden, 1960.
Lower Bodenham Beds:
England - Squirrell and Tucker, #1960.
Lower Perton Beds:
England - Squirrell and Tucker, ¥1960.
Perton Beds - see Lower and Upper Perton Beds.
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Rushall Beds:
England - Squirrell and Tucker, 1960.
Sutherland River Formation:
Northwest Territories, Canada - Walliser, ¥1960a.
Unnamed formations:
Algeria - Cuvillier, 1962a; Remack-Petitot, *1960.
Bulgaria - Spasov, #1960.
England - Echols, #1959.
Germany - Pietzsch, 1960.
Rio De Oro (Spanish Sahara) - Echols, 1963; Ethington and Furnish, *¥1962.
Yugoslavia - Spasov, *1960.
Upper Bodenham Beds:
England - Squirrell and Tucker, *1960.
Upper Perton Beds:
England - Squirrell and Tucker, ¥1960.

DEVONIAN (UNDIVIDED)

Calcaire de Chalonnes:
France - Serre and Lys, 1959.

Unnamed formations:
Arizona - Anderson, 1962; Ethington, *1962.
Spain - Drooger, 1962.
Texas - Graves, #1954,
Utah - Jones, 1960.
Western Australia - Crespin, 1959.

LOWER DEVONIAN

Bois D' Arc Formation - see Cravatt Member.

Calcaire 'de Le Meignanne:
France - Serre and Lys, #1959.

Calcaire de Vern:
France - Serre and Lys, ¥1959.

“Calizas alabeadas' (Santi Petri-Kalk):
Spain - Colom, 1959.

Cravatt Member of the Bois D'Arc Formation:
Oklahoma - Amsden, 1960.

Frisco Formation:
Oklahoma - Amsden, 1960.

Ockrigen Kalke:
Germany - Ziegler, *1960a.

Princeps-Kalk:
Germany - Schriel, ¥1960a.

Unnamed formation:
France - Remack-Petitot, *1960; Setre and Lys, #1960.
Germany - Reichstein, ¥1959.
Algeria - Cuvillier, 1962a; Remack-Petitot, *1960.

MIDDLE DEVONIAN
Bandsschiefer:
Germany - Schriel, *1960b.
Buntschiefer:

Germany - Schriel, #1960b.
Calcaire d’Angers:

France - Erben, #1960.
Calcaire de Chaudefonds:

France - Serre and Lys, #1959.
“Calizas alabeadas” (Santi Petri-Kalk):

Spain - Colom, 1959.
Canutill Formation:

Texas - Ellison, 1962a.
Carriére de Blacourt:

France - Serre and Lys, *1960.
Couvinien inférieur:

Belgium - Serre and Lys, ¥1960.
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dubia - rotundiloba Subzone:
Germany - Reichstein, 1960a.
Eifelquarzit:
Germany - Klitzsch, *1959; Erben, ¥1960.
Flinz:
Germany - Schriel and Stoppel, ¥1958a.
Fortune Formation:
Missouri - Echols, 1959.
Greifensteinerkalk:
Germany - Erben, #1960.
Kalkiger Lagerhorizont:
Germany - Reichstein, ¥1960a.
La Grange:
France - Serre and Lys, #1959.
Lower Banderschiefer:
Germany - Klitzsch, #1959.
Mangshan Sandstone:
China - Ching, 1960.
Mittel-devonischer Flinz:
Germany - Lutzens, *¥1959.
Odershiuser Kalk:
Germany - Schriel and Stoppel, *1958.
Plattenschieferiibergangszone:
Germany - Lutzens, ¥1959.
Styliolinenkalkes:
Germany - Reichstein, *1959.
Unnamed formation:
Algeria - Remack-Petitot, ¥1960.
France - Remack-Petitot, #¥1960.
England - House, 1963.
Germany - Reuter, 1959; Schriel and Stoppel, #*1958a, 1958b; Trautwein and
Wittekindt, *1960; Ziegler, *1960b.
Mexico - Bndges and DeFord, 1961.
Rio de Oro (Spanish Sahara) - Panseri, ¥1959.
Texas - Peirce, 1962.
Usingerkalk:
Germany - Rietschel, 1961
Varca - Zeit:
Germany - Kutscher, 1960.

UPPER DEVONIAN
Adorf - Stufe:
Germany - Krebs, ¥1960a; Rietschel, *1961; Schriel and Stoppel, *1958, #1960.
Arkansas group:
Arkansas - Branson, 1959.
Oklahoma - Branson, 1959.
Arkansas Novaculite:
Arkansas - Elias, 1959.
Bandkalk:
Germany - Lutzens, ¥1959.
Bohlen profils:
Germany - Helms, 1959a.
Biidesheimer Schiefer mit Kellwasserkalk
Germany - Schriel and Stoppel, 1958a.
Bugle Gap Formation:
Western Australia-Glenister and Crespin, ¥1959.
Burt Range Limestone:
Northern Territory, Australia - Glenister, ¥1960.
Carriére de Diou: .
France - Guffroy, ¥1959; Lys, Serre, Mauvier, and Grekoff; *1961.
Carriére de Fontéte:
France - Guffroy, ¥1959; Lys, Serre, Mauvier, and Grekoff, ¥1961.
Carriére de Gilly:
France - Guffroy #1959; Lys, Serre, Mauvier, and Grekoff, *1961.



36 SIDNEY R. ASH

Cassadaga Stage:
New York - Hass, ¥1959b.
Pennsylvania - Hass, #1959b.
Cashaqua Shale Member of the Sonyea Formation - see Parrish Limestone Bed.
Chattanooga Shale:
Mississippi River Valley - Weller, 1960.
Tennessee - Conant and Swanson, 1961.
Cheiloceras Stufe:
France - Ziegler, #1959b.
Germany - Ziegler, ¥1960b.
Spain - Ziegler, #1959b.
Chemung:
New York - Hass, ¥1959b.
Pennsylvania - Hass, #1959b.
Crosby Sandstone:
New York - Hass, #1959b.

Crystal Pass Limestone:

Nevada- Langenheim and Collinson, *¥1963,

“Cypridinenschiefers”:

Germany - Helms, 1960b.
Darby Formation:

Montana - Echols, 1961.

Wyoming - Echols, 1959, 1961.

Dasberg-Stufe:

Germany - Schriel and Stoppel, *1960.

Devils Gate Limestone:

Nevada - Clark and Becker, #1960.

Dillenburger Tuffe:

Germany - Krebs, 1960b.

Dunkirk Shale Member of the Perrysburg Formation:
New York - Hass, #1959b.

Pennsylvania - Hass, #1959b.
dubia-rbenana-Interregnum:
Germany - Krebs, ¥1959.

Englewood Formation:

South Dakota - Klapper and Furnish, #1962.

F.g:

Belgium - Setre and Lys, #1960.
in:
Belgium - Serre and Lys, #1960.

Fairfield Beds:

Western Australia - Glenister and Crespin, ¥1959.

Flaserkalk:

Germany - Rietschel, *1961.
Flasrige Kalkbinderschiefer:
" Germany - Lutzens, ¥1959.

Gardner Formation:

Utah - Beach, #1961; Clark and Beach, 1962.

Genundewa Limestone Member of the Genesee Formation:
New York - Hass, ¥1959b.

Pennsylvania - Hass, ¥1959b.

Genesee Formation - See Geneseo Shale Member, Genundewa Limestone Member, Ithaca
Member, Renwick Shale Member, Sherburne Flagstone Member, and West River
Shale Member. ’

Geneseo Shale Member of the Genesee Formation:

New York - Hass, #1959b.
Pennsylvania - Hass, ¥1959b.

Givet-Stufe:

Germany - Krebs, #1960a.

Glen Park Formation:
Missouri - Mehl, 1960.
Gogo Formation:
Western Australia - Glenister, #1960; Glenister and Crespin, ¥1959.
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Gonioclymenia-Stufe:
Germany - Ziegler, #1960b.
Grassy Creek Shale:
Missouri - Howe and Koenig, 1961; Mehl, 1960; Unklesbay, #1952.
Upper Mississippi Valley - Collinson, Scott and Rexroad, 1962a; 1962b.
Hauptquartzit:
Germany - Reichstein, #1961.
Hemberg-Stufe:
Germany - Krebs, #1960a; Rietschel, #1961; Schriel and Stoppel, *1960.
Hercynkalkes:
Germany - Jordan, ¥1960.
Holt’s Summit Formation:
Missouri - Echols, 1959; Mehl, 1960.
Huron Shale:
Ohio - Hoover, 1960.
Ithaca Member of the Genesee Formation:
New York .- Hass, #1959b.

Kalkknotenschiefer:

.Germany - Helms, #1959b.
Kieselkalk:

Germany - Lutzens, ¥1959.
Kieselschiefer:

Germany - Schriel and Stoppel, #1958a.

Kiesel-und Wetzschieferzone:

Germany - Lutzens, *1959.

Kleinknotiger Kalk:

Germany - Helms, #¥1959b.
Lime Creek Shale:
Iowa - Dow, 1960.

Liegende Alaunschiefer:

Germany - Patteisky and Schénwilder, *¥1960.

Louisiana Limestone:

Illinois - Collinson and Swann, 1958; Scott, ¥*1961.
Missouri - Mehl, 1960.
Upper Mississippi Valley - Collinson, Scott and Rexroad, 1962.

Manticoceras-Stufe:

Germany - Hosel, ¥1960; Ziegler, ¥1959a, *1960b.

Maple Mill Shale:

Upper Mississippi Valley - Collinson, Scott and Rexroad, 1962.

Martin Limestone:

Arizona - Ash, 1962; Ethington, *¥1962.

Massie Creek Sandstone:

Missouri - Mehl, 1960.

Middlesex Shale Member of the Sonyea Formation:
New York - Hass, ¥1959b. '
Pennsylvania - Hass, #1959b.

Mittlerer Kalkknollenschiefer:

Germany - Helms, *1959b.

Nehden-Stufe:

Germany - Krebs, *1960a; Rietschel, *1961; Schriel and Stoppel, *1960.

New Albany Shale:

Indiana - Gutschick and Treckman; 1957; Mehl, 1960.
Noel Shale:

Missouri - Echols, 1959, 1961; Huffman and Stark, 1960; Mehl, 1960.
Ober-devonischer Flinz:

Germany - Lutzens, *¥1959.
Ober Platyclymenien-Stufe:

Germany - Hosel, 1960.
Ortberggrauwacke:

Germany - Schriel and Stoppel, *1958a.
Oxyclymenien-Stufe:

Germany - Hosel, 1960.

Spain - Ziegler, ¥1959b,

37
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Parrish Limestone Bed of Cashaqua Shale Member of the Sonyea Formation:

New York - Hass, #1959b. .

Pennsylvania - Hass, *1959b.

Perrysburg Formation - see Dunkirk Shale Member.
Pilot Shale:

Nevada - Clark and Becker, #1960.

Utah - Baer, *1962, Clark and Becker, ¥1960.
Pinyon Peak Limestone:

Utah - Beach, *1961; Clark and Beach, 1962; Clark and Becker, #1960.
Plattenkalsteinserie:

Germany - Rabien and Krebs, 1959.

Plattenkalk:

Germany - Rietschel, *1961.
Plattenschiefer:

Germany - Schriel and Stoppel, ¥1958a.
Plattige Kalkbinderschiefer:

Germany - Lutzens, #1959,
Platyclymenia-Stufe:

France - Ziegler, #1959b.

Portal Formation:

Arizona - Ash, 1962; Ethington, 1962,
Renwick Shale Member of the Genesee Formation:

New York - Hass, #1959b.

Pennsylvania - Hass, ¥1959b.
Rhinestreet Shale Member of the West Falls Formation:

New York - Hass, #1959b.

Pennsylvania - Hass, #1959b.

Roaring River Sandstone:
Missouri - Mehl, 1960.
Rotschiefern:

Germany - Schriel and Stoppel, #1958a.
Sadler Formation: .

Western Australia - Glenister, #1960; Glenister and Crespin, ¥1959.
Sappington Formation:

Montana - Gutschick, Suttner and Switek, 1962; Sandberg, 1962.
Saverton Shale:

Iilinois - Scott, ¥1961; Collinson and Swann, 1958.

Missouri - Mehl, 1960; Howe and Koenig, 1961.

Upper Mississippi Valley - Collinson, Scott and Rexroad, 1962a, 1962b.
Sherburne Flagstone Member:

New York - Hass, ¥1959b.

Pennsylvania - Hass, #1959b. :
Sonyea Formation - see Middlesex Shale Member and Parrish Limestone Bed of the
Cashaqua Shale Member.

Sylamore Sandstone:

Illinois - Collinson and Swann, 1958.

Missouri - Mehl, 1960.

Oklahoma - Amsden, 1961.

Upper Misissippi River Valley - Collinson, Rexroad, and Scott, 1959; Collinson,

Scott and Rexroad, 1962a, 1962b.

Threeforks Shale;
Montana - Gutschick and Perry, 1959.

Turpin Sandstone Member of the Grassy Creek Shale:
Missouri - Mehl, 1960.

Unnamed formation:
Algeria - Remack-Petitot, *¥1960.
China - Ching, 1960.
France - Serre and Lys, *1960; Remack-Petitot, *1960.
Germany - Greiling, *1961; Hiltermann, 1961b; Kronberg, Pilger, Scherp, and
Ziegler, *1960; Reichstein, *1959, 1960a, 1960b, 1961a; Schriel and Stoppel,
1960; Trautwein and Wittkindt, *1960.
Missouri - Echols, 1961.
Nevada - Dow, 1960.
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Rio De Oro (Spanish Sahara) - Echols, 1963; Ethington and Furnish, ¥1962;
Panseri, ¥1959.
Western Australia - Echols, 1963.
Wyoming - Ethington, Furnish, and Wingert, *1961; Koucky, Cygan, and Rhodes,
*1961.
Unterer Alaunschiefer:
Germany - Helms, #1959b.
Unterer Kalkknollenschiefer:
Germany - Helms, #1959b.
Unterer Quarzitschiefer:
Germany - Schriel and Stoppel, #1958a. -
Upper Binderschiefer:
Germany - Klitzsch, #1959.
Varca - Ziet:
Germany - Krebs, #1959.
Virgin Hills Formation:
Western Australia - Glenister, #1960; Glenister and Crespin, 1959.
Wagner-Bank:
Germany - Helms, #1959b.
West Falls Formation - see Rhinestreet Shale Member.
New York - Hass, ¥1959b.
Penosylvania - Hass, #1959b.
Wocklumeria (?) Stufe:
Spain - Ziegler, #1959b.
Woodford Shale:
Oklahoma - Amsden, 1960; Branson, 1959.

MISSISSIPPIAN (UNDIVIDED)
Tangpakou Limestone:
China - Ching, 1960.
Unnamed formation:
Algeria - Cuvillier, 1962a.
Indiana - Kesling, 1962.

LOWER MISSISSIPPIAN

Anchoralis-Stufe:

Germany - Voges, ¥1959b.
Aplington Formation:

Iowa - Echols, 1959.
Arkansas group - listed under Upper Devonian.
Arkansas Novaculite - listed under Upper Devonian.
Bachelor Formation:

Missouri - Mehl, 1960.
Banff Formation:

" Alberta - Miiller, 1962e.
Bedford Shale:

Ohio - Hoover, 1960.
Bohlen profils - listed under Upper Devonian.
Burlington Formation:

Illinois - Collinson and Swann, 1958. .

Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Burt Range Limestone:

Northern Territory, Australia - Glenister, *1960.
Bushberg Formation:

Missouri - Mehl, 1960.
Castle Reef Dolomite:

Montana - Mudge, Sands and Dutro, 1962.
Cavusgnathus Beds:

Western Australia - Glenister, *1960.
Chappel Limestone:

Texas - Ellison, 1960; Gutschick, Weiner, and Young, 1961; Hass, 1959a.
Chattanooga Shale:

Mississippi River Valley - Weller, 1960.
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Chouteau Limestone:
Illinois - Collinson and Swann, 1958.
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959; Collinson,
Scott and Rexroad, 1962a, 1962b.
Crenistria-Zone:
Germany - Voges, 1959b.
Cuivre Shale:
Missouri - Mehl, 1960.
Englewood Formation:
South Dakota - Klapper and Furnish, ¥1962.
English River Sandstone:
Upper Mississippi Valley - Collinson, Scott and Rexroad, 1962a, 1962b.
Fern Glen Limestone:
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott
and Rexroad, 1962a, 1962b.
Gardner Formation:
Utah - Beach, ¥1961; Clark and Beach, 1962.
Glen Park Formation:
Illinois - Collinson, and Swann, 1958.
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott
and Rexroad, 1962a; 1962b.
Grassy Creek Shale:
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Hangenbergkalk:
Germany Voges, *1959b; *1960.
Hannibal Shale: :
Illinois - Collinson and Swann, 1958.
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959; Collinson,
Scott and Rexroad, 1962b.
Haupteruptionsphase der Deckdiabase:
Germany - Walliser, ¥1960b.
Keokuk Formation:
Illinois - Elias, 1959.
Upper Mississippi River Valley - Gollinson, Rexroad, and Scott, 1959.
Kieselkalk:
Germany - Voges, 1959a; #1960.
Lake Valley Limestone:
New Mexico - Ash, 1962,
Laurel Beds:
Western Australia - Glenister, #1960.
Liegende Alaunschiefer:
Germany - Schriel and Stoppel, #1958a; Voges, *1959b; *1960.
Lodgepole Limestone:
Montana - Gutschick, Weinet, and Young, 1961.
Louisiana Limestone:
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott
and Rexroad, 1962b.
Lydite Kalk:
Germany - Voges, 1959a; #1960.
Madison Formation:
Wyoming - Kouchy, Cygan, and Rhodes, #1961,

New Albany Shale - listed under Upper Devonian.
Northview Formation:

Missouri - Echols, 1959,
Oberen Kalkknollenschiefer:

Germany - Helms, ¥1959b.
Obere Quarzitschiefer:

Germany - Schriel and Stoppel, *1958a.
Pahasapa Formation:

South Dakota - Klapper and Furnish, #1962,
Peraperte Formation:

Spain - Wagner and Wagner-Gentis, 1963.



CONODONT BIBLIOGRAPHY 41

Percyclus - Stufe:
Germany - Krebs, #1960a.
Rockford Limestone:
Indjana - Gutschick, 1959.
St. Louis Formation:
Illinois - Collinson and Swann, 1958.
Salem Formation:
Illinois - Collinson and Swann, 1958.
Sappington Formation:
Montana - Gutschick, Suttner and Switek, 1962; Sandberg, 1962.
Saverton Shale:
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott
and Rexroad, 1962b.
Schiffelborner - Schichten:
Germany - Ziegler, 1959.
Sedalia Limestone:
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Septimus Limestone:
Western Australia - Glenister, *1960.
Siphonodella Zone:
Missouri - Mehl, 1960.
Springville Shale:
Hlinois - Weller, 1960.
Spirit Hill Limestone:
bNorf:hern Territory, Australia - Glenister, ¥1960.
Tnib:
Belgium - Serse and Lys, #1960.

Tnoa:

Belgium - Serre and Lys, *1960.
Tnzb:

Beligum - Serre and Lys, *1960.
Tnzb-c:

Belgium - Serre and Lys, #1960.
Unnamed formation:
Algeria - Remack-Petitot, *1960.
England - Mathews, 1961.
France - Remack-Petitot, #1960; Serre and Lys, ¥1960; Ziegler, ¥1959b.
Germany - Paproth, 1960; Trautwein and Wittekindt, #1960.
Missouri - Echols, 1961.
Utah - Sando, Dutro, and Gere, 1959.
Wechsellagerungen:
Germany - Schriel and Stoppel, *1958a.
Welden Limestone:
Oklahoma - Gutschick, Weiner, and Young, 1961.

UPPER MISSISSIPPIAN ,
Anchoralis-Stufe - listed under Lower Mississippian;
Arden Member Limestone and Shales:

Scotland - Clarke, ¥1960.
Assise de Warnant: .
Belgium - Serre and Lys, ¥1960.
Barpett Shale:
Texas - Elias, 1959.
Beech Creek Limestone:
Iilinois - Rexroad and Jarrell, *¥1961.
Indiana - Rexroad and Jarrell, ¥1961.
Kentucky - Rexroad and Jarrell, #1961.
Bilston Burn Bone Bed:
Scotland - Clarke, *1960.
Birkhead Beds:
Scotland - Clarke, *1960.

Blackhall Limestone and Shales:
Scotland, Clarke, ¥1960.
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Bluefield Shale:

Virginia - Rexroad and Clarke, #1960.
Bluefield Group:

West Virginia - Rexroad and Clarke, ¥1960.
Brazer Limestone:

Idaho - Skipp, 1961.
Calcaire 4 Polypiers de Temploux:

Belgium - Serre and Lys, ¥1960.
Caney Shale - see Sand Branch Member.
Castlecary Limestone and Shales:

Scotland - Clarke, ¥1960.
Clore Limestone:

Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Cove Creek Limestone:

Virginia - Rexroad and Clarke, #1960.
Delaware Creek Shale:

Oklahoma, - Elias, 1959; Elias and Branson, 1959.
Downeys Bluff Formation:

Illinois - Rexroad and Liebe, ¥1962.

Kentucky - Rexroad and Lxebe, *1962.
Erdbacherkalk Horizont:

Germany - Voges, #1959b.
Fraileys Shale:

Illinois - Rexroad and Jarrell, ¥1961.
Glencart Beds:

Scotland - Clarke, #1960.
Glen Dean Limestone:

Illinois - Elias, 1959,

Kentucky - Rexroad and Clarke, ¥1960.

Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Goddard Shale:

Oklahoma - Elias, 1959.
Golconda Formation:

Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collmson, Scott

and Rexroad, 1962b.
“Griotte” Lxmestone

Spain - Higgins, 1962.
Haney Limestone:

Illinois - Rexroad and Jarrell, ¥1961.

Indiana - Rexroad and Jarrell, ¥1961.

Kentucky - Rexroad and Jarrell, ¥1961.
Hawthorn Limestone:

Scotland - Clarke, ¥1960.
Heath Formation:

Montana - Willis, 1959.
Helms Formation:

‘Texas - Ellison, 1962a.
Hurlet Limestone and Shales:

Scotland - Clarke, ¥1960.
Index Limestone and Shales:

Scotland - Clarke, ¥1960.
Johns Valley Shale:

Oklahoma - Cline, 1960; Elias and Branson, #1959,
Kinkaid Limestone:

Illinois - Rexroad and Burton, #1961.
Kulmkieselschiefer:

Germany - Schriel and Stoppel, #1958a.
Law Beds:

Scotland - Clarke, #1960.

Linn Spout Beds:
Scotland - Clarke, #1960.
Lower Limestone Group:
Scotland - Clarke, *¥1960.



CONODONT BIBLIOGRAPHY 43

Maxville Limestone:
Ohio - Kesling, 1961; 1963.
Menard Limestone:
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Millstone Grit:
Scotland - Clarke, *1960.
Monkcastle Beds:
Scotland - Clarke, *1960.
North Greens Limestone and Shales:
Scotland - Clarke, ¥1960.
Paint Creek Formation:
Iilinois - Elias, 1959.
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Paoli Formation: .
Indiana - Rexroad and Liebe, ¥1962.
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959.
Pelia Limestone:
Jowa - Dow, 1960.
QOklahoma - Elias, 1959.
Pericyclus - Stufe:
Germany - Walliser, ¥1959.
Petershill Limestone and Shales:
Scotland - Clarke, *1960. .
Ponniel Water Bed:
Scotland - Clarke, ¥1960.
Posidonienkalk:
Germany - Meischner, ¥1962.
Renault Formation:
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott
and Rexroad, 1962b.
Rhenaer Kalk:
Germany - Meischner, *#1962.
Ste. Genevive Limestone:
Illinois - Collinson and Swann, 1958.
Kansas - Thompson and Goebel, #1963, ’
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott
~ and Rexroad, 1962b.
St. Louis Limestone:
Kansas - Thompson and Goebel, ¥1963.
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott,
and Rexroad, 1962b.
Salem Formation:
Kansas - Thompson and Goebel, *1963.
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Rexroad
and Scott, 1962b.
Sand Branch Member of the Caney Shale:
Oklzhoma - Elias and Branson, ¥1959.
Second Abden Limestone and Shale:
Scotland - Clarke, *1960.
Shetlerville Member of the Renault Formation:
Illinois - Rexroad and Liebe, ¥1962.
Kentucky - Rexroad and Liebe, ¥1962.
Skateraw Middle Limestone and Shales:
Scotland - Clarke, #1960.
Stacklawhill Beds:
Scotland - Clarke, 1960.
Stanley Shale:
Oklahoma - Cline, 1960; Elias, 1959; Shelburne, 1960.
Tesnus Formation:
Texas - Ellison, 1962a.
Top Hosie Limestone and Shales:
Scotland - Clarke, *¥1960.
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Unnamed formation:
Algeria - Remack-Petitot, ¥1960.
France - Remack-Petitot, #1960; Serre and Lys, *1960.
Germany - Paproth, 1960; Ziegler, *1960b.
Spain - Ziegler, ¥1959b.
Upper Limestone Group:
Scotland - Clarke, ¥1960.
V:lb'

Belgium - Serre and Lys, #1960.
3.

Belgium - Serre and Lys, #1960.

Vienna Limestone:
Upper Mississippi River Valley - Collinson, Rexroad, and Scott, 1959. Collinson,
Scott and Rexroad, *1962b.

Warsaw Formation:
Kansas - Thompson and Goebel, #1963,
Upper Mississippi Valley - Collinson, Rexroad and Scott, 1959; Collinson, Scott
and Rexroad, 1962b.

Wesley Formation:
Oklahoma - Cline, 1960.

Winterberg:
Germany - Helms, 1960b.

Yankeetown Formation:

Illinois - Rexroad and Liebe, #1962.

Kentucky - Rexroad and Liebe, #1962,

PENNSYLVANIAN (UNDIVIDED)

Gap Tank Formation:

Texas - Ellison, 1962a.
Madera Limestone:

New Mexico - Ash, 1962.
Magdalena Group:

New Mexico - Ash, 1962,

Texas - Ellison, 1962a.
Minturn Limestone:

Colorado - Anderson, 1962.
Naco Limestone:

Arizona - Ash, 1962.
Unnamed formation:

Brazil - Lange, 1961.

China - Ching, 1960.

Kansas - Echols, 1959.

Missouri - Echols, 1959.

LOWER PENNSYLVANIAN

Amsden Formation:

Wyoming - Koucky, Cygan, and Rhodes, #1961.
Chickasaw Creek Formation:

Oklahoma - Cline, 1960.
Glen Eyrie Shale:

Colorado - Lehmann, 1953.
Skipsey’s Marine Band:

Scotland - Clarke, ¥1960.
Springer Formation:

Oklahoma - Elias, 1959.
Unnamed formation:

Algeria - Remack-Petitot, #1960.

MIDDLE PENNSYLVANIAN
Amsden Formation - listed under Lower Pennsylvanian,
Cherokee Shale:
Kansas - Mamay and Yochelson, #1962.
Dorr Run Member of the Lower Freeport Cyclothem:
Ohio - Sturgeon, 1958.
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Fort Scott Formation:

Missouri - Unklesbay, *¥1952.
Krebs Group:

Oklahoma - Mamay and Yochelson, ¥1962.
Lake Neosho Shale:

Towa - Kesling, 1961.

Kansas - Kesling, 1961.

Missouri - Kesling, 1961.
McLeansboro Group:

Illinois - Mamay and Yochelson, *1962.
Paradox Formation:

Colorado - Elias, G. K., 1963.

Utah - Elias, G. K., 1963; Jones, 1960.
Staunton Formation:

Indiana - St. Jean, 1957.
Tebo Formation:

Missouri - Unklesbay, *1952.
Unnamed formation:

Algeria - Remack-Petitot, *1960.

Iowa - Dow, 1960.

UPPER PENNSYLVANIAN
Ames Limestone Member of the Conemaugh Series:
Ohio - Sturgeon, 1958.
Dennis Formation - see Stark Shale Member.
Eudora Shale Member of the Stanton Limestone:
Kansas - Ball, #1959; Ball, Ball and Laughlin, *1963.
Gaysport Limestone Member of the Gaysport Cyclothem:
Ohio - Sturgeon, 1958.
Heebner Shale Member of the Oread Formation:
Iowa - Welp, Thomas and Dixon, 1957.
Kansas - Ball, 1959; Ball, Ball, and Laughlin, *1963.
Hushpuckney Shale Member of the Swope Formation:
Towa - Welp, Thomas, and Dixon, 1957.
Minnelusa Formation:
South Dakota - Jennings, ¥1959.
Modesto Formation:
Illinois - Kosanke, Simon, Wanless, and Willman, 1960.
Oread Formation - see Heebner Shale Member.
Quindaro Shale Member of the Wyandotte Formation:
Iowa - Welp, Thomas, and Dixon, 1957.
Stark Shale Member of the Dennis Formation:
Towa - Welp, Thomas, and Dixon, 1957.
Swope Formation - see Hushpuckney Shale Member.
Winterset Formation:
Iowa - Dow, 1960.
Wyandotte Formation - see' Quindaro Shale Member.

LOWER PERMIAN
Beattie Limestone - see Florena Shale Member.
Bone Springs Formation:
Texas - Clark and Ethington, ¥1962.
Cherry Canyon Formation - see Getaway Member.
Florena Shale Member of the Beattie Limestone:
Kansas - Verville, 1958.
Foraker Limestone - see Hughes Creek Shale Member.
Getaway Member of the Cherry Canyon Formation:
Texas - Ash, 1962; Sohn, *1961.
Hughes Creek Shale Member of the Foraker Limestone:
Kansas - Verville, 1958.
Kufeng Suite (Formation):
China - Ching, *1960.
Meade Peak Phosphatic Member of the Phosphoria Formation:
Idaho - Clark and Ethington, ¥1962; McKelvey and others, *1959.
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Montana - McKelvey and others, ¥1959.
Utah - McKelvey and others, ¥1959.
Wyoming - MeKelvey and others, ¥1959.
Phosphoria Formation - see Meade Peak Phosphatic Shale Member.
San Andres Limestone:
New Mexico - Ash, 1962; Clark and Ethington, *1962.
Siksikpuk Formation:
Alaska - Bergquist, #1960.
Tensleep Sandstone:
Wyoming - Rhodes, 1963.
Unnamed Formation:
Arizona - Clark and Ethington, *1962.
Mexico - Clark and Ethington, *1962.
Werra - Dolomit:
Germany - Seidel, 1959.
Wolfcamp Formation:
Texas - Ellison, 1962a.

LOWER TRIASSIC

Gondolella planata Assemblage Zone:
Nevada - Clark, 1960.

Meekoceras limestones:
Nevada - Clark, *1959.
Utah - Clark, *#1959.

Meekoceras zone of the Thaynes Limestone:
Nevada - Jones, 1960,
Utah - Jones, *1960.

Neoprioniodus bransoni Assemblage Zone:
Nevada - Clark, 1960,

Thaynes Limestone:
Nevada - Schell and Clark, 1960.
Also see Meekoceras zone,

Unnamed formations:
Nevada - Clark, ¥1959.
Utah - Clark, #1959,

MIDDLE TRIASSIC

Asklepieionkalk:

Greece - Bender, *¥1960.
Dachsteinkalk:

Austria - Zankl, ¥1962.
Knubbelkalk:

Austria - Huckriede, ¥1959a.
Oberen Muschelkalk:

Germany - Hirschmann, *#1959.
Shublik Formation:

Alaska - Bergquist, 1960.
Unnamed formation:

Bulgaria - Budurov, #1960; Stefanov, ¥1962.

Nevada - Anderson, 1962,

UPPER TRIASSIC
Asklepieionkalk - listed under Middle Triassic.

Rot-und Graukalksteinen:
Bulgaria - Budurov, #1959,

Shublik Formation - listed under Middle Triassic.
Unnamed formation:
Bulgaria - Spasov and Ganev, #1960.
Zone von Trachiceras aonoides:
Bulgaria - Budurov, #1959.
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STRATIGRAPHIC AND GEOGRAPHIC DISTRIBUTION
OF CONODONT-BEARING ROCKS

The reported stratigraphic and geographic distribution of conodont-bearing
rocks is summarized in Table 1. Published articles which mention conodont-
bearing rocks of a certain geologic system in a particular geographic area can
be located by referring to Table 1 and to the geologic indexes and accompany-
ing bibliographies in the Catalogue of conodonts (Fay, 1952), in my previous
bibliography and index of conodonts (1961), and in this paper.

Manuscript received October 15, 1963
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Orthoquartzites of the Oquirrh Formations*

RICHARD B. WELLS
Humble Oil and Refining Company, Casper, Wyoming

ABSTRACT.—The Oquirrh Formation of Pennsylvanian and Wolfcampian Permian age in
the Oquirrh Basin of northwest central Utah consists mainly of calcareous and siliceous
clastic sedimentary rocks. A thickness of 15,540 feet of Oquirrh Formation was measured
at South Mountain west of Stockton in Tooele County, Utah, consisting prineipally of
orthoquartzite, calcareous and calcarenaceous orthoquartzite, and siliceous quartz sand-
stone, with minor cherty limestone and calcarenite. Approximately 7,250 feet of Wolf-
campian age Oquirth rocks is exposed in Hobble Creek Canyon east of Springville, Utah
and is of similar lithology. The Wolfcampian interval of the Weber Formation ex-
posed in Weber Canyon consists of 714 feet, of which, approximately 80 percent is
orthoquartzite, none of which is calcareous.

Orthoquartzites of the Oquirth Formation constitute a unique suite of sedimentary
rocks, deposited in shallow water in a large marine basin which was subject to irregular
instability and deep subsidence. Clastic sediments in the Oquirrh Formation were eroded
from local positive areas peripheral to the Oquirzh Basin, and contributed to the basin
through various accessways. These sediments are fairly well sorted and generally sub-
rounded to subangular, equant, anhedral grains. Much of the quartz was derived from
pre-existing sedimentary rocks.

A study of orthoquartzites from approximately thirty other formations in the United
States failed to reveal any other examples of calcarenaceous orthoquartzite such as found
in the Oquirth Formation, but did reveal certain characteristic aspects of orthoquartzite
petrography. Orthoquartzites in general are non-porous, light colored rocks consisting of
95% or more anhedral quartz grains, in which silica cementation has. taken place through
pressure solution or by addition of new silica, or both.
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INTRODUCTION

This report is concerned with the petrology and petrography of some
clastic sedimentary rocks of the Oquirth and Weber Formations of Pennsyl-
vanian and Permian ages. Stratigraphic sections were studied and sampled at
South Mountain in Tooele County, Utah, Hobble Creek Canyon in Utah Coun-
ty Utah, and Weber Canyon in Morgan County, Utah (Text-fig. 1).

The Oquirrh Formation is an unusually thick miogeosynclinal sequence
of calcareous and clastic sedimentary rocks ranging from Morrowan (Early
Pennsylvanian) through Wolfcampian (Early Permian) age in central and
northern Utah and southern Idaho. The Oquirth Formation lies conformably
on the Manning Canyon Formation of late Mississippian and early Pennsylvan-
ian age, except in the Stansbury Mountains, where the contact is an angular un-
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TexT-FIGURE 1. Index map of the Oquirrh Basin showing location of sections.
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conformity (Wright, 1961, p. 166). The Oquirrh Formation is conformably
overlain by Wolfcampian age limestones of the Kirkman Formation (Bis-
sell, 1962a, p. 34).

The Weber Formation is essentially the stable shelf equivalent of the
Oquirrh Formation in northeastern Utah and northwestern Colorado. It is
largely an unfossiliferous series of sandstone and orthoquartzite with a few
interbedded limestone units, and ranges in age from Desmoinesian (late Medial
Pennsylvanian) to Wolfcampian. It is 2260 feet thick at its type locality near
Morgan in Weber Canyon. The Weber thins gradually eastward to about 1000
feet at the Colorado border, and eventually interfingers with the Maroon For-
mation to the east (Bissell and Childs, 1958, p. 26). The Weber disconform-
ably overlies Pennsylvanian limestones and shales of the Morgan Formation, .
and is disconformably overlain by the Permian Park City-Phosphoria Forma-
tions.

Purpose

This study is primarily an investigation of the orthoquartzites of the
Oquirth Basin, undertaken to clarify and revise classification and nomenclature
of these clastic sedimentary rocks, and to aid evaluation of the geologic history
of the Oquirrh Basin and contiguous shelf areas. This is part of a continuing
study of this unique geologic region by various faculty members and graduate
students in the Geology Department of Brigham Young University (Bissell,
1936, 1959a, 1959b, 1960, 1962a, 1962b; Croft, 1956; Hodgkinson, 1961;
Moyle, 1958; Rigby, 1958; and Wright, 1961).

Procedure

Methods applied in this investigation include standard megascopic petro-
logic examination, description, measurement, and sampling of the strata in-
volved, observation of stratigraphic relationships such as lateral variations,
directions of thickening or thinning, nature of contacts, and lithologic varia-
tions, petrographic analysis of 66 thin sections, including samples of each rock
type from each locality, insoluble residue study of the calcareous samples,
and comparison of the orthoquartzites of the Oquirth and Weber Formations
with sandstones and quartzites from other formations. Because of the objectives
of the study, greater effort was devoted to investigation of the orthoquartzites
than to the other rocks in the section, both in the field and in the laboratory.

Field work was begun in February, 1962, and continued through June
1962. Thickness of the South Mountain section was obtained by means of
steel tape and Brunton compass. Laboratory and petrographic work was done
in the Geology Department of Brigham Young University. Location of the
Pennsylvanian-Permian boundary in all the sections is based on faunal studies
by Bissell and others.
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Humble Oil and Refining Company. Ideas presented in this report are not to
be construed as official opinions of the Humble Oil and Refining Company.

Previous Investigation

The first published reference to what is now known as the Oquirrh For-
mation was by J. E. Spurr in his 1895 report on the geology of the Mercur
Mining District, in the southwestern part of the Oquirth Range. The name
"Oquirrh” was first used by Keyes (1924, p. 37) for 500 feet of “quartzite”
at the base of his “Weberian” series. Nolan (1930) applied the name
“Oquirrh” to Pennsylvanian rocks lithologically similar to the Oquirth For-
mation of present usage in the Gold Hill Mining District in far western Tooele
County. Gilluly (1932) gave formal definition to the Oquirth Formation,
and established a type locality in the Oquitrh Mountains, immediately west
of Salt Lake Valley and east of Tooele Valley and Rush Valley. The first
successful attempt at subdivision and faunal zonation within the Oquirth
Formation was the fusulinid work of Bissell (1936). In later reports Bissell
(1959a, 1959b, 1960, 1962a, 1962b) has discussed the distribution, sedimen-
tation, tectonics, and biostratigraphy of the Oquirrh and other Upper Paleozoic
formations in western Utah, eastern Nevada, and southern Idaho. Anothet
important fusulinid study was done by Thompson, Verville, and Bissell in
1950.

Baker (1947) published a description of the stratigraphy of the southern
Wasatch Mountains, including two stratigraphic sections of the Oquirrh For-
mation. In that report, he confirmed the presence of Wolfcampian strata within
the formation.

Wright (1961) discussed stratigraphy and tectonic setting of the Oquirrh
Formation in the Stansbuty Mountains, which lie to the west of Tooele Valley
and Rush Valley. : ,

Welsh and James (1961 p. 1-16) proposed the advancement of the
Oquirth Formation to group rank, restriction of the pame to Pennsylvanian
strata, and subdivided it into four formations with eighteen members. These
changes have not been generally adopted, and are not herein recommended
becauise of their apparent local utility. Tooker and Roberts, in the same guide-
book, (1961 p. 17-26) mapped seven units of the Oquirrh Formation, five
Pennsylvanian and two Permian, in the northern Oquirrh Mountains.

Terminology
In any dynamic sciénce such as geology certain terms have been given
various meanings by different authors. The following is a list of terms as used
in this paper, which, in general, follows nomenclature advocated by Dunbar
and Rodgers (1958, p. 165-167).

Terms

Sandstone—Any clastic sedimentary rock composed predominantly of sand
size grains (mean diameter between 2.0 and 1/16 mm) of quartz and silicate
minerals.

Siltstone—As above, except that the majority of grains are in the silt size range
(1/16 to 1/256 mm). If the rock is sufficiently well cemented with silica
that it breaks with an intragranular fracture, the term “silicasiltite” may be
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applied. In field examination of silica cemented rocks grain size is often ob-
scured by cement, the more general terms quartzite, orthoquartzite, or meta-
quartzite are applicable. '

Quarrzite—A rock composed principally of sand and/or silt size quartz grains
cemented by silica. Because of the equal tenacity of the grains and the cement,
the rock fractures with a general intragranular fracture. Traditionally, the
term quartzite has indicated a metamorphic rock, although such a rock can
result from strictly non-metamorphic processes.

Orthoquartzite—A sedimentary quartzite in which the silica cement is diagene-
tic or authigenic and not a product of metamorphism. Cementation has occurred
at a pressure and temperature below that of metamorphism, either by filling
voids or replacement of primary cement by secondary silica. These rocks also
display characteristic intragranular fracture and, at least megascopically, closely
resemble metaquartzites. g

An alternate meaning for the term orthoquartzite has been proposed (Kry-
nine, 1948, p. 149-152). Krynine would apply the terms quartzite or ortho-
quartzite to any sandstone in which the clastic fraction is quartz and chert and
the cement is at least 50% silica, regardless of the amount of cement or the
degree of compaction. This usage has been accepted by certain authors. (Siever,
1960, p. 182; Folk, 1961, personal communication) and rejected by others
(Dunbar and Rodgers, 1958, p. 165; Gilbert, in Williams, Turner, and Gil-
bert, 1954; American Geological Institute, 1957). As a result, ambiguity in
use of this term is common in geologic literature.

Metaguartzite—A quartzite of unquestioned metamorphic origin, as evidenced
by presence of characteristic metamorphic minerals, micaceous minerals arranged
in foliation planes, or an overlying sequence of metamorphic rocks in normal
contact. Metaquartzites can seldom be distinguished from orthoquartzites in
hand samples, and thus arises utility of the term quartzite, which may be ap-
plied to both varieties.

Prefixes

The term “quartz” may be used as a prefix to indicate at least 90% of
the detrital fraction of a clastic sedimentary rock is composed of quartz, includ-
ing chert, chalcedony, and quartzite or sandstone fragments.

Qualifying adjectives such as “‘siliceous,” “calcareous,” “dolomitic,” etc.,
indicate mineral cement or matrix present in subordinate amounts. Thus, a
“calcarenaceous orthoquartzite” is a consolidated aggregate of quartz grains,
cemented by silica, containing detrital calcite sand or silt.

“Calcareous” is mainly a field term applied to those rocks which readily
react with dilute hydrochloric acid, whereas the term “calcarenaceous” is applied
to those rocks in which calcite is in detrital grains.

Because the calcarenaceous orthoquartzites in the Oquirrh Formation are
often obviously clastic, and usually develop a dense, non-calcareous, siliceous
weathering rind, and yet will readily effervesce when dilute acid is applied
to a fresh exposure, they have been called by a wide variety of names. For ex-
ample, the Wolfcampian part of the Oquirrh Formation, which is made up
largely of this rock type, has been referred to as limestone, sandy limestone,
sandstone, quartzite, orthoquartzite, and calcareous orthoquartzite. Such var-
iability in petrologic nomenclature is at best misleading, and as a result con-

EEINRTY
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struction of meaningful clastic ratio maps, sandstone isoliths and isopachs, and
lithofacies maps is impossible.

OQUIRRH BASIN STUDY

South Mountain Section

The entire exposure of Oquitth Formation at South Mountain (T. 4 §,,
R. 5.and 6 W.), west of Stockton in Tooele County, Utah, was measured, des-
cribed, and sampled. South Mountain contains a broad, northwest plunging
anticline with overturned strata on the nose of the fold. Approximately 15,540
feet of Oquitrh strata is exposed here, ranging from Morrowan through Wolf-
campian ages, based on fusulinid studies by Welsh and James (1961, p. 7) and
Bissell (1962, personal communication). The Wolfcampian portion of the
Oquirrh Formation is 9,410 feet thick.

The underlying Manning Canyon Shale is not exposed, but the contact
with the overlying Wolfcampian Kirkman Formation is at the base of the west
slope of the western summit of South Mountain. The measured section is
shown graphically in text-figure 2, and the relative proportion of rock types
present is given in table 1.

The following rock types were observed in the Oquirth Formation at
South Mountain:

Calcarenite—Units 1, 2, 7, and 8 are gray to dark gray, clastic limestones com-
posed mainly of detrital calcite grains and skeletal material in a matrix of
micrite or fine calcitic mud (PL 1, fig. 1). This calcarenite ranges from 73%
to 98% carbonate, and the insoluble residue contains silt, clay, silica, and var-
ious skeletal fragments.

Cherty limestone.—Units 6, 39, and 78 are medium gray, light gray weather-
ing, aphani¢ to slightly silty, siliceous limestones which contain nodules and
stringers of massive, concretionary, and bedded gray to brown chert in dis-
continuous and irregular distribution. The largest chert nodule was observed
in unit six, and measured slightly more than eight feet across. Dissolved
samples of these cherty limestones indicated 7% to 88% carbonate, and
yielded a residue of angular fragments of dense, vitreous, dark gray to black
chert.

Shale—Units 13 and 79 are gray, calcareous, platy shales which weather a
light brown color and commonly split into quarter-inch laminae. Also present
are some gray, highly argillaceous, platy limestones which are gradational with
the shale.

Quartz sandstone~Units 91 and 130 are light gray to light brown, friable,
non-calcareous rocks composed of very fine grained quartz sand and silt,
pattially cemented with silica or calcite. A typical sample of this sandstone
consists of 97% quartz, 1% clay, and 1% cement, with traces of microcline,
detrital chalcedony, and heavy minerals. The sand ranges from very fine to
silt size, and grains are well sorted, sub-rounded to well rounded, anhedral and
equant. Grain boundaries are rough and quartz grains are occasionally intet-
grown (PL 1, fig. 2).

Siliceous quartz sandstone—As above, but with an increase in silica cement,
tesulting in increased tenacity, but still with a tendency to break around rather
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TEXT-FIGURE 2. Columnar section of the Oquirrh Formation exposed at South Mountain
(T. 4 S, R. 5 W.) Tooele County, Utah. Numbers in lefthand margin indicate lo-
cation of samples mentioned in text.

7 Orthog: Light brown, weathers light gray brown, very
. fine grained, poorly sorted, siliceous cemented

e - quartz (75%), calcite (10%), & detrital calcite
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(TEXT-FIG. 2, CONT.)

Orthog: Light gray, weathers light brown, very fine
grained to silty, slightly calecareous.

Ls: light gray, sandy/silty, partially covered. Insoluble
residue contains sand, silt, light gray clay, and
quartzite rock fragments,

Ss: Light brown, weathers 1light gray, very fime grained
to silt size grains, matrix of granular calcite silt,
(37% calcite), trace of silica cement. Grades upward
into calcareous orthoquartzite as silica cement
increases.

Bxa: Zone of brecciated orthequartzite at top of
covered interval,

- covered interval =

Orthog: Light brown, weathers very light brown, hard,
dense, highly jointed, 12% calcite. Quartz grains
form an interlocking mosaic in which the original
grain shape is obscured pressure solution and silica
cementation.

- 51st: Light gray, caleite cemented quartz silt,

10% calcite,

Sh: Light gray, caleareous, grades inte shaly limestone.

Ls: Light gray, weathers very light gray, micritie,
cherty, ledge former; contains fossil corals.

Bxa: Light brown brececiated orthoquartzite, caleite
cemsnted,

;) Orthoqg: Light gray to light broun, very fins grained to

silt size grains, 5 to 10% calcite silt matrix,

( Bxa: Light brown, siliceous, ledge former.

Ss: Light brown, very fine grained to silty, poorly
sorted, wlightly siliceous,

Bxa: Light brown, light gray weathaering, friable,
calcite cemented breccia of siliceous limestone
& orthoquartzite,
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(TEx‘r-fIG. 2, CONT.)

Orthog: Light brown, silty, alternating layers of
sub=angular very fine grained quartz sand and well
rounded medium grained gquartz sand; non-calcareous.

Ls: Light gray, weathers very light gray with
mottled light brown stain, thin bedded, micritic
to slightly sandy texture., Fossil "worm trails"
near top.

Orthog: Light gray, weathers very light brown,
very fine grained, massive, calcarenaceous (10%
calcite),. trace of detrital microcline. Weathers
into 3" slabs.

Orthog: as above

Ss: Light gray brown, weathers light brown, fine to very
fine grained, slightly siliceous, calcareous.

Ls: Very dark gray, weathers medium gray, Hard, dense,
siliceous,

'{.’( Ortheg: Light gray brown, weathers very light brown,

fine grained, massive, non=calcarsous, well cemented,
Trace of porosity as isolated silt size voids,

'-g Ss: Very light brown, very fine grained, massive, highly

veathered, none-calcareous, slightly porous, Grains
are 99% wellsorted, anhedral, equant, interlocking
quartz; trace of mieroeline, chalcedony, clay,

<70rthoq: Light gray, weathers light brown, very

fine grained, slightly calceareous.
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(TEXT-FIG. 2, CONT.)

Slst: Light gray, weathers light brown, calcite
cemented quartz siltstone,

85'00 I

7500

e Octhog: Light gray, weathers light brown, silt size

silica cemented quartz grains, calcareous matrix,
Dense & non-porous; breaks with smooth intrae
granular fracture,

Ls: Light gray, weathers light brown, massive to
slightly silty, Contains fossil "worm trails",

Ss: Light brown, weathers light gray, very fine grained
& silty, well bedded, partially cemented by silicay
Trace of porosity, Original shape of sand grains is
obscured by secondary guartz overgrowths,

Ls: Medium gray, weathers light gray, slightly silty,
denss, massive, non=porous,

Ss: Light gray, weathers pinkish gray, fine to very
fine grained with trace of siliceous cement, Grains
are quartz 95%, chalcedony 3%, detrital calcite 2%;
5% clay matrix, up to 5% porosity, trace of hematite,
Quartz intergrowths are common, This type may be
the weathered/leached squivalent of the caleéareous/
calcarenaceous orthoquartzite.

Ss: Light gray, very fine grained, silty, calcite
cemented, Weathers to friable, light brown,
non-calcareocus sandstone.

Ls: Very dark gray to black, weathers light gray, silty
& argillaceous, thin undulatory bedding, becomes
fissile at top,.

Ot thog: Dark to medium gray, weathers light brouwn,
very fine to silt size quartz sand, 15% calcite silt.
Gradational change to gverlying silty, siliceocus
limestone, .

Lss Light gray, weathers light brown, slightly silty
" siliceous calcilutite,
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(TEXT-FIG. 2, CONT.)

Orthoq: Light gray brown, weathers light browns
predominantly very fine grained with occasional
beds of fine grained sand and silt, with matrix

of detrital calcite silt (13% calcite)., Cement is
mainly silica, with some calcite. Sand fraction is
97% quartz, with minor microcline and calcite sand.
Grain boundaries are irregular/ragged due te
pressure solution and re-precipitation of siliea,
and etching of calcite-quartz grain contacts.

Slst: Medium gray, weathers medium brown, very massive,
caleite cemented quartz silt. Grades upward into
calcareous orthoquartzite as silica cement increases,

Ss: Medium gray, weathers medium brown, very coarse grained,
angular quartz sand, slightly calcareous, partially
cemented by silica.

Orthog: Medium gray, weathers red-brown, silt size
quartz grains, calcite matrix, silica cement.

Ss: Yellow brown, meathers‘gray brown, very fine

grained, calcite cemented; trace of porosity.

Slst: Medium gray, weathers medium brown, ¢a1cite
comented silt size quartz grains, 5 to 10% clay
‘matrix, 30% calcite.

- covered interval - Tertiary basalt flow -
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(TEXT-FIG. 2, CONT.)

Orthog: Light gray to very light brown, weathers light
brown, very fine grained quartz sand and silt,
Matrix is detrital calcite silt, silica cement,
Calcite content ranges from 0 to 7%. Sand
grains are quartz (98 to 100%) calcits (0 to 2%,
chalcedony and microcline (trace), Usathered
portion is non-calcareous, smooth, dense, due to
redeposition of silica,

Ss: Dark to light gray, weathers light gray,
fine & medium graeined quartz sand, calcite &
silica cement, Porosity rangss from a trace to 15%,
Bedding is generally obscure, with occasional
discontinuous, slightly contorted micro-laminae,
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(TEXT-FIG. 2, CONT.)

‘Ls: Mottled brown & dark gray, wsathers medium gray;
aphanic, with up to 10% vuggy porosity.

15,845 feet

Ls: Mottled medium and dark gray, light gray weathering;
hard and dense aphanic texture. Calcite veinlets
common, up to 2 mm in width.

15,500

Orthog: Light gray, weathers light brown, very fine
grained to silt size quartz grains; generally
non=calcareous. Highly jointed, bresks with a
smooth intra-granular fracture; bedding obscure.

15,000

14,500

than across grains. These rocks of units 119 and 121 are gradational between
friable quartz sandstones and orthoquartzite. Weathered surfaces are generally
smoother than fresh rock. This rock is similar to quartz sandstone, except with
a larger number of intergrown quartz grains and a decrease in porosity to five
percent or less. Original grain shape is increasingly obscured by secondary
quartz (PL 1, fig. 3).

Calcareons quartz sandstone—As above, except that a significant amount of
calcite is present either as matrix or cement. In unit 98, for example, calcite
is present as fine granular silt rather than as a chemical precipitate, and fills
interstices between quartz grains. A small amount of silica cement is also
present. In the thin sections bedding is commonly visible with layers of fine
and very fine grained, well sorted, well rounded, equant, anhedral quartz sand.
Grain boundaries are highly etched where quartz is in contact with calcite;
quartz intergrowths are rare. Calcite content of 209 is average, and insoluble
residues include frosted grains of very fine quartz sand and silt, both as isolated
grains and as fragments of porous, friable sandstone and siltstone. Minute
veinlets of sparry calcite are also common, as in unit 82 (PL. 1, fig. 4).

Calcareons quartz siltstone—As above, except that most quartz grains are of
silt size. The quartz grains are well sorted, equant, and angular to sub-angular
in shape in unit 87. The rock contains up to five per cent second cycle quartz
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and quartzite or sandstone rock fragments. Carbonate content ranges from
10% to 37%, and the residue consists of light gray, vitreous, silty orthoquart-
zite, siltstone and gray clay (PL. 1, fig. 5).

Orthoguartzite—Units 90, 108, 110, and 134 are light gray to light brown,
non-calcareous, silica cemented sandstone which breaks with a smooth, sub-
conchoidal fracture. Sand grains, which are not easily seen in the hand sample,
are fine to very fine grained quartz (95% to 100%), chert, chalcedony, ortho-
clase, or microcline. These rocks are typically homogeneous, tenacious, and
nonporous. Grains are well sorted, well bedded, and tightly intergrown, and
grain boundaries are generally smooth, curved, and deeply embayed. Carbon-
ate conftent in the samples analyzed was three percent or less (PL 2, figs. 2, 3, 4;
PL 3, fig. 2).

Calcareons orthoguartzite—As above, with 3% to 30% interstitial calcite
matrix. Silica cement still predominates and the rock still displays intragran-
ular fracture in units 3, 5, 105, 131. Minor amounts of detrital microcline,
orthoclase, chalcedony, and sandstone rock fragments are present. In many
cases silica cementation and quartz intergrowths have developed around de-
trital calcite grains, giving ragged edges to the quartz. Insoluble residues in-
clude clear and frosted grains of quartz sand and silt, and fragments of porous
quartz sandstone and siltstone (PL. 1, fig. 6; PL. 3, fig. 1).

Cdlcarenaceons orthoguartzite—Units 35, 50, and 102 are orthoquartzites which
contain detrital calcite sand grains. The cement is silica, and fracture is intra-
granular.. Maximum calcite content observed in this type was 25% in unit
50. The term “calcarenaceous orthoquartzite” (Pettijohn, 1949, p. 305) is
mainly 2 laboratory term, since in the field these rocks often cannot be dis-
tinguished from calcareous orthoquartzite, with which they are gradational.
In addition to quartz and calcite sand, a certain amount of calcite silt is present.
The sand is very fine grained, sub-rounded to well rounded, and the quartz
grains are interlocking with crenulated contacts. Insoluble residues consist of
light gray to white, hard, dense, vitreous quartzite fragments and very fine
quartz and grains (PL. 2, figs. 5, 6; PL 3, fig. 3). ‘

Quartzite breccia—Units 68, 71, and 81 are composed of a variety of cataclastite
which has resulted from local faulting. This rock is a light brown, often friable
breccia of very fine grained orthoquartzite fragments, generally less than one
centimeter in diameter, scattered in a matrix of coarse, angular, quartz sand and
silt. In rare cases, post brecciation recementation by silica has occurred. Calcite
content ranges from zero to ten percent in fresh samples, and weathered sam-
ples are generally leached of calcite. Insoluble residues consist of angular frag-
ments of quartzite and quartz siltstone, clay, and silt.

Amount of Exposure

Exposures are fair to good at South Mountain; rocks concealed by soils,
landslide debris, and Tertiary lava flows represent six per cent of the section.
Minor variations in cementation as well as geomorphic vicissitudes can be re-
sponsible for the non-exposure of any interval in a stratigraphic section.

Hobble Creek Canyon Section

Wolfcampian strata of the Oquirth Formation in Hobble Creek Canyon
in Secs. 23, 24, T. 7 S, R. 4 E., and Sec. 18, T. 7 S.,, R. 5 E., Utah County,
Utah, were examined and sampled at regular intervals. Wolfcampian beds
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TEXT-FIGURE 3. Columnar section of the Wolfcampian interval, Oquirrh Formation, as
exposed) in Hobble Creek Canyon (Secs. 23, 24, T. 7 S., R. 4 E,, and Sec. 18, T. 7 S.,
R.5E.

2500

Ss: Uhite to light gray,.wsathérs pale yellow gray;
fine to very fine grained pure quartz sandstons,
fairly porousy massive.

2000

Orthog: Light gray, weathers light brownish gray,
very fine grained, hard, denss, non-calcareous,

Orthog: Light gray, very finme grained quartz sand-& -
silt; hard, dense, massive, calcareous, blocky
joint pattern.

lO?O

- covered interval -

Orthog: Light gray, weathers very light grey,
very fine grained, dense, calcareous.

Orthog: Light gray, weathers light brown gray;
very fime grained quartz, chalcedony; even
bedded, non=-calcareous.

Orthoq: Light gray, weathers very light gray; very
fine grained, calcareous, noneporousy breaks with
smooth intraegranular fracture.
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(TEXT-FIG. 3, CONT.)

Sss Light gray, weathers light brown, very fine grained
& silty, very calcareous, bordering on sandy/silty

: limestone; fossil "worm trails",

7 Orthog: White to very light gray, weathers brown,

fine grained, non-calcareous, grades upward into
calcareous sandy siltstone.

Orthog: Light gray, weathers very dark brown, very
fine grained, hard, dense, calcareous,

Ss: Light gray, weathers light brown, fine to medium
grained, nom-calcarseous; fair to good porosity.
Grains are swb-rounded, well sorted, equant,

anhadral, partially cemented by silica, Feuw
quartz intergrowths are present.

Orthoqs Light to very light gray, weathers light
brown, fine to very fine grained, non-porous,
non=-calcaresous; sharp intra-granular fracture.

Ss: Light gray to white, weathers dark brown, fine
grained pure quartz sand, trace of porosity.

Orthogq: Light gray, weathers light brown, fine grained,
hard, dense, non-calcareous,

Ss: Light gray brown, weathers light to dark brouwn,
fine grained, non-calcareous, fairly porous.

Orthog: Light gray, very fine grainsd, calcarenaceous,
hard, dense, breaks with smooth fracture.

OrtHBq: Light gray, weathsrs light brownish gray,
predominantly medium grained (75%), with some
fine grained quartz sand (10%), detrital celcite
silt (15%), calcite sand (trace); Grains are well
rounded, equant, anhedral, with ragged or etched
boundaries,
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(TEXT-FIG. 3, CONT.)

Orthog: Light gray, weathers light brouwn, calcareous,
(10 to 23% calcite), very fine grained, none
porous, Grains are quartz, (95 to 97%), cdalcite
(2%), & microcline (trace); matrix is detrital
calcite silt (up to.ZD%). cement is predominantly
silica, Grains are poorly sorted, sub-rounded,
anhedral, equant, with occasional coarse, rounded
& frosted quartz grains distributed at random.

Orthog: Gray to light gray, brown weathering, fine
to very fine grained, hard, dense, calcareous.,
Develops good porosity in weathered zone.

Ls: Light gray, weathers light brown, contains up to
13% very fine grained sand & silt; residue contains
silicified bryozoan & crincid fragments, gray clay,
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here include nearly 7,250 feet of orthoquartzite, calcareous siltstone, and sandy
limestone (Baker, 1947, Bissell, 1936, 1962a). These sequences bear striking
resemblance to equivalent beds at South Mountain. Best exposures are on the
north side of the south fork of Hobble Creek Canyon.

The Hobble Creek Canyon section (Text-fig. 3) was measured by Bissell
in 1935 and 1961 and sampled by the writer in 1962. Estimate of thickness is
based on information provided by Bissell, on a published section by Baker
(1947), and on personal observation in the field. An estimate of relative
proportions of rock types present in this section is given in table 1.

Lithology

Orthoquarizite—Very fine grained, subrounded, interlocking grains of quartz
(95% or more), chalcedony, and microcline, cemented by quartz and chal-
cedony. These rocks of unit 109 are characteristically ridge formers, hard and
tenacious, and split with a smooth, subconchoidal fracture. Although this type
is apparently non-calcareous in field examination, acid solution reveals up to
four percent carbonate present.

Calcareons and calcarenaceous orthoguarizite—~These rocks, in units 56, 72, and
101, consist of very fine grained, silica cemented, quartz sandstone and silt-
stone, and contain up to 25% of fine calcite silt as a matrix. The rock breaks
with a general intragranular fracture, but the broken surface is not as smooth
as in the non-calcareous orthoquartzites. In thin section more than half the
quartz grains appear intergrown, and grain boundaries are generally ragged
and etched. A few random grains of well rounded, coarse quartz and calcite
sand are present, and clay content is less than one percent (PL 3, figs. 5,6).

Quartz sandstone~—Units 76, 77, and 84 are composed of predominantly fine
to medium grained, light gray to light brown, fairly to poorly sorted, friable,
quartz sandstone with up to 309% porosity. This type is not common in the
section and may represent weathered calcareous orthoquartzite. Carbonate con-
tent is two percent or less.

Calcareons siltstone—Light gray, brown weathering, nonporous siltstone com-
prises units 57 and 73. Both the weathered and unweathered portions are
highly calcareous with up to 34% carbonate. Petrographically, this rock type
resembles calcareous orthoquartzite, of which it is a gradational phase. Ce-
ment is mainly calcite, with minor amounts of silica and up to three percent
clay. ‘
Sandy limestone~Light gray, sandy to silty, light brown weathering limestone
which includes all gradations from sandy, micritic limestone, to bioclastic cal-
carenite forms unit 71. Occasional traces of authigenic opal, and silicified
bryozoan fragments, crinoid columnals, and miscellaneous skeletal material, and
siliceous casts of skeletal material are contained.

Amount of Exposure
Exposures of Wolfcamp age strata in Hobble Creek Canyon are generally
good, with approximately three per cent of the section covered.

‘Weber Canyon Section

The Wolfcampian interval of the Weber Formation, on the north-east
margin of the Oquirth Basin, was measured and sampled in Weber Canyon
(T. 4 N, R. 3 E.), Morgan County, Utah. This area was part of the Weber
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Shelf during much of Pennsylvanian and Permian time, and shows strati-
graphic variation from the central to the marginal part of the basin (Text-figs.
1, 5). Thickness of Wolfcampian strata here is 714 feet. The Weber Canyon
section is shown graphically in text-figure 4, and relative proportions of rock
types present in the section are summarized as table 1.

Principal lithologic changes noted in going from basin to shelf areas are
absence of calcite in the matrix and cement of clastic rocks, and lack of lime-
stone in the section.

Lithology

Orthoguartzite—This is the most common rock type in the Weber section, and
typically consists of fine to very fine, and silt size, subangular to subrounded,
anhedral quartz grains and silica cement in units 58, 78, and 121. Grains
have secondary quartz overgrowths and form an interlocking meshwork in
which interstices have been filled with precipitated quartz. Porosity varies
from a trace to one percent as widely scattered, clay-lined cavities, one quarter
millimeter or less in diameter. Grain boundaries are generally smooth and
curved to slightly crenulated and embayed, and extinction is normal to mod-
erately undulatory. Traces of detrital orthoclase, microcline, and chalcedony are
present. These rocks have a sharp, intragranular fracture and would be difficult
or impossible to separate from metaquartzite in a comparison of hand samples
(PL 3, fig. 4).

Siliceous quartz sandstone—Unit 113 is composed of rocks similar to the
above, but with less complete silica cementation, and a more rough, uneven,
intergranular fracture.

Sandstone breccia—Light gray to light brown breccias made of fragments up
to 3 inches long of medium grained sandstone and orthoquartzite, in a matrix
of friable, coarse, angular quartz sand compose units 27 and 54. These are
the result of local faulting of rocks which, judging from the common associa-
tion of orthoquartzites with cataclastites, apparently have a low limit of plastic
deformation.

Sss Light gray brown, weathers light gray, fine grained,
non=-calcareous, pure gquartz sand, friable to partially
silica cemented; trace of hematite stain,

lsgo 74 raat

slightly quartzitic and limonitic.

Orthog: Light gray, weathers light gray=brown, very fine

to silt size grains, fine laminae, trace of hematite.

Bxa: Light brown, friable, may be fault zone,

Orthog: As above, with trace of opal cement,

Orthog: Light brownish gray, weathers gray to dark gray,
fine to very fine pure quartz sand, silica cement, with
minor feldspar, chalcedony. Trace of porosity, in the
form of isolated clay lined cavities.

40

trace of silica cement, micrecline, chalcedony, clay.,
Orthog: Light gray, weathers light brown, silt size quartz
95%, orthoclase 2%, clay 3%; becomes friable at base.

o | | a0l

TEXT-FIGURE 4. Columnar section of the Wolfcampian interval, Weber Formation, as
exposed in Weber Canyon (1.4 N, R. 3 E.), Morgan County, Utah.

Ss: Light red gray, weathers gray, medium grained to silt sizs,

Ss: Light brown, weathers light gray, very fine.quartz sand,
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Amount of Exposute

Exposures at this locality are good, due to vertical strata and steep canyon
walls. Covered intervals comprise 16% of the section and occur mainly in
zones of faulting and fault breccia.

TABLE 1

Estimate of relative proportions of rock types in Wolfcampian strata in three sections in
central Utah.

HOBBLE CREEK CANYON SECTION: Cumulative Percentage
Orthoquartzite 14
Calcatebus orthoquartzite 35
Calcarenaceous orthoquartzite 30
Quartz sandstone ‘ 17
Calcareous siltstone and silty limestone 2
Limestone - all other varieties 2

100

SOUTH MOUNTAIN SECTION:

Orthoquartzite 10
Calcareous orthoquartzite 24
Calcarenaceous orthoquartzite 20
Quartz sandstone 17
Calcareous siltstone and silty limestone 5
Calcarenite ..., 5
Limestone - all other varieties 14
Breccia 4
Shale 1

100

WEBER CANYON SECTION:

Orthoquartzite . 80
Quartz sandstone 15
Sandstone breccia 5

100

Lateral Variations Within the Oquirrh Formation

There are rapid facies changes in the Oquirrh Formation, particularly in
the Wolfcampian segment, for individual strata usually die out or merge with
adjacent strata within short distances, and seldom persist as much as one-half
mile. Abrupt local changes in the character and degree of cementation were
noted; particularly near the top of South Mountain. Bedding varies from ap-
parently massive to thin and platy, with quarter-inch laminae, or to other types of
stratification, within a few yards laterally. Such changes are believed to be
due to subtle differences in cementation, or amount and composition of matrix
material. The matrix here is largely a fine carbonate silt of detrital origin.

The overall aspect of the section is generally unchanged from one can-
yon, or exposure, to the next at South Mountain, but individual lithologic units
do not persist. No definite pattern of lateral zonation could be seen in the
Oquirrh strata, and directions of facies change appear random.

Attempts at lithologic correlation have not been very successful within
the Oquirrh Formation (Wright, 1961, p. 150). Correlation is possible by
paleontological studies, and fusulinids have been used successfully by Bissell
(1936, 1959b, 1962a, 1962b), Wright (1961), and others to delineate time-
rock units.
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The lensing character of Oquirth strata is believed to be a depositional
feature, and is not the result of post-diagenetic erosion or strike-slip faulting.
Sediment may have been eroded by currents and waves prior to lithification,
and . redeposited unevenly because of intermittent and irregular subsidence
within the basin.

Quartz Types

Quartz grains in the Oquirrh Formation were studied in an attempt to de-
termine a history of the sediment. Common occurrence of detrital chalcedony
grains, general deficiency of heavy minerals, presence of quartzite and sand-
stone rock fragments, scarcity of inclusions in the quartz grains, and lack of
euhedral crystal faces on quartz grains all indicate that these quartz sands are
at least second cycle sediments derived from pre-existing sedimentary rocks.

Quartz grains in the Oquirth Formation in the Stansbury Range west of
South Mountain, are described by Wright (1961, p. 164) as consisting of two
distinct types. These are, (1) angular to sub-angular, silt size to fine grained
quartz with normal extinction, and (2) sub-rounded to rounded, medum to
coarse grained quartz with undulatory extinction. Both of these types were
noted during the present study, in varying amounts, along with several other
types. The grains, are mainly silt size to fine grained sand, with rough, em-
bayed, or crenulated borders, moderate undulatory extinction, and whose orig-
inal grain shape is commonly hidden by secondary quartz.

Criteria suggested by Krynine (1946, p. 40) were applied in the identifi-
‘cation of quartz types. The most common type is of sedimentary origin or was
derived from sedimentary rocks, identified mainly on the presence of rounded,
abraded secondary quartz overgrowths, carbonate inclusions, and dust inclusions
which outline the shape of original quartz grains. Plutonic igneous quartz,
vein quartz, and pressure type metamorphic quartz are also present. Approximate
composition of the quartz sand in the Oquirth Formation orthoquartzites is
as follows:

Sedimentary oo
Plutonic IZNEOUS ...oceroiiiiimereeemecemeinresnnn e
Vein Quattz ..oocoooeemmeo.
Pressure Type Metamorphic

Weathering Characteristics

Surface alteration of calcareous and calcarenaceous orthoquartzites in the
temperate, semi-arid climate of the eastern Great Basin commonly produces a
concentric series of zones or rinds which are readily seen on broken rock sur-
faces. The outer zone is generally a brown or dark brown, porous, friable
quartz sandstone from which calcite has been leached, and clay and iron oxide
content increased to about five percent. In some cases, particularly those rocks
with a lower original calcite content such as unit 134 at South Mountain, the
outer surface of this zone will be casehardened, with a thin veneer of smooth,
dense silica. Contact of the weathered and unweathered zones is fairly sharp
and represents the maximum depth of effective water penetration. Weathered
zones range from one-eighth inch to several inches thick, but are usually less
than two inches deep. Nature of the weathered surface is a function of lithology,
climate, drainage, and length of time that the rock has been exposed.

Zonation is strongest in samples from Hobble Creek Canyon, which is
likely due to increased precipitation and heavier vegetation at this locality, but
which may also reflect subtle lithologic differences.



72 RICHARD B. WELLS

Porosity of weathered zones may be as much as twenty percent or more,
sufficient to permit migration of fluids, were this zone encountered in the
subsurface.

Cementation

Cement most commonly found in sandstone is silica and carbonate. Suf-
ficient cementation of pure quartz sandstones by silica under normal sedi-
mentary conditions produces an orthoquartzite. Cementation occurs by addi-
tion of silica to the environment, by pressure solution of the quartz grains, or
by a combination of these processes.

Addition of silica to a sand under conditions of low pressure gives rise
to euhedral overgrowths on the quartz grains, usually in optical continuity with
the original grain. Euhedral faces are likely to develop if the sand is porous
and loosely packed, and if the grains do not interpenetrate each other. Silica
may originate as a product of mineral alteration, such as alteration of mont-
morillonite to illite in interbedded clays (Towe, 1962, p. 26), or by replacement
of quartz or chert by carbonate, or from connate water or ground water.

Pressure solution phenomena develop because increased pressure on a solid
reduces the melting point of that solid for any given set of chemical con-
ditions. Quartz dissolves at the points of highest pressure, especially in zones
of high pH, and is precipitated at points of lower pressure and low pH.
Presence of interstitial clays and water is important. The clay contributes po-
tassium ions, which are replaced by calcium and magnesium ions through base
exchange, and K,CO, forms, which raises the pH in clay-rich zones. The
water aids in silica solution, and acts as a vehicle for migration of the dissolved
silica’ (Thomson, 1959, p. 106). Compaction thus proceeds, and grains be-
come tightly packed and usually interpenetrating.

Cementation of the orthoquartzites in the Oquirrth Formation at South
Mountain and at Hobble Creek Canyon is apparently the result of combined
pressute solution and addition of new silica. The majority of orthoquartzite
thin sections examined shows quartz grains welded together both by inter-
penetration and by deposition of secondary silica in pore spaces as rims or
overgrowth on original quartz grains. Grain contacts are, in the absence of
carbonate, sinuous, curved, and sutured. In calcareous and calcarenaceous
orthoquartzites the effect of calcite has been development of rough, etched
grain borders. However, intergrown quartz grains still predominate.

The Weber Formation thin sections also show both pressure solution and
secondary overgrowths, although euhedral overgrowths are rare. Grain boun-
daries are embayed and crenulated to the extent that original grain shapes are
obscured.

Implications are that there was a plethora of silica in the Oquirrh Basin
during deposition of the Oquirth Formation or shortly thereafter, and that
strong tectonic forces were active in the area. Furthermore, the abundance of
silica makes it unlikely that zones of good porosity would be encountered in
Wolfcampian strata of the formation in the subsurface.

TECTONIC SETTING
Excellent summaries of the tectonic history of central Utah during late
Paleozoic time are given in reports by Bissell (1952, 1962a) and Wright
(1961). It is felt that a brief resumé of the ideas of these and other authors
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is appropriate to a discussion of orthoquartzite of the Oquirth Formation so
that these rocks may be considered in their proper geological context.

Regional Sketch

The area occupied by the Oquirth Basin was part of the Cordilleran
Geosyncline during Early Paleozoic time. From the Devonian until the end
of the Paleozoic, the older orthogeosyncline was divided by a geanticline which
arose in western and central Nevada and which effectively separated the
western eugeosyncline from the eastern miogeosyncline (Nolan, 1943; Bissell,
1952, p. 625). The approximate western limit of the late Paleozoic miogeo-
syncline is termed the Manhattan Line, and bisects the state of Nevada in a
nearly north-south direction along the Antler-Sonoma orogenic belt (Bissell,
1960, p. 1425). The eastern limit, a line of flexure called the Wasatch Line
(Kay, 1951, p. 14), follows approximately the eastern edge of the Great Basin
geomorphic province. The Wasatch Line separated the miogeosyncline from
the stable shelf and cratonic areas to the east. This hinge line is a narrow zone
of rapid change in sedimentary thickness and lithology, and it is across this
line that the Oquirrh and Weber formations interfinger (Text-fig. 5). It is
immediately west of the Wasatch Line, in the eastern part of the miogeo-
syncline, that the thickest known section of Pennsylvanian and Permian rocks
found anywhere in the United States, with the possible exception of the
QOuachita Mountain region of Oklahoma and Arkansas, accumulated (Nolan,
1943; Bissell, 1962b). End of the miogeosyncline came toward the close of
the Permian period. No Late Permian rocks are known in the area, and Tri-
assic strata were deposited unconformably on the Permian rocks.

Depositional Environment

The overall depositional pattern in the Oquirth Basin was one of clastic
sedimentation, including both quartz and calcite sand and silt, with inter-
mittent shorter periods of limestone deposition. Lithologic variability, abrupt
changes in thickness of individual units, and abundance of clastic materials
indicate that Pennsylvanian and Early Permian was a time of general instabil-
ity. Subsidence was continuous but uneven, with considerable local adjustment.
It is possible that littoral and lagoonal sediments were deposited at various
places within the basin, but, if so, much of the sequence was destroyed by
erosion. That erosion occurred at various times is suggested by numerous
small unconformities and diastemic breaks observed at South Mountain and
in Hobble Creek Canyon.

Environments ranged from infraneritic to epineritic and epineritic bio-
stromal, with water depth variable but probably never more than a few hun-
dred feet (Bissell, 1952, p. 585). Sediments are in general fairly well sorted
and rounded, which, coupled with a deficiency in clay size material, indicates
long periods of washing and, indirectly, transportation over long distances.
Current ripple marks and small scale cross bedding are commonly apparent on
weathered surfaces, but silica cementation tends to obscute these and other
primary structures. Areas of thickest accumulation of sediment varied from
epoch to epoch, as shown on isopach maps published by Bissell (1962a).

Precipitation of silica cement in an environment where carbonate sedi-
ments are forming requires rather precise geochemical conditions. According
to Krauskopf (1959, p. 10) silica does not precipitate above a pH of 8.8. Calcite
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does not precipitate appreciably below a pH of 8.0 (Krumbein and Garrels,
1952, p. 26). The oxidation potential (E,) may be either positive or nega-
tive, and is apparently not a controlling factor.

Paleogeogtraphy

Borderland areas adjacent to the Oquirth Basin during the Pennsylvanian
and Early Permian include the Weber Shelf to the northeast, the Northeast
Nevada Highland to the northwest, the Western Utah Highland to the west
and southwest, the Callville-Hermosa Platform to the south, and the Emery
Uplift to the southeast. These positive areas were bredched at various places
by inlets or accessways which permitted contact with open ocean waters, and
through which considerable amounts of sediment may have been transported
to the basin. .

During Medial and Late Wolfcampian time there was a pronounced de-
crease in size of the Oquirth Basin, probably due to an interruption of the
relatively rapid rate of subsidence experienced eatlier. Eolian sediments of
the Diamond Creek and upper Weber Formation covered the Weber Shelf,
and the littoral and epineritic Kirkman Limestone was deposited over the
Oquirrh sediments (Bissell, 1962a, p. 46).

Paleontologic Evidence

Limestone units of the Oquirrh Formation contain 2 varied fauna, princi-
pally fusulinids, crinoids, bryozoans, brachiopods, corals, and various forms of
algae. Of these, the most widely distributed, both arealy and stratigraphically
are the fusulinids.

Fusulinids are predominantly benthonic calcareous foraminifera which
apparently were tolerant of a wide range of environmental conditions. Rock
types in which they generally are found include a wide variety of limestones,
sandy limestones, and calcareous shale and siltstone (Slade, 1961, p. 90; Weller,
1957, p. 353). Normally fusulinids thrived in fairly quiet marine waters at
depths considered to range from one to thirty fathoms (Dunbat, 1957, p. 753;
Tasch, 1957, p. 396). Variation in fusulinid lithotopes, and their common
occurrence in layers which are barren of other organisms indicates that they
were tolerant of greater ecological extremes.

Occasional local abundance of corals, crinoids, algae, brachiopods, and
bryozoans indicates that at times the water was shallow enough to permit pene-
tration of sunlight, sufficiently agitated to provide sufficient oxygen and nu-
trients, and also clear enough to permit these forms to flourish. A picture of
shifting environments, oscillating between littoral, epineritic, and infraneritic
conditions, with generally moderate to strong bottom currents and abundant
clastic sediment supply, with continuous subsidence is compatible with paleon-
tological evidence.

Rate of Sedimentation

The unusual thickness of the Oquirth Formation has prompted the writer
to investigate the rate of sedimentation for the unit, and to compare this with
calculated rates of other Late Paleozoic accumulations. A thickness of 16,000
feet of Pennsylvanian age sediments was used in the calculations, which in-
cludes 15,000 feet of Oquirrh Formation and 1,000 feet of Pennsylvanian age
Manning Canyon Formation. The Pennsylvanian period, according to Kulp
(1959, p. 1634) lasted 55 million years. The calculated average rate of Oquirrh
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sedimentation is 290 feet per million years, or 3435 years per foot of sedimen-
tary rock (Table 2).

This rate is somewhat greater than the maximum miogeosynclinal rate
given by Kay (1951), but less than the maximum rate cited for intracratonal
geosynclines. Apparently the Oquirrh Basin was more active than most mio-
geosynclinal basins, and more similar to intracratonal basins in its tectonic be-
havior.

TABLE 2
Calculated rates of deposition of sedimentary rocks in geosynclines.

Feet per Years per
million years: foot: Reference:

Maximum for Late Paleozoic 692 1445 Pettijohn,

1957, p. 688
Maximum for miogeosynclines 202 4950 Kay, 1951,

p. 96
Average maximum for North
American intracratonic geosynclines 317 3155 Kay, 1951,

p. 95
Oquirrh Basin 290 3435 This report

COMPARISON WITH QUARTZITES FROM OTHER FORMATIONS

As far as could be determined by the writer, the variety of calcarenaceous
orthoquartzite predominating in the ‘Oquirth Formation has not been found
elsewhere. A “comprehensive review of the standard texts on sedimentary
petrology (Dunbar and Rodgers, 1958; Pettijohn, 1949 and 1957; Krumbein
and Sloss, 1951; Williams, Turner, and. Gilbert, 1954; Carozzi, 1960; Barth,
1960) and of the periodical literature failed to produce any reference to other
rocks of similar lithology.

To provide a basis for comparison of the orthoquartzites in the Ogquirrh
Formation, and also to see whether a random sampling of other quartzites would
turn up rocks of similar lithology, quartzites from a number of other forma-
tions were investigated. Approximately 35 formations from different areas
and several systems were considered, and from these about two dozen thin
sections were prepared. Study of these rocks failed to reveal any other examples
of calcarenaceous orthoquartzite. Similarities in texture, nature of the quartz
grains, and in the type of cement were noted, but the combination of fine
and very fine quartz sand, carbonate silt, and silica cement was not found.

Observations on Quartzites in General

As a result of the study of the thin sections from the Oquirrh, Weber,
and other formations, some additional observations were made which seem
to indicate characteristic aspects of quartzite lithology. Certain petrographic
properties observed in most or all of the quartzites examined are listed below.

Petrographic Characteristics

Nature of the Cement.—Cementation in orthoquartzite is mainly a combin-
ation of pressure solution of detrital quartz grains and addition of new silica,
but occasionally examples may be found where these processes have occurred
separately.
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High Quartz Content—The detrital fraction of more than 95% of the thin
sections analyzed contained at least 95% quartz, including detrital chert grains
and quartzose rock fragments. More than 91% contained 99% quartz.

Light Color—More than 75% of the samples examined were, megascopically,
light shades of gray, brown, pink, etc., and none of the thin sections were
measurably colored.

Lack of Porosity—There is a complete lack of effective porosity in orthoquart-
zites. More than 90% of the samples studied had less than 1% isolated pore
spaces, and none had as much as 5%.

Idiomorphism.—Detrital quartz in the orthoquartzites examined consisted of
essentially all anhedral grains. Occasionally grains of subhedral vein quartz
are found, and in some cases crystal faces may develop on secondary quartz
which formed in veins or cavities in an orthoquartzite after diagenesis.

Dissimilarities
Some properties of the examined orthoquartzites are consistently variable,

such as grain size, sorting, roundness of grains, nature of grain boundaries,
inter-grain relationships, and inclusions present in the quartz grains.

Orthoquartzite versus Metaquartzite
Differentiation of orthoquartzite from metaquartzite has traditionally
depended upon a study of field relationships of the rocks involved, or the
identification of characteristic metamorphic minerals which might be present
in any given sample. Although no new infallible rules for separating ortho-
quartzite from metaquartzite can be established from this study, certain indic-
ative criteria are suggested. These include the following:

Orthoquartzite Criteria

Foliation—Non-foliated; bedding and cross bedding may or may not be
" present.

Grain shape—Detrital grain outlines may be visible enclosed in secondary
silica; may have any degree of rounding.

Grain packing—Grains may be tightly packed and intergrown, or, loosely packed
with a fair amount of minus cement porosity.

Extinction—Most quartz grains show moderate strain shadows, some have
pormal extinction.

Deformation.—TFractures commonly seen in thin section, cutting across grains
and cement.

Faunal evidence—May contain unaltered plant or animal fossils.

Metaquartzite Criteria

Foliation—Will show a parallel or sub-parallel orientation of new minerals,
such as micas, provided the materials are available for development of these
minerals. :
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Grain shape—Original grain shape obscured by recrystallization; absence of
dust rims.

Grain packing—Grains are tightly packed, intergrown and interlocking, with
crenulated or sutured grain contacts.

Extinction—Highly undulatory with strong strain shadows.

Deformation.—May be evidence of shearing in crushed, strung out, and re-
crystallized grains.

Faunal evidence—Preservation of fossils unlikely.

Since processes of metamorphism are gradational with those of diagenesis,
no sharp line can be drawn between orthoquartzite and metaquartzite. Some
of the criteria listed above under metaquartzite may develop to some degreé
during diagenesis and be found in orthoquartzite,

SUMMARY STATEMENT

Calcarenaceous orthoquartzite in the Ogquirth Formation is a lithology
unique, or at least uncommon in American stratigraphy. Reasons for develop-
ment of this anomalous lithology are obscure, but certain clues may be gained
from a study of the sediments, their sources, and their environments of de-
position. Calcareous sediment in the calcarenaceous orthoquartzite is probably
derived from within the basin. The quartz sand is probably a mixture of ma-
terials derived from the various high?ands adjacent to the Oquirrh Basin and
contributed from outside the basin. Much of this is second cycle sediment.
A possible source of the chemically precipitated silica is the volcanic area in
the Cordilleran eugeosyncline to the west. Conditions which prevailed within
the basin permitted chemical precipitation of both calcite and silica. These
conditions persisted throughout most of Pennsylvanian and Wolfcampian time,
while sufficient subsidence was taking place so that nearly five miles of sed-
iment accumulated (Bissell, 1962b, p. 1106).

CONCLUSIONS

1. The Oquirth Formation constitutes an unusual suite of sedimentary rocks
which reflect conditions of tectonics and sediment supply which are perhaps
unique in geologic history. The Oquirrh Formation is unique in its great .
thickness, in the lack of shale or claystone, and in the abundance of cal-
carenaceous orthoquartzite.

5. Shallow water marine conditions prevailed in the Oquirth Basin during
Pennsylvanian and Early Permian times in conjunction with tectohic con-
ditions of irregular instability and deep subsidence.

3. Sediment of the Oquirth Formation was derived from various adjacent land
masses, from local positive areas within the Oquirth Basin, and perhaps
also contributed from beyond the basin through peripheral accessways. This
material was subjected to effective sorting and cleaning by wave and cur-
rent action.

4. Orthoquartzite and calcarenaceous orthoquartzite of the Oquirth Forma-
tion are rock types which do not fit neatly into the present system of sed-
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imentary rock nomenclature; therefore caution should be exercised when
describing these rocks or when studying published descriptions of Oquirrh
strata.

5. Classification of lithoclastic sedimentary rocks-is in need of revision and
standardization, and those who are active in the revision should be aware
of rock types such as are herein described.

6. The term orthoquartzite is a useful one which describes an important group
of sedimentary rocks. It should be applied discreetly, however, with due
regard to its original meaning and traditional usage.
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EXPLANATION OF PLATE 1

PHOTOMICROGRAPHS OF TYPICAL OQUIRRH FORMATION ROCKS FROM"~
SOUTH MOUNTAIN.

Fic. 1. Calcarenite. Consists of skeletal material and detrital carbonate grains in micrite.
Unit 1, plain light, 24x.

Fie. 2. Quartz sandstone. Predominantly very fine quartz sand with a small amount of

- silica cement. A microcline grain is in lower center. Unit 91, crossed nicols, 24x.

Fi1. 3. Siliceous quartz sandstone. The original grain shape is obscured by contiguous
quartz cement. Unit 121, crossed nicols, 24x. .

Fi. 4. Calcareous quartz sandstone. Matrix material is calcite silt; both calcite and
quartz cement are present. A calcite vein occurs near center. Unit 82, crossed
nicols, 24x.

Fie. 5. Calcareous quartz siltstone. Clastic material is mainly quartz silt, with some
calcite, in a mixture of micrite, clay, and authigenic silica. Unit 87, crossed nicols,
24x.

Fie. 6. Calcareous orthoquartzite. Edges of some quartz grains have been etched by
calcite, giving them a ragged appearance. Unit 131, crossed nicols, 24x.

EXPLANATION OF PLATE 2

PHOTOMICROGRAPHS OF TYPICAL OQUIRRH FORMATION ORTHOQUARTZ-
ITES FROM SOUTH MOUNTAIN

Fies. 1, 2, 3. Orthoquartzite, 1, Shows silica cementation and isolated, clay filled pore
spaces. Unit 108, plain light, 24x; 2, same as 1, crossed nicols, Note optical
continuity of quartz cement with original quartz grains. 24x; 3, an enlargement of
2, showing detail of grain-cement relationships. Original grain shapes can some-
times be seen as a line of dust or clay inclusions within the secondary silica. Crossed
nicols, 24x.

Fic. 4. Orthoquartzite, Cement is mainly quartz, with chalcedony. Cementation has ob-
scured original grain shape and produced the interlocking texture typical of quart-

" zites in general. Unit 110, crossed nicols, 24x.

Fies. 5, 6. Calcarenaceous orthoquartzite; 5. A mixture of quartz sand, calcite sand and
silt, bonded by silica cement. Unit 50, crossed nicols, 24x; 6. Same as 5, plain
light. Medium-gray material is calcite sand. 24x.

EXPLANATION OF PLATE 3

PHOTOMICROGRAPHS OF ORTHOQUARTZITES FROM THE OQUIRRH
FORMATION AT SOUTH MOUNTAIN AND HOBBLE CREEK CANYON,
AND FROM THE WEBER FORMATION IN WEBER CANYON.

Fie. 1. Calcareous orthoquartzite from South Mountain. Note optical continuity of

: some intergrown quartz grains and abundance of carbonate silt. Acid solution
indicates a carbonate content of 299%. Unit 3, crossed nicols. 24x.

FiG. 2. Orthoquartzite from South Mountain. Secondary quartz has overgrown large
grain to the right of center, delineated by enclosed dust rim. Unit 134, crossed
nicols, 24x.

Fic. 3. Calcarenaceous orthoquartzite from South Mountain. Calcite sand grains appear
as medium-gray, granular grains in upper right and lower left, with silica cement.
Unit 35, crossed nicols, 24x.

Fic. 4. Orthoquartzite, Weber Canyon section, unit 78. Abundance of silica cement,
high degree of sorting, and complete absence of carbonate are typical. Crossed
nicols, 24x.

Fies. 5, 6. Calcarenaceous orthoquartzite from Hobble Creek Canyon section, unit 101.
Large, well rounded grains in upper center ate carbonate, plain light, 32x; 6. Same
as 5, crossed nicols. Both sand and silt size carbonate material are present. 32x.
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EXPLANATION OF PLATE 1
MANNING CANYON SHALE OUTCROPS IN SOLDIER CANYON

Fig. 1. Spur where detailed section was measured, seen from the east: 1, “medial
limestone”; 2, quartzite of lower cyclothem unit 66; 3, quartzite of upper cy-
clothem, unit 130; 4, limestone of upper partial cycle, unit 189,

Fi6. 2. Trenched exposures of lower part of lower cyclothem: 1, quartzite; 2, sandy
shale; 3, underclay; 4, coal; 5, roof shale,

EXPLANATION OF PLATE 2
MANNING CANYON SHALE OQOUTCROPS IN SOLDIER CANYON
Fie. 1. Unchanneled basal contact of quartzite of upper cyclothem, unit 130, on mea-
sured spur. Hammer is fifteen inches long.
Fie. 2. Trenched exposures of lower part of the upper cyclothem, detailed section:
1, basal quartzite; 2, sandy shale; 3, underclay; 4, coal; 5, roof shale; 6, limestone.

Hammer is fifteen inches long.

Fie. 3. Characteristic outcrops of cyclothems on the spur west of detailed section
(locality 2, Text-fig, 1): 1, lower quartzite; 2, middle quartzite,

Fic. 4. Part of the Jenny section as exposed in a road cut above the prospect (locality
1, Textfig. 1): 1, lower coal; 2, upper coal.

EXPLANATION OF PLATE 3

PHOTOMICROGRAPHS.
All x 10, plain light
Fie. 1. Quartzite of lower cyclothem, unit 66.
Fie. 2. Nodular roof shale of lower cyclothem,” unit 70, with ostracodes and pelecypods.
Fie. 3. Limestone of upper cyclothem, unit 137, gastropods and ostracodes.

Fi. 4. Marine limestone of limestone-shale sequence, top of ‘“‘medial limestone”,
unit 22, pelecypods and crinoids.
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ABSTRACT.—Late Mississippian coal cyclothems occur within the Manning Canyon Shale
in- Soldier Canyon, five miles southeast of Stockton, Tooele County, Utah. The cyclo-
thems are Chesteran and Springeran age and exhibit typical lithology—quartzites, under-
clays, coal, roof shales, and limestones.

A stratigraphic section of the middle third of the formation was measured in detail
by shallow trenching, and totaled 285 feet. Within this intérval exist a lower marine
limestone-shale sequence, a lower coal cyclothem, an upper coal cyclothem and an upper
partial cycle. The cyclothems are highly asymmetrical with marine strata dominating. Seas,
during deposition of the cyclothems, were generally transgressive with alternating short
regressive stages. The two cyclothems exhibit characters which ‘compare favorably with
mid-continent cyclothems and probably reflect similar enviropments.

The lower cyclothem is 63 feet thick, 60 feet of which is matine, and is a simplified
sequence consisting of 4 resistant basal quartzite, thin sandy shale and underclay, coal
and roof shale. The coal is lenticular, highly weathered lignite, varying from one to two
inches thick.

The upper cyclothem is more complete but thinnef, 26 feet thick, of which 15 feet
is marine; it confains seven of the possible ten members found in the standard idealized
mid-continent cyclothem. The same five units of the lower cyclothem are present with
an overlying black, fossiliferous limestone and upper shale sequence. The coal is lenti-
cular, brown, banded lignite, varying up to five inches. Gypsum is associated with the
coal and the overlying 13 inches of roof shale:

The upper partial cycle consists of a four-foot resistant quartzite and ovetlying black
shales. A thin sandy shale is present immediately above the quartzite, but clay and coal
are not present. Abrupt subsidence probably eliminated the environments necessary for
the development of underclay and coal.

Cyclothems reflect instability with prolonged marine transgressive and alternating
brief regressive nonmarine cycles.
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INTRODUCTION

The Manning Canyon Shale in Soldier Canyon contains a wide variety of
sediments, part of which are deposited in typical mid-continent-type coal cy-
clothems. Cyclothem, as used here, denotes cyclical sedimentation typical of coal
measures containing sandstone or quartzite, underclay, coal, roof shale, and lime-
stone. No previous coal cyclothems have been reported in central Utah. Two coal
beds are present and with their associated sediments compose two cyclothems, A
pattial third cycle is also present in Soldier Canyon. The presence of these cycles
and their similarities with mid-continent types suggests certain paleoenvironments.

The purpose is to describe the cyclothems in detail, discussing their physical
character, thickness, fossils, and to reconstruct the sedimentary environments.
Since the formation is well exposed at only one location, long distance cor-
relation is difficult if not impossible. The study, therefore, was mainly limited
to one detailed section with generalized correlations in adjacent areas.

Location and Setting

Soldier Canyon is in the west central Oquirrh Mountains of central Utah, ap-
proximately five miles southeast of Stockton, Tooele County, Utah (Text-fig. 1)
and is readily accessible by graded road. Soldier Canyon has been cut perpendi-
cular to the axis of the north plunging nose of the Ophir anticline; Soldier Creek

,))%é v
N ey

Oquirrh Mountains

Sy

TEXT-FIGURE l~=Index and locality map: 1, Jenny section; 2, middle spur; 3, detailed
measured section,




MANNING CANYON CYCLOTHEMS 85

drains westward into Rush Valley. The canyon is underlain by Manning Canyon
Shale except near the mouth where the formation is exposed on the north wall.
The measured section is on the north side of the canyon, three spurs east of the
Jenny (Marjorie) prospect and mine dump, one-half mile above the canyon
mouth, in the SE}, NEZ, Sec. 33, T. 4S., R.4W., Salt Lake Base and Meridian
(Text-fig. 1). An additional partial section was measured due north of the
Jenny mine dump in a road cut. (PL 1, fig.1; PL. 2, fig. 4).

Previous Work

The Manning Canyon Shale crops out widely throughout central Utah.
Gilluly (1932, p.31) named the formation from exposures in Manning Canyon,
southeast of Soldier Canyon. He stated, ““The section measured in Soldier Canyon
is believed to represent the formation better than any of the others™.

Sadlick (1955) measured 2 section in Soldier Canyon and stated that the
Mississippian-Pennsylvanian boundary could not be precisely located.

Moyle (1958) measured a complete section, 1559 feet, in Soldier Canyon,
in addition to studying nine other Manning Canyon sections in central Utah.
His work is the most extensive and complete to date. The present study is on
the same Soldier Canyon section, investigating iri greater detail 285 feet of the
middle part of the formation.

Others who have studied or measured the formation elsewhere include:
Nolan (1935) in the Gold Hill district, Utah; Bissell and Hansen (1935)
discussed the Mississippian-Pennsylvanian boundary within the formation, and
Robertson (1940) discussed the selenium content of the shales. Baker (1947)
measured the unit in the Provo Canyon region, and Bullock (1951) in the Peli-
can Hills and Lake Mountain. Hebertson (1950) was concerned with the origin
and composition of the formation, and Calderwood (1951) measured a section in
‘the Cedar Valley Hills. McFarland (1955) measured a complete section in West
Canyon of the Oquirrh Mountains, and Croft (1956) studied the formation
in the Onaqui Mountains. Pitcher (1959) reported an incomplete section in
the Traverse Mountains, and Young (1955) mapped an incomplete section in
the Lakeside Mountains. Ornelas (1953) and Hyatt (1956) studied the clays
of the formation. Rigby (personal communication) and students discovered one
coal bed in Soldier Canyon in 1960, and Tidwell (1962) discussed the flora
of the Lake Mountain area.

Field Work

Field work commenced in October 1962 and continued through the Spring
of 1963 and consisted of measuring and sampling, in detail,  stratigraphic sec-
tion with a six-foot steel tape and Brunton compass. Shallow trenching was
necessary through approximately two-thirds of the section to insure accurate
samples and measurements. Much of the shale shown in text-figure 2 required
trenching.

Laboratory Work

Thin sections of quartzites, limestones, nodular siltstones, and shales were
prepared and examined. Shales required the use of epoxy resin as 2 bonding cem-
ent. Differential thermal analyses were made on underclays, coals, and shales
for determination of mineral content and correlation. Insoluble residues were
prepared with HCI, washed, dried and weighed to determine insoluble fractions.
and thea studied. Fossils were prepared and identified using standard techniques.
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TEXT-FIGURE 2.~—Cross-section of measured spur.
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STRATIGRAPHY

The Manning Canyon Shale is considered latest Mississippian, Chesteran
and Springeran. The boundary between the series in Soldier Canyon is not sharp,
but is often placed at the top of a persistent marine limestone known as the
“medial limestone.” The top of this limestone is 484 feet above the base of
the formation as measured by Moyle (1958), and it marks the final open normal
marine environment of deposition in the formation. The cyclothems studied
are stratigraphically above the “medial limestone™ unit.

In Soldier Canyon the total Manning Canyon Shale measures 1559 feet
(Moyle, 1958, p.8); part of the middle third of the formation is the object of
this study.

A detailed section totaling 285 feet was measured beginning
below the base of the “medial limestone” and extending up section to a promin-
ent, dense, unfossiliferous limestone, on the north slopes of Soldier Canyon,
(Text-fig. 3). The section consists of four main gross subdivisions, and 189
units. The four subdivisions include a lower marine limestone-shale sequence-
100 feet thick, a lower coal cyclothem-63 feet thick, an upper coal cyclothem-26
feet thick, and an upper partial cycle-96 feet thick. (Appendix A, measured
section).

Lower marine limestone-shale sequence—The measured section begins ten feet
below the “medial limestone” ledge in a series of alternating shale and lime-
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TEXT-FIGURE 3.—Measured stratigraphic section of the middle third of the Manning
Canyon Shale, Soldier Canyon, Utah. Vertical scale: one inch equals fifteen feet.

- Ls, red-purple, skeletal, hash, one inch bed.

Sh, light gray to green, orange mottling, cal-
careous, clayey, thin laminae to 1/2'" platy beds,
weak, few low outcrops, nodular undulating bed-
ding at top, unfossiliferous.

Ls, orange-brown, laminated, shaly.

‘Sh, medium gray to dark green, non-calcareous
atbase, becomes lighter gray, calcareous,
clayey, and waxy toward top; Limestone in -
center, brown, shaly with shell fragments.

Ls, brown, thinbedded, fossilsatbase and top
Composita, Spirifer, bryozoans, and crinoids.

Siltst, brown, calcareous, with some shaly lime-
stone, orange and black laminated, Spirifer at top.
Sh, withthin limestone at base; sh, mediumigray
to black, laminae, non-calcareous, unfossilifer-~
ous;limestone is thin, brown, shaly, crystalline.

Sh,dark gray to black, paper thinto laminated,
2" calcite bed two feet above base overlain by

12 feet of black non-calcareous shale with
spheroidalnodular concretions, somewhat silty,
weak élope formevr, interval unfossiliferous.

Ls,'medial limestone'/ medium gray, medium
to thick bedded;massive ledge,calcite veinlets,
contains brachiopods,crinoids,encrusting and
fenestellid bryozoans,solitary corals 3' below
top, whichis capped by brown 3" limestone.

Ls,""medial limestone'l medium gray, thin to
medium bedded ledge, irregular bedding with
shale partings, radiating calcite crystals unit
18, contains brachiopods, pelecypods, cri-
noids, and solitary corals at top.

Ls, and sh, alternating thin bedded limestone
and weak thin laminated shale;ls, light to
medium gray, abundantly fossiliferous:brach-
iopods, Spirifer, Composita, Marginifera,
pelecypods, Pinna, bryozoans, Polypora, Fen-
estrellina, ATchimedes, crinoids, occasional

trilobites and solitary corals.
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(TEXT-FIG. 3, CONT.)

Sh, brown, fissle to earthy andgypsiferous,
poorly exposed, becomes silty and calcareous
toward top.

Sh, and siltstone; Shale varies from dark gray
to light gray and from slightly calcareous at the
base to non-calcareous towardthe top. Pele-
cypods, Yoldia? are present near base on
weathered surfaces. Siltincreasestoward the
top. The siltstones are rather barrenoffossils.
A thin, brown, shaly limestone is at the base,
with pelecypod fragments.

Sh, medium gray to green, non-calcareous,
nodular, becomes silty, Yoldia on weathered
surfaces, very irregular bedding..

Sh, dark gray to green, slightly calcareous,
thin and platy, nodular irregular bedding,
posgsible pelecypod impressions, Yoldia?

L brownfine grained,abundant pelecypods.
Sh, medium gray to green, non-calcareous,
very fissle at base becoming thin platy toward

top; Siltstone at base, orange and black
mottled, slightly calcareous, nodules are not’
calcareous, no definite fossils in this interval

Sh, with ls; Shale is green to black,

non-calcareous, very fissle to platy,

contains occasional nodules, Yoldia?

impressions, limonite replaced, near

top. Ls, at base, shaly to silty, brown,
with calcite veinlets.

Sh, black,waxy,withnods,plants,pelecypods;and
ls, sandy to silty, nautiloid, pelecypods.

Sh, roof, gray, nodular, plants, Yoldia,limonite.
Coal, lignite;and unbedded underclay, brown.
Qtzt, brown, hard, fine grained, crossbedded.
Sh, and interbedded ls, shale is dark greento
black, noncalcareous thinand fissle withnodues.
Lis, medium brown, irregular, possible fossils.
Sh and 1s, light gray to red, weak slope,
thin platy limestones to fissle pdper shales,
shales, clayey to earthy;zone unfossiliferous.
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(TEXT-FIG. 3, CONT.)

Ls, gray, dense, thin bedded,calcite veinlets.

Sh, red-brown, calcareous, clayey, mostly cov-
ered; weak slope forming zone, no fossils.

Ls, light brown, silty, thin bedded.

Sh, red-brown, calcareous, earthy at top and
base; middle 2 black,irregular,non-calcareous.

Ls, gray, very fine grained, thin bedded.

Sh, red-brown to green, mostly calcareous,
somewhat earthy and waxy, paper thin to
1/2 inchbeds,weak slope zone,poor exposures,
no fossils in this shale interval.

Ls,light brown,fine grained,calcite stringers,
thin bedded, unfossiliferous.

Sh, gray to brown at top, basal 5 feet dark
gray to black, waxy, fissle, contains nodular
concretions;some limonite concretions at
base; interval is. non-calcareous.

Sh, sandy to silty, brown, thin, platy.

Qtzt, buff, brown and orange mottled weathering,
hard, dense, fine grained, well sorted, medium
bedded, silica cemented, forms resistantledge.
Few thin beds at base.

Sh, black to medium gray, mostly non-cal-
careous, fissle to thin laminae, contains
spheroidal nodules throughout, non fossil-
iferous. Few thin silty and limy beds.

.Ls, bla.ck,dense,ostracods,gastropods underly-
ing roof shales, brown and gypsiferous.
Coal, brown,lignite,banded,with black underday.

Qtzt, buff, hard, fine grained, well sorted,

thin bedded at base becomes thick at top,
ledge, crossbedded, contains orange limonite

mottling, silica cemented.
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TEXT-FIGURE 3 (CONT.)

Ls, medium gray, dense to lithographic,
189 laminate to thin bedded, very undulatory.
Ls, medium gray, thin bedded but weathers

187 in massive ledge, dense, undulatory.

Ls, medium gray to tan, weathers light
gray to tan, fine grained, thin bedded,

186 beds vary from 12" to 4", very platy low
outcrops, no fossils,.

Sh, tan, calcareous, earthg and clayey, thin
laminae; some beds are light green and weather

185 tan.
183 Sh, red-brown, calcareous, earthy, varies
182 from soft to hard laminae; 3' above base

shale is black non-calcareous, 2' chippy

181
unit, no fossils; weak slope zone.

180

stone. The sequence below the measured interval is mostly platy limestone and
shale, thus the measured section begins in marine sediments. The basal ten feet
of the section is abundantly fossiliferous containing brachiopods: Spirifer, Com-
posita, Marginifera; pelecypods: Pinna; crinoids; bryozoans: Fenestrellina, Poly-
pora, Archimedes; and occasional trilobites and solitary corals.

The “medial limestone” is a massive, medium to thick bedded, 20-foot
resistant ledge, and is a key marker unit for lateral correlations. The lower ten
feet is very irregularly bedded, medium gray to blue-gray, light gray weathering
limestone with some interbedded shaly partings. Twelve feet above the base of
the ledge in unit 18, unusual authigenic calcite crystals occur in a dark gray lime-
stone. These crystals are randomly oriented and radiating; they weather-out in
petal-like shapes. The upper ten feet of the “medial limestone is more massive
and thicker bedded.

Fossils occur throughout the limestone but are not as abundant as in the
beds below. Brachiopods, pelecypods, crinoids, bryozoans, and solitary corals
are represented (Pl 3, fig. 4). Solitary corals appear in a band three feet below
the top, which is capped by a three-inch brown limestone.

Overlying the “medial limestone” is a slope-forming shale series approxi-
mately 68 feet thick. The immediately overlying 14 feet is black fissile shale,
which is non-calcareous, unfossiliferous, and highly carbonaceous. Nodular silt-
stone concretions occur throughout this and most other shale units and are
typically very lenticular, dense, black, non-calcareous, and generally unfossilifer-
ous. These nodules are similar to the ironstone concretions of the mid-continent
shales. The black shale grades upward into gray, calcareous shale with a few
interbedded thin limestones.

Three interbedded limestone units in this shale sequence deserve mention
because of their fossil content. Unit 37, 60.5 feet above the base of the section,
is a nine-inch, finely crystalline, brown limestone containing abundant § pirifer
and Composita, and broken pelecypod fragments. Unit 39, located eight inches
above unit 37, is a two foot, thin bedded limestone with brachiopods, bryozoans,
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and crinoid debris. Unit 51, 89.3 feet in the measured sectioq, is a one-inch
skeletal limestone consisting of brachiopod and pelecypod hash. It is a reddish-
purple bed as is the overlying 15 inches of calcareous shale. These three units
are the only fossiliferous units in the shale sequence.

Lower coal cyclothems.—The lower cyclothem is 63 feet thick and is partially
developed, containing only five members. The standard fully developed cy-
clothem of the mid-continent contains ten members (Text-fig. 4). Very few
cyclothems, however, are fully developed and Weller (1957, p. 330) lists the
five members generally present in a simplified sequence as follows: basal sand-
stone, underclay, coal, limestone, and shale. The lower five standard members
are non-marine deposits, while the upper five are considered to be marine; thus
the cyclothem is divided into two hemicyclothems. In the Illinois region the two
hemicyclothems are about equal whereas to the east in the Appalachian area non-
marine strata dominate. In Soldier Canyon the marine sequence predominates
in both cyclothems.

The lower cyclothem consists of a basal quartzite, 18 inches thick, a thin
two-inch sandy shale, an eight-inch underclay, a one to two-inch weathered coal
seam, and two feet of roof shale which grades upward through a few limestone
beds into a thick overlying shale sequence.

The basal quartzite is a fine grained, well sorted, light gray to buff, brown-
weathering resistant ledge former which is somewhat crossbedded near the base.
This unit is a protoquartzite, containing 85 percent sub-angular to sub-rounded
quartz grains, ten percent dark minerals mostly limonite, two percent ferro-
magnesium minerals, and one percent zircon and other heavy minerals (Pl. 3, fig.
1). Feldspar is noticeably absent. Cementing material is principally silica. This

uartzite varies in thickness, locally up to four feet thick in outcrops to the
west (Pl 2, fig. 3). Down slope to the east calcirudite, flat-pebble beds are
present beneath the quartzite in a thin lens.

TEXT-FIGURE 4.—A. Standard idealized mid-continent cyclothem (after Weller, 1957,
p.330). B. Generalized Soldier Canyon upper cyclothem. Basal sandstone 1, sandy
shale 2, lower limestone 3, underclay 4, coal 5, roof shale 6, middle limestone
7, middle shale 8, upper limestone 9, upper shale 10. Units 1-5 are considered
nonmarine and units 6-10 are marine.
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Sandy shale overlying the quartzite is a weak unit which probably is not exten-
sive. It grades upward into a black clay shale which in turn grades into gray to
brown earthy underclay. The underclay is about six inches thick, impure, sticky,
unbedded, and contains a few poorly preserved root markings.

Coal of the lower cyclothem is a one to two-inch lenticular lignite or sub-
lignite. The seam is highly weathered thus obscuring any structures. The coal ap-
pears to thicken to about six inches at the Jenny section one-quarter mile to the
west. These four members, the quartzite, sandy shale, underclay and coal are all
part of the fresh-water phase. The remaining fifth and possible sixth member
would represent the marine cycle.

‘Overlying roof shale is a black, thinly laminated to fissile, nodular shale.
Nodules are somewhat silty and contain pelecypod and ostracod fragments along
with macerated plant remains (Pl 3, fig. 2). Fossils are replaced by limonite
and are poorly preserved. The roof shale is 28 inches thick and is overlain by a
thin silty and sandy limestone; unit 75. ‘The sandy limestone contains nautiloids,
indicating a marine to brackish- marine environment.

Roof shale grades gradually into an upper shale sequence which is 60 feet
thick. A two-inch limestone, unit 91, occurs 35.3 feet above the base of the

uartzite, and contains broken brachiopods and pelecypods. Unit 95, 42.2 feet
above the base of the cyclothem, is a four inch siltstone bed containing Yoldia?
fragments on weathered surfaces. The fossils appear to be concentrated on the
upper and lower bedding planes.

Upper coal cyclothem —The upper cyclothem is moderately developed contain-
ing seven members. This cyclothem is only 26 feet thick, 15 feet of which is
marine. The lower four members are fresh-water deposits, consisting of eight and
one-half feet of basal quartzite, two inches of sandy to silty shale, six inches of
black shaly underclay, and four to five inches of banded coal (Pl 2, fig. 2).

The quartzite, the first non-marine deposit, is very similar to unit 66, the
basal quartzite of the lower cyclothem. It is 2 little less clean, with increased
orange limonite mottling, and is very hard, forming a resistant medium-bedded
ledge (Pl 2, fig.1). The top six inches is a friable sandstone probably a result of
recent weathering of the quartzite.

Friable sandstone grades upward into a dark gray sandy shale which is
gradational with the overlying black waxy underclay. The underclay is bedded as
shale in part, and is very high in carbonaceous as well as clay content. No
fossils or root fragments were observed in this underclay.

Coal occurs as a four-inch banded lignite to sub-bituminous bed. This
coal pinches out in the faulted upper cyclothem on the crest of the measured
spur. It reappears in the Jenny section as a lenticular seam. Underclay and the
overlying roof shale and middle limestone bed are persistent where the coal is
missing. Gypsum is associated with the coal and roof shale.

The roof shale is interbedded brown, earthy, and gypsiferous shale and
thin shaly limestones totaling 13 inches. Roof shale thickness is variable, where
the coal is missing roof shales are very thin.

Immediately overlying the roof shale is a twelve-inch limestone bed known
as the middle limestone, member seven of Weller (1957). It is black, dense, and
is cut by minute vertical calcite and graphitic veinlets. It is a relatively pure lime-
stone (11.3 percent insoluble, Appendix B) but the residue is highly carbonace-
ous. The unit contains a small fauna of pelecypods, ostracods, and low spired
gastropods. Steinkerns of ostracods and gastropods were found in residues as
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microfossils (PL. 3, fig. 3). This limestone is a key marker unit in the upper
cyclothem and is traceable to the west (Text-fig. 5). It is readily recognized by
its consistent thickness, stratigraphic position, and weathering habit.

The remaining member of the upper coal cyclothem is an upper shale seq-
uence. This unit is black, nodular, non-calcareous, and unfossiliferous. It is
about 15 feet thick and occupies a gully between the upper two quartzites.

Upper partial cycle—The final subdivision of the measured section is 96 feet
thick and immediately overlies the upper coal cyclothem. A basal quartztie
again forms a prominent resistant unit and is similar to the two lower quartzites
in composition. It is thick bedded and totals four feet, and is best exposed on the
ridge crest.

Ten inches of brown silty to sandy shale overlies the quartzite and may
correspond to the sandy shale member of the standard cyclothem. Above this
unit is six feet of black, waxy, plastic, shale, high in carbonaceous content, which
grades vertically into a brown to gray, silty to calcareous shale. Sixty seven feet
of shale is present in this partial cycle. A few thin silty limestones are pre-
sent but do not contain fossils.

The final 25 feet of the measured section is composed of thin bedded blue-
gray limestone which is dense, almost lithographic. Bedding is thicker in the
upper seven feet but is undulatory throughout, especially at the top. Lack of
fossils and the dense fabric point to a hypersaline bank, as a possible environ-
ment of deposition. It is evident that conditions were not present for develop-
ment of coal or underclays in this cycle. Perhaps subsidence occurred rapidly
eliminating possible swamp development.
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TEXT-FIGURE 5.—Correlation diagram, Soldier Canyon, Utah.
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CONCLUSIONS

Environment of Sedimentation

Basal quartzite~Three quartzites are present in the Soldier Canyon section and
each occupies the basal position of a sedimentary cycle (Text-fig.'5). These beds
compare with the basal sandstones, unit one of the standard mid-continent cy-
clothem which are typically channel, bar, or alluvial deposits (Text-fig. 4).

Soldier Canyon quartzites indicate uplift in the adjacent source regions
and slight to moderate regression of the sea; clastic sedimentation exceeded rate
of subsidence. They are probably locally extensive deltaic deposits since they
show little variation in thickness laterally and are not channeled; no obvious
unconformities exist at the base of the quartzites (PL. 2, fig. 1).

Maturity is indicated by lack of feldspar, though this may be a result of low-
feldspar source rock, rounding of the quartz grains, good sorting, and lack of
rock fragments. The three quartzites are lithologically very similar and indicate
similar conditions of source, transporation, and deposition. All are tightly cem-
ented by silica, indicating an abundance of soluble silica in the streams. Cross-
bedding is apparent near the base of the quartzites, reflecting deltaic distribut-
ary deposition.

Transgression of the sea, peneplanation of the source area, diminution of
stream competency, or sedimentary diversion due to batriers may account for the
cessation of clastic sand deposition.

Fossils were not found in the quartzites, although wood fragments and
logs have been reported to the south and east in central Utah (Rigby, personal
communication).

At the close of sand deposition the region was near base level, topography
being uniformly reduced—ideal conditions for development of soils, clays and
swamp deposits.

Sandy shale—Unit two of the standard cyclothem is pootly developed in Sold-
ier Canyon. Thin sandy to silty shales occur above each of the three quartzites
and range from two to six inches thick. These units represent the waning phase
of coarse clastic deposition, very fine sands grading vertically into fine clastics,
silt and clay.

Lower (fresh-water) limestone—This member is absent in the Soldier Canyon
section. Sufficient water depth and calcium catbonate were not present for the
development of this unit, number three in the standard sequence.

Underclay—Underclay, unit four, is one of the most characteristic beds of the
mid-continent cyclothems. Soldier Canyon underclays are present above the lower
two quartzites but undeveloped above the third or highest quartzite of the
measured section. -

Underclays exposed in the section are thin, irregular to unbedded, and
range from black clayey shales to gray or brown, earthy, sticky clay. Occasional
root markings occur, though poorly preserved.

Nearly stable subaerial conditions initiated the development of soil surfaces
without accompanying marsh conditions. The area supported vegetation but was
adequately drained, and clay soils were produced.

Underclays are generally associated with overlying coal seams, but such
clays are present in the measured section without overlying coal beds as in the
upper cyclothem. The upper coal pinches out on the. ridge but is present to the
east above a black underclay. Underclay and associated overlying beds are persist-
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ent laterally where coal is missing. These clays probably developed on partially
drained surfaces covered with vegetation. Lack of standing water allowed com-
plete plant decay. Underclays, however, are only a step away from swamp devel-
opment. , )
Underclay of the lower cyclothem is gray to brown, earthy to very plastic,
sticky, clay. The upper cyclothem underclay is rich in organic matter, black,
irregular, clayey, waxy shale. The climate was probably warm and moist during
underclay development, producing abundant vegetal cover. A few plant frag-
ments are present.

Differential thermal analysis failed to indicate any particular clay mineral.
Impurities masked any definitive reaction curves in the specimens analyzed.

Coal—Coal is member five of the fresh-water hemicyclothem. All of the above
discussed members are in the fresh-water phase of a cyclothem.

Soldier Canyon coals are thin, brown to black, banded, lignite to sub-bitu-
minous deposits. They are lenticular, but are locally extensive over one-quarter
mile of outcrop.

Coal of the lower cyclothem is one to two inches thick and is highly wea-
thered (PL 1, fig. 2). Two spurs to the west this coal may be as much as six
inches thick. This seam is sub-lignitic to lignitic.

The upper coal is four to five inches thick, brownish black, banded lignite
to sub-bituminous (Pl 2, fig. 2).

Development of peat in swamps, and subsequent burial and metamorph-
ism to coal require several special conditions. Marsh development indicates
reduced topography, such as in the Dismal Swamp of Virginia and North
Carolina, and steady slow influx of fresh water. Typical luxuriant Mississippian-
Pennsylvanian floras developed, grew, and died in the quiet waters of the coastal
swamps. Dead and partially decayed vegetable matter acted a giant sponge to
retain and soak up moisture. Biochemical processes of putrefaction and autolysis
proceeded in the anaerobic swamp bottoms, thus total plant decay was prevented
and peat accumulated.

Rate of peat accumulation depends on climate and vegetation. White (1913,
p. 62) states that it generally requires 10 to 20 feet of peat to produce one foot
of bifuminous coal and roughly in time units, 100 years. Soldier Canyon coals
would require approximately five to ten feet of accumulated peat. Vegetation and
water-cover depth must necessarily keep pace with each other over a period of
time to produce even five feet of peat.

Climate was fairly uniform, generally warm, moist and wet. Seasonal
variations were apparently negligible, and rainfall was moderate to heavy but
uniform year-round. Flooding would silt-up and choke the swamps in addition
to diluting the swamp waters thus aerating, oxygenating, and accelerating plant
decay. Topography was likewise uniform and low as evidenced by the lack of
clastic deposition. Stable, near shore, uniform environments existed during
development of coal swamps.

Lower shale (roof shales.)—Unit six of the standard mid-continent cyclothem is
known as the lower or roof shale. It is generally erratic in development and
is not present in all cyclothems. Some coals ate found directly overlain by lime-
stones (Weller, 1957, p. 330).

Roof shales are developed in the Manning Canyon Shale cyclothems above
the two coals of the cyclothems and possibly above the sandy shale unit of the
partial cycle at the top of the measured section. They are variable units ranging
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from black nodular shale to earthy brown gypsiferous zones. They reflect various
brackish to marine environments, from the deepened, Ipartia]ly reducing, high
organic environment in the lower cyclothem to the shallow, aerated, restricted,
oxidizing, environment of the upper cyclothem.

Pelecypods, ostracods, and plant fragments are found in the roof shales.
Capping 28 inches of roof shale in the lower cyclothem is a thin limestone
containing nautiloids, suggesting nearly normal marine conditions.

Roof shale of the upper cyclothem is 13 inches thick and consists of gyp-
siferous and calcareous brown earthy shale, and brown shaly limestone. En-
vironment of this unit was probably quite shallow marine to brackish, circula-
tion being restricted at times. This may account for the presence of gypsum in
these roof shales. The gypsum may in part be due to a post diagenetic introduc-
tion due to solution and weathering.

The upper partial cycle may or may not contain roof shale, if so, it would be
represented by a black, plastic, hard shale.

General transgression of the sea with attendant basin subsidence accounts for
the lower shale deposits and initiates the marine hemicyclothem, which in both
cyclothems is thicker than the fresh-water hemicyclothem.

Middle limestone—Unit seven of the standard cyclothem section is represented
by a single 12 inch bed in Soldier Canyon which occurs above the roof shales
of the upper cyclothem. It is a dense, black, carbonaceous nearly pure limestone.
Fauna of this limestone consists of small pelecypods, ostracods, and low spired
gastropods, observed only in thin sections and residues as microfauna (PL 3, fig.
3).

This unit represents 2 deepening of the basin and a return to more nearly
normal marine salinities. Aquatic vegetation may account for the high carbon-
aceous content and black color of the limestone (Weller, 1957, p. 350). Its
absence in the lower cyclothem denotes that the basin was not subsiding fast
enough to allow deposition of near normal marine limestone.

Middle shale—Standard cyclothem unit number eight is the middle shale of the
upper or marine hemicyclothem. It is a lower black fissile to chippy shale, and
an overlying gray calcareous shale. Delineating this member in the Soldier Can-
yon section is difficult since gradational effects obscure contacts. Black shales
are not well developed in the lower cyclothem. In the upper cyclothem, the mid-
dle shale overlying the ostracod-limestone is a black non-calcareous somewhat
nodular shale. It is gradational with the upper shale, unit ten, the last member
of the marine hemicyclothem.

The middle shale may be present above the sandy shale of the upper partical
cycle. If so, it is gradational with a roof shale, where six feet of black shale
grade upward into gray to brown calcareous shales.

This member was probably deposited as organic-rich colloidal slimes with
subsequent extensive compaction and dehydration. Fossils ate rare and as Weller
(1957, p. 351) points out, this may be due to prolific growth of seaweed which
limited current circulation thus removing oxygen and creating an unfavorable
benthonic condition. The seaweed may also account for the high organic content
of the shales.

Upper limestone—Standard unit nine represents culmination of marine to open
marine conditions. In the two coal cyclothems this unit is missing or represented
by very thin units. Notmal marine conditions were not established. The limestone
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at the top of the measured section may correlate with this standard unit but it is
unfossiliferous; the limestone is closer to a precipitated hypersaline deposit.

The “medial limestone” unit at the base of the measured section closely
fits the upper limestone category. If it is the upper limestone of a marine hemicy-
clothem this would make it part of a lower incomplete cycle. Abundant marine
fossils occur in the unit and especially in the platy underlying ten feet. The
ledge of the “medial limestone” is not as fossiliferous as the thin beds below, but
contains brachiopods, pelecypods, crinoids, and near the top a band of solitary
corals. The corals probably required relatively warm, clear, silt-free, shallow
waters.

Upper shale~—The tenth unit of the standard cyclothem is generally thick, uni-
form and unfossiliferous.

Change from limestone deposition to fine clastics was fairly sudden in the
measured section. The- sea retreated and fine clastics, mostly silt, were brought
into the basin. Mild uplift had probably begun in the source regions. Fine
clastics grade upward into the coarser clastics of the basal quartzite member of the
overlying cycle. This unit represents a transition between marine and nonmarine

hases.
P Influx of turbid silty waters established relatively unfavorable conditions for
animal life. Variations of influx might explain the occasional thin pelecypod-
bearing siltstones.

Above the “medial limestone” the upper shale is present and totals 60
feet. It contains a few fossiliferous limestone beds indicating momentary - return
of life to the region. Shales range from black chippy shale to gray and brown
calcareous units. Silt, however, increases toward the top indicating the advent of
sand deposition, and continued regression of the sea.

In the lower cyclothem the upper 50 feet of shale and siltstone may rep-
resent this upper shale member. Concretions are particularly abundant in this
interval, and a few beds contain pelecypods on weathered surfaces. The upper
cyclothem does not show this unit as well but it is probably present in the upper-
most five feet of the cyclothem. In the overlying partial cycle this unit is missing.

APPENDIX A

A section of part of the Manning Canyon Shale exposed on the north wall of
Soldier Canyon, one-half mile above the mouth, on the third spur east of the Jenny
prospect tunnel. The section is located in the SW%, NE¥%, Sec. 33, T. 4 S,, R. 4 W,
Tooele County, Utah, five miles southeast of Stockton, Utah.

Only the cyclothem stratigraphy is presented, beginning at the base of the lower
cyclothem, unit 66, and extending to the top of unit 159 of the upper partical cycle. The
complete section is on file in the Geology Department of Brigham Young University.

Mississippian
Manning Canyon Shale

Unit No. Description Thickness Total feet
in inches above base

159 Shale: black, weathers same, waxy, non- calcireous,
very thin to paper thin, “ironstone” concretion at 297,

orange limonite and calcite in CONCIEHION remcremcicecnneas 48 2008
158 Shale: black, weathers gray, grades into one-half inch
vienlet of calcite, possible plant fragments in shale -....... 1 196.8

157 Shale: black, weathers same, waxy, paper thin partings,
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non-calcareous, very fine grained, with brown limonitic
nodules at base
Shale: light gray to buff, weathers light brown, very
silty to sandy, %’ beds, non-calcareous, silty and
sandy at base, nodules at 3"
Quartzite: light gray to buff, weathers tan-brown with
limonitic spots, medium to thick bedded, one and three
foot beds, forms resistant ledge, fine to medium
grained, well sorted, non-calcareous, somewhat cross -
bedded at base, very hard
Quartzite: medium to light gray, weathers tan-brown
hard, resistant ledge former, slightly calcareous, silty,
thin bedded, marks base of upper partial cycle ............
Siltstone: brown, weathers same, somewhat shaly and
nodular
Shale: black, dense, non-calcareous, nodular irregular
bedded, top 2" is gray clay shale ..o
Clay: medium gray to light green, weathers same, very
waxy and clayey
Shale: medium gray to light green, clayey, and non-
calcareous
Siltstone: brown, weathers light brown, slightly cal-
careous, thin 1" beds, hard and compact wceeooeeeeenee.
Shale: nodular, green to brown, weathers brown, slightly
calcareous, %" to 1" beds
Shale: medium gray to dark green, weathers mottled
gray-brown, non-calcareous, very thin to % inch beds,
irregular .

Shale: light green, weathers brown, calcareous, very
thin to %" platy beds, somewhat nodular -.....eee...
Shale: medium gray to green, weathers gray and
brown, slightly calcareous, #” to paper thin; 1" at top
siltstone medium gray, weathers brown, slightly cal-
careous, compact
Siltstone: medium gray, weathers light gray, nodular
bed, lens pinches out within two feet, very fine
grained
Shale: black, weathers medium gray, non-calcareous, 1”
nodules at base and at 15", paper thin to %" beds ...
Shale: black, weathers gray, waxy, non-calcareous,
%" beds, chippy, hard

Shale: black, weathers gray, waxy, clayey, %" to %~
beds, contains plant fragments
Shale: medium gray to gray, weathers light gray,
nodular, irregular 1” to %" beds. non-calcareous .-......
Shale: black, dense, weathets gray to brown, silty,
lacks fissility, somewhat nodular, non-calcareous, waxy
and clayey, %" beds
Shale: medium to light gray, weathers same with
orange mottling, very thin to paper thin bedding; Lime-
stone, brown, shaly at base
Limestone: black, weathers brown to gray, dense,
weathered surface shows vertical fine black graphitic?
seams, resistant ledge, 10%” and 1%" beds, laterally
persistent-key marker bed for upper cyclothem, thin-
section reveals ostracods, pelecypods, and low spired
gastropods; brackish-marine
Shale: roof shale, consists of the following: Top
2%" shaly limestone, fine grained; 3" shale, red,
earthy; 2" shaly limestone, light brown; 3%” shale,
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medium brown, gypsiferous earthy to paper thin; 27
shale, red to red brown, gypsiferous, paper thin, earthy

Coal: brown to dark brown, lignite, banded, associat-
ed gypsum, lenticular; some limonite on -weathered
surface, near vitreous luster
Underclay: black to dark gray, irregular bedded to
unbedded, waxy and highly carbonaceous ...
Shale: dark gray, silty to sandy, non-calcareous ...
Sandstone: light gray, weathers brown, fine to medium
grained, subangular to subrounded grains, noncal-
careous, semifriable at top,
Quartzite: light gray to buff, weathers brown, fine
to medium grained, subangular to subrounded, orange
limonite mottled spots thin bedded—6" to 1, vertically
jointed and crossbedded in part, resistant ledge .......
Quartzite: light gray to buff, weathers brown, dense,
silica cemented, thick bedded, single 41" bed, cross-
bedded at base, limonite occurs as weathered spots,
fine to medium grained and subangular to subrounded

Quartzite: same as unit 130 except slightly calcareous

Quartzite: light tan, weathers brown, unit consists of
2" of quartzite and 3" of sandstone, weak with very thin
partings
Quartzite: as unit 125, rippled upper surface .........
Quartzite: as unit 125, but thinner beds % to 1", some
sandy shale partings
Quartzite: light tan, weathers brown, slightly calcare-
ous, very fine to fine grained, with calcite veinlets,

1-2” beds, marks base of upper cyclothem -oooeeeen
Shale: light brown, weathers same, silty, although dom-
inantly clay shale
Shale: light gray to brown, weathers same, Silty ...
Shale: light brown, weathers same, noncalcareous, very
thin to paper thin
Siltstone: light brown, weathers same, calcite vienlets,
irregular %" to 1" beds

Shale: light tan to medium brown, gypsiferous, cal-
careous, earthy to very thin beds, weathered graphitic
soil and limonite present in a lenticular pod . oeeneeeee
Siltstone: light gray to brown, weathers same, calcare-
ous, shaly partings, 17 beds
Shale: light gray, weathers same, clayey, contains
earthy brown nodules with gypsum, paper shale but
in compact beds
Calcite: white to yellow-orange, with earthy shale
partings
Shale: light brown, weathers same, calcareous, very
thin to %’ beds, somewhat €arthy .oocoeociienionnns
Shale: black to dark green, weathers medium gray,
hard, thin %" plates, contains nodules near base, lower
4" nodules are laminated brown and gray and calcare-
ous; shale is slightly calcareous :
Shale: medium gray to brown, weathers light brown,
pon-calcareous, hard compact %’ beds but shale parts
to near paper thin, contains nodules at very top, nod-
ules are argillaceous to slightly silty, dense, non-cal-
careous and vary from %" to 1" thick and 4" to 6”
wide; shale is very irregularly bedded .oeiiroronnen
Shale: medium gray and brown mottled, weathers light
brown, calcareous, irregularly bedded, may be slightly
silty, undulating bedding; varies from paper thin at
base to %" and #’ beds, 1” irregular nodules .c.cceen
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Siltstone: orange and brown laminated, calcareous, hard
1" ledge, very irregular undulating surface, may be
30% calcareous
Shale: light gray to brown, weathers same, non-calcare-
ous, thin-#%’" platy beds, very irregularly bedded, undulat-
ing, Pelecypod found 4" above base—one half inch
long smooth poorly preserved specimen -....cemeoeeeee
Siltstone: black, weathers orange-brown, very fine
grained, very hard and dense, non-calcareous contains
numerous calcite veinlets, irregular bed, pinchs out to
west (10 feet) but persistent down slope to east ............
Shale: medium gray to gray and brown laminated cal-
careous, resistant, compact 4" and 2” beds with shale
partings about 1/16 of an inch
Shale: medium gray to dark green, weathers light gray
to brown, paper thin, low outcrops, non-calcareous to
slightly calcareous
Siltstone: very fine grained, medium gray, weathers
éar:l, %" bed, non-calcareous, orange mottled, resistant
e
Shale: light brown to green, weathers light gray
to brown, weak, slightly calcareous, weathers in thin
lasge sheets 1/16” thick
Siltstone. dark gray, weathers medium gray, very fine
grained, clayey, dense, hard, with calcite veinlets,
orange mottling, resistant 2" ledge oroecoreecreerceconnas
Shale: datk green to dark gray, weathers gray, paper
thin in compact weak units
Siltstone: black to dark gray, weathers tan, very fine
grained, hard, cut by calcite and limonite veinlets,
resistant ledge
Shale: medium gray to greenish brown, weathers tan-

gray, orange mottling, slightly calcareous, paper thin ...

Shale: brown and black laminated, calcareous, with
orange mottling, irregular thin bedding, %" to %, with
some paper thin shale
Shale: dark green with orange mottling, slightly cal-
careous
Shale: dark gray to black, weathers tan, fissile, brown
shaly limestones at 2" and 5”, nodular at top, fossil-
iferous-pelecypods Yoldia-like
Limestone: medium brown, weathers light brown,
shaly, fine crystalline, with calcite veinlets ..oocoeeees
Shale: medium gray, non-calcareous, with nodules and
thin limy units, low outcrops
Shale: gray to green, weathers brown with orange
mottled spots, slightly calcareous, fissile, Pelecypods 10"
above base ......
Shale: black, nodular, non-fissile, hard, with calcite
veinlets, 1" to 4" bed, contains abundant small pelecy-
pods on upper and lower weathered surface ..oe.coeoeeee.
Shale: as unit 96, becomes black and waxy top 1 foot,
possible plant or shell fragments
Shale: dark gray, weathers gray, calcareous, fissile to
nodular at top, % hard thin plates, 1" to 2" nodules
Shale: dark green to medium gray, slightly calcareous,
contains siltstone bed 5" above base with minute calcite
vienlets, pelecypod (?) ImMPressions .....ecoiereeocmareseeas
Limestone: brownish-red, weathers tan, very silty, platy
irregular bedding, contains abundant small pelecypods
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Shale: medium to dark gray, weathers ‘tan, %" beds,
low outcrop, no fossils, slightly calcareous ..ooocoeoreeeees
Shale: green to light green-gray, non-calcareous, hard,
chippy few nodules
Shale: brown to olive green, weathers drab gray, non-
calcareous, very thin, few % nodules ...orerreecenns
Shale: medium gray to black non-calcareous, thin %"
beds, becomes nodular and platy toward top, basal 18”
low outcrops
Siltstone: gray to black, with orange mottling, slightly
calcareous at base to calcareous at top, thin bedded-1”,
lower 9" is repeated, nodular toward tOP -ceeecerececvenee
Shale: medium gray, non-calcareous, platy, with thin
black shale partings
Shale: gray to green, weathers tan, non-calcareous,
contains nodules
Shale: black, non-calcareous, earthy, with 17 lime-
stone bed at base, dense, fine grained, cut by calcite

veinlets
Shale: mostly covered, red-brown, non-calcareous,
clayey, with a few thin brown limy URitS weeecerecmesee
Shale: gray, weathers red-brown, non-calcareous, few
compact beds between partings, contains macerated
plant fragments and possible broken pelecypods,
limonite replaced
Shale: medium gray and red, irregular bedding, con-
tains plant fragments, and limonite replaced Yoldia-
like pelecypods
Shale: medium gray, with orange mottling, compact but
irregular, contains pelecypods and macerated plaats(?)

Shale: medium gray weathers light gray, slightly cal-
careous, platy with nodules, becomes red-brown at top

Limestone: black with orange mottling, silty calcite
stringers, thin bedded
Shale: medium gray, hard, non-calcareous but contains
orange mottled calcareous partings, plant fragments,
contains silty nodules up to 17 thick .meeeerrrcenccnenne
Limestone: silty, medium brown, with black-green shale
partings, pelecypods and nautiloids present .eoeeene

Shale: maroon, fissile, clayey, weathers earthy, -

gypsiferous( ?) partings
Limestone: silty, gray to red laminated, slightly
fissile but compact 2" bed
Shale: light green to reddish-brown, non-calcareous,
contains plants and pelecypod fragments -ooweeeeeeorees
Shale: medium to dark gray, hard “sheety”, somewhat
nodular, contains plant fragments and pelecypods
which are replaced by limonite

Shale: roof shale, green to dark gray, contains abund-
ant nodules which are silty, non-calcareous, contains
plant fragments, and pelecypod valves, nodules contain
pelecypods and ostracodes :
Coal: brown, highly weathered, thin lenticular lignite
or sub-lignite, non-banded, varies up to 2" thick .......
Shale and underclay: green, waxy, clayey, shale with
orange mottling at base, grades upward into gray,
brown, and yellow impure unbedded underclays, ma-
cerated plant remains and possible root markings ........

Shale: sandy, mottled green and red, silty to very fine
grained, clayey, non-calcareous
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66 Quartzite: light gray to buff, weathers brown, resistant
ledge, hard, fine grained, well sorted, subangular to
subrounded grains, silica cemented, weathers with
orange limonite spots, crossbedded but not channeled.

Base of lower cyclothem 18 102.3
APPENDIX B
Insoluble Residues
Unit No. Orig. Weight Final Weight % Insoluble
23 11.47 gms. 5.92 gms. 51.7%
29 13.70 ‘8.51 50.1
32 21.69 8.11 29.7
36 20.55 17.31 76.1
39 8.38 2.46 29.4
43 10.73 4.94 46.0
47 12.02 8.38 69.7
51 24,52 11.44 324
53 14.44 6.24 31.8
56 13.10 6.12 46.7
59 24.62 15.04 214
70 24.54 24,15 91.7
72 8.34 1.08 129
73 11.56 6.91 46.0
75 12,54 6.35 50.6
77 17.00 11.81 59.4
91 13.01 7.15 54,9
98 11.72 5.55 47.3
121 5.91 3.76 63.7
125 23.73 20.21 85.4
136 4.03 1.25 31.0
137 12.44 4.60 113
148 19.25 15.75 81.7
153 13.11 13.80 99.5
162 21.67 5.50 39.5
164 13.85 2.59 18.8
179 19.20 3.55 18.5
189 6.14 0.38 6.2
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Progress Report on Selenium in the Manning
Canyon Shale, Central Utah

WiLLis H. BRIMHALL
Brigham Young University

ABSTRACT.—More than' 20 years ago Beath (1939) located a number of seleniferous
areas in the western United States by means of indicator plants. Unusual concentrations
of selenium, up to 96 ppm, were reported from shale of the Mississippian Manning
Canyon Shale, in Provo Canyon, about 40 miles south of Salt Lake City, Utah.

The present study, limited to 3 months of part-time work, investigates some broad
features of concentration, distribution, and lithologic association of selenium within the
Manning Canyon Formation, especially at its type section in Soldier Canyon, in the
Oquirrh Range, 25 miles northwest of Provo Canyon.

Selenium is present in unusual concentrations in shaly strata throughout the 1600
foot thickness of the formation. High concentrations of selenium are most common in
dark-colored, carbonaceous, calcareous, soft, usually gypsiferous and often iron-oxide
stainéd or pyritic shale. Such rocks, interbedded with shaly limestone and nearly pure
limestone, carry a mean concentration of 18 ppm with a standard deviation of 8 ppm.
Ten to 20 percent of the type section is composed of such rock.

Association of organic matter, pyrite, often oxidized, plus gypsum in some of the
most_seleniferous beds, indicates possible derivation of selenium from organic matter,
and its reconstitution in part as a sulfide, and subsequent oxidation to selenite or selenate.

In hard shale, shaly limestone, and limestone, which constitute a large portion of the
Manning Canyon Shale, concentration of selenium decreases to a value below 1 ppm.

The Manning Canyon Shale at Lake Mountain, 20 miles south of Soldier Canyon,
supports no selenium indicator plants, a situation wholly different than in Soldier Can-
yon or Provo Canyon. The Lake Mountain section represents a more terrestrial environ-
ment as shown by the greater abundance of coarse clastic rocks and fossil terrestrial plants,
A sampled section across one of the better known fossil plant localities yielded the lowest
selenium concentrations for shales recorded during the study. Since lithologies at Soldier
Canyon are more representative of brackish and marine conditions, it follows that con-
centration of selenium is more allied to marine or brackish water processes than to ter-
restrial processes.

Hydrothermal activity, manifestly weak in the portions of the stratigraphic sections
studied, may have modified the original distribution of selenium. Evaluation of this
effect awaits further study.
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INTRODUCTION

Historical Sketch

In 1934 researchers at the Department of Research Chemistry of the Uni-
versity of Wyoming linked the occurrence of selenium in certain native range
plants to toxic effects produced in animals which grazed upon them (Beath,
et. al., 1934a). The vegetation in question was confined primarily to Cretaceous
or Eocene formations. During the same year, several hundred acres of woody
aster and narrow-leafed vetch were observed growing on soils derived from
the Chugwater Formation of Permian and Triassic age in central Albany County,
Wyoming (Beath, 1934b). Further investigation revealed that two members
of ‘the Chugwater Formation supported toxic seleniferous vegetation. A sand-
stone member near the middle of the formation yielded up to 10 ppm and
averaged 2.4 ppm selenium. The second, near the base of the formation, yielded
lesser amounts.

Finding selenium in Permian and Triassic rocks greatly enlarged the prob-
lem of selenium distribution. Beath and coworkers (1937) traced selenium
bearing rocks from the Chugwater Formation in southeastern Wyoming to rocks
of equivalent or nearly equivalent age near the western border of the state.
Seleniferous rocks were found in the Permian Phosphoria formation as well.

Beath and his colleagues extended their studies into most of the western
United States. Many new areas of seleniferous rocks were discovered by recog-
nition of four genera, Astragalus, Stanleya, Xylorrhiza, and Oonopsis, which
were defined as “indicator” plants (Beath, et. al., 1939a p. 259).

The significance of selenium indicator plants is particularly important
in locating seleniferous areas not heretofore recognized in the West. . . We
have selected for detailed study certain areas where one or more indicator plants
occur. . . The areas include. . . carbonaceous and limy shales of late Mississippian
or early Pennsylvanian age in Provo Canyon, Wasatch Mountains, Utah.

The same author in a subsequent paper (Beath, et. al, 1939b, p. 312)
states:
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The scleniferous shale in Provo Canyon is either late Mississippian or early
Pennsylvanian in age, The distinctive odor, characteristic of some seleniferous
plants, led Dr. David Love, U. 8. Geological Survey, field assistant, to believe
that this formation supported seleniferous vegetation. Dr. Love had previously
collected seleniferous vegetation in Wyoming under our direction. Aster glaucus
rooted in these shales was seleniferous. . . ‘

A stratigraphic section, (Table 1) together with the content of selenium
associated with each stratum was published (Beath, et. al., 1939a, p. 266)

TABLE 1

Stratigraphic section of a portion of the Manning Canyon Shale at the
Canyon Glen Campgrounds, Provo Canyon, Utah.

Tbhickness Seleninm

Bed No. Lithology in feet ppm.
20 Shale, chocolate-brown at base, grades to dark black thinner-bedded

shale 25 3.6
19 Limestone, forms massive cliff above water flume; is dark black

to blue-gray, some sandy limestone Present ......oeeeoeeeeeeeccosne 67% 1.5
18 Shale, very black, has seams of yellowish-brown ferruginous ma-

terial at very top and at various places in bed .ooworeoeececnnnnn. 19 34.3
17 Limestone, very shaly, blue to black with brown and yellowish-

brown seams 55 0.6
16 Shale, light-brown to dark chocolate-brown, gypsiferous in seams.

Forms first shale outcrop near flume 17 25.1

15 Limestone, blue to gray, some shale which is brownish; the bed
grades from true limestone at base to sandy and shaly lime-

stone at- top 25 12.0
14 Shale, variegated, mainly black with some chocolate-brown colors .. 24 96.3
13 Limestone, very shaly, dark blue to black 29 2.6
12 Shale, very dark black, thin-bedded 20 7.0
11 Limestone, gray to black; hard 7% 0.5
10 Limestone, very sandy, weathers light-brown 2% 0.5
9 Shale, limy in part, dark black to gray : 20 0.6
8 Sandstone, reddish-brown to buff, coarse grains or grit up to 4

mm. in diameter i 10%
7 Limestone, shaly, dark brown, contains numerous small lingulids .. 11 1.0
6 Limestone, blue to dark black, hard. weathers blue-gray ... 14 1.0
5 Shale, chocolate-brown, bedding 1 in. to 4 in.; shales are lighter

color towards the top, and various fresh—or brackish-water

pelecypods present 12 7.5
4 Shale, dark black, carbonaceous in part, and ferruginous in part,

bedding less than 1 inch 3 1.8
3 Limestone, datk blue, in part shaly 4%
2 Sandstone, reddish-brown, very gritty, with coarse fragments up to

5 mm, in diameter . 4 1.4
1 Limestone, blue, which extends to bottom of railroad cut, or to rail-

road tracks 7 04

Total thickness 377% ft.

Robertson (1940) investigated distribution of selenjum and the possibility
of selenium poisoning in Utah. His work dealt with occurrence of selenium
in the Manning Canyon Shale and its associated vegetation in part, but no
systematic, detailed stratigraphic work was undertaken.

Recent Work

Study of selenium in the Manning Canyon Shale remained for two decades
where Beath left it. However, other important studies, helpful to the geo-
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chemist, have been made. Moyle (1958) studied the paleoecology of the Man-
ning Canyon Shale. Five sections were measured in central Utah in localities
where the formation is best exposed, and five other partial sections, including the
Provo Canyon section, were studied as well. The Soldier Canyon section, Tooele
County, Utah, 4 miles southeast of the town of Stockton and 25 miles north-
west of Provo, is the best exposed and most complete outcrop of the formation.
Here the formation is over 1,600 feet thick, and consists mainly of shale and
lesser amounts of interbedded limestone. Even smaller amounts of interbedded
sandstone and quartzite are present. Clay shale characterizes the lower 600
feet, silty shale and shaly limestone typify the upper 1,000 feet. Fresh, brack-
ish, and shallow, warm marine water conditions are evidenced by typical marine
or terrestrial assemblages. Study of the lithologies demonstrates the cyclic nature
of deposition with three regressions and two transgressions, punctuated with
many minor changes.

Tidwell (1962) described an Early Pennsylvanian flora from the upper
shales of the formation. These plants were probably deposited near their site
of growth. Alethopteris, Neuropteris, and Calamites occurred, in order of de-
creasing abundance. The rock types and flora suggest a fresh or brackish swamp
environment.

Prince (1963) studied Mississippian coal cyclothems in the middle one-
third of the formation, and measured a detailed stratigraphic section, 285 feet
thick. The two described coal cyclothems exhibit characters which compare
favorably with mid-continent cyclothems, and probably reflect similar environ-
ments.

Purpose and Scope of the Present Investigation

Heretofore investigation of occurrence of selenium in sedimentary rocks
of the United States has been conducted primarily by plant and soil chemists
~ (Beath, 1934a to 1946; Moxon et. al. 1938) and by economic geologists study-

ing distribution of selenium and other elements in the Colorado Plateau (New-
man, 1962). The former studies were conducted to determine distri-
bution of selenium and the possibility of selenium poisoning of livestock. The
latter studies were made primarily to shed light on genesis of uranium deposits.

Discovery of unusually high concentrations of selenium in a considerable
portion of the Manning Canyon Formation by Beath (1939a) suggests that
distribution of the element, its forms of occurrence, and the environments of
its deposition should be studied in detail. Green (1959) reports an average
of between 0.3 to 0.6 ppm selenjum in shales. Beath (1939a) reports as much
as 96.3 ppm in a shale bed 24 feet thick in the Manning Canyon Shale at
Canyon Glen Campgrounds in Provo Canyon.

The principal objectives of the present study were the following:

1). To attempt corroboration of Beath’s work at the site of the original
discovery, i.e., at Canyon Glen Campgrounds, Provo Canyon, Utah.

2). To obtain greater stratigraphic detail in the occurrence of selenium as
a function of lithologic type.

3). To isolate, within the most seleniferous strata, the materials which
yield the highest concentrations of the element. ‘

4). To use ‘indicator” plants, for possible extension of the study beyond
the Provo Canyon and Soldier Canyon sections.
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TEXT-FIGURE 1.—Index map of sections studied. S, Salt Lake City; P, Provo; T, Tooele;
1, Soldier Canyon in the Oquirrh Range; 2, Lake Mountain; 3, Canyon Glen Campground,
Provo Canyon in the Wasatch Mountaias,

Field and Laboratory Work

Sections at Canyon Glen Campgrounds in Provo Canyon, at Soldier Canyon,
and at Lake Mountain were collected during the summer of 1963. Channel
samples, at a depth of 6 inches to as much as 3% feet, but averaging about 18
inches, were taken across shale beds of the Manning Canyon Shale and details
of lithology were noted. Changes in color, texture, mineralogy, and weathering
characteristics as well as presence of indicator plants were used for stratigraphic
subdivision. In general, only shale beds were sampled; limestones and sand-
stones were sampled in a few instances but these latter rocks yielded much less
selenium than associated shales.

The writer, W. D. Tidwell, and R. W. Moyle, visited the section at Soldier
Canyon and Lake Mountain in August 1963.

The method of analysis for selenium in the present study was adapted from
Robinson (1934). A 10 gram sample of shale with 10 ml of 2 10% solution,
by volume, of bromine in concentrated hydrobromic acid, and an additional
10 ml of concentrated hydrobromic acid, were prepared in a Corning C-3440
pyrex glass distilling apparatus. The tesulting distillate was collected until
10-12 ml was obtained. Bromine distilled in the first stages was reduced by
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passing sulfur dioxide gas through the solution until the bromine color dis-
appeared. The selenium tetrabromide was reduced by addition of 0.1 to 0.25
gram hydroxylamine hydrochloride. Subsequent heating of the solution on 2
water bath accelerated production of red selenium.

Estimation of concentration was by visual comparison with standardized
samples with 3, 7, 10, 15, 25, 35, and 50 ppm concentrations.

Precision is such that 95% or more of the values range plus or minus 15%
of the value given in the tables (Table 2 and following). Systematic error,
rather than random error, is believed to be generally lower than the true value
inasmuch as certain losses of selenium, thought to be small in compatison
with amounts obtained, occurred. Incompleteness of oxidation of selenium by
bromine, loss of selenium tetrabromide during distillation, and loss of the same
during reduction of bromine to bromide are believed to be the principal sources
of error. Reduction of excess bromine was carried out in a cold-water bath to
minimize escape of the volatile selenium tetrabromide.

Analysis of plant material was performed by overnight decomposition of
10 grams of air dried sample in 15-20 ml of 30% hydrogen peroxide. The
mixture was then evaporated to dryness in a water bath and the residue treated
in the same manner as shale samples.

SELENIUM AT CANYON GLEN CAMPGROUNDS

Stratigraphic distribution—In general, but with some notable exceptions, the
results of Beath and others concerning the selenium occurrence in the Man-
ning Canyon Formation has been verified. Selenium is present in unusual con-
centrations (Table 2). However, important differences exist both as to the
absolute value of maximum concentrations, and to the stratigraphic distribution
of selenium. For instance Beath (Table 1, bed 14) reports 96.3 ppm in 2
variegated shale 24 feet thick. The present writer obtained 15, 20, and 20
ppm at 7, 6, and 10 feet, respectively, in the same shale (Table 2, beds 32,
33, and 34).

It is possible that the selenium is not evenly distributed along the strata,
or that sampling and analytical errors alone or combined with the foregoing,
may have caused the disagreement. Values reported in the present study may
be too low due to analytical errors, and it may well be that Beath’s sampling
caused him to report values too high. It is not known precisely how Beath
sampled the section, but if samples were taken from near the surface, it is
quite possible that local enrichment by accumulation of selenium-rich decayed
vegetable matter may have occurred in the upper part of the profile.

Of the 156% feet of shales measured by the writer, 73 feet, or 43%, con-
tained values in the range 1-9 ppm; 49% feet, or 32%, contained values in the
range 10-19 ppm; 36% feet, 23%, contained values in the range 20-29 ppm;
and 3 feet, 2%, contained values in the range 30-39 ppm.

TABLE 2.

Detailed stratigraphic section, of selected portions of the Manning Canyon
Shale, Canyon Glen Campgrounds, Provo Canyon, Utah.*

Bed Sample Feer Thickness PPM
No. Description Number  Above Base in feet Selenium
41 Shale, resembles bed MC-CG

40 41-0-0

1963 157-182 25 1
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40

39
38

37

36

35

34

33

32

31

30

29

28

27

26

25

24

23

22
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TABLE 2 (CONT.)

Shale, gray, calcareous, soft, but
not crumbly. Slope former.
Stanleya sp.

Limestone, blue gray, slabby,
weathers gray, ledge former
Shale, gray, medium hardness,
fissile, ragged outcrops

Limestone, shaly, black gray,
weathers light brown gray,
shaly partings, ragged outcrops.

Shale, gray, soft, crumbly, slope
former. Stanleya sp., Aster
glancus,

Limestone, shaly, some intet-
bedded shale, blue gray, slope
former. Aster glaucus,

Shale, brownish black, soft,
crumbly; gypsum present in
1/16 inch criss-crossing vein-
lets; calcareous, slope former.
Shale, black with numerous
ferruginous layers, soft, crum-
bly, slope former, Stanleya sp.,
Aster glaucus; calcareous, gyp-
siferous,

Shale, brownish gray, soft,
crumbly, slope former, Stanleya
sp. and Aster glancus, calcare-
ous, gypsiferous.

Limestone, shaly, brown, jag-
ged ledge former

Shale, brownish black, soft,
crumbly, calcareous, slope form-
et. Stanleya sp.

Limestone, shaly to 3 inch beds,
brownish black, ledge former
Shale, black, resembles bed 26.
Stanley sp.

Limeétone, blue gray, slabby,
ledge former

Shale, black, soft, crumbly, con-
temportary plant roots through-
out, slope former

Limestone, blue black, slabs 1
inch to 6 inches thick, ledge
former

Shale, gray black, soft, crumbly,
slope former

Limestone, black, shaly on bot-
tom to dense, very fine-grained
on top, resembles coal from a
distance, ledge former
Limestone, blue gray, 3 inch
bedding, weathers gray, ledge
former

MC-CG
40-0-0
1963

MC-CG
38-0-0
1963
MC-CG
37-0-0
1963

MC-CG
36-0-0
1963

MC-CG
34-0-0
1963

MC-CG
33-0-0
1963

MC-CG
32-0-0
1963

MC-CG
31-0-0
1963
MC-CG
30-0-0
1963

MC-CG
28-0-0
1963

MC-CG
26-0-0
1963

MC-CG
24-0-0
1963

154-157
151-154

142-151

136-142

132-136

125-132

115-125

109-115

102-109

92-102

91-92

73-91

68-73
66-68

55-66

49-55

44-49

39-44

37-39

w

10

10

18

11

Not
sampled

Not
analyzed

10

Not
sampled

20

20

15

15

Not
sampled

20

Not
sampled

20
Not
sampled

15

Not
sampled

Not
sampled
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20

19

18

17
16

15

14

13

12

11

10
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TaBLE 2 (CONT.)

Shale, resembles bed 19

Shale, black, gypsiferous, cal-
careous, traces of limonite on
bedding planes Soft, crumbly.
Slope former. Astragalus sp. (?)
Shale, mouse gtay, brown tint,
soft,  crumbly, slope former

Shale, black, numerous contem-
porary plant rootlets, soft, crum-
bly, white efflorescence.
Limestone, blue gray, slabby,
ledge former

Shale, mouse gray, brown tint,
resembles bed 13

Shale, black, limonitic, soft,
crumbly, slope former.

Shale, black, chippy, soft, silice-
ous-calcareous concretions with
disseminated pyrite, slope form-
er.

Shale, mouse gray, brown tint,
soft, crumbly, slope former.

MC-CG
21-0-0
1963
MC-CG
20-0-0
1963

MC-CG
19-0-0
1963
MC-CG
18-0-0
1963

MC-CG
16-0-0
1963
MC-CG
15-0-0
1963
MC-CG
14-0-0
1963

MC-CG
13-0-0
1963

36-37

36-37

343-35

33%-34%
32-33%

23-32

19-23

14-19

0-14

14

111

30

30

20

30
Not
sampled

10

20

15

7

Base of the above portion of the section was taken at the lowermost exposure of
shale in the bottom of the largest ravine north of the railroad track crossing Provo
River at the campgrounds.
Strike of beds: N 70° W; dip, 30° north.

A fault whose relative movement is not observable interrupts the section.

Limestone, blue gray, massive,
ledge former

Shale, chocolate color, ferrug-
inous near top and bottom, soft,
crumbly, slope former. Stanleya

sp.
Limestone. Resembles 8

Shale, resembles bed 7 Stanleya
sp.

Limestone, dark gray, ferrugi-
pous seams, massive, ledge
former.

Shale, black with red and yel-
low mottling, stringers of gyp-
sum, soft, crumbly, slope form-

er.

Limestone, blue-gray, massive,
ledge former.

Shale, black with yellow brown
to red brown veinlets, soft,
crumbly, calcareous, slope form-
er. Stanleya sp.

Sandstone, red-brown to buff,
coarse grained to gritty, weath-
ers reddish brown, ledge form-
er. .

MC-CG

© 11-0-0

1963

MC-CG
7-0-0
1963

MC-CG
5-0-0
1963

MC-CG
4-0-0
1963

84-96

81%-84

80-81%

78-80

76478

75-76%

69-75

67-69

52-67

12

2%

/
1%

15

Not
sampled
5

Not
sampled

Not
sampled

10
Not
sampled

10

Not
sampled
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TABLE 2 (CONT.)

3 Shale, black, crumbly, upper MC-CG
three feet lighter in color, cal- 3-0-0

careous, slope former. Stanleya 1963 37-52 15 10 (?)
sp.

2 Limestone, blue gray, massive, Not
cliff former. 12-37 25 sampled

1 Shale, brown, bedding % inch MC-CG
grading to 2 inches at top; cal-  1-0-0
careous, weathers brown, slope 1963 0-12 12 5
former.

*Begin section at base of 12 foot shale bed exposed in railroad cut about 100 feet
west of railroad bridge crossing Provo River, NW %, Sec. 4, T.6S.,R. 3 E.

Strike: N 70° W; dip, 25° North.

Fifty feet of section underlying the massive limestone ledge cropping out above the
flume is not described or sampled. The beds above and below carry only small amounts
of selenium, and in the limited time available, this lower section, consisting mostly of
shales and shaly limestones, was not sampled or described. .

Maximum values obtained by the writer were associated with carbonaceous,
black, gypsiferous, often limonitic or hematitic, shales (Table 2). Samples
MC-CG 18-0-0, 19-0-0, 20-0-0, and 21-0-0, yielded 30, 20, 30, and 30 ppm
respectively. High values, though not maximum, were obtained from samples
MC-CG 14-0-0, 15-0-0, and 16-0-0, of 15, 20, and 10 ppm respectively.

Maximum concentrations of selenium are associated with dark colored, soft
friable, gypsiferous, calcareous, and often limonitic or hematitic shales. Usually,
but not always, the so called indicator plants, Stanleya sp. and Aster glaucus
are rooted in the strata. Astragalus is found only occasionally.

Shales that are hard and chippy bear less selenium; limestones and sandstones
are generally impoverished. The more calcareous shales become the less selen-
ium is noted. The more ‘carbonaceous, ferruginous or pyritic, gypsiferous, and
friable a sediment becomes the greater will be the concentration of selenium.

Within one of the most seleniferous beds (samples MC-CG 33-0-0, Table
2, and MC-CG 33-0-10, Table 3), the selenium seem to be most highly con-
centrated in red or yellow lenses, stringers, or mote diffuse splotchy areas de-
rived from oxidation of pyrite. A maximum of 40 ppm was found in red,
ferruginous shale intermingled with dark, carbonaceous, gypsiferous shale (Table
3). In a limonitic, hematitic veinlet carrying remnants of pyrite, and surrounded
by an incrustation of gypsum up to % inch thick, 35 ppm of selenium was
obtained. In an adjoining datk colored carhonaceous shale, free of gypsum and
iron oxides, 10 ppm was obtained at a depth of 24 inches (MC-CG 33-0-8,
Table 3).

TABLE 3

A profile down the dip of a seleniferous bed, 33, and some further samples from the same
bed at Canyon Glen Campgrounds, Provo Canyon.*

Sample  Depth from Thickness PPM
Number Surface In Inches Selenium
Description in Inches

Shale, carbonaceous, stringers of MC-CG
hematite and limonite, soft, crumbly.  33-0-1

1963 0-6 6 20
As above MC.CG

33-0-2

1963 6-12 6 25
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TABLE 3 (CONT.)

As above MC-CG
: 33-0-3
1963 12-20 8 20
As above, but a little less friable. MC-CG
33-0-4
20-28 8 10
As above MC-CG
33-0-5
1963 28-36 8 10
As above MC-CG
33-0-6
1963 36-44 8 20
Shale, all carbonaceous, no ferrugin- MC-CGT
ous mottling. 33-0-7
1963 24 10
Shale, ferruginous, red, soft, fri- MC-CGt
able. 33.0-8
1963 24 40
Limonite-hematite veinlet surround- MC-CGT
ed by gypsum, 1/16 inch thick in  33-0-9
turn surrounded by carbonaceous 1963 : 35
shale.
Gypsum veinlets in bed 34-0-0. No MC-CGti
calcite with sample. 33-0-10
1963 20
Siliceous, calcareous, pyritic nodule. MC-CGHiT
Size of grapefruit. Value of selen-  14-0-1
fum concentration is a minimum 1963 15

value.

#Samples were taken down dip to a depth of 44 inches to determine the variation of
selenium concentration as a function of depth on a given bed. The stratum chosen was
midway in bed 33-0-0, and is a six inch layer of black shale mottled with iron oxide
stains. The shale is soft and friable and becomes more compact with depth. Samples
were taken on 6 to § inch intervals.
+Selected samples from the same bed along the outcrop band.
t1From bed MC-CG 33-0-0:
t1iFrom bed MC-CG 14-0-0:

This association of organic matter, pyrite, and iron oxide with gypsum
suggests that the selenium may have been derived from organic sources. Sub-
sequent reducing conditions during deposition and diagenesis favored accum-
ulation of pyrite in veinlets, and enrichment of selenium in the sulfide phase.
Later, oxidation of pyrite may have produced the iron oxides and gypsum. It -
seems likely then, if the foregoing is true, that selenium is distributed among
the organic matter, pyrite, and oxidized products as an oxide, a selenite or 2
selenate.

It is by no means impossible that selenium was introduced by hydrothermal
activity. However, evidence of such activity at Canyon Glen is slight. Wide-
spread development of crosscutting veins, wall rock alteration, and the develop-
ment of sulfide minerals, other than pyrite, typical of hydrothermal deposits
of the region, are not observed. Further study will be necessaty to evaluate
such effects. At present it seems that hydrothermal effects, if present, are
superimposed on the more important deposition and diagenetic processes that
concentrated the selenium.

Concentration Versus Depth—In a sample profile of bed 33-0-0 of the
Canyon Glen section, concentration of selenium, as a function of depth, is such
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that 2 maximum value of 25 ppm occurs within the first 12 inches, and de-
creases to about 10 ppm at about 30 inches, then increases to about 20 ppm at
40 inches (See Table 3). It is believed that the indicator plants draw selenium
toward the surface from depths up to 36 inches, the depth of penetration of
roots, and causes enrichment in the upper 12 inches of the weathering profile.
Weathering of leaves, stems, and fruit of seleniferous vegetation doubtlessly
contributes to enrichment near the surface. Concentration at about 18 inches
is roughly equal to that at about 36 inches. For that reason, sampling, subse-
quent to analysis of the depth profile, was made at a depth of about 18 inches
in the soft shales.

Indicator Plants.—Aster glaucus (woody aster) collected on bed 33 con-
tained a minimum of 100 ppm (Table 4), and Stanleya sp. rooted in the same
bed contained a minimum of 50 ppm. Except in localities where downslope
movements confuse the stratigraphic profile, these plants are systematically dis-
tributed on the seleniferous beds, and in general, the most seleniferous beds
produce the greatest density of plant population. This condition is somewhat
modified by ecological conditions such as availability of moisture, ability to
gain and maintain roots due to steepness of the erosion surface, etc. In general,
presence of these plants indicates availability of selenium in the strata in which
they are rooted. Lack of the plants usually, but not always, indicates low con-
centrations of selenium in the strata,

Correlation of indicator plants with seleniferous beds at Canyon Glen
is sufficiently positive to suggest that the same relationships might be present
at the type locality at Soldier Canyon.

TABLE 4

Analysis of selected plant specimens collected on highly seleniferous beds of the
Manning Canyon Shale at Canyon Glen Campgrounds, Provo Canyon, Utah*

PPM
MC-CG Selenium
33-0-10 Aster glancus, Collected from bed 33, Leaves, stems and buds. Strong
smell in foliage when prepared for digestion 100

MC-CG
33-0-11  Stanleya sp. Collected from beds 32 and 33. Strong, disagreeable odor
when_ vegetation was crushed. Some leaves brown, bloom was gone.
Hillside very dry where plants were collected. 50
MC-CG
24-0-1  Aster glaucus. Collected from bed 24. Foliage luxuriant. Grew in
shady, damp location near the river. Sample included leaves, stem,
and flowers, 100
MC-CG
24-0-2  Oonopsis (?) sp. Collected from bed 24. Dandelion like plant, but lacks
the stems and flowers of dandelion. Resembles Oonopsis condensatus,
but lacks the flowers shown in the description of that species. Sample
was not crackling dry when prepared. Considerable water was present
in tissue, 10

*Ten grams of air dried vegetation was ground and digested with 30% hydrogen per-
oxide by leaving overnight, then evaporating to dryness on a water bath. The material
thus derived was treated in the same manner as employed for soils, except that twice
Ehe _ﬁsu?.l amount of bromine was added to assist in oxidation of organic matter duting
tstillation.

SELENIUM AT SOLDIER CANYON

Since the Manning Canyon Shale is more than 1600 feet thick at Soldier
Canyon, much too thick to sample in detail for the present study, three detailed
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sections wete measured and described. The lowermost two are about 20 feet
thick, and the uppermost is 75 feet thick. Selection of upper and lower detailed
sections was based on occurrence of indicator plants rooted in soft, friable,
dark-colored, gypsiferous, sometimes ferruginous shales, i.e., the combination
of factors found most favorable to high concentrations of selenium at the Can-
yon Glen Campgrounds Section.

The middle detailed section is the upper coal cyclothem described by
Prince (1963). Samples used for analysis were from Prince’s collection on file
at Brigham Young University. A principal objective was to determine, if pos-
sible, variation of selenium concentration within the cyclothem.

The Lower Section—Measurement, description, and analysis of the lower-
most section is summarized in table 5. Similar to conditions and concentrations
at Canyon Glen Campgrounds, a maximum of 30 ppm selenium was found
in a dark-colored, mottled red and yellow and gray, soft, friable, gypsiferous
shale (Sample MC-SC 47-0-0). Indicator plants were present but not-abund-
ant. Specimens of Stanleya sp. had been grazed by livestock: flower plumes
were removed, and the upper, more tender foliage, was missing.

Indicator plants and dark-colored shales are distributed throughout the
lower portion of the formation at Soldier Canyon and suggest a broader dis-
tribution of selenium than indicated in table 5.

Bed MC-SC 45-0-0 is a black, soft shale which contains considerable
brown calcite with pseudomorphs of limonite after pyrite. The bed, in addition,
shows some loss of coherence as though it may have been altered hydrothermally.
The sample contains 10 ppm selenium. Comparison with overlying beds (Table
5) indicates that the effect of hydrothermal alteration is to impoverish the rock

-in selenium. Further study is needed for a more definite evaluation.

TABLE 5

"Detailed stratigraphic section of a portion of the Lower Manning Canyon Shale at the
type locality, Soldier Canyon, Tooele Couaty, Utah.*

Bed Sample Feetr Thickness PPM
No. Description Number  Above Base in feet Selenium
48 Shale, red, chippy, fissile, slope  MC-SC
former. 48-0-0
1963 17-20 3 15

47 Shale, black, variegated with MC-SC
red, yellow, gray, soft, friable, 47-0-0

slope former. 1963 13-17 4 30
46 Shale, red brown, soft friable, MC-SC
slope former ’ 46-0-0
1963 9-13 4 15

45 Shale, black, soft, friable, slope = MC-SC
former; brown calcite occurs  45-0-0
with pseudomorphs of limonite 1963 5-9 4 10
after pyrite; loss of some co-
herence of the rock.
44 Shale, purplish black, calcite MC-SC
stringer, soft, friable, slope 44-0-0
former. 1963 0-5 5 10

*The section is in the lowermost part of the type section at Soldier Canyon. Bed 44
overlies Unit 2 of Moyle. (1958) . Strike: N. 70°W, dip 45° North. Stanleya sp.
occurs in this part of the section, but is not as abundant as in other parts of the section.:
NE % Sec. 33, T.4 S, R. 4 W.
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Selenium in the Coal Cyclothem. Investigation of selenium in the coal
cyclothems described and studied by Prince (1963) was not very successful. In
spite of the presence of indicator plants, concentrations of selenium throughout
the cyclothem proved to be low, ie., 10 ppm or less (Table 6). Most of the
concentrations appeared to be less than 5 ppm, and at these levels the method
of analysis employed is not sufficiently definitive. It was hoped that greater
concentrations of selenium would be present than wete actually found, and that
the differences from one part of the cyclothem to another would be more marked.
A cyclic repetition of the selenium was not established.

TABLE 6

Detailed stratigraphic section of a middle portion of the Manning Canyon Shale, Soldier
Canyon, Utah. (Prince, 1963)*

Unit Thickness Feet PPM
No. Description Inches Above Base Seleninm
154 Quartzite, medium to light gray. Marks the .

base of the upper partial cyclothem. 12 190.3 Not sampled
153 Siltstone, brown, shaly, and nodular, 2 189.3 Not sampled
152 Shale, black, dense, noncalcareous. 10 189.2 10
151 Clay, medium gray to light green, waxy. 1 188.3 5
150 Shale, medium gray to light green, noncal-

careous. 2 188.2 5
149 Siltstone, brown, slightly calcareous, thin 1”

beds, hard and compact. 6 188.1 2
148 Shale, nodular, green to brown, slightly )

calcareous. % to % inch beds. 18 187.6 5
147 Shale, medium gray to dark green, noncal- )

careous. 12 186.1 1

146 Shale, light green, weathers brown, cal-
careous, papery to % inch beds, somewhat

nodular 9 185.1 8
145 Shale, medium gray to green, slightly cal-
careous. 28 184.3 3
144 Siltstone, medinm gray, weathers light gray,
nodular. 3 182.0 No sample
143 Shale, black, noncalcareous, paper thin to
% inch beds. 30 181.8 5
142 Shale, black, weathers gray, waxy, non-
calcareous, chippy, hard. 6 179.3 3
141 Shale, black, weathers gray, waxy, clayey,
very thin beds. ' 9 178.6 No sample
140 Shale, medium gray to gray, weathers light
gray, nodular, noncalcareous. 14 178.0 5
139 Shale, black, dense, silty, somewhat nodular,
noncalcareous, % inch beds. 7 176.8 10

138 Shale, light gray to medium grdy, weathers
same with orange mottling, bedding very
thin to paper thin. 8 176.3 5

137 Limestone, black, dense, laterally persistent,

Key bed for upper cyclothem. Ostracods,

pelecypods, low-spired gastropods, brackish

marine, 12 175.6 3
136 Shale, roof shale, consists of the following:

top 2/ inches, shaly limestone, 3 inches

red shale, 2 inches shaly limestone, 3%

inches shale, 2 inches red shale.®* 13 174.6 1
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TABLE 6 (CONT.)

135 Coal, brown to dark brown lignite, banded,
associated with gypsum, and limonitic on
weathered surface. 4 173.5 15 (?)
Value represents a minimum value.
134 Underclay, black to dark gray, irregular to ‘

no bedding, very waxy and carbonaceous. 6 173.2 1
133 Shale, dark gray, silty to sandy, noncal-
careous. 2 172.7 1

132 Sandstone, light gray, medium to fine-
grained, noncalcareous.

131 Quartzite, light gray to buff, fine to medium
grained, orange limonite mottling, thin bed-
ded, crossbedded in part. This and under-
lying quartzite beds marks the base of the
upper complete cyclothem. 33 172.0 Not sampled

[e)}

172.5 Not. sampled

*This section is from the upper coal cyclothem in the middle part of the Manning Canyon
Shale. Measurements are to the base of the “medial limestone” member, which is approx-
imately 460 feet above the base of the formation. The descriptions given are modified
from those given by Prince (1963). SE %, NE %, Sec. 33, T. 4 S.,R. 4 W

**Sample of shaly limestone only.

The Upper Section.—Indicator plants, Stanleya sp., rooted in soft, black,
gypsiferous, and sometimes ferruginous shales led the writer to investigate a
part of the upper Manning Canyon Shale at Soldier Canyon. (Table 7).

The section consists of 58 feet of shale and 17 feet of limestone. The
weighted mean concentration of selenjum in the shales is 13 ppm. (Sum of
products of thickness times concentration, and the sum divided by the total
thickness.) The high value is 45 ppm, associated with bed 41, Table 7; a
brownish black, soft, limonitic, gypsiferous shale 1 foot thick. Two other beds
are noteworthy for concentration of selenium. Beds 36 and 35 of Table 7, 2
feet and 8 feet thick, have 30 ppm and 25 ppm selenium, respectively. These
shales are also brownish black, soft, friable, gypsiferous. Stanleya sp. is rooted
into each bed.

The presence of indicator plants, such as Sianleya sp., and other dark
colored, soft shales in the upper part of the Manning Canyon Shale suggest’
that selenium is more widespread than indicated by the limited measured"
section. Values shown in table 7 suggest that the upper part. of the Manning
Canyon Shale is the most seleniferous part of the formation. At Canyon Glen,
156% feet of shale averages 10.5 ppm; at Soldier Canyon, the section in table
7 averages 13.1 ppm in a 58 foot section. Maximum concentrations of selen-
ium, up to 100 times normal abundance of the element in shale, is associated
with soft, black to brownish black, gypsiferous calcareous, often limonitic or
hematitic shale.

TABLE 7

Detailed stratigraphic section of an upper portion of the Manning Canyon Shale at the
type locality, Soldier Canyon, Tooele County, Utah.*

Bed Sample Feet Thickness PPM
No. Description Number  Above Base in feet  Selenium
42 Limestone, blue gray, thin bed- ~ Not

ded, shaly, ledge former. 70-75 5 sampled

41 Shale, black brown, fissile, soft, MC-SC
limonitic, gypsiferous, calcare- 41-0-0
ous. 1963 29-70 1 45
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TABLE 7 (CONT.)

40 Shale, brownish gray, somewhat MC-SC

hard, fissile, bedding up to ¥ 40-0-0

inch. 1963 66%-69 2% 20
39 Shale, gray brown, hard. Limo- MC-SC

pitic and gypsiferous. Stanleya  39.0-0

sp. rooted in bed nearby. 1963 65-66% 1% 20
38 Limestone, shaly, blue gray, ‘
bedding % inch to 6 inches, jag- Not
ged ledge former. 53-65 12 sampled
37 Shale, resembles 36, but not as MC-SC
black or as gypsiferous. 37-0-0 :
1963 50-53 3 5

36 Shale, brownish black, soft, MC-SC
bedding % to % inch. Gypsifer- 36-0-0
ous Not limonitic. Two Szan- 1963 48-50 2 30
leya sp. rooted in bed.

35 Shale, gray brown, soft. Stan- MC-SC

leya sp. 35-0-0
1963 40-48 8 25
34 Shale, gray, fissile, slope former. MC-SC
34-0-0
1963 20-40 20 10
33 Shale, gray brown, soft, friable,, MC-SC
gypsiferous, limonitic in part. 33-0-0
1963 16-20 4 10
32 Shale, gray, fissile, chippy, MC-SC
slope former. 32-0-0
1963 8-16 8 8
31 Shale, black, papety thin, lim- MC-SC
onitic stains, 31-0-0
- 1963 4-8 4 7
30 Shale, medium gray, soft, fri- MC-SC
able, slope former. 30-0-0
1963 2-4 2 5

29 Shale, black, fissile, hard. No MC-SC

hematite or limonite or gypsum.  29-0-0

Slope former. 1963 1-2 1 5
28 Shale, black mottled with yel- MC-SC

low and orange, fissile, slope  28-0-0

Ifjormer. Stanleya sp. rooted in 1963 0-1 1 10
ed. ’
27 Limestone, blue gray, shaly,
thin bedded, jagged ledge form- 0 to minus 10 Not
. er. " sampled

*This section lies approximately 1200 feet above the base of the formation, and is
roughly equivalent to unit 26 of Moyle (1958). The analyzed section is two sputs
(200 yards) east of Moyle’s section. The formation is thinner on the spur where Moyle
measured his section than it is at the present locality because of structural complications
in his section, NE % Sec. 33, T. 4 S., R. 4 W.

SELENIUM AT LAKE MOUNTAIN

Lake Mountain is 20 miles south of Soldier Canyon, and 20 miles due
west of Provo Canyon (Text-fig. 1). Indicator plants are wholly lacking in
the sections visited by the writer on Lake Mountain. The author walked over
most of the section described by Moyle (1958) and Tidwell (1962), and not
a single indicator plant was found. Either other ecological conditions make the
growth of such plants unfavorable or the selenium content of the formation
1s too low to support such a flora. Perhaps indicator plants find the concen-
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tration of the selenium from 1 to 10 ppm too low to meet requirements for
growth. :

Data summarized in table 8 show that the concentration of selenium in
the stratigraphic vicinity of the early Pennsylvanian flora described by Tidwell
(1962) is very low. The highest value, associated with bed 4 of Table 8 is
7 ppm. In general the concentration is near 1 ppm, the least concentrations of
selenium of the five sections studied.

1t is thought by Tidwell (personal communication) and by Moyle (1958)
that the Lake Mountain section represents terrestrial deposition to a greater
degree than the other sections. Sandstones are more abundant at Lake Moun-
tain, and so are fossil terrestrial plants. :

It is possible that terrestrial conditions are less favorable to concentration
of selenium than brackish or marine conditions. Since the brackish to marine
rocks of the upper part of the Manning Canyon Shale at Soldier Canyon are
the most seleniferous section yet encountered, and since equivalent rocks at
Lake Mountain seem to be more terrestrial and are least seleniferous, it is sug-
gested that concentration of selenium is somehow related to brackish water or
marine conditions.

TABLE 8

Section across plant-bearing strata in the Manning Canyon Shale, Jackrabbit Quarry,
. Lake Mountain, Utah (Tidwell, 1962).%

Bed Sample " Feet Thickness PPM
No. Description Number  Above Base in feet Selenium

12 = Shale, pinkish brown, weather-
ed, approaches surface on shal- Not

low side of quarry on the east. : 71-73 2 sampled
11 Shale, pinkish brown, fissile, . MC-LM
laminated. 11-0-0
1963 66-71 s 1
10 Shale, resembles 11- - MC-LM
10-0-0
: . 1963 60-66 6 1
9 Shale, resembles 11 MC-ILM
. . 9-0-0
1963 53-60 7 1

8 Shale, pinkish brown, laminated, =~ MC-LM

weathers in slabs. Plants found  8-0-0

by Tidwell in this bed and in 7. 1963 46-53 7 1
7 Shale, pink, laminated, weath- MC-LM

ers in slabs % inch to 6 inches, 7-0-0

some unidentifiable plant re- 1963 41-46- 5 1

mains. Lower part of most pro-

ductive fossil plant beds. -

6 Shale, brownish pink, variégat- MC-IM

ed, crumbly. Limonitic stains. 6-0-0
1963 37-41 4 2
5 Shale, brown gray, limonitic on MC-LM
surface, crumbly. 5-0-0
1963 30-37 7 bl

4 Shale, gray, some limonite, but ~MC-LM
not as much as in 3-0-0. Crum-  4-0-0
bly. 1963 22-30 8 7
3 Shale, gray with yellow iron MC-LM
oxide stain abundant, crumbly.  3-0-0
1963 13-22 9 3
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TABLE 8 (CONT.)

2 Shale, vyellowish gray, beds MC.LM
crumpled by folding, part of 2-0-0
bed cut out by folding; dip 1963 6-13 7 1
changes to east.
1 Shale, vatiegated with brown, MCLM
gray, and yellow, bed is crum- 1-0-0
pled by folding. 1963 0-6 6 3

*Section begins on top of blue-gray limestone which weathers pink on the west side. of
the quarry. The dip of the bed is nearly vertical, and the strike is about N 2° E. Beds
7 and 8 correlate with those beds which have yielded numerous Alethopteris, Neuropteris,
and Calamites (Tidwell, 1962). SW %, SW % Sec. 7, T.7S,,R. 1 E.
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Some Monoclinic Amphibolés and Relation of
Their Physical Properties to Chemical
Composition and Crystal Structure®
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ABSTRACT.—The amphibole mineral group has been difficult to classify due to complex-
ities introduced by the large number of ions that can substitute, either partially or com-
pletely, in the five structural sites. Each site has definite size, valence, and coordination
number requirements. By assigning a code number to each possible ion in each possible
site, every possible combination of ion and position can be used to give a unique class-
ification scheme relating structural position to chemical composition. A species of
hornblende chosen from Dana’s System of Mineralogy (1892) is used to illustrate this
classification system. .

Ten amphibole minerals obtained from supply houses were chemically analysed and
physical properties—i.e. index of refraction, 2V angle, CAZ, pleochroism, DTA, and
X-ray — were observed to determine if the classification system would be applicable and
to try correlation of chemical composition and physical properties. Fe** And Fe** give
the mineral a higher refractive index, a smaller 2V angle, darker pleochroic colors and
a more nearly black color in hand samples. Presence of fluoride ions, as seen in sample
6, seems to increase the CAZ. Neither the number of Si** replaced in the tetrahedral
sites nor the number of alkali ions present in position “A” show any observable effect
upon optical properties. An expected cell size increase with increasing substitution of
AI* for Si** in tetrahedral sites was not observed in X-ray patterns; however, there is a
decrease in cell size with an increase of trivalent ions in octahedral sites. A decrease
of Ca* in cubic sites also tends to indicate a decrease in cell size. DTA shows that
oxidation and hyrdation take place gradually all along the heating curve. Structure does
not break down even at temperatures of 1100°C. A decrease in Ca’ and an increase
in Na* and K* lowers the temperature at which the endothermic reaction takes place.
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INTRODUCTION

Combined amphibole and pyroxene mineral groups make up about 17%,
by weight, of the earth’s crust and are second only to feldspars in abundance.
Amphibole minerals occur in many types of rocks. Hornblende species, for
example, occur in great abundance in intermediate igneous rocks, in metamorphic
schists and gneisses, and as a detrital mineral in some sedimentary rocks. Some
amphibole variety forms in nearly all igneous rocks, in many metamorphic rocks
and even as alteration products of other ferro-magnesium minerals.

Classification of the amphibole group is poorly organized and confused
by indefinite mineral species. Wahlstrom (1947) commented that the nomen-
clature of the amphiboles is one of convenience and is not completely estab-
lished. Kerr (1959) noted that the amphibole group is one of the most com-
plex of all mineral groups, and many amphibole minerals cannot be placed
within his list of species.

Amphibole minerals are hydrous silicates containing some combination of
aluminum, magnesium, calcium, ferric iron, ferrous iron, sodium, and many
other elements in minor amounts through ionic substitution. Amphiboles have
2 double chain crystal structure which gives them 2 bladed form and 56°, 124°
cleavage angles. Within this structural framework are five different coordin-
ation positions to be occupied by 20 different ions. Complexity of the am-
phiboles is caused by random substitution of ions in similar coordination po-
sitions, and even some substitution in dissimilar positions by the same ions.
For example, aluminum ions may substitute for silicon ions in tetrahedral co-
ordination and may also substitute for magnesium ions in octahedral coordin-
ation.
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The amphibole structure was first worked out by Warren (1929) using
tremolite. In general the structural framework is formed by four oxygen ions
arranged around one silicon ion in tetrahedral coordination. Silica tetrahedra
share oxygen ions, alternating two and three per tetrahedra, forming double
chains of infinite length parallel to the c-axis. The distance from one oxygen
link to the next determines the “¢” unit cell dimension. Groups of double
chains are held together by various cations between the double chains in holes
or “sites” of six fold and eight fold coordination formed by the oxygen frame-
work. The problem of nomenclature, therefore, is one of relating structural
sites to the occupying elements, and to the amount of substitution permitted.
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HISTORY OF AMPHIBOLE NOMENCLATURE

The term “amphibole’” first appeared in literature in 1801 when Haty
used it to denote a mineral group containing hornblende, actinolite, and tremo-
lite. A large number of other poorly defined species have been included in
the amphibole group since that time.

Tschermak (1864) was one of the earliest workers to investigate the sil-
icate structures. He introduced the concept of solid solution in minerals, es-
pecially in the plagioclase feldspars and other silicate structures. From a con-
sideration of mineral chemistry he was able to give the ionic requirements for
isomorphous compounds. Tschermak discovered that an increase in the iron
content was observable in forms with a higher index of refraction, an observa-
tion many other researchers have noted since his time.

Allen and Clement (1908) experimented with the effect of heat on
tremolite. When heated to 900°C. and held at this temperature for 2 period
of time, tremolite lost most of its water, but, the mineral still retained its
homogeneity and no sudden property changes took place. They thought that
perhaps the water was dissolved water and tremolite was a solid solution phase.
Later work showed that water was chemically combined and not a separate

hase.

F Ford (1914) made a detailed study of optical properties of amphiboles
and concluded that the mean index of refraction was the best indicator of the
chemical composition and therefore of the mineral species. He noticed that
silicon, calcium, and magnsium ions had little effect on the refractive index.

Clarke (1914) proposed the concept of silicic acids to help explain com-
position of the various silicates, including the amphibole group. Acidic, basic
and normal salts were introduced, and elaborate structural formulae were de-
rived. Later work proved these hypothetical silicic acids could not be synthesized,
nor could they be found in solutions of the minerals themselves. Berry and
Mason (1959) state that X-ray investigations provided the means to disprove
the silicic acid theory and made possible a classification based on structure.

Schaller (1916), from chemical considerations, worked out the correct
formula for tremolite. He expressed it, in oxides of the elements, as 2CaO-
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5SMgO-88i0,-H,O. Schaller suggested that the water probably occured as OH
ions and was a definite part of the structure, and not dissolved water in tremo-
lite.

Kuntz (1930) derived the correct formulae for actinolite, kupfferite and
grunerite, analysed numerous amphibole minerals, measured their optical prop-
erties, and correlated this information by means of a series of graphs.

Position of each atom in the amphibole structure was worked out by
Warren (1929) for tremolite by X-ray rotation photographs. Warren showed
how the tremolite structure could be derived from diopside, a pyrozene variety,
that tremolite, hornblende, grunerite, and kupfferite all had the same structure
but with slightly different measurements, and that these differences were due
to replacement by different elements.

Bragg (1930) and his students investigated many other silicate minerals
by X-ray diffraction. Their wotk suggested a classification of silicates based
upon the number, arrangement, and number of shared oxygen atoms (ot
corners) of silica tetrahedra in the structure. This sheme is the basis of present
day silicate nomenclature,

Berman (1937) divided monoclinic amphiboles, on a structural and
chemical basis, into three series; the cummingtonite seties with the form
X,Z50,,(OH),, the tremolite-actinolite series with the form W,X;250.,(0H),,
and the hornblende series with form W3 (XY)3Z50,,(OH,F),. In each case
W may equal Ca, Na, Li, and K. X may equal Mg, Fe**, Mn?*. Y may
equal Al, Fe®*, and Ti*. Z equals Al and Si in tetrahedral coordination. Ber-
man further subdivides the hornblende series into four species (‘Table 1).

TABLE 1
Hornblende species of Berman (1937)

Species Si:Al X Y
hornblende-edenite 7:1 5 0
hastingsite 6:2 4 1
glaucophane 8:0 3 2
arfvedsonite 8:0 4 1

It should be noted that Berman separated the ions in the octahedral sites
into their bivalent and trivalent components.

Hallimond (1943) recognized the importance of aluminum ions replacing
silicon ions in tetrahedral sites and the. introduction of alkali ions into a po-
sition that is usually vacant in the cummingtonite and tremolite-actinolite series.
Hallimond observed that the number of silicon ions rarely drops below six,
i.e. two Si** out of eight replaced by 2 Al** ions per one-half unit cell of 24
anions, and that calcium ions rarely rise above two ions per one-half unit cell.
Hence, by starting with the simple tremolite formula, Ca,Mg;SizO,,(OH),,
and using two types of substitutions (2Na* and 2AI% for 2Si**, and 4Al** for
2Si** and 2Mg®*) he could graphically reproduce most of the common horn-
blende species on a partial triangular diagram. Winchell (1945) noted that
the former substitution (2Na* and 2AI%* for 2Si**) was inconsistant with the
amphibole structure, 7.e. too much Na for the position available, but, that it
could be replaced by two other substitutions as follows; Na* and Al for
Si#+, and 2AI%* for Mg?* and Sit+,
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Although he stated that the composition of hornblende varies in so many
ways that no ordinary diagram can be used to represent these variations, Win-
chell (1931, 1945) still attempted to correlate changes in chemical compo-
sition with measured physical properties of the mineral, generally on two di-
mensional diagrams. Hence, he was limited to the consideration of only two
variables, or two combinations of variables, at one time. Winchell diagramed
the change in molecular percentage of end members versus various optical
properties. He used Hallimond’s partial triangle as a base and added a vertical
coordinate to show, in addition to the variations in Hallimond’s variables, the
effects of decreasing the number of AI** jons in tetrahedral coordination and
the substitution of Fe2* for Mg2* ions on the optical properties of hornblende.
Sundius (1946) questioned the usefulness and accuracy of this diagram and
Rabbitt (1948) suggested that showing changes in molecular percentage of
end members is not appropriate because end members are seldom found in
nature and mixing on a molecular basis doesn’t occur.

Sundius (1946) stated the literature complicates and confuses the relation-
ships in the hornblende group and that from a consideration of structural re-
quirements, plus results of many chemical analyses, all hornblende species
found in nature can be derived from the tremolite formula by a very small
number of substitutions. The chief “type forming” kinds of substitutions he
found were; (1) introduction of alkali ions plus the various methods by which
the alkali ions substitute for other ions, usually Ca, and, (2) exchange of
Si** and Mg?* for 2Al*+. If a substitution is carried out to completion Sundius
calls the new formula an “end member” formula. If a substitution proceeds
only part way in nature, although theoretically it could proceed further, Sun-
dius calls the formula a “standard type” formula. Sundius (1946) classified
the hornblendes by means of these substitutions (Text-fig.1).

Since Mg and Fe** are almost completely exchangeable, both formulae
names are given. All other hornblendes can be derived from these standard
formulae by various substitutions. Sundius noted the introduction of Al®*
ions into the tetrahedral site tends to increase the refractive index and decrease
- the 2V angle of the mineral. ‘

However complete this hornblende classification seems to be, it should
be noted that minor elements, such as manganese, titanium, and fluorine, are
not considered and these ions sometimes greatly influenced changes in physical
properties. Also, as has been suggested, not only the ions involved but even
their position in the structure affects physical properties of a mineral. Thus
if it is known which elements occupy all possible structural sites, the amphibole
species can be completely described.

AMPHIBOLE STRUCTURE

Amphibole structure as determined by Warren (1930) is reproduced in
text-figure 2 for reference purposes. The following discussion pertains to this
diagram. Some oxygen ions should be superimposed but have been offset to
indicate the third dimension. The view is perpendicular to the 001 plane,
i.e. parallel to the c-axis. ‘

There are 48 anions in the unit cell, however, one-half of the cell is the
mirror image of the other half, thus, a working unit of 24 anions is con-
venient. In a one-half unit cell of 24 anions, 22 of these anions are normally .
oxygen ions surrounding the silicon ions in a tetrahedral arrangement. These
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Original formula:
Substitutes:
New formula:

Mg-rich Mineral:
Fe-rich Minerai:

Original formula:

Substitutes:

New formula:

Mg-rich Mineral:
Fe-rich Mineral:

TEXT-FIGURE 1. —A dassification for hornblendes as proposed by Sundius (1946).
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TEXT-FIGURE 2. —Structure of monoclinic amphiboles.

oxygen ions form the framework of the amphibole minerals. The other two
anions, O, in diagram, are normally OH- ions although F- or Cl- ions some-
times substitute. The OH- ions are bonded only to cations between the chains,
not to the tetrahedra.

A one-half anit cell contains eight tetrahedral sites of four fold coordin-
ation within the chains, labeled S in figure 2. The four oxygen anions form a
cavity that will accommodate 4 cation of ionic radius 0.316 A without dis-
tortion of the structure, but, may also accept a cation with ionic radius as large
2s-0.580 A before the structure will be distorted enough to shift to higher co-
ordination. For a symmetrical distribution of charges throughout the structure,
a cation in this position should have a valence of +4 although cations with
+3 charge many times substitute in this position.

There are five octahedral sites of six fold coordination between the
double chains, labeled M.,,,, in figure 2. The cavity formed by the anions
exactly accommodates a cation of ionic radius 0.580 A but will accept 2
cation with an ionic radius as large as 1.02 A. The cation should have a
valence of -2 for symmetrical distribution of charges throughout the structure,
although cations with -3 charge or 41 charge are often substituted.

There are two cubic sites of eight fold coordination, per 24 anions, located
between the chains and noted as M, in figure 2. This position requires a
cation with a minimum ionic radius of 1.02 A and a maximum radius of
1.40 A. A charge of -2 is needed for a symmetrical balance of charges, but,
many times cations with a 41 charge fill this position.
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There is one position, per 24 anions, labeled A in the diagram, normally
unoccupied in the actinolite-tremolite and cummingtonite series, but usually
occupied, to some extent, in the hornblende series, that requires a cation with
an jonic radius larger than 1.02 4 and 2 charge of 4-1.

Factors Influencing Ions and Positions

For purposes of reference during the following discussion a table of the
possible cations occuring in amphibole minerals, listing their valence, ionic
radius, radius ratio compared with oxygen, and their observed coordination
numbers, is given below in table 2. Values were taken from Berry and Mason
1959, the Rankama and Sahama (1950). Stability ranges of the radius ratios
for the various coordination numbers are also given. The smaller figure of
this range is the size of the cavity with the anions “touching.” The larger figure
is the maximum size of the cavity with anions “spread apart” by cations. If
the anions are separated more, there will be room for another anion to enter
the arrangement and thus raise the coordination number. The most stable po-
sition is somewhere between the two extremes.

TABLE 2
Ton size and stability range

Ion Valence lonic Radius (A) Re:Ra* Coordination Number
Si 4 042 A 0.30 4,
Al 3 0.51 0.36 4,6
Cr 3 0.63 0.45 6
Fe 3 0.64 0.46 6
Mg 2 0.66 0.47 6
Ti 4 0.68 0.49 6
Li 1 0.68 0.49 6
Ni 2 0.69 0.50 6
Mn 3 0.70 0.50 6
Fe 2 0.74 0.53 6
Zn 2 0.74 0.53 6
Mn 2 0.80 0.57 6
Na 1 0.97 0.69 6,8
Ca 2 0.99 0.71 6,8
K 1 133 0.95 8,12
Ba 2 1.34 0.96 8,12
O -2 1.40

OH -1 1.40

F -1 1.36

Cl -1 1.81

Stability Ranges for Radius Ratios

0.000 - 0.225 for 2-fold coordination

0.225 - 0.414 for 4-fold, tetrahedral coordination
0.414 - 0.732 for 6-fold, octahedral coordination
0.732 - 1.000 for 8-fold, cubic coordination
1.000 and larger for 12-fold coordination

*Ra is the radius of an O, ion.

Many chemical analyses of amphiboles have been published and position
in the structure which the various elements occupy has been determined, but,
limits for the various substitutions, except for Al and perhaps Si, are not
known. Various factors such as the ion’s radius, its electronegativity, its co-
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ordination number, its valence, and its availability at the time of the mineral’s
formation will have an effect on the limits of substitution and position occupied.

Tetrahedral Sites

The eight tetradedral sites, in a half unit cell of 24 anions, are all similar
and may all be filled by Si** as in tremolite. Silicon ions fit well in this po-
sition and never exceed more than eight ions per half unit cell. It is assumed
that all Si** are in tetrahedral sites because of their small radius and 44~ charge.
Furthermore it is assumed that all tetrahedral sites are filled by some ion because
the high negative charge would have the strongest attraction of any position
in the structure for a cation. An empty position within the chain framework
would cause a more unstable structure than an empty position between the
chains.

Although the radius of Al is larger and its valence smaller than Si*,
it may substitute for Si** in the hornblende series. Its smaller charge can be
balanced either by the introduction of a trivalent ion into the octahedral sites,
or the introduction of a monovalent ion into a vacant position A (Text-figure2).

Occasionally there is not enough Si** plus Al** present to completely fill
the tetrahedral sites and in such instances Fe* may be present in tetrahedral
coordination. Although Fe is large the structure seems to permit a certain
amount of strain and usually the amount of Fe** needed to fill the remaining
sites is small.

The only variation occurring in the tetrahedral sites is the amount of
Si++ replaced. Therefore, a number “Y” shall be used to indicate the number
of tetrahedral sites, per 24 anions, not filled by a Si** ion, or the number filled
by Al*. This notation has been used before in silicate structures, Phillips (1954
ms.). Sundius and Hallimond recognized the implications of an AI*+ jon re-
placing Si** in the amphibole structure. Sundius (1946) set the limit for Y
at 2.27 which was the highest amount of Al** replacing Si** in hornblende.
Hallimond (1943) gives an analysis for basaltic hornblende in which 2.44
Si+* ions have been replaced by Al and Fes*. Thus Y may vary from O to at
least 2.44 although those greater than 2.00 will not be common.

Octahedral Sites

The five octahedral sites are not all similar but may all be filled by Mg**
as in the case of tremolite. Positions of these octahedral sites in the structure
are shown in text-figure 2 as Mg?. The slight difference in the octahedral sites
is due to the fact that M, is bonded to six oxygen ions while M; and M, are
bonded to one OH- and five oxygen ions. Thus the M, position has a slightly
lower electro-negativity than M, and M,, and because Mg has a slightly lower
electro-negativity than Fe?r, Mg* will be favored for this position (Ghose,
1962).

Bivalent ions reported in the octahedral sites are Mg?, Fe*, Mn?*,
Ni*, Zn?+ and Ca?*. They all fall within the proper range of radius ratios
although they occur near the upper limit. Mg?* and Fe** usually fill this position
and are usually considered completely replaceable, but, pure Fe** end mem-
bers are seldom found in nature while pure Mg?* end members are common.
Tremolite often contains only Mg?* in octahedral sites and actinolite rarely
cxceeds a ratio of 4 Fe?*: 1 Mg?. Mn?* is reported in many analyses but
usually in small amounts. Zn** and Ni** are seldom reported in a chemical
analysis of an amphibole. Ca?* usually fills the eight-fold positions but may
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substitute in the octahedral site if there is a vacancy and if cubic sites are
filled.

When Y=0 the octahedral sites are usually filled by bivalent ions but
as Y gets larger trivalent jons are introduced. Trivalent ions reported in octa-
hedral positions are Al%+, Fed*, Cr3+ Mn® as are also tetravalent Ti#, and
monovalent Li*. These ions all are in the lower range of radius ratios for octa-
hedral coordination. Al** and Fe+ are the common trivalent ions found in this
position, Ti** is often reported in small amounts, Cr3* and Mn3* are seldom
reported, and Li* is common but only occasionally present in relatively large
amounts. Sundius (1946) gives an analysis, with Y=0, in which two trivalent
fons in octahedral sites were balanced by % ion of Li* in octahedral position plus
1% ions of Na* in cubic coordination.

Trivalent ions are necessary in the octahedral positions either to balance
charges of trivalent ions in tetrahedral positions or monovalent ions in cubic
positions. In some analyses more trivalent ions are present in octahedral sites
than are needed to balance trivalent ions in tetrahedral sites and monovalent
ions in cubic sites. In such cases one octahedral site must be left vacant for
every two excess trivalent jons. Chemical analyses usually show an excess of
ions available for octahedral sites rather than vacancies. The reason for this
condition has not been determined. There actually may be an excess of ions
present. Hallimond (1943) notes that an error of only one percent in the cal-
culation of the percentage of H,O can change the number of cations in the
octahedral sites by 0.3 cations. A small change in the percentage of H,O has
a greater effect upon. cations in octahedral positions than elsewhere. A chemical
analysis with less than two OH- ions usually shows more than five cations in
octahedral sites while an analysis with more than two OH- anions usually shows
less than five cations in octahedral sites. Most chemical analyses show less
than two OH- anions.

The relationship between bivalent ions and trivalent ions in octahedral
sites becomes very complex in the hornblende series. Thus, in considering the
important variations in the octahedral sites, it is more convenient to consider _
trivalent and bivalent ions separately. The number “P” will be used to indicate
the number of octahedral sites, out of 5 available sites, not filled by bivalent
ions i.e. the number filled by trivalent ions. From reported chemical analyses
of amphiboles it may be observed that P can vary from 0.000 in species such
as tremolite, where all octahedral sites are filled with bivalent ions, to 3.45 in
gastaldite where 3.45 out of five bivalent ions are replaced by trivalent ions
(Sundius, 1946).

Number of bivalent ions in octahedral sites can be recalculated to 100%
and position of the relative percentage of any combination of bivalent ions
shown as a point on the triangular diagram in text-figure 3. The particular
number of the subdivision into which some combination of bivalent ions falls
will be called the “R**’ number. If the R2* is seven, Mn?*, Zn?*, Nij2+, Ca?*
and Li* are calculated to 100% and referred to the triangular diagram in text-fig-
ure 3a, to obtain an “R**a” number. If the R?*a number is four, Ca?, Zn?* and
Ni** are recalculated to 100% and referred to the triangular diagram in figure
3b for “R2+b”. ' '

The trivalent ions are treated in a similar manner. Trivalent ions are
calculated to 100% and represented as a point on the triangular diagram in
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TEXT-FIGURE 3. —Triangular coordinate diagram used to find the “R**” number by plot-
ting relative petcentages of bivalent ions in octahedral coordinate positions.

TEXT-FIGURE 3a.—Triangular coordinate diagram used to find the “R**2” number.

TEXT-FIGURE 3b.—Triangular coordinate diagram used to find the "R*b” number.

TEXT-FIGURE 4. —Triangular coordinate diagram used to find the “R**” number by plot-
ting relative percentages of trivalent ions in octahedral coordinate positions.
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text-figure 4 to obtain an "R®"” number. When no trivalent ions exist in octahe-
dral position, R** equals zero. To completely define the octahedral position three
variables are needed; the “P”’ number, the “R2+ab” number, and the “R3+”
number.

Triangular coordinate diagrams are used so that three variables may be
considered simultaneously, and only ions are considered, since the change in-
volved is one of ionic substitution, not changes in end member molecules.

Cubic Sites

Cubic sites may contain the bivalent ions Ca?*, Mn?+, Fe?*, Mg?* and
monovalent ions Na*, K+ and Li*. Ca?* has an apptopriate size and charge for
this position and normally occurs here, sometimes completely filling this po-
sition in the tremolite-actinolite series. Although in minor amounts, Mn®*
usually appears in chemical analyses and may be found in either octahedral or
cubic sites. Fe?, and especially Mg®, are small for cubic coordination, see
table 1. However, in the cummingtonite series Warren (1930) gives a chemical
analysis in which Mg?* and Fe?* fills all octahedral sites plus 909% of the
cubic sites. Warren (1930) states, “it turns out that the eight oxygen atoms
about Ca are so arranged that on replacement of Ca by Mg six of the oxygens
can move closer and form a nearly regular octahedron about the Mg atom.
Moreover the remaining two oxygens are each bound to two silicons and so
have their valence bonds already fully satisfied.” The shift effects the structure
so little that almost identical X-ray patterns result. Ghose (1962) determined
that the M, position (cubic site) in cummingtonite has a stronger affinity for
Fe?+ than Mg?* because of Fe?*'s stronger electronegativity. Ghose also suggests
that the M,-O, bond (Text-fig. 2) is covalent. The M,-O, bond is important
in amphiboles because it controls the 8 angle which makes the mineral mono-
clinic or orthorhombic (Whittaker, 1960).

The monovalent ions Na* and K* also occur in 8-fold coordination and
can substitute for Ca?*, if there are excess trivalent ions in octahedral coordin-
ation, or excess alkali ions may fill the A position and require substitution of
a monovalent ion for Ca? in cubic coordination to maintain charge balance.
Li* is much smaller than K* or Na* and will usually occur in a six-fold coordin-
ation like Mg?+.

In considering various jons in cubic sites it is convenient to consider
monovalent and bivalent ions separately. “T”" will be used to indicate the
number of cubic sites not filled by bivalent ions. Tremolite-actinolite have
all cubic sites filled by Ca®t and hence T==O. A chemical analysis of ecker-
mannite given by Sundius (1946) has 1.95 ions of Na* replacing Ca?* in 8-
fold coordination. Thus T must vary from 0 to at least 1.95,

The bivalent ions are calculated at 1009% and plotted on the triangular
diagram shown in figure 5. The number representing the relative percentage
of bivalent ions will be called the “Q2*” number. If this position falls in
subdivision seven, the composition is referred to figure 5a for the “Q2+”
number. The same system is used for the monovalent ions and their relative
percentage is plotted on the triangular diagram in text-figure 6 to obtain the
“Q*" number. In many analyses there will be no monovalent ions in the
8-fold position in which case Q* equals zero. Three variables, T, Q%*a, and
Q*+ are necessary to completely define the cubic position.
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TEXT-FIGURE 5. —Triangular coordinate diagram used to find the “Q*" number by plot-
ting the relative percentages of bivalent ions in the cubic coordination position.

TEXT-FIGURE Sa.—Diagram used to find the “Q**a"” number.

TEXT-FIGURE 6. —Triangular coordinate diagram used to find the “Q*™’ number by plot-
ting the relative percentages of monovalent ions in the cubic coordinate position.

Position A¥
Another possible position for an ion is the position at A (Text-fig. 2)
which is usually vacant i the cummingtonite and tremolite-actinolite series

but occupied in the hornblende series by Na+*, Kr, Ca% and sometimes Ba?*,
‘Warren (1930) stated, concerning position A,

“in this position a small atom such as Mg? would have only two
oxygen neighbors and these two oxygens are already bound to two sili-
cons each and have their electrostatic valence bonds already satisfied.
The position of AA’ (position A in figure 2 of present paper) was

*As used by Bragg (1930) and Warren (1930).
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therefore considered to be highly improbable for a small atom such as
Mg?—A larger atom such as Na* if situated at position AA’ would have
six oxygen neighbors—in normal amphiboles each of the six oxygens
has its electrostatic valence bonds fully satisfied—in hornblendes with
high aluminum content, where a large fraction of Si in the chains is
replaced by Al this is no longer the case. In these circumstances the
position AA’ becomes a very probable one.”

Na+ and K* are large ions with small charges that can occupy this position.
Ca?* may occasionally occur here but only in very small amounts, possibly due
to its higher charge. Ba?* is very seldom reported in chemical analyses but
when present it must occupy this position due to its large ionic radius.

“S” will be used to indicate the fraction of A sites filled. This position
may be completely empty, as in tremolite, or completely filled, as in glau-
cophane. Thus S can vaty from O to 1 in a 24 anion unit. Any combination
of ions in this site can be indicated on the triangular diagram in text-figure
7 and represented by a V'’ number.

OH Ions

One other possible variable in amphibole minerals concerns the OH- ions.
As shown in text-figure 2, two OH- ions and 22 O2- jons normally form the
24 anion unit. OH- ions may be replaced by F- or Cl-. F~ has the same valence
and about the same ionic radius as OH-, and both OH- and F- ions are about
the same size as O%- ions. Cl- has a large ionic radius and is rarely reported in
amphibole analyses, and then only in very small amounts. Thus the only
variable needed to define this position is an “H’ number to indicate the num-
ber of OH- ions not replaced by F- ions.

The number of OH- jons reported in chemical analyses varies widely,
usually showing less than two OH- per one-half unit cell but occasionally more
than two. It has been suggested by Rabbitt (1948) and Hallimond (1943)
that the chemical analysis procedures for H,O are very inaccurate and there
would be exactly two OH- ions if determined accurately. Another possible
explanation is loss of H~ jons with oxidation of FeO to Fe,O; (basaltic horn-
blende) generally contain less water as seen in chemical analyses given by

Ca+Ba

INONININININEN
JAVAVAVAVAVAVAVAN
JAV/\VAVAV/-VAVAV, VA

K Na

TEXT-FIGURE 7. —Triangular coordinate diagram used to find the “V” number by plot-
ting relative percentages of ions in the “A” position.
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Hallimond (1943) and Winchell (1945). Hallimond (1943) suggested that
some amphiboles do not contain two OH- jons. Engel and Engel (1962) con-
cludes that K+ is able to replace H* in charge but not position, and thus is
able to balance charges. .

Suggested Order of Recording Variables

Variables should be arranged in a definite order for purpose of clarity
and uniformity when describing an amphibole species. The following order
is suggested; Y number, P number R3* number, R?*ab number, T number,
Q*a number, Q* number, S number, V number and H number. Although
this is not the order of most importance in a classification scheme, it is a logi-
cal arrangement of the structural variables based upon increasing size of ions
and coordination number.

CALCULATING NUMBER OF CATIONS

The first step in classification of an amphibole from chemical -analyses
is calculation of the number. of cations of each type in an average half unit
cell. A method used for the amphiboles is as follows:

1. Determine the relative number of oxide molecules present by d1v1d1ng
the weight percentages of each oxide by its molecular weight.

2. Obtain the relative number of oxygen ions each oxide contributes
by multiplying the number of oxygen ions.in the oxide with its
relative number of oxide molecules (this does ot apply to F- or CI-).

3. Recalculate to half unit cell basis (24 anions) by dividing total number
of oxygen ions into 24, thereby obtaining a ratio by which each oxide
molecule is multiplied to obtain the number of cations per half unit
‘cell. If the oxide contains more than one cation (ie. Al,O,) multiply
ratio by number of cations in oxide.

ASSIGNING IONS TO STRUCTURAL POSITION

When assigning ions to positions in the amphibole structure, all Si¢+ ions
are assigned to tetrahedral coordination and enough Al®* ions are added to give
the tetrahedral sites eight cations. If there is not enough Al3* to make up the
deficiency Fe®* is added. The remaining Al**, Fe*, and any Cr%*, Mn?,
Ti* are assigned to octahedral coordination. Because of the charge on Ti%,
the number of cations it contributes in filling octahedral sites should be doubled
to maintain proper charge to site relationship. If there are more trivalent ions
in octzhedral position than necessary to balance electrostatic charges in the
tetrahedral sites, when Ca?* fills all cubic sites, then one vacant position should
be allowed for each two trivalent ions. All Fe?, Mg?, Mn?, Ni2*, Zn2+
and Li+ are assigned to the octahedral sites if positions are available.

All Ca?* is assigned to cubic coordination. If there is too much Ca?* for
cubic sites it may be assigned to octahedral sites if there is a vacancy. If no
vacancy is present in octahedral sites then Ca?+ is assigned to position A. If
there are too many ions for the octahedral sites, and there usually are, then
Mn2+, Li*, Fe**, and Mg*, in order given, are assigned to the cubic sites if
there are sxtes available. If not all cubic sites are filled by Ca?+ then enough
Na+* or K*, in order listed, is assigned to the cubic sites to balance excess trivalent
charges in octahedral coordination. The balance of Na* and K* is assigned
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to position A. There may be an excess of bivalent ions in octahedral
due perhaps to inaccurate analyses or oxidation,

positions

To provide an example, the following chemical analysis of hornblende,
(Table 3) was taken from Dana (1892) and will be classified according to

the method given above.

TABLE 3
Analysis of Hornblende

Oxide Chem. anal. Recalcnlated  Molecular Relative No. Oxygen
wt, Yo t0 100 % weight of oxide fons
molecules
SiO. 40.02 X.99473 = 39.809 =+ 6006 = 0.6628 X2 1.3256
AlO, 15.55 " 15.468 101.94 0.1517 X3 04551
Fe.0s 3.44 " 3.422 159.68 0.0214 X3 0.0642
FeO 8.60 ” 8.555 71.84 0.1191 0.1191
MgO 14.37 " 14.294 40.32 0.3545 0.3545
MnO 0.00 ” 0.00 70.93 0.00 0.00
CaO 12.21 . 12,146 56.08 0.2166 0.2166
Na.O 2.40 " 2.387 61.99 0.0385 0.0385
X0 2,13 ” 2.118 94.19 0.0225 0.0225
H:0 1.81 " 1.8004 18.02 0.0999 0.0999
Total 100.53 . 2.6960
24 = 8902 = ratio needed to determine half unit cell
2.696
Cations Relative No. : Ions per
of oxide 24 anions
molecules

]‘ 8.00

Sit* 0.6628 X 8.902 5.80
AL+ 0.1517 " X2 2.70 2.20
Fe** 0.0214 " X2 0.38 ﬂ .50
Mg’* 0.3545 ” 3.15 /= :I— 5.01
Fe™ 0.1191 ” .06 | .98 :
Ca™ 0.2166 " 1.927 .08 ]— 2.007
Na* 0.0385 " X2 0.68
K* 0.0225 v X2 0.40 1.08
OH~ 0.0999 ” X2 1.78 —r 1.78
Calculation of Amphibole Number for above composition

Y = number of ions of Si** replaced by AI* = 8.00-5.80 = 2.20
P = number of octahedral sites not filled by bivalent jons = .50 4 .38 = 0.88
R™ = relative percentages of trivalent ions in octahedral coordination; number

obtained from figure 4 = 2
R*ab = relative percentages of bivalent ions in octahedral coordination;

numbers obtained from figures 3, 3a, 3b. = 2
T = number of cubic positions not filled with a bivalent ion = 0
Q™a = relative percentages of bivalent ions in cubic coordination; number

obtained from figures 5 & 5a, = 1
Q' = relative percentages of monovalent ions in cubic coordination; number

obtained from figure 6. = 0
S = total number of ions in position A = 1
V = relative percentage of ions in position A; number obtained from figure 7. = 2
H = number of H ions not replaced by F~; the number is 2 because no H

ions have been replaced = 2

This species number will be found in table 2 and is assigned the name Girnarite.
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PROPOSED SPECIES NAMES .
BASED UPON RANGES OF CRYSTAL CHEMICAL COMPOSITIONS

Although a number, as shown above and based on crystal chemical con-
siderations, is able to describe an amphibole more completely than a name, it
is customary to give names to minerals. Therefore, a variety name is assigned
to many possible species numbers (Table 4). Many amphibole names in
current use are associated with definite chemical and physical properties and
it is essential to retain these associations. Care has been taken to assign names
in agreement with original variety definitions. In some instances it has been
necessary to broaden the orginal compositional range of the name, in other
cases it has been necessary to considerably restrict the range to prevent extensive
overlap. If several names included the same chemical composition the earliest
name was retained. Names and formulae as given in Dana (1892), Hey
(1955) and others were used and where necessary to expand the ranges beyond
the original formulae, the extended ranges are given in parentheses in table
4. Names which had no composition given for them, such as Juddite which
was described only as having a high manganese content, were assigned to
appropriate divisions. Not all possible divisions were assigned names because
it is not certain they exist in nature.

Nomenclature of amphiboles in the past has been based essentially upon
the Y number, R+2ab number, T number, Q*2a number and the S number.
Vague limits had been set for certain species and these limits were used when-
ever possible in this classification. The P, R*3, Q*!, and V numbers had been
given no limits in original descriptions, consequently, it was necessary to 2ssign
rather large ranges to them. If an analysis shows more than one F- ion per
24 anions the prefix “fluor” is added to the species name.

It will be noted that the name hornblende has not been used as a variety
name in table 4. This name has been used in the past to cover a wide range
of chemical compositions. Winchell (1942) has used hornblende to include
all monoclinic amphiboles except the grunerite series and Sundius (1946) uses
hornblende in about the same way. Usually any dark colored amphibole is
called hornblende until it can be identified more specifically. The writer would
retain the name hornblende for these particular usages.

COLLECTION AND ISOLATION OF SAMPLES

For purposes of checking the value of the proposed classification method
and to gain experience in laboratory techniques, thirty samples of various am-
phibole minerals were obtained from several mineral supply houses in the
United States. Ten specimens (Table 5) were chosen from this group for com-
plete chemical analysis and determination of optical, X-ray powder diffraction
and DTA properties. Numbers rather than the names were used to denote
the specimens.

The mineral specimens were associated with many different rock types
and various techniques were used to effect the isolation of the minerals. A bi-
nocular microscope, tweezers and a sharp steel point were used to separate
large crystals or large pure masses from enclosing rock whenever possible. Next,
the mineral was ground to 60 mesh in a mortar. A heavy liquid separation
(Tetrabromoethene, sp. gr.—=2.965) was used on most mineral samples. The
amphiboles were just heavy enough to sink and most impurities floated to the
top. Tetrabromoethene was removed from the mineral by rinsing several time
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with ethyl alcohol. Samples which contained carbonate impurities were washed
for two minutes in dilute (1:5) cold hydrochloric acid. One sample was in-
termixed with magnetite which was removed by a small magnet. Another
sample was separated from its host rock with the aid of a magnetic separator.
A petrographic microscope was used to determine what impurities remained in
the isolated samples and the percentage of each present. Ten grams of each
sample, if available, were sent to the Mineral Constitution Laboratory at Penn-
sylvania State University for a chemical analysis. Enough of each sample was
retained so that the physical properties of the mineral could be determined.

TABLE 5
Sample localities, preparation, and impurities
No.  Locality Methods used to Amount and type of
isolate mineral impurities remaining
1 Fowler, N.Y. Heavy liquid 0.3% actinolite, zircon, and
HCI acid hornblende inclusions in
tremolite
2 Chester, Vermont Heavy liquid 0.1% tremolite
6 Nomingo mines Heavy liquid 1% zitcon
North Bancroft, HCI acid
Ontario, Canada
7 Verona, Ontario, Heavy Liquid thin film, unidentified
Canada
8 Calumet mines, Heavy liquid 0.29% actinolite
Chaffee County, magnet
Colorado
10 Old Colony Quarry Heavy liquid 39 feldspar
Quincy, Norfolk 19 quartz
County, Mass.
13 Kragero, Norway Heavy liquid less than 0.19 tremolite
and actinolite
18 Keystone, Heavy liquid 0.5% talc
South Dakota
19 Clay County, Heavy liquid 0.3% inclusions of actinolite
North Carolina tremolite and hornblende( ?)
20 Murray Bay, less than 1% hematite(?)

Quebec, Canada

PHYSICAL PROPERTIES
Optical Properties

Optical properties of each sample were measured with a petrographic micro-
scope and a four-axis universal stage. Index of refraction for g, B, and y was
determined, pleochroic colors described, the 2V angle and CAZ were measured.

Minera] fragments, 100 mesh or smaller, were sprinkled on a moistened
gelatin-coated slide which held the fragments securely in many orientations,
allowing one to choose a suitably oriented fragment with which to work. Frag-
ments which gave an optic axis centered interference figure were used in find-
ing and measuring the index of the @ ray. Pleochroic colors were also noted.
Several fragments were measured and an average value calculated in each case.
Fragments which had the highest birefringence and showed flash interference
figures were used to measure « and y. The index of the y ray (negative min-
eral) could be measured with the cleavage of the fragments essentially parallel
to the north-south direction of the microscope and « could be measured with
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EXPLANATION OF PLATE 1
X-RAY POWDER PATTERNS OF SAMPLE 10

Fic. 1. Pattern of sample taken at 25° C.
Fic. 2.” Pattern of same sample taken after heating to 800° C.

Tre. Pattern of same sample taken after heating to 950° C.
Pattern of same sample taken after heating to 1100° C.
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EXPLANATION OF PLATE 2
X-RAY POWDER PATTERNS OF SAMPLE 18

Fic. 1. Pattern of sample taken at 25° C,
Fig. 2. Pattern of same sample taken after heating to 950° C.
Fic. 3. Pattern of same sample taken after heating to 1100° C.
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the fragment in an east-west position. The pleochroic colors were noted in
these position.

Indices of refraction were measured by index oils using standard techniques.
The mineral was bracketed with a higher and lower index oil and an average
value determined. White light and central illumination were used. When
cleavages, dark color, or fine-grained size made the becke line indistinct oblique
illumination was used to make the fragment more conspicuous. Indices of
refraction of the oils were measured with an Abbe refractometer, using a
sodium vapor light source. The upper limit of the refractometer was 1.70. Oils
with a higher index are recorded as labelled on the container, followed by a
question mark in table 6. These values are probably too high since checked
values of oils less than 1.70 were slightly too high.

The 2V angle was easily measured on sectioned fragments mounted in
balsam with the 110 cleavage almost perpendicular to the slide. The 2V angles
were plotted on a stereographic net and angles calculated from the net. Sam-
ples number 7 and 10 were so highly colored that they were almost opaque
and the values given are only approximations. Angles from several fragments
were measured and an average value determined. The angle between the
acute bisectrix and the cleavage normal (CAZ in all except sample 10) could
be measured easily because of the prominent 110 cleavage in amphibole min-
erals. A universal stage was used for measurements.

The indices of refraction measurements are the least satisfactory of the
optical measurements because the deep colors, strong absorption, dispersion,
cleavages and fine-grained size make the becke line very difficult to observe.
The results may be no better than =.005 for the most intensely colored of
the specimens. Table 6 summarizes observed optical values.

TABLE 6
Observed optical properties

Sample
No. Indices Birefringence Pleochroism 2V angle c Z
1. a = 1.598 light yellow
B = 1.625 very light pink
Y = 1.627 029  colorless to light pink 84° (—) —15°
2. a = 1621 very pale green to pink
B = 1651 pale green
Y = 1.657 036  medium blue-green 86° (—) —15°
6. a = 1.621 light yellow-green
B = 1.628 pale yellow-green
" to colorless
Yy = 1.643 .022  pale green 86° (+) —22°
7. a = 1.654 . very dark green
B = 1701 ? medium brown-green
Y = 1.720 ? .066 ? dark green 74° (—) —16°
8. a = 1.609 pale reddish-brown
B = 1632 colorless to pale yellow
Y = 1.634 025  light yellow-brown 88° (—) —15°
10. @ = 1.693 medium blue-green
B = 1.696 dark blue-green CAZ
Y = 1730 ? 037 ? dark blue-green 40° 2 (+) +277?
13, a = 1.629 light yellow-green
B = 1.650 pale green CANZ
Y = 1.654 025 medium green 88° (4 &—) —17°
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TABLE 6 (CONT.)

18. e = 1,636 light blue-green

B = 1.649 pale green

Y = 1.662 026 medium blue-green 86° (—) —14°
19. @ = 1,626 pale yellow-blue

B = 1.643 colorless to pale yellow

Y = 1671 045  colorless to pale

yellow-blue 84° (+) —16°

20. a = 1,621 very light yellow

B = 1.640 colorless .

Y = 1704 ? .083 ? pale pink 78° (+) —4°

Fe** and Fe* seem to cause the greatest change in optical properties.
This effect may be observed in a comparison of samples 1, 2, 7, and 10. In-
creasing Fe** and Fe®, with decreasing Mg?* cause the mineral to have a blacker
hand sample color, datker pleochroic colors, more opacity, higher index of
refraction and smaller 2V angle. Sample 6 has a high percentage of F- which
may account for the large CAZ. The optical properties of sample 20 are quite
different from those of sample 1 although both show very similar chemical
analysis. This difference must be due to the fiberous habit of sample 20.
Neither the number of atoms of Si** replaced in the tetrahedral position nor
the number of alkali atoms present in position “A” seem to show any observ-
able effect upon optical properties.

X-Ray Photographs

X-ray diffraction powder photographs of each specimen were taken on a
General Electric XRD-1 x-ray machine. The camera used had an eight centi-
meter radius and rotated the sample 360°. The mineral sample was ground
in an agate mortar until fine enough to pass through a 325 mesh screen and
then packed into a capillary tube with a diameter of 0.05 millimeters. Sam-
ples 1, 2 and 13, however, gave so much fluorescence that it was necessary to
use a 0.02 millimeter diameter capillary tube to produce a usable photograph.
Photographs were taken using iron radiation, with a K, wave length of
1.935974, and a manganese filter. Each photograph was exposed 2.75 hours
at eleven milliampers and 30,000 volts. Spacing of each line on the film was
measured by a vernier scale on a Flourline illuminated screen. Intensity of
each line was estimated visually. Values are given in table 7. Repeated measure-
ment showed the line spacing could be reproduced within 0.02 millimeters.
The 002 line and 110 line were indexed by comparison to known powder
patterns.

The expected increase in cell size with increase of Al** in the tetrahedral
sites can not be observed in the x-ray powder patterns from these analysed
samples; however, they seem to show a decrease in cell size with increase of
trivalent ions in octahedral sites. A decrease in Ca?* in cubic sites may also
decrease cell size but the range of Ca® variation in these samples is insufficient
for a good comparison. Any other relationships between chemical analysis and
x-ray data are vague.

Another value of these x-ray powder photographs is to make available
the patterns of several chemically analyzed amphiboles. Only six powder
patterns of amphibole species could be found in the A.S.T.M. card file.
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TABLE 7
X-ray powder patterns of Amphibole species

Line  Sample No. 1 Sample No.2  Sample No. 6 Sample No.7  Sample No. 8
i 4 I/I, d 4 1/ d A /I d A I/1, d A /1,
1

1 1.5022 5 14333 25 1.5022 2 1.5097 1.4355 40
2 1.5103 5 1.4678 1 1.5122 2 1.5244 3 1.4997 5
3 1.5302 3 1.5009 3 1.5765 5 1.5401 1 1.5103 5
4 1.5751 8 1.5122 3 1.6159 1 1.5886 10 1.5289 1
5 1.6159 3 1.5276 3 1.6500 5 1.6235 1 1.5751 5
6 1.6476 10 1.5765 10 1.6843 1 1.6540 2 1.5966 1
7 1.6826 3 1.6182 1 1.8411 1 2.0209 1 1.6129 1
8 1.8622 3 1.6468 10 1.8654 1 '2.0511 1 1.6484 5
9 1.8882 3 1.6851 1 1.8971 1 21679 20 1.6826 1
10 2.0118 5 1.7417 1 2.0183 3 2.2956 1 1.8600 1
11 2.0431 5 1.8622 1 2.0431 1 2.3468 20 1.8871 1
12 2.1588 15 1.8871 1 2.0458 1 f2.553L 50 2.0106 2
13 2.2734 3 2.0118 5 2.1588 10 2.6043 40 2.0391 1
14 2.2939 3 2.0405 3 2.2836 1 2.7184 100 2.1558 5
15 23182 3 2.1573 20 2.2991 1 2.8140 1 2.2718 1
16 2.3324 15 2.2904 1 2.3432 10 2.9493 5 2.3324 8
17 t2.5316 30 2.3112 1 23698 20 3.1257 80 {2.5252 50
‘18 25941 10 2.3289 15  12.5337 40 3.2846 5 2.5862 10

19 2.7035 100  $2.5273 40 2.5930 20 3.3962 50 2.6962 100
20 2.9375 2.5685 80 2.7035 100 4.5366 1 2.7927 1

[\
o

21 3.0992 80 2.5315 25 2.7410 1 4.9058 1 3.1058 100
22 3.2661 - 20 2.6624 30 2.8087 1 #8.3965 100 3.2588 10

23 33843 40  2.7060 100 29375 30 33725 40
24 38608 & 27980 1 31291 60 5.6684 20
25 45150 10 29316 40 33752 50 38713 5
26 48804 10  3.3725 60 58818 2 44864 5
27 50913 3 38608 5 45150 2 48720 5
28 53622 12 44935 © 5 48973 2 5.0549 2
20 83713 60  4.8553 5 *84730 50 $8.3463 50
30  9.0501 30 50731 -1 90796 8 0.0796 20
31 ' #8.2967 80

32 8.4473 5

* = 110 plane

¥ = 002 plane

Line Sample No.10  Sample No.13 Sample No. 18 Sample No.19 Sample No. 20
d4 I/, 44 /L, 44 I/, 4 A4 I/, 44 I/l

1 1.2893 30 14388 25 1.3595 25 1.4284 60 14361 60
2 1.3398 10 1.5028 10 1.3955 1 1.4466 2 1.4696 1
3 1.3733 8 1.5148 10 1.4306 35 1.4661 2 1.5022 1
4 14172 20 1.5342 1 1.4534 1 1.4941 2 1.5103 8
5 1.4608 1 15807 15 1.4677 1 1.5135 10 1.5329 1
6 1.4960 2 1.6174 1 1.5022 1 1.5475 2 1.5744 15
7 1.5097 5 1.6492 15 1.5148 5 1.5758 20 1.6159 1
8 1.5822 8 1.6868 1 1.5276 1 1.5996 10 1.6476 8
9 1.6047 8 1.7437 1 1.5793 30 1.6062 2 1.6843 2
10 1.6460 40 1.8654 1 1.6137 1 1.6243 2 1.8600 1
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TABLE 7 (CONT.)

11 1.6893 1 1.8904 1 1.6445 25 1.6366 40 1.8882 1
12 1.7142 1 2.0170 10 1.7428 1 1.7373 5 2.0118 2
13 17186 1 2.0484 1 1.8611 1 1.7957 5 2.0405 1
14 1.7879 1 2.1603 30 2.0118 8 1.8547 5 2.1558 10
15 1.8516 1 2.2819 1 2.1528 15 1.8762 5 2.2768 1
16 2.0106 2.3360 20 2.2768 1 1.9866 2.2939 1

3 2
17 2.0578 2 2.5337 50 23324 10 1.9991 2 2.3324 10
18 2.1499 40 25930 40 12,5316 40 2.0352 2 ¥2.5252 70
19 2.2435 2 2.7035 100 2,5795 15 2.0796 20 2.6816 5
20 2.2991 3 2.8033 5 2.6937 100 2.1410. 35 2.6962 100

21 t2.5104 50 29375 40 3.1058 80 2.2734 2 2.8033 1
22 2.5729 3 3.1191 90 3.2478 2 2.3235 35 29258 20
23 2.6889 100 3.2661 40 3.3725 20  t2.5337 70 3.1091 80
24 2.9493 1 3.3882 50 3.6684 15 2.6864 100 3.2551 5
25 3.0570 70 3.8765 1 3.8871 1 2.7720 2 3.3607 40

26 3.2155 1 4.5150 3 4.5078 2 29142 30 3.8765 1
27 3.3607 20 4.9058 5 4.8973 2 3.0828 90 4.4794 3
28 3.8197 1 #8.3463 80 *8.4219 50 3.2370 25 4.8636 3
29 44030 25 9.0208 5 8.5771 3 3.3491 40  *8.5247 30

3

30 7.9655 90 3.8608 2 9.0796
31 *8.2967 80 44513 2

32 4.8636 2

33 #8.2234 50

34 8.9629 8

* = 110 plane

t = 002 plane

Differential Thermal Analyses

Equipment used consisted of a Hoskins electric furnace capable of produc-
ing temperatures up to 1100°C, controlled by a continuously variable auto-
transformer made by General Radio. A thermocouple recorded the temperature
of the furnace through a Leeds and Northrup Micromax. A differential therm-
ocouple, consisting of two chromel wires connected by an alumel wire, recorded
the differential temperature between the mineral sample and pure Al,Oy through
a six channel Minneapolis Honeywell recorder. The mineral sample was ground
fine enough to pass through a 100 mesh screen, then packed tightly into a
cavity, 3 inch by § inch, in the heating block. Quartz was simultaneously run
for control and comparison. The variac was adjusted so that it required two
hours to raise the temperature from 20° to 1100°C. Repeated heating of one
sample indicated the position of the peak with respect to the temperature was
reproducable within 10°C, but, amplitude of the peak was variable.

Only two of the ten samples, 10 and 18, show a complete endothermic
reaction below 1100°C. Only sample 10 shows an exothermic reaction below
1100°C, a broad curve at 550°C and 2 shatp peak at 890°C. The other speci-
mens have endothermic reactions above 1100°C"(Text-fig. 8).

X-ray diffraction powder photographs of samples 10, and 18 were taken
before and after the endothermic reactions. Several samples were analyzed for
percent of FeO and Fe,O, at various temperatures, to determine causes of en-
dothermic reactions. Table 9 shows oxidation takes place gradually throughout
the heating at least at the heating rate used in these tests.
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TEXT-FIGURE 8. —Differential thermal curves of studied amphiboles.

TaBLE 8

X-ray powder patterns of samples 10 and 18 at higher temperatures

Line Sample No.18 Sample No.18 Sample No. 10  Sample No. 10 Sample No. 10
at 950°C at 1100°C at 800°C at 950°C at 1100°C
44 I/, dA I/, 44 /L 44 I/, 44 1/L

1 1.4268 30 1.4099 1 1.2799 20 1.4528 - 10 1.260% 10
2 1.5122 2 1.4637 1 13336 15 1.4826 10 1.3100 10
3 1.5772 20 1.6197 1 1.3647 2 1.6910 20 1.4540 40
4 1.6382 5 1.7400 1 1.4062 2 1.8349 10 14856 30
5 1.6859 1 2.0299 5 1.4899 2 2.2003 5 1.6935 50
6 1.8632 1 2.1263 . 10 1.5028 2 2.5104 55 1.8432 20
7 2.0055 1 - 22209 1 1.5556 2 2.6816 50 2.5104 30
8 2.1484 2 2.5295 30 1.5765 2 2.8913 5 2.6986 30
9 2.2751 2 2.9084 25 1.6382 . 10 29762 40

10 2.2973 1 2.9884 80 2.1410 40 3.3260 5
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TABLE 8 (CONT.)

11 2.3289 10 3.1908 50 25038 25 3.6637 5
12 2.5316 80 3.7062 5 2.6913 100 4.0696 60
13 2.5862 40 4.0238 5 3.0538 50

14 2.6365 2 3.3491 30
15 2.6937 100 4.4305 5
16 3.0861 70 8.1993 80

17 3.2551 2
18 3.3725 50
19 3.8818 3
20 4.0523 2

21 4.5150 3
22 4.8804 2
23 8.3214 90
24 9.1994 3

TABLE 9

Percentages of FeO vs, Fe:O, at selected temperatures to determine degree of oxidation

Sample Percent

No. 10 FeO Fe:O:
@ 450°C 16.94 13.99
@ 630°C 7.17 25.47
@ 930°C 1.07 32.86
No. 18

@ 700°C 8.22 2.34
@ 900°C 3.78 7.12

@ 1100°C 0.70 11.84

Plates 1 and 2 shows x-ray diffraction patterns before and after reaction.
It can be seen that there has been a structural change but not a complete break-
down of the structure in sample 10 even though it was heated until fused, at
a temperature less than 1100°C. Thus the reaction seems to be due essentially
to structural change and not to oxidation of Fe2+ to Fes+.

Chemical analyses do not show exactly what determines the ease of the
endothermic-exothermic reactions. Anaylses seem to indicate that low concen-
tration of Ca** and high concentrations of Na* and K+ may lower the temper-
ature at which the reactions take place.

Works by Wittels (1952) and Korzhinskii (1961) indicate dehydration
products of amphiboles may contain various mixtures of two or more of the
following products depending upon the variety of the amphibole: magnetite,
maghemite, olivine, plagioclase, glass, several varieties of pyroxene, cristobalite,
hematite, and water.

Chemical Analyses

The ten amphibole samples were analyzed at the Pennsylvania Experiment
Station by C.O. Ingamells (See Tables 10-18). It was hoped that chemical:
composition could be related to physical properties, but only Fe* and Fe®+
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seem to show any possible correlation in these ten samples. Ten samples may
be too few to permit any visible trends.

As in most amphibole analysis, it can be seen that the number of OH-
ions is variable, sometimes more than two and sometimes less than two. Except
for samples 7 and 20, there is an excess of positive ions when there are more
than 2 OH- ions and 2 deficiency of positive ions when there are less than 2
OH- ions. Samples 13 and 6, which are very deficient in OH- ions, were re-
ported to probably contain Cl- ions but were not analyzed for Cl-.

BaO and SrO were reported not present in appreciable amounts. Sample
2 was reported to contain B,O,. This was probably an impurity and may ex-
plain the deficiency of ions in the octahedral and cubic sites. Z:rO, was re-
ported as present and included with the Al,O,. It was probably present as an
impurity. :

SUMMARY AND CONCLUSIONS

Ten amphibole samples were analyzed chemically and their sturctural
composition calculated to determine how well they fit the classification developed
in this paper. They correlated well as is shown by their name and number.

Optical, X-ray, and DTA properties of these ten samples were determined
in an attempt to relate physical properties to chemical composition. Fe?* and Fe3+
gave the mineral higher refractive index, smaller 2V angle, and darker pleochroic
colors. Fluoride ions seem to increase CAZ. Neither replacement of Si** in
tetrahedral sites, nor introduction of alkali ions in position “A’” have any effect
upon optical properties. Substitution of Al®* for Si** in tetrahedral coordin-
ation did not give a larger cell size as can be seen from the X-ray patterns, but,
an increase of trivalent ions in octahedral sites and a decrease of Ca?* in cubic
sites cause the species to show a smaller cell size. DTA curves show oxidation
and hydration take place gradually all along the heating curve. The structure
does not break down, up to temperatures of 1100°C, but, there is a shift of
X-ray lines. A decrease in the amount of Ca?* present and an increase of Na*
and K+ lower the temperature at which the endothermic reaction takes place.

. Only six powder patterns of amphibole species are in the ASTM card
file. Now ten more powder patterns of chemically analyzed species are avail-
able. Also, X-ray patterns ate included which show a shift in the structure as
the mineral is heated. DTA curves are now available for analysed amphibole
minerals showing an endothermic reaction due to structure change that, for
most amphiboles, takes place above 1100°C. The relationship between valence,
chemical composition, and structural position can now be clearly shown by use
of the number system developed in this paper. ,

The current study indicated there is not enough correlation between chem-
ical composition and physical properties to be useful in a definitive classifica-
tion. If a larger number of samples were analyzed, however, some meaning-
ful trends may appear which would be useful in defining the many variables
now operating. Any future advances in a method to give reasonably good
chemical analysis much more quickly and less expensively would be very help-
ful, even necessary, for the greatest usefulness of this classification. At the
present time good chemical analyses cost about $125.00 per sample and require
months for a complete analysis. If emission spectroscopy or X-ray fluorescence
could give more quantitative results minerals could be analyzed much more
rapidly and the proposed classification made more useful.
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TABLE 10

Analytical data and structural composition of sample 1

Oxide  Chem. andl. X Correction - Recalculated <+ Molecular =  Relative No. Oxygen
wt. Y% to 100% weight of oxide ions
molecules
SiO; 58.60 X 1.0008 = 58.65 =~ 60.06 = .9752 X2 1.9508
Al,Os 52 " 0.52 101.94 0051 X3 0153
Fe.Os 159.68
TiO: .04 " 0.04 79.90 0005 X2 0010
V205 ) 181.90
Cl.‘an 152.02
FeO 22 " 0.22 71.84 0031 0031
NiO 74,71
MnO 50 ” 0.52 70.93 .0073 0073
MgO 24.66 ” 24.68 40.32 6121 6121
Li.:O .06 ” 0.06 29.88 0020 .0020
CaO 12.26 " 12.27 56.08 2188 2188
Na,O .73 ? 0.70 61.99 0113 0113
K:O 16 " 0.16 94,19 0017 0017
H.O- .01 " 0.01 18.02 0006 .0006
H.O* 1.89 ! 1.89 18.02 1048 .1048
F 42 " 0.42 19.00 .0221 .0221
P.0Os .01 " 0.01 141.95 .0001 0001
100.08 2.9510
O=F .16 : 24 = 8.130 = ratio needed for one-
2.9510 half unit cell
Total 99.92
Cations Relative No. Ratio Ions per
of oxide ) 24 anions
molecules
Sit* 9754 X8.13 X1 = 793
Al* .0051 i X2 0.04 1 7.974
Ti%* .0005 ” X1 0.004 =
Mg 6121 » X1 498 Jass
Fe** 0031 " X1 0.03
Mn* 0073 " X1 0.06
Ca* 2188 " X1 1.78
1.993
Li** .0002 ” X2 0.003
Na'* 0113 " X2 0.09
K L0017 ” X2 0.03
OH- .1048 "’ X2 1.70
. —I_ 1.88
F 0221 ” X1 0.18

Composition Number = 0.044, 0, 0, 100, 0.12, 1o, 1, 0, 0, 1,82
Name - Tremolite
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"TABLE 11
Analytical data and structural composition of sample 2
Oxide  Chem. anal. X Correction Recalculated + Molecular =  Relative No. Oxygen
wt. % to 100% weight of oxide ions
‘ ‘ molecules
SiO. 55.60 X 1.0003 = 55.62 60.06 9261 X2 1.8522
Al;Oq4 2.41 ” 2.41 101.94 0236 X3 .0708
Fe.O, 1.55 ” 1.55 159.68 0097 X3 0291
TiO: 79.90
V.05 .02 ” 0.02 1181.90 0001 X5 .0005
Cr.0; 27 ” 0.27 152.02 0017 X3 .0051
FeO 4,81 ” 481 71.84 .0670 .0670
NiO 17 ” 0.17 74.71 .0023 .0023
MnO .32 ” 0.32 70.93 .0045 .0045
MgO 20.31 ” 20.32 40.32 .5040 .5040
Li:O .01 ” 0.01 29.88 .0003 - - .0003
CaO 11.90 ” 11.90 56.08 2122 2122
Na.0 .55 ” 0.55 61.99 .0089 .0089
K0 .07 ” 0.07 94.19 .0008 .0008
H.O" 18.02
H.O* 1.92 ” 1.92 18.02 .1065 1065
F- 11 " 0.11 19.00 .0058 .0058
P.0Os 141.95 <
100.02 2.8700
O=F .05
Total 99.97 : .
24 = 8.36 ratio needed for one-half unit cell
2.8700

Note: analyst reported some Zn." present

Cations Relative No. Ratio
: of oxide
molecules
Sit+ 9261 X836 X1
AP+ .0236 ” X2
Fe*t .0097 ” X2
Cr* .0017 ? X2
Meg .5040 ” X1
Fe** 0670 ” X1
Mn?** .0045 ” X1
Ni** .0023 ” X1
Li* .0003 ” X2
Ca** .2122 ” X1
Na** .0089 ” X2
K+ .0008 ” X2
OH- .1065 ” X2
E- .0058 ” X1

Ions per
24 anions

7.74

0.395
0.13
0.13
0.03
4.21
0.56
0.04
0.02
0.004
1.77
0.15
0.01
1.78

0.05

Al

- 8.00

- 496

~ 1.994

- 1.83

Composition Number = 0.26, 0.16, 5, 100, 0.16, 10, 1, 0, 0, 1.95

Name - Grammatite
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TABLE 12

Analytical data and structural composition of sample 6

Oxide  Chem. anal. X Correction Recalculated -+ Molecular =  Relative No. Oxygen
wt. Y% to 100% weight of oxide ions
molecules
SiO. 53.23 X 1.0042 = 5345 60.06 8899 X2 1.7798
AlOs 3.62 ” 3.64 101.94 .0357 X3 1071
Fe,Os 1.92 " 1.93 159.68 0123 X3 .0369
TiO: 15 " 0.15 79.90 0019 X2 .0038
V205 181.90
Cr20s 152.02
FeO 2.59 ” 2.60 71.84 .0362 .0362
NiO 74.71
MnO .20 "’ 0.20 70.93 .0028 .0028
MgO 21.17 ! 21.26 40.32 5273 5273
Li:O .01 ” 0.01 29.88 .0003 .0003
Ca0 11.74 " 11.79 56.08 .2102 2102
Na.0 2.12 " 2.13 61.99 .0343 .0343
K.O .98 " 0.98 94,19 0104 0104
H,0O" 18.02
H,O* .68 ” 0.68 18.02 0377 0377
F 2.18 " 2.19 19.00 1153 1153
P:Os 141.95
100.59 2.9021

O=F 1.01
Total 99.58

24 = 8.27 ratio needed for one-half unit cell

2.9021

Note: analyst reported some Cl™ present

Cations Relative No. Ratio Ions per
of oxide 24 anions
molecules
Si*+ .8899 X8.27 X1 7.36
Al 0357 ” X2 0.59 — 8.00
.05
Fe™ .0123 ” X2 0.20 =
.15
Ti** 0019 7 X1 0.02
* .5273 ” X1 4.36
Fe** .0362 7 X1 0.30 — 5.005
Mn* .0028 ? X1 0.02
Li** .0003 ” X2 0.005
13
Ca™* .2102 ” X1 1.74 n
1.61
} 2.00
Na** 0343 ” X2 0.57 .39
‘| .18 -
— .35
K+ .0104 ” X2 0.17 _
OH- 0377 ” X2 0.62 —
L 1.57
F* 1153 " X1 0.95 —

Composition Number = 0.64, 0.17, 6, 100, 0.39, 1o, 1, 0.35, 2, 1.05
Name - Anophorite
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TABLE 13

Analytical data and structural composition of sample 7

Oxide  Chem. anal. X Correction Recalculated + Molecular =  Relative No. Oxygen
wt. % to 100% weight of oxide ions
molecules
SiO. 41.03 X 1.0008 = 41.06 60.06 6836 X2 1.3672
Al,O; 10.82 ” 10.83 101.94 1062 X3 3186
Fe:0, 7.53 " 7.54 159.68 0472 X3 1416
TiO. 77 ” 0.77 79.90 0096 X2 .0192
V:0s .02 ! 0.02 181.90 .0001 X5 .0005
Cl':o:; 152.02
FeO 16.10 ” 16.11 71.84 2242 2242
NiO
MnO 97 ” 0.97 70.93 .0136 0136
MgO 7.12 ” 7.13 40.32 1768 1768
Li.O .03 ” 0.03 29.88 .0010 .0010
CaO 10.04 " 10.05 56.08 1792 1792
Na:O 1.49 ” 1.45 61.99 0234 .0234
K:O. 1.71 ” 1.71 94.19 .0185 . .0185
H.O" .10 7 0.10 18.02 .0055 . .0055 -
H.O* 1.83 ” 1.83 18.02 1015 . 1015
F .59 ” 0.51 19.00 .0270 .0270
P.Os .01 0.01 141.95 .0000
100.16 2.6138
O=F 24
Total 99.92
24 = 9.18 ratio needed for one-half unit cell
2.6138 ’
Cations Relative No. Ratio Ions per
of oxide 24 anions
molecules
Si* 6836 X9.18 X1 6.27 o
1.73 . —8.00
Al* .1062 ” X2 1.95 . _
.22 —
Fe®* .0472 ? X2 0.87
Ti* .0096 ” X1 0.09
—5.00-
Mg* .1768 ” X1 1.62
Fe™* 2242 ” X1 2.06
Li** .0010 ” X2 0.002
.05
Mn* .0136 ” X1 0.12 -
.07
—2.00
Ca™ .1792 ” X1 1.65
.28 -
Na®* 0234 d X2 0.43
.15 .49
K+ .0185 ” X2 0.34 —
OH" .1015 ” X1 1.86 1
—2.11
F- .0270 ” X1 0.25 |

Composition Number = 1.73, 1.18, 3, 200, 0.28, 1o, 1, 0.49, 1, 1.75
Name - Magnesio-hastingsite
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TABLE 14

Analytical data and structural composition of sample 8

Oxide  Chem. anal. X Correction Recalcnlated +~ Molecular =  Relative No. Oxygen
wt. % to 1009 weight of oxide ions
molecules
SiO, 57.57 X 1.0020 = 57.68 60.06 9605 X2 1.9210
Al:Oq 1.02 . 1.02 101,94 0100 X3 0300
Fe,Oq .70 " 0.70 159.68 0044 X3 0132
TiO. .08 " 0.08 79.90 .0010 X2 .0020
V2Os
Cr:0s
FeO 2.79 " 2.80 71.84 0389 .0389
NiO
MnO .14 ” 0.14 70.93 0020 .0020
MgO 22.59 " 22.64 - 40.32 5615 5615
Li.O .01 N 0.01 29.88 0004 0004
Ca0 12.34 " 12.36 56.08 2204 2204
Na.0 .18 " 0.18 61.99 0029 0029
K.O 13 ! 0.13 94,19 .0014 .0014
H.0" .04 " 0.04 18.02 0022 .0022
H.0* 2.05 ! 2.05 18.02 1138 L1138
F 23 " 0.23 19.00 0126 0126
P.Os .01 ! 0.01 141,95 0000 _
99.88 29223
O=F .08
Total 99.80
24 = 8.21 ratio needed for one-half unit cell
29223
Cations Relative No. Ratio Ions per
of oxide 24 anions
molecules
Si* 9605 X8.21 X1 7.89 —
11 — 8.00
Al .0100 ” X2 0.16 ] -
.05 —
Fe®* .0044 ” X2 0.07 —
Ti* .0010 ” X1 0.01 —5.00
Mg* .5615 " X1 4.61 —
25
Fe?* .0389 " X1 0.32 -] 1
0.7 ]
Lit* 0004 " X2 0.006 -
Ca™ .2204 " X1 1.81
— 1.956
Na* .0029 ” X2 0.05
K .0014 " X2 0.02
OH~ 1138 " X2 1.87

1.97

Ll

F- 0126 " X1 0.10

Composition Number = 0.11, 0.13, 2, 1oo, 0.08, 10, 1, 0, 0, 1.90
Name - Mangan-tremolite




AMPHIBOLE CLASSIFICATION 153

TABLE 15

Analytical data and structural composition of sample 10

Oxide  Chem. anal. X Correction Recalculated + Molecular =  Relative No. Oxygen
wt. % " to 1009 weight of oxide rons
molecules
SiO; 50.77 X 1.0008 = 50.81 60.06 8459 X2 1.6918
Al:O, 2.32 ” 2.32 101.94 0228 X3 0684
Fe.Os 14.35 " 14.36 159.68 0899 X3 2697
TiO. 1.41 ” . 141 - 79.90 0177 X2 0354
V205
Cr20s
FeO 20.16 "’ 20.18 71.84 .2809 .2809
NiO
MnO 47 ’ 047 70.93 .0066 .0066
MgO .07 ” 0.07 40.32 .0017 .0017
Li:O 27 " ) 0.27 29.88 .0090 .0090
CaO 1.02 ” 1.02 56.08 0183 0183
Na,O 5.95 v 5.95 61.99 .0960 .0960
X:0 1.27 ” 1.20 94.19 .0128 0128
H.O- .03 " 0.03 18.02 0017 .0017
H.O* 1.59 ” 1.59 . 18.02 .0882 0882
F .40 " ) 0.40 19.00 0211 0211
P:Os 01 ” 0.01 141.95 0000 -
100.09 2.6015
O=F 17
Total 99.92
24 = 9.23 ratio needed for one-half unit cell
2.6015
Note: analyst reported some Zn," present
Cations Relative No. Ratio Ions per
of oxide . 24 anions
molecules
Si* .8495 X9.23 X1 7.84 — ]
.16 8.00
AP 0228 ” X2 042  _| B
.26 7
Fe* .0899 " X2 1.66
Ti* 0177 ” X1 0.16
Lo — 5.00
Mg** .0017 ” X1 0.02
Fe** .2809 ” . X1 2.59 —
. ‘ .15 —
Lit* ~.0090 ” X2 0.17 — ]
0.2
Mn* .0066 ” X1 0.06 L
— 2.00
Ca* 0182 ” X1 0.17 ——
1.75
Na'* .0960 ” X2 1.77 —
.02 —_—
K+ .0128 ” X2 0.24 m— }_ 0.26
OH- .0882 ” X2 1.63

l— 1.82
F- 0211 ” X1 0.19

Composition Number = 0.16, 2.23, 3, 300, 1.77, 30, 1, 0.26, 1, 1.81
Name - Riebeckite
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TABLE 16
Analytical data and structural composition of sample 13

Oxide  Chem. anal, X Correction Recalculated + Molecylar =  Relative No. Oxygen
ut. % 10 100% weight of oxide ions
molecules
Si0. 5144 X 10041 = 51.65 60.06 8597 X2 1.7194
AlLO; 5.49 " 5.51 101.94 0541 X3 1623
Fe:O;4 2.84 " 2.85 159.68 0178 X3 .0534
TiO. 95 "’ 0.95 79.90 0119 X2 .0238
V205 .05 . 0.05 181.90 .0003 X5 0015
Cr:0s
FeO 4.97 "’ 4.99 71.84 .0681 0681
NiO
MnO .04 ” 0.04 70.93 .0005 0005
MgO 18.75 " 18.82 40.32 4667 4667
Li.O .02 " 0.02 29.88 .0007 .0007
CaO 10.80 " 10.84 56.08 .1933 1933
Na.O 2.14 " 2.15 61.99 .0347 .0347
K.0 .29 ” 0.29 94.19 .0031 .0031
H.O- .01 ” 0.01 18.02 0004 .0004
H.0* 1.68 " 1.69 18.02 .0938 .0938
F .20 "’ 0.20 19.00 0105 .0105
P.Os .01 " 0.01 141.95 .0000
99.67 2.8322
O=F .08
Total 99.59 )
24 = 847 ratio needed for one-half unit cell
2.8322
Note: analyst reported some Cl~ present
Cations Relative No, Ratio - lons per
of oxide 24 anions
molecules
Si** .8597 X847 X1 7.28 —
72 I- 8.00
Al 0541 » X2 0.92 - 1
.20 —
Fe** .0078 ” X2 0.30 L
Ti** 0119 ” X1 0.10
- 5.005
A% .0003 ” X2 0.005
Mg 4667 ” X1 3.95 —'
.35
Fe? 0681 ” X1 058 — N
23 =
Mn* .0005 ” X1 0.004
Lt .0007 " X2 0.01 — ~2.00
Ca™ .1933 ” X1 1.63
13
Na'* .0347 ” X2 0.59 — f
46 - .51
K+ 0031 ” X2 0.05 -
OH- .0938 " X2 1.59 - ]
— 1.68
F- 0105 ” X1 0.09 _

Composition Number = 0.72, 0.60, 5, 100, 0.14, 4o, 1, 0.51, 3, 1.91
Name - Anophorite
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TABLE 17
Analytical data and structural composition of sample 18

Oxide  Chem. anal. X Correction Recalculated <+ Molecular =  Relative No. Oxygen
wt. Y% to 100% weight of oxide ions
molecules
Si0. 49.53 X 1.0027 = 49.66 60.06 8268 X2 1.6536
Al:Os 9.92 ” 9.95 101.94 0977 X3 2931
Fe, O, 1.10 ” 1.10 159.68 0069 X3 .0207
TiO: .59 ” 0.50 79.90 0063 X2 .0126
V205 .04 7 0.04 181.90 0002 X5 .0010
Cr:0, .06 " 0.06 152.02 0004 X3 .0012
FeO 10.59 ” 10.62 71.84 ¢ 1478 1478
NiO .02 ” 0.02 74.71 .0003 .0003
MnO .26 ” 0.26 70.93 .0036 .0036
MgO 14.64 " 14,68 40.32 3641 3641
Li.O .01 " 0.01 29.88 .0003 .0003
Ca0 9.75 ” 9.78 56.08 1744 1744
Nz:0 1.01 " 1.01 61.99 0163 0163
K-0 17 ” 0.17 94.19 0018 .0018
H.O"
H.O* 2.00 ” 2.01 18.02 1115 1115
F .01 ” 0.01 19.00 .0005 .0005
P.Os .03 ” 0.03 141.95 0002 X5 .0010
99.73 2.8038
O=F .00
Total 99.7%
24 = 8.56 ratio needed for one-half unit cell
2.8038
Cations Relative No. Ratio Ions per
of oxide 24 anions
molecules —_
Si** .8268 X8.56 X1 7.08 —
92 — 8.00
AP+ 0977 " X2 1.67 - =
75
Fe*+ .0069 ” X2 0.12 —
Ti** .0063 T X1 0.05
Vo .0002 ” X2 0.003 — 5.00
Cr* .0004 ” X2 0.006 -
Mg* 3641 " X1 3.12
.90
Fe** .1478 ” X1 1.27 — =
! 37
Ni** .0003 ” X1 0.003 I
Mn** .0036 ” X1 0.03
— 2.00
Li** .0003 ” X2 0.005
Ca™ 1744 ” X1 1.49
.10
Na'* 0163 " X2 0.28 ] —
.18 ]
— — .21
K+ .0018 ” X2 0.03 —
OH- 1115 ” X2 1.91
— 191
F- .0004 " X1 0.004 —

Composition Number = 0.92, 0.92, 1, 200, 0.10, 71, 1, 0.21, 3, 2
Name - Phillipstadite
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TABLE 18
Analytical data and structural composition of sample 19
Oxide  Chem. anal. X Correction Recalculated + Molecular =  Relative No. Oxygen
wt. % to 100% weight of oxide jons
molecules
$iO. 4534 X 10011 = 4539 60.06 7557 X2 15114
AlO; 18.66 " 18.68 101.94 1832 X3 5496
FexOs 41 " 041 159.68 0026 X3 .0078
TiO. .02 " 0.02 79.70 0003 X2 .0006
V05
Cr:04 22 v 0.22 152.02 0014 X3 0042
FeO 3.14 . 3.14 71.84 0437 0437
NiO 11 " 0.11 74.71 .0015 0015
MnO .06 " 0.06 70.9% ,0008 .0008
MgO 16.36 » 16.38 40.32 4062 4062
Li:O .01 " 0.01 29.88 .0003 .0003
Ca0 12.21 " 12.22 56.08 2179 2179
Na.O 1.19 " 1.19 61.98 0192 .0192
K0 .16 " 0.16 94.19 .0017 0017
H:O"
11;120* 1.99 " 1.99 18.02 1104 1104
P,Os 01 ” 0.01 141.95 .0000 L
99.89 2.8733
O=F .00
Total 99.89
24 = 8.35 ratio needed for one-half unit cell
2.8733
Cations Relative No. Ratio Ions per
of oxide 24 anions
molecules
Sit* 7557 X 8.35 X1 6.31 ]
1.69 -8.00
AP 1832 ” X2 3.06 _
1.37
Fe®* .0026 ” X2 0.04
Ti* 0003 ” X1 0.003
-5.006
Cr® .0014 ” X2 0.02
Mg* 4062 ? X1 3.39 _
.18 —
Fe** .0437 " X1 0.36 - ]
.18
Mn** .0008 " X1 0.007 S
Li** .0003 "’ X2 0.005 ~2.002
Ni* 0015 " X1 0.01 —
1.80
Ca* 2179 ” X1 1.82 - =
.02
Na* 0192 " X.2 0.32 b
~.37
K 0017 ” X2 0.03 b
OH- 1104 ” X2 1.84 _ }1e4

Composition Number = 1.69, 141, 1, 1oo, 0, 4o, 4, 0.37, 3, 2
Name - Girnarite
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TaABLE 19
Analytical data and structural composition of sample 20
Oxide Chem. anal. X Correction Recalculated + Molecular =  Relative No. Oxygen
wt. % to 100% weight of oxide ions
molecules
SiO: 59.92 X 10014 = 60.00 60.06 9990 X2 19980
AlLO;
Fe.Os
TiO:
V205
CrzOs
FeO .08 " 0.80 71.84 0111 0111
NiO
MnO .03 ” 0.03 70.93 .0004 .0004
MgO - 24.36 " 24.39 40.32 .6049 .6049
Li.O .01 "’ 0.01 29.88 .0003 .0003
Ca0 13.38 " 13.40 56.08 .2389 .2389
Na:.O 12 ’ 0.12 61.98 .0019 .0019
K,O .02 7 0.02 94.19 .0002 .0002
H.O"
H.O* 2.19 ” 2.19 18.02 1210 1210
F .05 v 0.05 19.00 0263 .0263
PO s )
. 99.88 3.0030
O=F .02
Total 99.86
24 = 7.99 ratio needed for one-half unit cell
3.0030
Cations Relative No. Ratio Ions per
of oxide 24 anions
molecules
Si** 9990 X7.99 X1 7.98 ]—7.98
Mj”* .6049 ? X1 4.83 ]
Fe** 0111 ” X1 0.09
+4.93
Mn** .0004 ” X1 0.003
L+ .0003 ” X2 0.005 -
Ca?* 2389 " X1 1.91
Na* .0019 ” X2 0.03 -1.94
K .0002 ” X2 0.003 -
OH~ 1210 " X2 1.93 T
‘ F2.14
F- .0263 ” X1 0.21 —

Composition Number = 0, 0, 0, 100, 0.03, 10, 1, 0, 0, 1.79
Name - Tremolite
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