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ORIGIN OF THE COPPER DEPOSITS OF THE. DUCKTOWN TYPE IN THE
SOUTHERN APPALACHIAN REGION

By Crarence S. Ross

ABSTRACT

A group of copper-bearing pyrrhotite veins of the Ducktown

type extends from southwestern Virginia to eastern Ala- -

bama. Similar deposits occur near Ely, Vt., and continue into
Quebec, and other types of ore bodies that are genetically
related to these are widely distributed in the southern Appala-
chian region.

The pyrrhotite veins here described are in the Blue Ridge
and Great Smoky Mountain region, where they cut highly

folded and metamorphosed rfocks of different kinds and ages. |

Some veins are in the Carolina gneiss, an early pre-Cambrian
rock that is composed of profoundly metamorphosed igneous
and sedimentary materials; some are in the Roan gneiss, a
later highly metamorphosed gabbroic intrusive, also of early
pre-Cambrian age; others are in the Great Smoky conglom-
erate, a metamorphosed sedimentary rock which has been
assigned to the early Cambrian but which may be pre-Cam-
brian; and one cuts a pegmatic mass that is believed to have
been intruded during the Appalachian revolution at the end of
the Carboniferous period.

Most of the veins of the Ducktown type follow the strike
of the country rock, but a few cut across it. Some of them
can be traced for long distances—for example, the mineral-
ized zone known as the Gossan Lead of Virginia can be
traced for about 17 miles. All the deposits are character-

ized by abundant pyrrhotite, with small but variable pro-

" portions of chalcopyrite and sphalerite and a very little
galena; pyrite may be abundant or almost absent. The most
conspicuous gangue minerals are amphiboles, but quartz, cal-
cite, biotite, and in some mines plagioclase are abundant.
Less abundant gangue minerals are garnets, epidote or zoisite,
pyroxenes, spinels, tale, and chlorite.

The veins have been formed by a series of distinct genetic
stages, and each stage is characterized by a distinct group of
minerals. The minerals of each succeeding stage have re-
placed ;hose of preceding stages, and this relation gives the
clue to relative age. The stages have not affected all the
veins equally, and in some veins a stage may be partly or
wholly unrepresented. )

The veins were no doubt derived from some differentiating
magma, but no parent igneous rock has been identified in
the region. The first recognizable event in vein formation
was the intrusion of a feldspathic magma that crystallized into
an aplitic rock or less commonly into a pegmatite. This was
followed by the introduction of vein quartz, and that by a
stage which is characterized by a large group of ferro-
mdgnesian materials. In most of the veins this was succeeded
by a carbonate stage in which calcite was the dominant
mineral, but dolomite is present in one deposit, and ankerite
has replaced calcite in another. A small group of silicates
followed and replaced carbonates, and sulphides followed and
replaced carbonates, quartz, feldspars, ferromagnesian min-
erals, and schist. The introduction of sulphides was the last
vein-forming episode in most of the veins, but in at least

one deposit siderite, drusy quartz, and hisingerite were
deposited in open cavities and are later than all other minerals,
and in a vein in the Ducktown district magnetite followed
sulphides.

It is concluded that the carbonates, including the calcite at
Ducktown, do not represent partly replaced limestone lenses
but are hydrothermally deposited vein material. Veins that
contain the same type of ores and the same type of calcite
occur in rocks of widely differing geologic age and even in
metamorphosed igneous rocks. Most of the veins follow
the structure of the country rock approximately, but many
depart from strict conformity in important details. The Ore
Knob vein, which contains abundant calcite that is identical
with that at Ducktown, cuts sharply across the structure of
the schist. The formation of veins of the Ducktown type has
not been dependent upon the presence of calcite, for all veins
have been formed in part and some entirely by direct replace-
ment of schist, metamorphosed gabbro, and pegmatite. Car-
bonates are not older than vein minerals but have replaced
schists, feldspar, quartz, and ferromagnesian minerals. Cal-
cite fills veins in aplite at Ore Knob, and shear planes in quartz
at Ducktown. Carbonates are also abundant in a wide variety
of mineral deposits in the southern Appalachian region, and
many of these are in plutonic or volcanic rocks where lime-
stone lenses are precluded. It is therefore evident that the
carbonates in veins of the Ducktown type in the southern Ap-
palachian region have been deposited by hydrothermal solu-
tions and have had a genetic history similar to that of the
other vein minerals.

The different vein-forming stages seem to have been initiated
by movements within the vein that produced faulting, shearing,
and brecciation. This allowed the introduction of hot active
solutions, which deposited the material held in solution and
gradually sealed the channels of ingress. A renewal of move-
ments that permitted a new surge of solutions was the cause
of each successive stage of vein formation,

Several types of ore deposits other than the pyrrhotite veins
have been studied, and the veins of the Ducktown -type are
compared with these and with ore deposits described by others.
This comparison indicates that many of the genetic stages
that have been recognized in the copper-bearing .pyrrhotite
veins are present in a wide variety of ore bodies in the south-
ern Appalachian region.

The geologic age of the copper-bearing veins of the southern
Appalachian region is not exactly determinable, but it-is evi-
dent that they were formed at less than profound depths
and after the major orogenic movements that produced the
schistosity of the rocks of the region. These movements are
believed to have marked the Appalachian revolution, at the
end of- the Paleozoic era. The ores are younger than some
of the pegmatites of the region, and other pegmatites of the
same type and believed to be of the same age are shown by
their radioactive minerals to be of very late Paleozoic age., It
therefore seems probable that the copper veins are at least as

late as the end of the Paleozoic. .
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The physicochemical laws that appear to have controlled the
development of the copper-bearing pyrrhotite veins are re-
viewed, and their genetic history is traced in the hght of
these laws.

The feldspar of aplite and pegmatite and the quartz of quartz
veins represent material that was expelled from the parent
- magma when these materials had become concentrated through

the early crystallization of ferromagnesian minerals and calcic

feldspars.

The materials that formed the ferromagnesian minerals were
restored to the silica-alkali-rich residuum, being derived from
earlier crystallized pyrogenic minerals by a process of replace-
ment, re-solution, or base exchange. The calcium, magnesium,
and ferrous iron of the carbonates probably had a similar
source.

Sulphides ‘probably - segregated "as an immiscible sulphide
fraction but remained dispersed in interspaces between the
erystals of the partly solidified silica fraction of the parent
magma. Here they were in immediate contact with the vola-
tile substances which had become concentrated through the

-.crystallizationr of--anhydrous minerals. - They- were dissolved
by -these’ concentrated -volatile substances and transported to
 the vein, where they were redeposited.

. The character; the: concentration, and the various reactions

of the volatile substances that formed the solvents and trans-

‘porting agents for the vein materials are little understood.

They have left a very imperfect geologic record, and experi-

mental data are largely lacking. 'Ore deposits will not be
‘properly understood until the phase relations of vein minerals

and various solvents have been determined.

INTRODUCTION
SCOPE AND OBJECT OF REPORT

This paper on the copper-bearing pyrrhotite de-
posits of the Ducktown type and allied bodies in the

southern Appalachian region of the United States has'

been. prepared with two main objects in view. The
first has been the study of an-interesting group of ore
deposits, with the purpose of reconstructing the ge-
netic history of the veins. This study has revealed
a connected and nearly continuous series of events,
which extends from the intrusion of a- hypabyssal
magma to the feeble reactions of the latest hydrother-

mal emanations that are believed to have been derived -

from a parent magma. This genetic history includes
the later magma and the hydrothermal stages of min-
eral formation, which together constitute the later
parts of the story of magmatic differentiation—that
is, we have here a group of intermediate processes that
appear to be transitional between those giving rise to
typical igneous rocks and those that commonly result
in ore deposits. The second and possibly not the less
important object of this paper has been an attempt to
make the maximum use of petrologic methods in con-
nection with field studies in the investigation of an
ore deposit and to test the power of these methods to
help solve the problems of vein genesis. :

The mines of Ducktown, Tenn., and Fontana, N.C.,
are the only important copper producers in the eastern
United States at present, but in times past other mines
of the southern Appalachian region that are now al-

COPPER DEPOSITS OF DUCKTOWN TYPE IN- SOUTHERN APPALACHIAN REGION

most forgotten by geologists contributed to the min-
eral production of the day. In the early fifties of
the past century the Gossan Lead of southwestern
Virginia was a notable source of black copper ores,
and in the seventies and eighties Ore Knob, in north-
western North Carolina, produced copper from the
primary ores after the exhaustion of the secondary
vres that led to its development. The success of these
mines inspired much interest in copper mining in the
region. Copper veins at many localities were pros-
pected, and at some of these smelters were built and
briefly operated. '

 The copper-bearing pyrrhotite veins of the south-
ern Appalachian region all occur in a province that
has had a similar geologic history throughout; they
contain. almost identical ores and gangue minerals;
they have been formed by similar geologic processes;
and the sequence of genetic events has been nearly the
same. Therefore any theory of' genesis that applies
to one of these deposits must apply to all. Other ore
depos1ts of the region besides the copper veins show
a closely. related geologic history, and although this
paper is primarily a study of the copper deposits of

! the Ducktown type, these genetically related veins

will be briefly compared with those of the Ducktown

Lype. .
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rocks, with especial emphasis on the effects of sinking
crystals. The phase relations controlling assimilation of
rocks of various types are considered. The effects of vola-
tile substances on differentiation and the mode of develop-
ment of extreme rock types are considered.

The Fen area of Telemark, Norway: Am. Jour. Sci.,
5th ser., vol. 8, pp. 1-11, 1924, The carbonate rocks of the
Fen area, Norway: Idem, vol, 12, pp. 499-502, 1926. A
detailed study of the relations and genesis of calcite, dolo-
mite, and siderite in an igneous rock. Concludes that they
are secondary. ' : )

The melting phenomena of the plagioclase feldspars:
Am. Jour. Sci., 4th ser., vol. 35, pp. 577-596, 1913. A study
of the phase relations between the various members of the
plagioclase series and the melts from which they crystallize.
The later stages of the evolution of igneous rocks:
Jour. Geology, vol. 23, Suppl. to no. 8, 1915. The crystal
settling control of the differentiation of igneous rocks is
discussed in detail. ‘

The behavior of inclusions in igneous magmas: Jour.
Geology, vol. 30, Suppl. to no. 6, pp. 513-570, 1922. A study
of the relations that control the reactions between magmas
and various types of rock included in them.

The reaction principle in petrogenesis: Jour. Geology,
vol. 80, pp. 177-198, 1922. A study of the part played in
the development of an igneous rock by reactions between
early products of crystallization and the residual magma.
Crystallization-differentiation in silicate liquids: Am.
Jour. Sci., 4th ser., vol. 39, pp. 175-191, 1915. Experiments
on crystal sinking and crystal floating in melts are de-
scribed, and the effect of such floating or sinking on the
differentiation of igneous rocks is discussed. ’
Geologic thermometry, in Laboratory investigation of
ores, pp. 172-179, New York, McGraw-Hill Book Co., 1928.
The various methods of determining the temperature of for-
mation of minerals and rocks are considered  in detail, and
the different criteria are evaluated.

Boyd, C. R., The utilization of the iron and copper sulphides

of Virginia, North Carolina, and Tennessee. Am. Inst. Min.
Eng. Trans., vol. 14, pp. 81-84, 1885. Discusses in a general
way the distribution of these ores at Ore Knob, Ashe County,
N.C., and suggests possible methods for handling them.

The mineral wealth of southwestern Virginia: Am,
Inst. Min. Eng. Trans., vol. 5, pp. 81-92, 1876; vol. 8, pp.
338-344, 18S80. Describes the mineral resources of Ashe,
Alleghany, and Watauga Counties, N.C., including the Ore
Knob and Elk Knob copper mines. '

Mineral resources of Ashe and Alleghany Counties,
N.C.: Resources of Southwest Virginia, 3d ed., pp. 311-320,
New York, John Wiley & Sons, 1881. Describes the physical
features of these counties and outlines rock formation, copper
veins, and magnetic ore veins. Describes Ore Knob, Elk
Knob, and Peachbottom mines.

Brush, G. J., Am. Jour. Sci., 2d ser., vol. 28, p. 129, 1859. . Dis-

cusses the mineralogy of the Ducktown ores and concludes
that “ ducktownite ”, so called by Shepard, is not a species
but is probably a mixture of pyrite and copper glance.
States chemical analyses to support this view. Regards
‘“lepidochlore ” as a mixture of chlorite and mica.

Butler, B. 8., ‘Some relations between oxygen minerals and

sulphur minerals in ore deposits: Econ. Geology, vol. 22, pp.
233-245, 1927. A study of some of the chemical problems
involved in the formation of primary ores and especially
the factors that control the state of oxidization.

—— and Burbank, W. S., Relation of electrode potentials of

some elements to the formation of hypogene mineral de-
posits: Am. Inst. Min. and Met. Eng. Tech. Pub. 168, 1929,
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A study of the relation of the order of formation of min-
erals to their electric potential and the state of their oxi-
dation.

Clark, J. D., and Menaul, P. L., The role of colloidal migration
in ore deposits: Econ. Geology, vol. 11, pp. 3741, 1916.
Describes experiments which indicate that sulphides may
be transported in colloidal solution, with an excess of hydro-
gen sulphide. On the escape of this gas they will be de-
posited.

Clarke, ¥. W., and Washington, H. S., The composition of the
earth’s crust: U.S. Geol. Survey Prof. Paper 127, 1924,
Conclusions from compiled analyses as to the distribution
of the various elements in the average rock of the earth’s
crust, followed by figures for the composition of the rocks
of the different regions of the world.

Coleman, A. P., The nickel industry, with special reference to
the Sudbury region: Canada Mines Branch 22d Ann. Rept.,
pt. 1, 1913. An outline description of the nickel mines of the
world, with a detailed description of the Sudbury region
and the individual mines. The mining and smelting methods

" are also described.

Cooke,  H. C., Character and origin of the ore deposits Argo-
naut gold mine, Gauthier Township, Timiskaming Distriet,
Ontario: Canada Geol. Survey Summary Rept., 1923, pt. C1,
1924, A study of an interesting ore deposit, in which the
paragenesis of the ore and gangue minerals have been
worked out with unusual detail.

Currey, R. O., A sketch of the geology of Tennessee, with Saf-
ford's geological map: Southern Jour. Med. and Phys. Sci.,
vol, 4, pp. 193-208, 257-272, 321-336, 385400, 1856; vol. 5,
pp. 1-16, 77-83, 160-168, 246-262, 308-327, 1857; reprinted,
X, 128 pp., Knoxville, 1857.

History of the discovery and the progress of the min-

ing of copper at Ducktown, in A sketch of the geology of

Tennessee, pp. 70-84, Knoxville, 1857.

A geological visit to the Floyd-Carroll-Grayson County

plateau of the Blue Ridge, Virginia, Knoxville, Tenn., Beck-

ell, Haws & Co., 1859. Reprinted in The Virginias, vol. 1,

pp. 6264, 70-7T1, 74-77, 80-81, 95, 1880. Describes the

region of the Gossan lead and the individual mines, and

gives observations on the occurrence of the different kinds

of ores. Also a brief description of the Peachbottom mine.

and Proctor, C. A., Copper district of Tennessee, Georgia,
North Carolina, and Virginia—its history, geography, geol-
ogy, and mining interests: Southern Jour. Med. and Phys.
Seci., vol. 8, pp. 3844, Knoxville, 1855. Contains informa-
tion relating to the Ducktown district, much of which had
been previously published by Safford.

Day, A. L., Some causes of volcanic activity: Franklin Inst.
Ann. Address, pp. 3-24, Philadelphia, 1924. (See also Pos-
sible causes of the volcanic activity at Lassen Peak: Frank-
lin Inst. Jour., vol. 194, pp. 569-582, 1922.) A study of
volcanic activity, based partly on Lassen Peak and partly
on experiments, leads to the conclusion that the water and
other gases that are in solution in a magma are concen-
‘trated "during crystallization. Great pressure may be de-
veloped if the cooling magma ‘is under a cover, and the
explosive escape of these gases may explain many features
of volcanic eruptions. R

and Allen, E. T., The volcanic activity and hot springs
of Lassen -Peak: Carnegie Inst. Washington Pub. 360, pp.
1-186, 1925. Describes the voleanic activity at Lassen Peak,
the chemical and physical relations, the hot springs of the

¢ region, and-the part the water and gases play in voleanic
activity. ) )

and Shepherd, E. S., Water and volcanic activity:

Geol. Soc. America Bull., vol. 24, pp. 573-606, 1913 Smith-

sonian Inst. Ann. Rept., 1913, pp. 275-305, 1914, Discusses
the part in volcanic activity played by water and other
gases.

Daly, R. A., The geology of Pigeon Point, Minn.: Am. Jour.
Sci., 4th ser., vol. 43, pp. 423448, 1917. Contains a dis-
cussion of the origin of the red rock associated with the
Duluth gabbro. ' :

Dresser, J. A., On the copper-bearing volcanic rocks in the
eastern townships of the Province of Quebec: Canadian
Min, Inst., Jour., vol. 5, pp. 81-86, 1902; A new area of
copper-bearing rocks in the eastern townships of the Prov-

" ince of Quebec: Idem, vol. 7, pp. 897—400, 1904. A very
brief description of the occurrence of copper in eastern
Quebec.

Hgleston, T., Investigations on the Ore Knob copper processes:
Am, Inst. Min. Eng. Trans., vol. 10, pp. 25-26, 1881. A very
good description of the Ore Knob mine and its geologic
relations. Gives a discussion of the secondary ores and
clearly recognizes the process of enrichment.

Bmmons, W. H., and Laney, F. B., Preliminary report on the
mineral deposits of Ducktown, Tenn.: U.S. Geol. Survey
Bull. 470, pp. 151-172, 1911. A brief summary of the
geology of the Ducktown district.

Geology and ore deposits of the Ducktown min-
ing district, Tenn.: U.S. Geol. Survey Prof. Paper 139, 1926.
A detailed study of the geology of the Ducktown district.
Gives- descriptions of the various mines and the structural
relations of the ore deposits. Concludes that the ore bodies
are the result of replacement of limestone lenses.

Fenner, C. N.,, The Katmai magmatic province: Jour. Geology,
vol. 34, no. 7, pt. 2, pp. 673-772, 1926. A detailed descrip-
tion of the province, with petrographic description of the
rocks. Considers various methods of magma differentia-
tion, with especial emphasis on the effects of gases.

Foreman, Fred, Hydrothermal experiments on solubility,
hydrolysis, and oxidation of sulphides: Econ. Geology, vol.
24, pp. 811-837, 1929. Describes experiments which show
that the solubility of pyrite, pyrrhotite, and chalcopyrite is
extremely small. The presence of sodium carbonate and
sulphide appreciably increase the solubility, but the pres-
ence of hydrogen sulphide does not.

Freeman, Horace, The genesis of sulphide ores: Eng. and Min.

Jour.-Press, vol. 120, pp. 973-975, 1925. Describes experi-
ments that lead to the conclusion that double sulphides of
the metallic elements and of alkalies have a low fusion
point and may play a part in the deposition of the sulphide
ores. .

Genth, F. A., Contributions to geology: Am. Jour. Sci., 2d
ser., vol, 383, p. 194, 1862. Gives several analyses of Duck-
town ores, presumably galena, partly replaced by chalcocite
and argentite.

The minerals of North Carolina: U.S. Geol. Survey
Bull. 74, p. 23, 1891. A compilation of the known minerals
of North Carolina with brief descriptions and analyses of
many specimens. .

Gillson, J. L., Origin of the Vermont talc deposits, with a dis-
cussion of the formation of talc in general. Econ. Geology,
vol. 22, pp. 246-287, 1927. A detailed study of the origin
of tale in Vermont. Considers the minerals from which
tale is derived and the mineral changes undergone.

‘Goldschmidt, V.M., The distribution of the chemical elements:

Nature [England], vol. 124, pp. 15-17, 1929. Considers the
distribution of the elements in the earth’s crust, and con-
cludes that there is a sulphide shell between the silicate and
iron shells. This is probably the source of the sulphide ore
deposits.
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Graton, L. C., Reconnaissance of some gold and tin deposits
of the southern Appalachians, with notes on the Dahlonega
mines’ by Waldemar Lindgren: U.S. Geol. Survey Bull. 293,
1906. Describes the general geology and the rocks of the
Kings Mountain area in North and South Carolina, also
the individual tin mines and prospects. In the section on
the Dahlonega region the minerals and origin are briefly
described.

U.S. Geol. Survey Mineral Resources, 1906, p. 403, 1907.
Describes briefly the mining operations and mineral pro-
duction of Ducktown for 1906, with notes on the geology
of the region.

Holmes, Arthur, Ore-lead and rock-lead and the origin of
certain ore deposits: Nature [England], vol. 124, pp. 477-
478, 1929. A consideration of the atomic weights of lead
from various sources leads to the conclusion that ore lead
does not have a radioactive source, and hence ore lead and
probably other metals cannot be derived from igneous rocks
but must come from a sulphide shell of the earth’s crust.

and Lawson, R.W,, Factors involved in the calculation
of the ages of radioactive minerals: Am. Jour. Sci.,, 5th
ser.,, vol. 13, pp. 327-344, 1927. Discusses the criteria for
determining the age of rocks by radioactive disintegration
and gives a list of rocks whose age has been determined.
Gives atomic weight corrections for the uraninite of North
Carolina and gives the corrected age as 239 million years,
and the geological age as late Paleozoic, probably late
Carboniferous. ’

Hulin, C. D., Metallization from basic magmas: California
Univ. Dept. Geol. Sci. Bull,, vol. 18, no. 9, pp. 233-274, 1929.
Discusses reasons for believing that ore deposits are com-
monly derived from two distinct magmas, one “basic” and
one “acid.” The minerals that may be expected from each
are listed. :

Hunt, T. 8., The Ore Knob copper mine and some related
deposits: Am. Inst. Min. Eng. Trans., vol. 2, p. 123, 1874.
Contains a brief but highly suggestive paper on the origin
of the Ducktown ores and the changes due to weathering.
The lodes are regarded as fissure veins, not lenticular
masses. Notes that pyrrhotite will react with copper
sulphate, precipitating copper sulphide.

On the copper deposits of the Blue Ridge: Am. Jour.
Seci., 3d ser., vol. 6, pp. 305-308, 1873. Contains valuable
notes on the mineralogy of the Ducktown ore deposits and
states that the black copper is a sulphide of secondary
origin deposited by sulphate mine waters, some of which
carry as much as 0.1 percent of copper.

Jackson, C. T., Report on the copper mine of the North
Carolina Copper Co.: Mining Mag., vol. 1, pp. 4447, 1853.
Describes briefly the mine, the course of the vein, and the
future of the mine.

Keith, Arthur, Outlines of Appalachian structure: Geol. Soc.
America Bull,, vol. 34, pp. 309-338, 19:3. A detailed dis-
cussion of Appalachian structure and its bearing on-theories
of mountain-making.

U.S. Geol. Survey' Gzol. Atlas, Cranberry folio (no. 90),

1903; Asheville folio (no. 116), 1904; Greeneville folio

(no. 118), 1905; Mount Mitchell folio (no. 124), 1905; Nan-

tabala folio (no. 143), 1907; Roan Mountain folio (no. 151),

1907.

and Sterrett, D. B., Tin resources of the Kings Moun-
tain district, North Carolina and South Carolina: U.S. Geol.
Survey Bull. 660, pp. 123-146, 1918. Describes the general
geology of the region and the individual tin mines.

Kemp, J. F., The deposits of copper ores at Ducktown, Tenn.:
Am. Inst. Min, Eng. Trans., vol. 31, p. 244, 1902. An
eéxceedingly suggestive paper based on field examination

and microscopic studies of thin sections of the ores. Gives
detailed descriptions of gossan iron ores, of the ores of the
chalcocite zone, and of the low-grade pyrrhotite ores, and
notes on the occurrence and genesis of the minerals of the
ores of each class. .

Kerr, W. C., and Hanna, G. B, Ores of North Carolina:
Geology of North Carolina, vol. 2, ch, 2, 1888. Gives a brief
description of the Ore Knob, Savannah, Wayhutta, Cul-
lowhee and other mines in the western part of the State.

Lacroix, . A, Ltude minéralogique des produits silicatés de
Téruption du Vésuve (avril 1906) : du Mus. hist. nat. Nouv.
archives, 4th ser., vol. 9, fasc. 1, 1907. A very careful study
of the inclusions of various types of foreign rock in the lavas
of Vesuvius, and the alteration developed by the action of
the lava and its contained gases.

LaForge, Laurence, and Phalen, W. C., U.S. Geol. Survey Geol.
Atlas, Ellijay folio (no. 187), 1913. The area described and
mapped includes a portion of the Ducktown district. The
rocks and types of geologic structure are similar. The text
includes extensive discussions of the areal geology and struc-
ture, geomorphology, geologic history, and mineral resources
of a region contiguous to the Ducktown district. This folio
and the Nantahala folio by Arthur Keith give the results
of most extensive studies of the stratigraphy, geomorphology,

" and areal and structural geology of the southern Appala-
chians.

Laney, F. B., Preliminary report of geological survey of the
Eagle Creek and a portion of the Hazel Creek watersheds
(manuseript), North Carolina Geol. Survey, 1906. A com-
mercial report on the area. )

The Gold Hill mining district of North Carolina ;: North

Carolina Geol. and Econ. Survey Bull. 21, 1910. A careful

description of the district and its mines and ores.

The geology and ore deposits of the Virgilina district

of Virginia and North Carolina: Virginia Geol. Survey

Bull. 14, 1917; North Carolina Geol. Survey Bull. 26, 1917.

A description of the geology of the district, with a careful

study of the genetic history. The relations of the sulphide

are described in detail.

Lewis, J. V., Copper deposits of New Jersey: Econ. Geology,

vol. 2, pp. 242-257, 1907. Describes the copper deposits
and their relations to intrusive rocks. Concludes that they
were formed by solutions of magmatic origin derived from ‘
the underlying Palisades trap.

Lieber, O. M., The copper veins of the South: Mining Mag.,

vol. 7, pp. 367, 1856. Discusses the occurrence and origin
of the copper deposits of the southern Appalachian region.

Lindgren, Waldemar, Metasomatic processes in fissure veins:

Am. Inst. Min. Eng. Trans., vol. 30, pp. 578-692, 1901. A
study of the changes in rocks contiguous to ore-bearing fis-
sures. A collection of data relating to the alteration of

. rocks near fissures, and an effort to indicate the active
processes and classify veins accordingly. )

Locke, Augustus, The formation of certain ore bodies by
mineralization stoping: Econ. Geology, vol. 21, pp. 431453,
1926. Describes deposits that lead to the belief that the
ore bodies are developed where partial solution of the rocks
has caused a caving in (stoping) of the country rock.

McCallie, 8. W., The Ducktown copper-mining district: Eng.
and Min. Jour., vol. 74, pp. 439441, 1902. Notes on the early
history of the district.

March, W. J., A sketch of the mines and copper region of
southwestern Virginia: Mining Mag.,, vol. 9, pp. 217-220,
1857. Describes in some detail the rich secondary ores of
the Gossan lead of Carroll County, Va. Black ores are
most abundant, but red oxide, silicate, carbonate, and na-
tive copper are found. The better grades of ore ran 35
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percent of copper, and poor ores are rejected, as shipment
costs are prohibitive.

Mitchell, Elisha, Geological report of -Professor Mitchell:
Repts. for the use of the Board of Agriculture, pp. 101-108,
1827. Describes the rock formation of Ashe, Wilkes, and
Surry Counties, N.C., and the iron and copper ores.

Morey, G. W., The ternary system H;0-KSiO:—S8i0.: Am. Chem.
Soc. Jour., vol. 39, pp. 1173-1229, 1917. The most complete
study so far made of a ternary system in which water is one
of the components.

crystallization: Washington Acad. Sci. Jour., vol. 12, pp.
219-230, 1922. Describes and discusses experiments on the
concentration of gases and the pressures developed in the
residuum of a crystallizing magma and discusses the geo-
logic significance of such pressures.

Moxham, E. C., The “great Gossan Lead” of Virginia: Am.
Inst. Min. Eng. Trans., vol. 21, pp. 133-138, 1893. Describes
the Gossan .lead with especial reference to the iron ores.
Gives analyses of the ore and an estimate of the available
tonnage. Briefly discusses the primary sulphide ores.

Nason, F. L., Limestone associated with pyrites and pytrho-
tite of the Appalachian system: Eng. and Min. Jour., vol. 82,
pp. 170-172, 1906. Contains notes on .the Gossan Lead,
Peachbottom and Cullowhee mines.

Newhouse, W. H., The microscopic criteria of replacement in
the opaque ore minerals, in The laboratory investigations of
ores, pp. 147-161, New Yoxjk, McGraw-Hill Book Co., 1928.
A very careful study of the different modes of origin of min-
eral relations and a discussion of the criteria for their rec-
ognition. Concludes that commonly the same relation may
be produced in different ways and that several different cri-
teria must indicate the same mode of origin before 1t can
be accepted.

Niggli, Paul, Ore deposits of magmatic origin, trans. by H. C.
Boydell, London, Thomas Murby & Co., 1929. A brief dis-
cussion of the physical chemistry of the later stages of mag-
matic differentiation and the effect of the volatile con-
stituents. OQutlines a clas51ﬁcat10n of ore deposits based on
these physicochemical relations.

Die leicht-fliichtigen Bestandteile im Magma Leipzig,
1920. A c;ueful study of the effect of the volatile constitu-
ents of a magma and the physicochemical laws governing the
stages of differentiation controlled by these constituents.

Olcott, E. E., The Ore Knob copper mine and reduction works,
Asbe County, N. C.: Am. Inst. Min. Eng. Trans., vol. 3,

pp. 391-397, 1875. In this paper and in a discussion by Hunt'

that follows, brief mention is’ made of the Ducktown de-
posits, which are compared with the Ore Knob deposits.
Phemister, T. C., Igneous rocks of Sudbury and their rela-
tions to the ore deposits: Ontario Dept. Mines 34th. Ann,
Rept., pt. 8, pp. 1-61, 1926. The geology of the.Sudbury
region, the relative age of the rocks, and the relation of the
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the sulphides are younger than the norite and that they
have been formed by hydrothermal solutions that have
partly replaced the silicate minerals and were of such a

chemical character that there was little alteration of these,

silicates. .

Pogue, J. E, Cid mining district of Davidson County, N.C.:
North Carolina Geol. and Econ. Survey Bull. 22, 1910. A
description of the district, the individual mmes, and the
ores.

Rothwell, R. P., The Stone Hill copper mine and works:
BEng. and Min. Jouv., vol. 24, pp. 86, 109, 130, 1877. Dis-

- cusses the Ducktown deposits and compares them owith.the
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Stone Hill deposits of Alabama. ‘This is the best available
description of the Stone Hill mine. -

Safford, J. M., A geological reconnaissance of Tennessee, being
the author’s.first biennial report presented to the Thirty-
first General Assembly of Tennessee, pp. 39-47, 1856. De-
scribes the geology and ore deposits of the Ducktown dis-
trict, with valuable notes on the early history of mining
in this district.

Geology of Tennessee, a report of the State geologist by

authority of the General Assembly, pp. 460-482, 1869. Con-
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and Killebrew, J. B., The elements of the geology of
Tennessee, pp. 188-190, Nashville, Tenn,, 1900. Describes
briefly the ores and ore minerals of the Ducktown district
and gives a summary of the history of copper mining in
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Schaller, W. T., Mineral replacements in pegmatites: Am.
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occurring in pegmatites.

Shannon, E. V., The mineralogy and petrology of intrusive
Triassic diabase at Goose Creek, Loudoun County, Va.:
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careful study of the late differentiation products of diabase.
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Shepard, C. U, Report on the Mount Pisgah copper mine,
New Haven, 1859. Reviewed in Am. Jour. Sci, 24 ser,
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of well-known minerals.
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Hawaiian Volcano Observatory Bull,, vol. 7, no. 7, pp. 94-97,
1919. Gives the results of the analysis of gases collected at
Kilauea.

Analysis of gases from volcanoes and from rocks:

Jour. Geology, vol. 33, suppl. to no. 3, 1925. Describes the

-gases and the results of their analyses. Discusses methods

of collection and analysis.

and Merwin, H. E., Gases of the Mont Pelée lavas of
1902 : Jour. Geology, vol. 35, pp. 97-116, 1927. A study of the
lavas and their gases of Mont Pelée and the pressures de-

" veloped by these gases. It is concluded that pressures of the
order of 100 atmospheres were probable during the declin-
ing phase of activity.

Taber, - Stephen, Geology ot the gold belt in the James River
Basin, Va.: Virginia Geol. Survey Bull. 7, 1913. A very
detailed study of the gold ores of this part of Virginia, and
descriptions of the- mines. The paragenesis of the vein
minerals and especially the gangue minerals has-been de-
termined with unusual care.

Thompson, A. P., The relation of pyrrhotite to chalcopyrite
and other sulphides: Econ. Geology, vol. 9, pp. 153-174,
1914. A very careful study of the relations of the sulphides
from several widely distributed regions. Concludes that the
sequence is normally pyrite, blende, pyrrhotite, chalcopyrite,
and galena. .

Tolman,-C. F., Jr.,, and Clark, J. D., The oxidation, solution,
and precipitation of copper in electrolytic solutions and the
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dispersion and precipitation of copper sulphides from col-
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"and Rogers, A. F,, A study of magmatic sulphide ores:
Leland Stanford Junior Univ. Pubs., Univ. series, pp. 12-22,
1916. A very detailed study of the relations of sulphides to
the associated.igneous rock, and a consideration of the
genetic processes involved in their deposition. The sulphides
are called magmatic, brut they are believed to be later than
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this is compared with other ore deposits of a similar nature,

Tuomey, Michael, A brief notice of scme facts connected with
the Ducktown, Lenn., copper mines: Am. Jour, Sci., 2d ser.,
vol. 19, pp. 181-182, 1855. A brief but suggestive paper
on the relations of the iron to the copper ores at Ducktown,
including an ideal cross section of a vein. The writer recog-
nizes the true character of the gossan ores as a residue of
the ore after the copper has been dissolved out.

Ulrich, FrantiSek, Problém karbondtosilikitovych vyvielin a
jejich genese: Sbornfk Prfodovideky, Ceské Akad., Praha,
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Van der Veen, R. W., Mineragraphy and ore deposition, The
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the study of opaque minerals and their interrelations and
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Van Horn, F. R., Notes on a new occurrence of pisanite and
arsenopyrite, and some large staurolite crystals from the
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pp. 4047, 1914,

Yan Mater, J. A., The pyrrhotite deposits of southwest Vir-

ginia: Eng. and Min. Jour., vol, 105, pp. 198-199, 1918. De- |

scribes the “ Great Gossan Lead” of Virginia and reports
that this great body, 18 miles long, constitutes a great
reserve of pyrrhotite ore. Gives briefly the dimensions and
tenor of the vein and suggests that it presents a profitable
source of sulphur and iron.
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METHODS OF STUDY
FIELD WORK

The writer first became interested in the southern
Appalachian ore deposits in the summer of 1917, while
he was engaged in an investigation of possible war-
time sources of pyrite. At that time the Ore Knob,
Elk Knob, and Otto localities were visited. Other
duties prevented a resumption of work till 1924, when
Ore Knob and the Monarat deposit on the Gossan
Lead of Virginia were studied. In the summer of
1925 the deposits at Ducktown, Tenn., and Monarat,
Peachbottom, Otto, Savannah, Cullowhee, Wayhutta,
and Fontana, N.C., were studied, and the arsenic veins
at Craigford, Ala., the Dahlonega, Magruder, and
Columbia gold mines of Georgia, and the iron-ore de-
posit at Cranberry, N.C., were compared to the cop-
per deposits. In the summer of 1926 the Cranberry
mine was visited in company with W. T. Schaller, of
the United States Geological Survey, and the Fontana
mine, which had been put into operation since the pre-
vious visit, was reexamined. In October 1926 Mon-
arat was briefly visited in company with Wilbur Nel-
son, State geologist of Virginia. The United States .
Geological Survey and the Virginia Geological Sur-
vey began a cooperative study of the Gossan Lead in
the summer of 1927; Ducktown, Fontana, and the
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Cranberry iron mines were visited in the summer of
1929 ; and Ducktown, Cullowhee, and the Gossan Lead
in December 1931.

The deepest mines at Ducktown have reached a
depth of 1,800 feet; the walls of tunnels and stopes
are clean and dry, and timbering has usually been
unnecessary ; few mines, therefore, can be studied un-
derground as satisfactorily as those at Ducktown.
The old mines on the Gossan Lead have caved in and
are overgrown till little can be gained from a visit to
them, but fresh sulphides are exposed at one place in
the Betty Baker mine and at Monarat. The Monarat
mine has been operated in part by an open cut, and
although only shallow depths have been reached, ex-
posures. are ‘good and relations are easily observed.
The Ore Knob mine was reopened during the World
‘War but was only briefly operated. The writer vis-
ited the mine soon after it was closed and studied the
higher levels, but the new ore faces that had been
opened by the recent work had become inaccessible
through flooding. At Cranberry, N.C., a great open
cut lays the geologic relations open to the light of day.
Shallow test pits have been sunk on some of the east-
ern Alabama arsenic veins, but no deep mining has
been done. The Cullowhee mine was briefly operated

in 1930 and was visited in December 1931. The other

pyrrhotite veins of the region have been examined,
but it has been many years since they have been
worked, and relations could not be. studied under-
ground. However, ample specimens were collected
for later laboratory study.

LABORATORY STUDIES

The deductions based on field study have been
checked by detailed studies in the laboratory. The
vein materials and their interrelations have been
studied in thin sections, polished hand specimens, and
small grains. Representative specimens were crushed
and separated into three or more portions by means of
heavy solution and the electromagnet, and the indi-
vidual minerals were systematically identified by opti-
cal methods. Extensive use has been made of thin
sections in studying mineral relations, about 500 thin
sections having been cut and examined. It is believed
that these methods have given a practically complete
list of the hypogene vein minerals in all the veins
where a representative suite of specimens could be
obtained. Relations between the various nonopaque
minerals and between these and the sulphides were
studied with the petrographic microscope. The rela-
tions of the sulphides to one another were studied with
the reflecting microscope, and the relations of opaque
to nonopaque minerals were best studled under the
binocular microscope.

The grosser mineral relations have been studied by
polishing numerous hand specimens. The relation of

[ oratory studies.

calcite to other light-colored minerals and especially to
quartz of nearly the same color does not stand out
clearly in the hand specimen, and in many specimens
the structure is too coarse to be studied in thin section.
Many experiments have been made on staining calcite
and other .carbonates so that they can be observed
and photographed. . The method finally adopted is to
grind and polish the specimen, which is then placed
for several hours in a fairly strong solution of copper
nitrate. This forms a film of light-green copper car-

- bonate by reaction with the calcite, and the color be-

comes a fine turquoise-blue on dipping in ammonia,
which changes it to the basic carbonate. This method
has several advantages over all others tried. The
treatment can be applied to polished specimens,
whereas other methods can usually be applied only to
matt surfaces; the film is firm and coherent; and it is
blue and gives a good contrast when photographed.
It has been found that this method distinguishes pure
calcite from siderite, ankerite, rhodochrosite, and
highly manganiferous calcite, all of which are unaf-
fected by copper nitrate.

Relations determined in the field and in the mine
are the primary basis of any geologic study, but even
after the field studies have contributed their full
quota of geologic data, many deductions may be con-
firmed and additional facts supplied by intensive lab-
Individual minerals are usually
small, and their relations are often a microscopic
problem, but these relations are just as real and the
evidence deduced from them just as valid as those
determined in the field or those that can be recog-
nized in hand specimens by the naked eye.

The gangue minerals of an ore body have often
been ignored or only briefly considered during the
study of mineral deposits, and the geologist has too
often followed the mining engineer in centering his
attention on the ore minerals. This study of the
pyrrhotite-copper veins has shown that the gangue
minerals record a long and complex story of intense
geologic interest and that petrologic methods are a
most effective aid in deciphering that story.

CRITERIA FOR THE DETERMINATION OF MINERAL
SEQUENCE

The copper-bearing pyrrhotite veins and related
ore deposits of the southern Appalachian region
record a genetic history which has been deduced in
part from the interrelations of the individual min-
erals. The replacement or invasion of one mineral
by another has been a valuable aid in the recognition
of events within the veins, and therefore the criteria
that have been found useful in determining mineral
sequence will be described in some detail, although an
exhaustive discussion will not be attempted.
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No problem that presents itself to the petrologist
or student of ore deposits is of more fundamental
importance than a corréct interpretation of the ge-
netic history of a mineral assemblage, such as a rock
or ore body, and yet the criteria for determining
mineral sequence have been very imperfectly evalu-
ated. This is no doubt partly inherent in the problem,
for the significance of mineral relations tends to vary
with differences in the character of the minerals and
with their history. Minerals differ in crystal form,
physical properties, chemical composition, and mode
of origin and may subsequently be brought into a
great variety of physicochemical environments, all of
which modify the resultant relations and the inter-
pretations to be placed upon them. IFor these reasons,
rules for recognizing mineral sequence must be formu-
lated and applied with caution, and broad general-
izations must be avoided; but the difficulty of the
problem does not by any means justify a haphazard
interpretation of mineral relations.

Enclosure of one mineral in another—Some petrol-
ogists have placed much emphasis upon the enclosure
of one mineral in another as a criterion for the deter-
mination of mineral sequence, and it has been held
that the'enclosed mineral is definitely earlier than the
enclosing mineral. Others have recognized the limi-
tations of these relations, which have been discussed
by Shand* The belief that the enclosed mineral is
earlier was founded largely on a study of minerals
that were believed to crystallize directly from a
magma, but such a simple crystallization process can-
not be implicitly assumed, for reactions are possible
between early minerals and residual magna or be-
tween two minerals in the presence of a mineralizer,
and thus one mineral may replace another even in
an igneous rock. In veins and ore bodies reactions
between minerals in the presence of solutions are
often dominant processes, and so the possibilities for
mineral replacement are much greater than in igne-
cus rocks. Wherever replacement occurs there is the
possibility of the replacing mineral penetrating and
becoming enclosed in an earlier mineral. For these
reasons the enclosure of one mineral in another has
almost no significance in the determination of their
sequence unless supported by other evidence.

In many localities the mineral sequence is evident
from the broad field relations, quite aside from the
interrelations of the individual minerals, and in such
localities one would not be led to consider the en-
closed mineral the earlier. Thus tremolite, actinolite,
wollastonite, hedenbergite, diopside, vesuvianite, gar-
net, and even magnetite form in contact-metamorphic
limestones, and so the field relations may show that
these minerals are definitely later than the country

1 Shand, 8. J., Bruptive rocks, p. 87, London, Thomas Murby & Sons,
1927,
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rock, although they are commonly enclosed in single
crystals of the earlier calcite.

The enclosure of a later mineral in earlier ones is
shown by field relations in the pegmatite dike cut by
‘the Savannah vein, as described on page 91. Here the
geologic relations show the sequence of mineralization,
and this need not be deduced from the relations of the
individual minerals. The normal pegmatite contains
only sodic plagioclase, quartz, and muscovite, but
where it is cut by the Savannah vein, biotite has
formed as a late mineral within homogeneous crystal
areas of earlier sodic plagioclase, quartz, and musco-
vite, as shown in plates 5, 4, 6, and 7, 4, B, later
amphiboles have formed within earlier feldspar and
quartz, as shown in plate 5, £'; and gahnite within
plagioclase, as shown in plate 2, B, D.

Minerals that have a strong tendency to resist re-
placement may retain a euhedral outline even after the
original enclosing mineral has been replaced, and thus
the more resistant mineral becomes enclosed by a
younger one. Garnet, spinel, magnetite, rutile, and
zircon—all difficultly replaceable minerals—are likely
to possess euhedral form where the original enclosing
mineral has itself been replaced by a third mineral
and also where they develop within an older mineral
by replacement. Thus a mineral may have preceded
the enclosing mineral and be a first-generation min-
eral, it may have replaced the enclosing mineral and
be second generation, or the original enclosing min-
eral may itself have been replaced. Zircon is present
in much of the plagioclase of the copper-bearing veins,
in biotite that has replaced plagioclase, in chlorite
that is an alteration product of the biotite, and in
actinolite that has also replaced plagioclase, as shown
in plate 14. The sequence of zircon and plagioclase
is not clear, but both antedate biotite and actinolite.
Thus zircon is a first-generation mineral if it preceded
‘the enclosing plagioclase, or a second generation if it
replaced plagioclase; the biotite that now encloses it
is third generation, and chlorite is a fourth-generation
mineral.

" Many minerals are partly replaced or at least cor-
roded if the enclosing mineral is later, and on the
other hand a mineral commonly possesses very sharp
outlines where it develops within older minerals.

Thus pyroxene, epidote, amphiboles, micas, spinals, .

and garnets are likely to possess sharp euhedral form
where they have developed within the enclosing min-
eral by replacement and are less likely to be sharply
euhedral where they are older than the enclosing min-
eral. Dikes and veins are not in general the result
of a single genetic process but have been formed by a
series of successive stages that involves re-solution,
selective recrystallization, and replacgment—that is,
they are characterized by groups of minerals that con-
stitute a reaction series which may be much more com-
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plex than those of pyrogenic minerals that have been
described by Bowen.2 In such a_reaction series the
mineral relations become very complex and the en-
closure of one mineral in another does not show that
it is the older—in fact, more commonly than not it
seems to be younger.

Preservation of antecedent mineral and rock struc-
tures—Pseudomorphs of one mineral after another
provide one of the longest recognized means of deter-
mining mineral sequence. Pseudomorphs, however,
have not played a prominent part in determining the
sequence of processes that have been active in the
development of the copper-bearing pyrrhotite veins.
The alteration of biotite to chlorite and of chlorite to
talc are the only extensive alterations of this pseudo-
morphic type which have occurred in the deposits dis-
cussed in this paper, although the alteration of actino-
lite to talc is shown in one specimen. (See pl. 12
B.) The evidence that chlorite is pseudomorphous
after biotite is generally recognized and needs no fur-
ther discussion. The biotite and chlorite in the
deposits here described usually occur as irregular crys-
tals without characteristic exterior form and so usu-
ally cannot be recognized after complete replace-
ment by a third mineral. Biotite, chlorite, and talc
all have an almost equally perfect basal cleavage, and
therefore internal structure cannot be depended upon
for recognition of the antecedent mineral. For these
reasons the evidence of replacement of biotite by
chlorite and of both these minerals by talc has been
based entirely upon residual unreplaced areas of one
mineral in another and not on pseudomorphic form.
Chlorite always retains the cleavage of the.replaced
biotite, and some of the talc retains biotite or chlorite
cleavage, but most of the talc forms an irregular crys-
talline aggregate without a trace of the cleavage of
the replaced mineral, as shown in-the lower part of
plate 13, O, but rarely the structure of biotite is re-
tained in talc, as in plate 13, 4,-B, ). More rarely
carbonates have replaced chlorite and preserved traces
of the parallel cleavage structure of that mineral, as
shown in plate 24, 4, B.

Relation of wein minerals to rock structure—The
country rocks. of the Blue Ridge and Great Smoky
Mountain regions have undergone profound dynamic
metamorphism, and all the ore bodies discussed in this
paper are enclosed in gneissoid'or schistose rocks.
These metamorphic rocks are fairly fine grained, and
the individual minerals rarely exceed 1 to 8 milli-
meters in greatest diameter, although a few beds con-
tain rather large porphyroblasts. Fragments or
masses of country rock that have been included in the
veins have commonly been partly or wholly replaced,
and new crystals many times as large as the original

" 2 Bowen, N. L., The evolution of igneous rdcks, pp. 54-62, Princeton
Univ. Press, 1928.

ones of the gneiss or schist were formed. The dif-
ferences in size of crystals of different generations are
shown in plate 4, B, and plate 10, A. That these new
minerals have been developed by vein-forming proc-
esses is indicated by their restriction to an association
with ore minerals. The large biotite crystals in the
mineraljzed zones are only roughly parallel to the
schistosity, and many cut sharply across it or stand
perpendicular to it. Itis obvious that an easily cleav-
able mineral, like biotite, must be younger or at least
must have recrystallized after the schist-producing
stresses if a large proportion of the crystals fail to
coincide with the direction of schistosity. The same
is true where large undistorted groups of actinolite
crystals are not oriented with the schistosity.

Calcite and other carbonates readily yield mechan-
ically to pressure, and the presence of large, euhedral
calcite in schists or gneisses, as shown in the dolomite
crystal illustrated in plate 31, D, indicates that such
crystals are later than the dynamic metamorphism,
although the possibility of recrystallization after
metamorphism of material that was present before
that time is not excluded.

Most of the minerals of the original dynamically
metamorphosed schists and gneisses seem to have com-
pletely adjusted themselves physically and chemically
during the metamorphism, and therefore ungranu-
lated or unrecrystallized minerals are rarely present.
Only in the Ducktown region do some of the con-
glomeratic arkoses give evidence that original grains

-are partly preserved.

Islandlike areas of schist with their structure tran-
sected by nonschistose material are excellent evidence
of replacement. An excellent example of nonschis-
tose pyrrhotite enclosing remnants of schist is shown
in plate 34, B. In the copper-bearing veins schlieren-
like ghosts of almost completely replaced schistose
remnants are more abundant. Ghostlike areas of

“schistose structure are present in many of the quartz
"masses, even those that resemble veins, and confirm

the structural evidence, which indicates that many of

“these veinlike quartz masses are partly the result of

replacement. Ghostlike schlieren of schist of the
same type are present in the calcite masses.. Here it
is not possible always to distinguish schist residue
from schistose zones formed by subsequent dynamic

‘metamorphism, but other evidence proves that the cal-
-cite is later than the schists, and so these ghostlike

areas have evidently developed in the same way as
those in crosscutting quartz masses.

Movements may occur within a vein and produce a
schistosity that is confined to the vein, or oriented
strains within the vein during crystallization may
cause parallel orientation of growing crystals. In
this way gneissoid and schistose structures may be
simulated by the minerals developed during vein for-
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mation and be younger than the schistose structure
in the enclosing rocks.

Filling of open spaces—The filling of fractures, of
open vugs, and of the spaces between breccia frag-
ments has given evidence that has been very useful
in determining mineral sequence in the ore deposits
of the southern Appalachian region.

Many ore deposits, as at Ore Knob, N.C., contain
cpen vugs with their walls formed by euhedral min-
erals, and the small crystals coating the larger
cuhedral ones are clearly younger than the material
which they coat. A vug that has been completely
filled with crystalline material of about the same grain
size as that surrounding the vug might be difficult to
interpret genetically, but usually the minerals of the
two generations are of markedly dissimilar size, and
very commonly there is evidence of the deposition of
successive layers of minerals. However, such band-
ing is absent in most of the ore deposits of the south-
ern Appalachian region.

Minor internal stresses promote the formation of
secondary albite in the shrinkage cracks in micro-
cline® (See pl. 1, 4.) These filled shrinkage cracks
produce sharp-walled veinlets, whose small size com-
. monly makes them recognizable only under the micro-
scope. Small fractures may be branching, as shown
in plate 30, C, but rarely contain fragments of their
wall rock; the larger ones, however, commonly con-
tain wall-rock fragments, as shown in plate 17, 4,
that have been formed by brecciation or by the force
of growing crystals. The filling of large fractures is
often accompanied by the partial replacement of the
wall rock, as described on page 26, and very com-
monly it is difficult to determine the parts played by
the filling of open spaces and by the replacement
initiated by such fractures. Where replacement has
occurred the walls on the two sides of the vein will
fail to match, as shown in plate 36, C'; but lateral
movement of the two walls of a vein may also cause
a failure to match. In some deposits replacement con-
tacts are sharp; in others they may be gradational.
A gradational contact between vein and wall rock in-
dlcatcs replacement, but even where the contact ap-
pears to be sharp, ghostlike remnants of the wall rock
in the replaced areas have been observed. Thus there
may be difficulty in deciding between replacement or
mere invasion in certain types of veins, but in either
event the relative age .of invaded and invading min-
eral is clear.

Veinlets of one mineral in another give one of the
most easily recognized and reliable criteria of genetic
sequence. It is true that veinlets of one mineral may
develop in another mineral, and the enclosing min-

8 Anderson, Olaf,. The genesls of some types of feldspar: Norsk
geologisk tidsskrift, bind 10, hefte 1-2, 1928,

eral may later be replaced while the more resistant
veinlets are preserved. Thus misinterpretation of
the relative age of the minerals must be guarded
against, but veinlets whose -original surrounding
material has been replaced by a third mineral may
themselves show corrosion, crosscutting areas of the
enclosing mineral, or other evidence that casts suspi-
cion on the apparent relation. Veinlets of a very
stable mineral that is difficultly replaceable may be
earlier than the enclosing mineral, but an unstable
easily replaceable mineral enclosed in a more stable
one can hardly give misleading evidence of relative
age. Thus under certain geologic conditions veinlets
of quartz could not-be accepted as unqualified evi-
aence of relative age; but veinlets of calcite, which is
easily replaceable within a silicate mineral, would
probably present much more definite evidence that
they are later than the invaded mineral. The abun-
dant calcite veinlets that traverse all the minerals of
the copper-bearing pyrrhotite veins except the sul-
phides give evidence of the age of the calcite that
seems to lead to only one conclusion—that is, the cal-
cite 1s later.

Unreplaced angular fragments—Angular frag-

~ments of one mineral or rock enclosed in another pre-

sent very good evidence as to relative age. It has
been commonly held that such angularity is due to
brecciation or the wedging of the older rock during
the crystallization of the enclosing material. Bate--
man * has pointed out that angular fragments may be
the result of replacement, but either process would in-
dicate that the included fragments are the older. The
only question would be whether inclusion or replace- .
rment by the enclosing material had occurred.

The angular fragments of aplite, enclosed in chlo-
rite, illustrated in plate 3, B, seem to show only a
minor amount of replacement, and the quartz lenses
in gneiss shown in plate 17, 4, are an example of ex-
tensive replacement that has widened fractures.
Nearly angular masses of.pyrite that have been pro-
duced by replacing chalcocite are shown in plate
40, D.

Physical properties.—Euhedral form has been dis-
cussed in connection with enclosure of one mineral
in another on pages 9-10, but certain physical
properties that can be correlated with crystal form
may have significance. Crystals or crystal groups,
especially acicular or bladed crystals, that replace

| clder minerals very commonly assume radial, plumose,

or spraylike forms. During their growth the replac-
ing crystals did not grow in mobile media but in dense
ones, and this very commonly brings about a distor-
tion of the crystal that results in a plumose habit.

¢ Bateman, A. M, Angular inclusions and replacement deposits:
Hcon. Geology, vol. 19, pp. §04-518, 1924,
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The plumose pyroxenes and feldspars in igneous rocks
described by Iddings ® are apparent but not real excep-

tions to this rule, for they are enclosed in a glassy

matrix and clearly developed after it had attained a
high degree of rigidity, and so they too grew in a
dense medium.

Tremolite, actinolite, and other amphiboles, wollas-
tonite, sillimanite, tourmaline, micas, and occasionally
feldspars assume a radial plumose habit where they
have replaced older minerals. Equidimensional min-
erals and especially isometric minerals show little
tendency to form radial groups. Some of the amphi-
boles described in this paper exhibit very striking
radial groups, which are shown in plate 5, C'; plate 8,
B; plate 9, 4 ; plate 10, C; and plate 11, €, and micas
in plate 5, B, D. Sheaf-like groups of crystals are
enclosed in vein plagioclase and quartz where it might
be suggested that they preceded the enclosing material,
but this would mean that these delicate crystal forms
bad developed while floating in magma or in solutions
that later crystallized around them,; yielding quartz
or feldspar. If they crystallized from a quartz or
quartz-plagioclase magma they would have had to
form at improbably high temperatures, and if they
crystallized from solutions they would have had to
remain suspended during the entire period of their
formation, with the production of delicate spinelike
crystals that have not suffered abrasion or fracture
or any crystal settling. '

Single needlelike crystals may penetrate several
crystals, as where actinolite needles extend through
several quartz grains or through quartz and plagioclase
grains. (See pl. 10, ¢.) The formation of such
groups in a melt seems improbable, and the develop-
ment of such forms directly from a hydrothermal so-
lution seems even more improbable. Therefore the
replacement of quartz and feldspar after its formation
is the only reasonable explanation of the radial groups
described in this paper. Moreover, the same forms
are found in the schist contiguous to the veins and in
the older pegmatitic rock at Savannah, where they
are definitely later than their enclosing material.
Radial groups of wollastonite or of amphiboles and

crystals similar to those shown in plate 10, B, are often -

observed in calcite crystals or, limestone masses, yet no
one would suggest that they preceded calcite.

In the course of this study other criteria have been
available, and the presence of plumose groups of
crystals has not been relied upon in determining the
sequence of the minerals in the copper-bearing veins
of the Appalachian region, but such forms have proved
without exception to be secondary to the enclosing
material. - This relation is confirmed in other mineral
deposits, and so it seems that the presence of plumose

s Iddings, J. P., Igneous rocks, vol. 1, p. 228, New York, 1920.

groups of crystals is at least suggestive and probably
helps to confirm replacement.

Euhedral form—Minerals differ very greatly in
their ability to assume a characteristic form, and some
nearly always develop euhedral or subhedral forms.
This property is partly a function of the relative hard-
ness of the replacing mineral, and euhedral form may
have a different significance in hard and in soft min-
erals. Garnet, tourmaline, beryl, spinel, magnetite,
rutile, zircon, and pyrite show a very strong tendency
to assume their own crystal form. Minerals of this
type may show euhedral form, no matter whether they
are older or younger than the enclosing softer min-
erals.® On the other hand, a soft mineral like calcite
that has invaded a harder one is very likely to have
done so by replacement, and where the form of the
soft mineral is euhedral against the harder one the
probability of replacement is increased.

Shear planes the site for replacement.—Fractures,
shear planes, or zones of strain may be the sites for
replacement that extends into the surrounding ma-
terial. For this reason, where the presence of one
mineral in another is definitely related to fractures,
shear planes, and zones of strain, there is excellent
evidence of the relative age.

There may be no sharp division between veins
formed by filling and veins resulting from replace-
ment, and it is not rare to find veins that were formed
in fractures which permitted the initial introduction
of material but which were clearly widened by re-
placement. It may be difficult to determine the extent
of the two processes, but the evidence of fracture
filling is greater where the fracture extends through
more than one mineral or break across the cleavage of

a mineral. Different minerals may not be equally re-

placeable, and so a veinlet that is distinctly wider
where it traverses certain minerals gives good evi-
dence that replacement rather than mere fracture fill-
ing has been active, as is shown in plate 28, B. Plate
4, A, shows the replacement of microcline by horn-
blende along zones that are clearly shear planes, and
plate 10, ¢, shows a group of actinolite crystals re-
placing quartz along a fracture.

Where replacement is rather extensive, the individ-
ual fractures that initiated replacement are commonly
obliterated, but the residual fragments may show
shearing, granulation, or recrystallization, whereas
the replacing mineral does not. In weighing evidence
of this kind the resistance of the different minerals

"to crushing must be considered, for there will be a

greater tendency for the less resistant mineral to be
crushed or sheared.

Zoning of minerals.—The zoning of such minerals
as amphibole or tourmaline may give valuable evi-

¢ Gilbert, Geoffrey, The relation of hardness to sequence of the ore
minerals: Econ. Geology, vol. 19, pp. 668—673, 1924,



METHODS

dence of the sequence of vein processes. Thus several
of the copper-bearing pyrrhotite veins contain crys-
tals whose cores are tremolite or actinolite and whose
outer zones are dark-green iron-rich hornblende. The
zoned crystals illustrated in plate 8, D, indicate the
progressive concentration of iron in the vein-forming
solutions during the stage when ferromagnesian min-
erals were formed. -

Suites of minerals of wnlike origin—Many min-
erals are believed to form only under certain condi-
tions, and where these conditions have been studied
and evaluated, the mere association of minerals may
be evidence of diverse origin. Some groups of min-
erals form only in igneous rocks (pyrogenic origin) ;
some only under pressure, stress, or high temperature;
others only from solutions; and some only where the
pressures are low. Many minerals form only under
hypogene and others only under supergene conditions.
Some minerals are chemically incompatible with
others, and the two could not form at the same time or
from the same magma or solution.

The different mode of origin of the hypogene and
supergene suites of minerals of the southern Appa-
lachian region hardly needs .discussion, for these
groups of minerals are in general well recognized by
geologists.

Actinolite and tremolite are commonly believed to
be typical hydrothermal or contact-metamorphic min-
erals, and their mere association with igneous-rock
minerals indicates that they are younger. In the Sa-
vannah vein actinolite is commonly completely en-
closed in pegmatite minerals, and at Cullowhee it is
enclosed in aplites which are believed to have crystal-
lized from a magma. Our knowledge of the genesis of
aplite and pegmatite and of actinolite or tremolite in-
dicates that the latter minerals are the younger, and
this is confirmed by their absence except where the
aplite or pegmatite is cut by the ore veins. (See pls.
5,6, and 7.)

Feldspar and calcite commonly form under very dif-
ferent conditions, and their close association suggests
that they were formed at different periods and under
different conditions.

Augite is known to form at higher temperatures and
pressures or in a lower concentration of water than
hornblende, and where the two minerals are associated
augite is commonly the older. In some volcanic rocks,
however, the escape of volatile constituents may per-
mit aurrlt;e to replace hornblende.

Chemlcal incompatibility has not prov1ded criteria
for distinguishing mineral °groups in veins of the
Ducktown type, but the well-known incompatibility
of quartz and olivine shows that the dike rich in ferro-
magnesian minerals at the Floyd County nickel mine
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had a different origin from the associated quartz-
bearing rocks.

Rounding, embayment, and isolated crystal rem-
nants.—Petrologists have long made use of rounding
and embayment in determining the relative age of
minerals in igneous rocks, but these criteria are prob-
ably less reliable than some other types of mineral
associations. The mineral relations that may give
rounded or embayed forms seem so varied that'it is
impossible to formulate any rules that are generally
applicable.

Isolated remnants of a single crystal are probably
much more reliable, especially where there is evidence
that replacement or solution proceeded along frac-
tures, cleavages, or twinning planes. However, iso-
lated areas of a single crystal are also the result of
most varied relations, and each occurrence must be
interpreted independently. In interpreting isolated
crystal areas the questions that must be answered are:
Could other processes (unmixing or simultaneous
crystallization) have produced the relations? Is the
uniform optical orientation of isolated grains acci-
dental, or is it so common an occurrence that it must
be accepted as a fact; or is the phenomenon due to a
forked or plumose invading crystal cut in such a
way as to appear to give two isolated individuals?
In some specimens these relations show such obvious
evidence of replacement that they can be accepted
almost at once, while others remain doubtful even
after study and comparison of many specimens.
Thus the two areas of plagioclase invaded by dolomite
shown in plate 16, ¢, would probably be accepted as
an example of replacement by most observers. The
narrow rim of plagioclase bounding a very deep.
tongue of dolomite in one area and the numerous
small islandlike areas of plagioclase that mark the
old margin of the other invaded plagioclase crystal
could hardly have formed in any way but by replace-
ment. On the other hand, the three rounded quartz
areas in plagioclase that are in uniform optical orien-
tation shown in plate 1, €, and plate 2, C, are prob- -
ably not in themselves adequate evidence of replace-
ment of quartz by plagioclase. The study and com- -
parison of numerous similar occurrences where schist
has been replaced by plagioclase and zoisite indicate
that quartz has been replaced by plagioclase, as in
plate 1, D, and suggest that those in plate 1, C, also -
represent original quartz of the quartz schist country
rock that has been partly replaced by plagioclase. In
plate 27, 4, are shown deeply rounded embayments
that isolate remnants of a single crystal.

Simultaneous crystallization and unmixing may
give forms that resemble replacement. Myrmekite,

when cut perpendicular to the plumose -groups, may
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show isolated areas of quartz in. plagioclase, although
these have formed together during the replacement of
potassic feldspar.” Where the myrmekite area is cut
in other directions it is evident that the quartz has
the form of plumose groups of rods.

The development of one mineral in another through
unmixing is probably less common among silicate
ninerals than among sulphides, but it cannot be ex-
cluded even among silicates. The phenomenon of un-
mixing has not been adequately studied, and as it
seems not to have played a significant part in the min-
eral deposits discussed in this paper it will not be
taken up in detail. Newhouse?® concludes that great
irregularity of form and of distribution of the en-
closed mineral in general is evidence against unmix-
ing.

Certain types of sulphides give rounded sinuous
contacts, called mutual boundaries, that have been ac-
cepted by some, students as proof of contemporaneous
crystallization, but reliance-onsthis-criterion-has been
abandoned by most students,” and Newhouse?® be-
lieves that replacement commonly forms smooth, reg-
ular curves with no decided projections of either host
or guest mineral into the otlier, and that the mutual-
boundary condition can have no particular signifi-
cance in interpretation of mineral relations.

The considerations above set forth indicate that
rounded embayments and isolated fragments of a
single crystal (areas that extinguish together under
crossed nicols) are significant criteria in the deter-
mination of replacement of one mineral by another
but should be used with the utmost caution and con-
firmed by independent criteria. '

Conclusions.—The foregoing discussion of the cri-
teria for mineral sequence shows that these differ

greatly in reliability. Some of those used in the past, -

especially those founded upon a study of igneous
rocks, seem quite without value in a study of complex
replacements, and other criteria only suggest se-
quence. All criteria based on microscopic relations
should probably be used with the greatest caution and
checked by field relations wherever possible. In the
present study sharply bounded veins or veinlets of one
mineral in another have seemed to give the clearest
evidence of relative age, but it is desirable to have
even this evidence confirmed in other ways. A cer-
- tain sequence can probably be considered fully estab-

lished only where confirmed by several lines of evi-

7 Sederholm, J. J., On synantectic minerals: Comm. géol. Finlande
Bull,, vol. 48, p. 62, 1916.

3Newhouse, W. H., The microscopic criteria of replacement in the
opaque minerals, in Iabomtory investigation of ores, p. 150, New York,
McGraw-Hill Book Co., 1928.

9 Bastin, E. 8., Graton, L. C., and others, Criteria of age relations
of minerals with speclal reference to polished sections of ores: Econ.
Geology, vol. 26, p. 604, 1931,

10 Newhouse, W. H., op. cit., p. 160.

dence,’* but of course it is not possible to attain the

same degree of certainty for all mineral relations in a

complex mineral deposit. '
Newhouse says: 2

It cannot bhe too strongly emphasized that no one micro-
scopical criterion given is usually sufficient to prove replace-
ment. A single microscopic field will usually not furnish
enough data to convince one that replacement has occurred.
* * * .

In general, no one example of a single criterion can be re-
garded as having weight enough to demonstrate replacement..
There should be a convergence of evidence based on severak
structures illustrating the criteria discussed, before an ex-
ample can be regarded as proved. For most of the structures
described on previous pages, another explanation, .or some-
times several others, can be given besides that of replace-
ment. Where several criteria are obtained, however, the same
alternative explanation may not fit them all.

In the present study it has not been possible to dis-

_cover very many lines of evidence which indicate the

relation of zoisite to diopside or of biotite to-actinolite; -
and the sequence of these pairs of minerals cannot be
considered fully established. On the other hand, the
evidence that calcite is later than all vein minerals
except sulphides is based on so many distinct lines
of evidence that there can be but little doubt about the
part played by calcite in vein genesis. All the major
genetic events determined in the course of the present.
study have been based on several independent mineral
relations which indicate the same mineral sequence,
for it seems best to assume that with few exceptions

_no single relation can be depended upon so implicitly

that confirmatory evidence is needless.

EXAMFLES OF MINERAL RELATIONS

Below are given lists of plates in this volume that
illustrate various types of mineral relations.

Enclosure of one mineral in another—enclosed mineral earlier

Plate

1, C, D; 2, C. Quartz replaced by plagioclase (Cullowhee)

5, A. Plagioclase replaced by biotite (Savannah).

6, B. Muscovite replaced by sulphides (Savannah).

7, A. Plagioclase replaced by biotite and calcite (Cullowhee).

7, B. Plagioclase replaced by biotite (Savannah). v

13, 4; B. ‘Biotite replaced by talc (4, Isabella mine; B, Gos-
san Lead).

13, ¢, D. Chlori{e replaced by talc (O, Isabella mine; D, Gos-
san Lead).

14, A. Zircon in chlorite (Gossan Lead).

14, B, C. Zircon in actinolite (Isabella mine). )

14, D. Zircon in plagioclase and biotite (Gossan Lead).

18, A. Calcite replacing quartz (Burra Burra).

19, D. Quartz replaced by calcite (Burra Burra). -

27, A. Quartz replaced by calcite (Burra Burra).

29, A. Quartz replaced by barite (Peachbottom).

31, A, B. Calcite invading ankerite (Fontana).

1 Bastin, E. S., and others, op. cit., p. §92.
12 Newhouse, W. H., op. cit., pp. 150, 158,
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Plate

82, A, B. Calcite invaded by sulphide (Burra Burra).

34, A. Quartz remnants in sulphides (Ore Knob).

-84, B. Schist invaded by sulphide (Jackson Ferry-Hillsville
road).

A, B, D. Sulphides replacing magnetite (Eureka mine).

A, 0. Pyrite invaded by pyrrhotite (Burra Burra).

A. Sphalerite replaced by chalcocite (Fontana).

38,
-39,
40,

© Inclosure of one mineral in another—enclosed mineral later

Plate

, 4. Biotite replacing plagioclase (Savannah).

, 0. Actinolite replacing quartz (Isabella).

, H. Actinolite replacing plagioclase (Monarat).

, 4. Biotite replacing muscovite (Savannah).

, 4, B. Biotite replacing plagioclase (4, Cullowhee;
Savannah).

9, A. Actinolite replacing quartz (Burra Burra).

10, B. Actinolite replacing calcite (Mary mine).

10, €. Actinolite replacing quartz (Burra Burra).

15, 4, B. Calcite replacing quartz (Ore Knob).

16, 0. Calcite replacing plagioclase (Ore Knob).

15, D. Sulphides replacing plagioclase (Ore Knob).

16, A, C. Calcite replacing plagioclase (Monarat).

16, B. Ankerite replacing plfggioc]nse (Craigtord).

19, A. Calcite replacing quartz (Copperfield).

21, A. Calcite replacing quartz (Burra Burra).

21, B. Calcite replacing quartz (Isabella). :

22, A, B, 0, D. Carbonates replacing quartz (4, B, Dahlonega;

Cranberry ; C, D, Gold Hill).

‘23, B. Calcite replacing plagioclase (Copperfield).

24, A, B. Sulphide replacing chlorite and calcite (Monalat)

26, A, B. Calcite replacing aplite (Ore Knob).

27, A. Calcite replacing quartz (Burra Burra). .

27, B. Quartz replacing ankerite (Valzinco mine).

32, B. Sphalerite replacing calcite (Burra Burra).

N SHaretén

B,

.

Pseudomorphs of one mineral after another
I'late '

8, B. Chlorite after biotite (Ore Knob).

5, B. Chlorite after biotite (Burra Burra).

11, A. Chlorite after biotite (Cullowhee).

12, B. Tale after actinolite (Monarat).

18, 4, B. Talc after blotlte (4, Isabella; B, Monarat).
13, C. Tale after chlorite' (Isabella).

18, D. Tale after chlorite after biotite (Monarat).
14, A. Chlorite after biotite (Monarat).

24, A, B. Dolomite after chlorite (Monarat).

38, C. Pyrrhotite after actinolite (Eureka mine).

Direct replacement of country rock
Plate .
34, B. Sulphides preserving schist structure (Gossan Lead).
35, A. Sulphides preserving schist structure (Burra Burra).

Crystals of greatly differing size indicating different conditions

(time) of formation

Plate

4, A. Hornblende forming small crystals in microeline (Cran-
berry).

4, 3. Actinolite in very large crystals replacing apllte (Mon-
arat).

9, A. Actinolite in very lalgc c1yslals replacing quartz (Burra
Burra).

10, 4, C. Large umplnbole crystals replacing quartzite (Burra
Burra).

15

Veins and veinlets of later minerals in carlier ones and
veinlike replacement proceeding along fractures or cleavage’
planes

OF STUDY

Plate
1, 4. Quartz and plagioclase replacing microcline (Cranberry).
1, B. Veinlets of quartz in plagioclase (Cullowhee).
2, A, B. Quartz replacing plagioclase (Cullowhee).
3. A. Veinlets of sulphides in quartz (Ore Knob).
3, B. Veinlets of chlorite in aplite (Ore Kunob).
4, A. Hornblende replacing microcline along shear
(Cranberry).
6, B. Sulphide veinlets in muscovite (Savannah).
7. A. Biotite replacing plagioclase along shear planes (Cul-
lowhee).
8, B. Veinlets of sulphides in shear zones in quartz (Ore
Knob).
C. Actinolite replacing quartz, shear plane site of replace-
ment (Burra Burra). -

planes

10,

12, A. Veinlets of sulphides in actinolite (Monarat).

17, A, B. Quartz replacing schist . along fractures (Burra -
Burra).

18, 4, B. Calcite replacing quartz along'shear zones (Burra
Burra).

19, B, C. Calcite veins in quartz and Roan gneiss (Cullowhee).

20, A, B. Irregular enlarged veins of calcite in shear zones of

quartz (Burra Burra).

21, A. Calcite replacing quartz along shear zones (Burra-
Burra).

21, B. Calcite replacing quartz along shear fractures (Isa-
bella). i

22, B. Calcite replacing schist along schistose planes (Dahlo-
nega).

23, B. ‘Carbonates replacing plagioclase along twinning la-

mellae (Copperfield).

.24, A, B. Dolomite replacing chlorite along cleavages (Mon-
arat),

24, D. Calcite replacing homblendc along cleavage (Cul]ow-
hee).

25, A. Sulphide in fractures in actinolite’ (Bureka mine).

25, B. Veinlets of calcite in zoisite (Mary mine).

25, C. Veinlets of calcite in diopside .(Mary mine).

25, D. Veinlets of calcite in barite (Burra Burra).

26, B. Calciie forming irregular enlarged veinlet in aplite

. (Ore Knob). :
26, C. Veinlets of calcite in garnet and magnetite (Cranberry).
28, 4,B. Calcite replacing zoisite and actinolite along cleavage

planes (Mary mine).

28, C. Calcite in cleavage planes in hedenbergite (Cranberry).

30, A. Veinlets of sulphides in barite (Burra Burra).

80, B. Calcite followed by sulphides foi'min‘g in fractures in
diopside (Mary mine).

30, C. Large central vein containing ankerite followed by ar-
senopyrite, and smaller veinlets of sulphide in plagio-
clase (Craigford).

30, D. Veins of calcite in barite (Peachbottom).

31, B. Ankerite replacing calcite along cleavage planes
(Fontana).

32, A. Veinlets of sulphides in calcite (Burra Burra).

33, A. Veinlets of sulphides in actinolite (East Tennessee).

35, B. Veinlets of pyrite along shear zones in qualtz (Burra
Burra).

36, 4. Sulphides replacing quartz along zones of inclusions
(Ore Knob).

36, €. Sulphide

replacing plagioclase (widened veinlets)
(Monarat). :
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Plate

36, D. Sulphide forming veinlets in amphiboles (Ore Knob).

38, A. Replacement proceeding along a crystallographic direc:
tion in pyrrhotite (Eureka mine).

40, A. Chalcocite replacing sphalerite‘ (Fontana).

40, B. Covellite replacing chalcocite (Fontana).

40, C. Chalcocite replacing chalcopyrite (Fontana).

41, C. Supergene pyrite replacing chalcopyrite along veinlets

(Fontana).
42, B. Covellite in chalcocite (Betty Baker mine, Gossan
Lead).
44, A. Violarite replacing pentlandite’ (Floyd County nickel
- mine),

Angul(ir residua due to partiel replacement
Plate

1, B. Plagioclase replaced by quartz (Cullowhee).

17, A. Quartz replacing schist (Burra Burra).

28, €. Hedenbergite replaced by calcite (Cranberry).

32, A. Calcite replaced by sulphides (Burra Burra).

40, A. Sphalerite being replaced by chalcocite (Fontana).

40, B. Veinlets of covellite in chalcocite (Fontana).

40, C. Chalcopyrite being replaced by chalcocite (Fontana).

44, A, Violarite replacing pentlandite (Floyd County nickel
mine).

Plumose groups later than enclosing mineral
- Plate

5, D. Biotite replacing plagioclase (Ore Knob).

8, C. Actinolite replacing zoisite (Mary mine).

9, A. Actinolite replacing quartz (Burra Burra).

10, C. Actinolite replacing quartz (Burra Burra).

. 23, B. Carbonates replacing microcline (Copperfield).

Necdles of one mineral penetrating several crystals of another

(later)
Plate °

9, A. Actinolite penetrating quartz (Burra Burra).

10, A. Hornblende penetrating quartz (Burra Burra).
10, C. Actinolite penetrating quartz (Burra Burra).
27, B. Quartz penetrating ankerite (Valzinco mine).

Invading mineral euhedral against invaded mineral
Plate

2, C. Euhedral garnet invading plagioclase (Cullowhee).

4, B. Actinolite euhedral against minerals of alpite (Monarat).

10, A. Euhedral hornblende against quartz (Burra Burra).

10, C. Actinolite and garnet euhedral against quartz (Burra

Burra).

15, A. Calcite invading quartz (Ore Knob). :

19, 4, C. Calcite euhedral against invaded quartz (Copper-
 field).

27, B. Quartz invading ankerite (Valzinco mine).

386, D. Gahnite invading plagioclase (Ore Knob).

Zoned minerals
Plate

8, D. Hornblende later than actinolite (Isabella).

Embayment of one mineral by a la'er one
Plate

15, 4, B. Quartz embayed by calcite (Ore Knob).

15, C. Plagioclase embayed by sulphides (Ore Knob).

16, 0. Plagioclase embayed by calcite (Ore Knob).

19, A. Quartz embayed by calcite (Copperfield).

22, A. Quartz embayed by calcite (Dahlonega).

23, A, B. Plagioclase embayed by carbonates (Copperfield).
24, D. Hornblende embayed by calcite (Cullowhee).

Plate

27, A. Embayed quartz replaced by calcite (Burra Burra).

29, A. Quartz embayed by barite and calcite (Peachbottom). -

29, B, D. Plagioclase embayed by barite and calcite (Peach~
bottom).

29, C. Barite embayed by calcite. (Peachbottom).

31, A, Calcite embayed by ankerite (Fontana).

36, C. Plagioclase embayed by sulphides (Monarat).

38, 4, D. Pyrrhotite embayed by magnetite (Eureka mine).

38, B. Pyrrhotite and chalcopyrite embayed by magnetite:
(Eureka mine).

39, A. Pyrite embayed by pyrrhotite (Burra Burra).

Isolated remnants in optical orientation
Plate
1, ¢, D. Quartz in plagioclase (C’ Cullowhee; D, Bryson-
Franklin road).
2, A, B. Plagioclase replaced by quartz (Cullowhee).
13, A, B. Biotite in tale (A4, Isabella; B, Monarat).

13, C, D. Chlorite in tale (C, Isabella; D, Monarat).

15, B, Quartz in calcite (Ore Knob).

15, O. Plagioclase in calcite and sulphides (Ore Knob).
15, D. Plagioclase in calcite (Ore Knob).

16, C. Plagioclase in calcite (Ore Knob).

23, A. Calcite in ankerite (Copperfield).

27, A. Quartz in calcite (Burra Burra).

29, C. Barite in calcite (Peachbottom).

32, A. Calcite in sulphide (Burra Burra).

38, A, D. Magnetite in pyrrhotite (Eureka mine).

40, A. Sphalerite in chalcocite (Fontana).

40, B. Chalcocite in covellite (Fontana).

40, C. Chalcopyrite in chalcocite (Fontana).

40, D. Pyrite in chalcocite (Fontana).

42, D, Pyrite in covellite (Betty Baker mine, Gossan Lead).

43, A. Sphalerite in chalcocite (Gossan Lead).
44 A. Pentlandite in violarite (Floyd County nickel mine).

Resistant mineral, commonly a hard one, not replaced by

. later one

Plate

14, A, B, C, D. Zircons unreplaced by biotite, or actinolite that
replaced plagioclase.

23, A. Tourmaline unreplaced by ankerite that has replaced
plagioclase (Copperfield).

36, D. Gahnite enclosed in but not replaced by sulphide (Ore
Knob).

39, A, C. Pyrite enclosed in but only slightly replaced by pyr-
rhotite (Burra Burra).

44, D. Arsenopyrite enclosed in'but unreplaced by later sul-
phides.

Fracturing or distortion of one group of minerals and not of
-another (distorted mineral older)

Plate

6, B. Muscovite (distorted) earlier than biotite and sulphide
(undistorted) (Savannah).

25, 4. Actinolite (distorted) earlier
torted) (Eureka mine).

34, B. Biotite of schist (distorted) earlier than sulphide (un-
distorted) (Gossan Lead).

than sulphide (undis-

Mutual boundaries
Plate

37, A. Sphalerite and chalcopyrite with rounded borders in
contact with pyrrhotite (Fontana).

37, C. Sphalerite and chalcopyrite showing mutual bounda-
ries (Fontana).
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LOCATION AND GEOMORPHIC RELATIONS

The copper-bearing pyrrhotite veins and the related
ore bodies of the southern Appalachian region occur
in a geologic province that extends from central Vir-
ginia on the northeast to eastern Alabama on the

8% 8l
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have been studied in detail all lie in a magnificent
region of rolling mountains that form the southern
part of the Appalachian system. This is the region
of the great parallel ridges of folded strata that com-
prise the Blue Ridge and the Great Smoky Mountains.

77° 73° 69°

T ; T
|+ Pyrrhotite veins and related ore deposits
of the eastern United States.

Katahdin mine, Maine. )
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Figurp 1.—Outline map showing the distribution of the ore deposits described in this paper and related ore bodies.

southwest, a distance of about 600 miles; and similar
deposits occur in Vermont and extend into Quebec.
The distribution of the copper-bearing pyrrhotite
veins and related ore deposits described in this paper
arve shown in figure 1. The mines and prospects that

It is bounded on the northwest by the Appalachian
Valley. On the east it includes a poorly defined strip
of the Piedmont region lying southeast of the Blue
Ridge. Most of the ore bodies are in the higher
mountains and have in the past been difficultly acces-
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sible, but the splendid roads that are being built in
the region are rapidly making this one of the most
accessible parts of the country.

Most of the mines and prospects here described can
now be reached by automobile or, at most, after a walk
of 2 or 3 miles from a good road. The roads, the tree-

clad peaks, the mountain streams, the splendors of

rhododendron, flame azalea, and mountain laurel, and
the geology all combine to make this one of the most
fascinating regions in the world. The only disheart-
ening feature to the geologist is the deep rock weather-
ing in many parts of the region and the almost utter
lack of fresh rock outcrops.

GENERAL' GEOLOGY OF THE SOUTHERN
APPALACHIAN REGION

The region including the Blue Ridge and Great
Smoky Mountains is one of profound folding and
intense metamorphism. The rocks enclosing the veins
are schists and gneisses, and in many of them the

original textures have been so completely obliterated

by metamorphism that materials of sedimentary and
igneous origin cannot be readily distinguished. The
rocks are among the oldest in the region and are of
pre-Cambrian and Lower Cambrian age. The veins
at Ore Knob, the Gossan Lead, Cullowhee, Savannah,
Wayhutta, and Peachbottom are in the pre-Cambrian
Carolina gneiss, the oldest rock in the entire region.
The Elk Knob and Copper Knob veins are in the pre-

Cambrian Roan gneiss, which is a highly metamor-:

phosed gabbroic mtruswe. The Cranberry iron mine
is in the Cranberry granite, a later intrusive of pre-
Cambrian age. The Ducktown and Fontana veins are
in the Great Smoky conglomerate, which has been
assigned to the Lower Cambrian, but recent work by
Anna I. Jonas® has led her to believe that some of
the rocks of the Ducktown region that liave been
called Cambrian are in fact pre-Cambrian.

The general geology can best be presented by quot-'

ing from geologists, and especially from Keith, who
‘has made a most detailed study of the areal geology
of the region. Part of the geologic column  for a
typical area of the region—the Nantahala quadran-
gle—is given in figure 2..

ARCHEAN ROCKS
CAROLINA GNEISS

The oldest pre-Cambrian rock and one of the most
widespread in the southern Appalachian region is the
Carolina gneiss, Wthh is descrlbed by Keith** as
follows:

18 Jonas, A. 1., Structure of the metamorphic belt of the southern
Appalachians: Am. Jour. Seci., 5th ser., vol. 24, pp. 228-243, 1932.

1 Kelth Arthur, US Geol: Survey Geol. Atlas, Nantahala folio (no
143), pp. 2-3, 1907. .

’

Distribution.— * * * This formation is so named be-

cause of its great extent in North Carolina and South Caro-
lina. The formation is the oldest in this region, since it is
cut by all igneous rocks and is overlain by the sediments.
Enclosed within it are numerous represeniatives of the igneous
formations, too small to be shown on the map.

General character—The formation consists of an immense
series of interbedded mica schist, garnet schist, mica gneiss,
garnet gneiss, cyanite gneiss, and fine granitoid layers. Most

‘of them are light or dark gray in color, weathering to dull

gray and greenish gray. Layers of white granitic material
are not uncommon, and lenses and veins of pegmatite are
frequent. Much the greater part of ‘the formation con-
cists of mica gneiss and mica schist. Toward the southeast
the strictly gneissic beds are more numerous, and their band-
ing becomes slightly coarser and better defined. In them the
minerals are segregated into layers, either singly or in com-
binations, thus producing rocks with a marked banded appear-
ance, These rocks have more feldspar than the schists. The
schists are composed of quartz, muscovite, a little biotite,
and a very little feldspar, They have a fine grain and a
strong schistosity, but their texture is even, and the minerals
are . uniformly distributed. The granitoid layers contain
quartz and feldspar, with muscovite and biotite in small
amounts; in the light-colored layers the biotite and most of
the muscovite are wanting. The gneisses and schists alternate
in beds from a few inches to 50 feet thick. Layers similar in
composition and from one-tenth to 1 inch in thickness compose
the banded gneisses. That part of the formation which is
adjacent to the Roan gneiss contains some thin interbedded
layers of hornblende schist and gneiss precisely like the Roan
gneiss. The areas of the formations thus merge somewhat, so
that the boundary between them is seldom definite.

* % * QGarnet gneiss and schist are common in the for-
mation. They are not limited to any.area or situation but
are generally. found near the bodies of Roan gneiss. * * *
Cyamte is found in the gneiss of the Nantahala Mountain
east of Aquone. * * *

Metamorphism.—The Carolina gneiss covers a greater area
than any other formation in this region. On account of the
uniform aspect of its beds over large areas, no true measure
of its thickness can be obtained; even an estimate is of 'no
value, The thickness is apparently enormous, having been
increased many times by the folding and the very great meta-
morphism to which -the gneiss has been subjected. The orig- .
inal nature of this gneiss is uncertain. It.is possible that
the whole mass was . once a granite. Some of the material
has a granitic chara_éter now,- and its local metamorphism  to
schist can be readily seen. Other and similar material might
easily have been altered into the great body of mica schist.
Such an origin can less easily be attributed to. the beds of
banded gneiss, however, since it fails to account for the par-
allel layers and banding. In the Cowee quadrangle many
parts of the formation—for instance, the marble beds and the
adjoining gneisses—are doubtless of sedimentary origin. ; It
is very likely that still other sedimentary masses have not
been distinguished in the Carolina because of their total meta-
morphism and similarity to the igneous gneisses.

‘Whatever their original nature, one deformation produced
a foliation of these rocks, and a subsequent deformation
folded and crushed the earlier planes and structures. Before
the latter period the pegmatites were formed. These were

| thoroughly mashed by the second deformation and retain in

many places only a fraction of their original coarseness. In
most of the formation excessive metamorphism has destroyed
the original attitudes and most of the original appearance of
the rocks.
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System

Formation name

Columnar section | Thickness -(feet)‘

Character of rock

Relations of veins

Cambrian

T'usquitee quartzite.

20-500

Coarse and fine white quartzite with

some quartz conglomerate.

Nantahala slate.

1, 400-1, 800

" stone and graywacke.

Black, bluish-black, and gray slate;

in places altered to fine black schist
with some fine ottrelite and garnet.
Contains a few beds of gray sand-
Thick bed
of staurolite-garnet schist usually
at the base. :

mation.

Great Smoky for-

5, 500-6, 000

Blue quartz and feldspar conglom-

erate.

Massive beds of quartz and feldspar

conglomerate and coarse gray sand-
stone with beds and seams of
black slate. Altered toward the
southeast into coarse and fine
graywacke and quartzite with beds
of black schist, mica schist, and
ottrelite schist.

Ducktown and Fontana
veins are near the top of
the Great Smoky conglom-
erate and follow the struc-
ture approximately.

Hiwassee slate.

500

Blue and gray banded slate.

Pre-Cambrian

Granite.
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Biotite granite and granite gneiss,

coarse and fine, light gray, dark
gray, and white. Includes dikes
of schistose and unaltered diabase
and fragments of hornblende gneiss
and mica gneiss.

Cranberry magnetite vein is
a mineralized pegmadtite
plexus in [the Cranberry
granite.

Soapstone, dunite,
and. serpentine.

Dunite, in part serpentinized. Soap-

stone, containing talc and tremo-
lite.

Roan gneiss.

Hornblende gneiss and schist, with

some massive and schistose diorite.
Includes many beds of mica gneiss,
mica schist, and hornblende-mica
gneiss, and dikes of altered and un-
altered biotife granite.

Elk KnobZvein_cuts across
the structure of the Roan
gneiss.

Carolina gneiss.

Interbedded mica gneiss and - -mica

schist, coarse and fine, bluish gray
and gray. Contains many small
beds of hornblende gneiss, large
bodies of garnet schist and cyanite
schist, and dikes of biotite granite,
both altered and unaltered.

Ore fXnob¥and Savannah
veins cut across the struc-
ture of the Carolina gneiss;
Ducktown, Otto, Way-
hutta, Peachbottom, and
Gossanl Lead veins follow
the structure approximate-

ly.

TFicuke 2.~Geologic section showing the rocks of pre-Cambrian and Cambrian age associated with the ore deposits of the southern Appalachian

reglion.

Most of the deposits are in the Carolina gneiss; those at Ducktown and Fontana are in the Great Smoky formation, which has

been assigned to the L0w.er Cambrian but which may be pre-Cambrian; the Cranberry iron-bearing vein cuts granite of pre-Cambrian age.
Two of the smaller veing are in the pre-Cambrian Roan gneiss, a metamorphosed intrusive.
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The Carolina gneiss contains a few local lenses of
marble, which have been reported in the vicinity of
Marshall 5 in the Asheville quadrangle and on the
North Toe River ¢ in the Mount Mitchell quadrangle
by Keith, and limestone partly replaced by pegmatite
and magnetite has been reported by Bayley *” in Ashe
County, N.C. The ore bodies in the Roan gneiss and
Cranberry granite are in igneous rocks, and the calcite
seams associated with these deposits cannot represent
sedimentary limestone lenses,

ROAN GNEISS

The Roan gneiss is a hornblendic rock that forms
many of the conspicuous mountains of the region and
has been described as follows by Keith *¢:

Distribution.—* * *  The formation receives its name
from Roan Mountain, on the boundary of Tennessee and North
Carolina. The Roan gneiss appears to cut the Carolina
gneiss, but the contacts are so much metamorphosed that the
fact cannot be proved. The narrow dikelike bodies of the
former in the latter support this view, as well as the fact
that the diorites are less altered than .the Carolina gneiss
and so appear to be- younger. Moreover, beds of garnet
gneiss follow the diorite and hornblende gneiss and are ap-
parently the results of metamorphism by the diorite.

Character—The Roan gneiss consists of a great series of
beds of hornblende gneiss, hornblende schist, and diorite, with
some interbedded mica schist, garnet schist, and gneiss. The
hornblendic beds are dark greenish or black in color, and the
micaceous beds are dark gray. * * * Many of the beds
of this formation consist almost entirely of hornblende and
are so basic that they appear to have been derived from

- gabbro. So thorough is the alteration, however, that such an
-origin is not certain. In many localities the diorites contain
large crystals of garnet, due to alteration induced by intrusive
granite. i

GRANITES

The p{'e-Cambrian rocks have been intruded by
numerous granitic masses—the Cranberry granite,®
Blowing Rock gneiss,'® Beech granite,** Henderson
granite,” and Max Patch granite®* Of these only
the Cranberry granite is directly associated with the
ore deposits described in this paper, and it is the only
one that need be described.

CRANBERRY GRANITE
Keith says:22

The formation consists of granite, of varying texture and
color, and of schists and granitoid gneisses derived from the

18 Keith, Arthur, U.S. Geol. Survey Geol. Atlas, Asheville folio (no.
116), 1904.

16 Keith, Arthur, U.S. Geol. Survey Geol. Atlas, Mount Mitchell folio
(no. 124), 1905. . .

17 Bayley, W. 8., Magnetic iron ores of east Tennessee and western
North Carolina : North Carolina Geol. and Econ. Survey Bull. 32, pp.
183-197, 1923. ’ )

18 Keith, Arthur, op. cit., p. 3.

1 7.8, Geol. Survey Geol. Atlas, Cranberry folio (no. 90), p. 3, 1903.

2 Tdem, Mount Mitchell folio (no. 124), p. 4, 1905,

2 Idem, Asheville folio (no. 116), p. 4, 1904. :

2 Keith, Arthur, U.S. Geol. Survey Geol. Atlas, Cranberry folio (no.
90), p. 8, 1903. .

granite. Included in the formation are small or local beds of
schistose basalt, diorite, hornblende schist, and pegmatite,

. which are too small to be shown on the map. * * *

The granite is an igneous rock composed of quartz and
orthoclase and plagioclase feldspar, with biotite, muscovite,
and occasionally hornblende as additional minerals. Minor
accessory minerals are magnetite, garnet, ilmenite, and
epidote. The most noticeable variation’ of the rocks is in
the size of the feldspar crystals, which range from a fine,

‘even:grained mass in places near Linville River and Boone

to a coarse, rather porphyritic rock near Banners Elk and
east of Rhea Forge. Especially in the coarse varieties the
feldspar is by far the most prominent mineral and gives a
prevailing light-gray or white color to the rock. * * *

The granite suffered great changes during the deformation
of the rocks, both by folding and by metamorphism, the latter
being much the more conspicuous and each becoming greater
toward the southeast,

CAMBRIAN ROCKS

The ore deposits in the Ducktown district and at
Fontana occur in rocks which have been assigned to
the Cambrian, but according to Miss Jonas?® the
Great Smoky conglomerate of the Ducktown region
and parts of the Hiawassee and Nantahala slates are
pre-Cambrian. - ‘

HIWASSEE SLATE

The Hiwassee slate unconformably overlies the pre-
Cambrian rocks in the Nantahala quadrangle and has -
been described by Keith ** as follows:

The name of the formation is derived from that of Hiwassee
River, which cuts a fine section through these strata in Ten-
nessee. As displayed in this region the formation consists
mainly of slate of a bluish-gray or bluish-black color. When
weathered, this color becomes greenish or yellowish gray and
yellow, These slates are marked throughout by light-gray
siliceous bands of sedimentary origin. Interbedded sand-
stones are numerous, and there are a few layers of conglom-
erate. * * * Most of the material of the slate layers is
argillaceous. To this is added siliceous matter, making the
gray bands and the sandstone-quartzite beds. In many of the
layers mica in fine scales is a noticeable constituent. This
was an original deposit in the strata, and it is seen in some
of the least altered of the beds.

The strata of the Hiwassee slate have not been greatly
altered by deformation. The principal result has been the
production of a slaty cleavage. This has not entirely oblit-
erated the bedding in most places where that was originally
well marked. In the fine portions the original grain was
uniform throughout, and it is not very difficult to detect the
bedding planes. Only in a few places has the deformation
been sufficiently extreme to produce mica schist.

Limestone beds occur locally in the Hiwassee slate,
and are described as follows by Keith 2°: '

The most noticeable variation from the slates, and one which
most strikingly distinguishes this formation from the other

28 Jonas, A. 1., Structure of the metamorphic belt of the southern
Appalachians: Am. Jour. Sci., 5th ser., vol. 24, pp. 228-243, 1932.

2 Keith, Arthur, U.S. Geol. Survey Geol. Atlas, Roan Mountain folio
(no. 151), p. 5, 1907. '

25 Keith, Arthur, U.S. Geol. Survey Geol. Atlas, Greeneville folio
(no. 118), p. 3, 1905.
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slates of the region, is a series of calcareous beds which are
interstratified at intervals with the slates. ¥ * * The
limestone deposits vary considerably in short distances. That
most commonly found is a blue or dove-colored limestone,
containing many rounded grains of quartz sand. Associated
with these are considerable thicknesses of blue or gray oolitic
limestone. In places the siliceous material becomes so promi-
nent that the rock becomes a calcareous conglomerate con-
taining pebbles of quartz and feldspar. This latter phase is
very local and passes in short distances into the more usual
type. Occasional beds of limestone conglomerate are also te
be seen, which indicate that the deposit was formed in shallow
water, where erosion could affect the newly-formed beds

GREAT SMOKY CONGLOMERATE

The rocks which are cut by the Ducktown veins are
called the Great Smoky conglomerate and.are de-
scribed as follows by Keith: ¢ :

The Great Smoky conglomerate contains a considerable va-
riety of strata, comprising conglomerate, sandstone, quartzite,
graywacke, mica schist, garnet schist, and slate. The original
character of the beds is plainest in the conglomerates, whose
layers are from 1 foot to 50 feet thick. All of these rocks, ex-
cept the slate, have a decided gray color, becoming whitish on
exposure and weathering of the feldspar which they contain.

This is most noticeable in those conglomerates whose feldspars.

are the coarest and least 1ﬁetamorphosed. The conglomerate
pebbles are not often coarse and seldom exceed half an inch
in length., TFrom this they grade into coarse and fine sand-
stones, quartzites, and graywackes. Most of the pebbles are
of white quartz; toward the north and northeast many blue-
quartz pebbles are seen, derived from the blue quartz of the
granites in that vicinity. Pebbles and flakes of black slate
are often to be seen in the coarse beds, apparently derived
from the slates interbedded with the formation. Feldspar
pebbles everywhere charvacterize the conglomerates. As the
formation is traced southward less and less conglomerate is
found. There is always a heavy bed at the top of the forma-
tion, however, and usually several near the base. * * *
The best measurements obtainable of the thickness of the
formation place it at nearly 6,000 feet. The deformation is
such, however, that this figure is not very certain.

NANTAHALA SLATE

Conformably overlying the Great Smoky conglom-
erate is the Nantahala slate, which has received its
name on account of the excellent exposures along the
Nantahala River. The best measurements available
indicate between 1,400 and 1,800 feet of these strata.
It has been described by Keith 27 ag follows:

The formation is composed in the main of black and gray
banded slates and of "schists distinguished by mica, garnet,
staurolite, or ottrelite. Most of the schists are near the base
of the formation and strongly resemble the slate and schist
beds in the Great Smoky conglomerate. The slates and ottre-
lite schists are somewhat darker than the other beds, the
color being due to minute grains of iron oxide. The slates are
banded light and dark gray and bluish gray, and these in
particular cannot be distinguished from the slates .in other
formations.

2 Keith, Arthur, U.S. Geol. Survey Geol. Atlas, Nantahala folio (no.
143), pp. 8-4, 1907, .
2 Idem, p. 4.
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TUSQUITEE QUARTZITE

Keith *¢ describes the overlying Tusquitee quartzite
as follows:

The formation consists almost entirely of white quartzite
and is remarkably uniform in appearance throughout all its
areas. The strata are composed of fine grains of rolled quartz

sand. Here and there these are coarse and on weathered out-
crops give the appearance of sandstone,

CARBONIFEROUS INTRUSIVE ROCKS
GRANITE

Granitic -intrusives of known Carboniferous age
have not been recognized in association with any of
the copper-bearing pyrrhotite deposits. In discuss-
ing late intrusive rocks in the Ellijay quadrangle,
which lies immediately south of Ducktown, LaForge
and Phalen * say:

For a long time after the earlier deformation, probably no
small part of Paleozoic time, the history of the area is a blank
except as it is recorded by the intrusion of the gabbro dikes
and of the bodies of muscovite-biotite granite and pegmatite.
The time of intrusion of either is not certainly known, but
there is reason to think that the granite and pegmatite -are
of Carboniferous age.

In discussing the relation between metamorphism
and granitic intrusive, Keith 3 says:

In the southern Appalachians the batholiths, mainly granites,
extend across Georgia, North Carolina, and South Carolina,
* * & They are of late Carboniferous age, since they are
deformed little or not at all by the Carboniferous deformation.

PSEUDODIORITE

Character—A peculiar rock known as pseudodio-
rite ®* forms abundant rounded or more rarely elon-
cated masses in the schistose country rock at Duck-
town and other places in the region. This pseudo-
diorite commonly shows a zonal arrangement * of its
minerals which gives the masses a concentric structure.

. Plagioclase and quartz are the dominant minerals,

and where practically free from ferromangnesian
minerals they form a nearly white rock. The ferro-
magnesian minerals are dark-green amphiboles and
pale-red garnets, biotite, and occasionally a little.
zoisite.

Origin~—The mode of origin of the pseudodiorite
has been much discussed, and Emmons and Laney %
conclude that these masses represent calcite concre-
tions in the original sediments that have been cam-

28 Jdem, p. 4.

» LaForge, Laurence, and Phalen, W. C., U.S. Geol. Survey Geol.
Atlas, Ellijay folio (no. 187), p. 8, 1913.

% Keith, Arthur, Outlines of Appalachian structure: Geol.
America Bull, vol. 34, p. 321, 1923. .

st Keith, Arthur, Production of apparent diorite by metamorphism :
Geol. Soc. America Bull, vol. 24, pp. 684, 685, 1913. LaForge, Lau-
vence, and Phalen, W. C., U.S. Geol. Survey Geol. Atlas, Ellijay folio
(no, 187), pp. 8, 10, 1913. Emmons, W. H., and Laney, F. B., op. cit.
(Prof. I'aper 139), pp. 19-21, pls. 7, C, 8—14.

32 Emmons, W, H., and Laney, F. B,, op. cit,, p. 15.

38 Idem, pp. 20-21,

Soc.
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pletely replaced by quartz, feldspar, and ferromag-
nesian minerals. The pseudodiorite now -contains
some calcite, but the staining method described on
page 8 shows that the calcite occupies fractures and
veinlets in older minerals of all the specimens exam-
ined and so was introduced after the pseudodlorlte
was formed.

The elongated masses, a few inches wide and in
places many feet long, give significant information
about the mode of origin. Some ofthese cut diago-
nally across the schistose or gneissic beds and have
heen formed on both sides of a fracture that evidently
supplied the materials that brought about the altera-
tion. It is thus evident that at least part of the
pseudodiorite masses are not due to local variations in
the original character of the country rock. They ap-
pear to. be the result of thorough local recrystalliza-
tion. of the schistose country rock, with the addition
of some new material from the outside, as shown by
the greater proportion of silicate minerals in the
pseudodiorite than in the enclosing schist. The re-
crystallization and transfer of material were no doubt
due to the action of solutions. It is not evident
whether these were the result of local concentration
tunder the influence of deep-seated metamorphism or
of hydrothermal solutions.

Relation to regional metamorphism—The pseudo-
diorite shows no schistosity, although enclosed in
schist, and has evidently formed after the develop-
ment of the schistose structure of the enclosing rock.
After discussing these relations, LaForge and
Phalen ** conclude:

It is believed that it [the formation of pseudodiorite] oc-
curred at a time of great regional metamorphism but that the
process itself was static and was not accompanied or followed
by any considerable deformation of the rocks. Few of the
pseudodiorite masses are appreciably deformed. Some of
them are apparently folded, but they probably replaced al-
ready deformed beds and have not themselves been folded.

Thus it seems evident that the pseudodiorite, like
the pegmatites of the region, was formed in late
Paleozoic and probably late Carboniferous: time.

PEGMATITES

. Relation to regional metamorphism.—Pegmatites,
rrobably of more than one age, are very abundant in
the crystalline rocks of the southern Appalachian
region. Some of them have been profoundly folded
and metamorphosed along with the rocks that enclose
them, but the great number of pegmatites that are
producing commercial muscovite and feldspar show
no indication of dynamic metamorphism, and it is
therefore evident that they must have been introduced
near or after the end of the last great period of meta-
morphism and folding. This is believed to have been

3 LaForge, Laurence, and Phalen, W. C,, op. cit,, p. 7.

near the end of the Paleozoic era, and so the pegma-

tites of the region are believed to be of late Carbon-

iferous age.
Age of pegmatites as shown by the lead-uranium
ratio.—Some of the pegmatites of the region contain

uranium-bearing minerals, and uraninite is especially

abundant in some of the feldspa,r and mica mines at
Spruce Pine, N.C. Two careful analyses of Spruce

- Pine uraninite have been made by Hillebrand,** and

the proportion of radioactive lead has been ascertained
through a determination of the atomiic weight of the
lead.®s

These data lead Holmes and Lawson 87 to estimate

( the age of uraninite from the pegmatites to be 239,-

000,000 years.

The geological age is late Paleozoié, probably late Carbon-
iferous. Here again ordinary lead is present. The atomic

They say:

- weight of the mixed isotopes-is 206.4 (Richards and Lambert).
* The uncorrected ratio of 0.05 is thus reduced to 0.033, thorium

lead being negligible.

These analyses were made on material that was not
entirely fresh, and the atomic weight of the lead was
determined on a different sample. Thus, the age in
years, which is indicated by the lead-uranium ratio,
may be subject to some modification. However, the
low lead-uranium ratio indicates that the pegmatites
are relatively much younger than the early pre-Cam-
brian rocks, which have an estimated age of 1,273,-
000,000 to 1,336,000,000 years, and the later pre-Cam-

“ brian, which have an age of about 635,000,000 years.

It seems evident, therefore, that they can be confidently
placed.in the late Paleozoic and probably in the late
Carboniferous.

GENERAL STRUCTURE OF THE APPALACHIAN PROVINCE

Keith 3¢ describes the structure of the region as
follows:

Types of structure—Three distinct kinds of structure occur
in the Appalachian province, each one prevailing in a separate
area corresponding to one of the geographic divisions. In
the Cumberland Plateau and the region lying farther west
the rocks are generally flat and retain their original com-
position., In the valley the rocks have been steeply tilted,
bent into folds, broken by faults, and to some extent altered
into slates. In the mountain district faults and folds are
important features of the structure, but cleavage and meta-
morphism are equally conspicuous.

Folds—The folds and faults of the valley region are about
parallel to one another and to the northwestern shore of the
ancient continent. They extend from northeast to southwest,
and single structures may be very long. Faults 300 miles

85 Hillebrand, W. F., On the occurrence of nitrogen in uraninite and
on the composition of uraninite in general: U.S. Geol. Survey Bull. 78,
p. 65, 1891.

8 Richards, T. W., and Lambert, M. C., The atomi¢ weight of lead
of radioactive origin: Am. Chem. Soc. Jour., vol. 34, p. 1339, 1914.

87 Flolmes, Arthur, and Lawson, R. W., Factors involved in the cal
culation of the ages of radioactive minerals: Am. Jour. Scl., 5th ser.,
vol. 13, p. 339, 1927.

38 Keith, Arthur, op. cit. (Nantahala folio), p. 6.
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long are known, and folds of even greater length occur. The
crests of most folds continue at the same height for great
distances, so that they present the same formations. Often
adjacent folds are nearly equal in height, and the same beds
appear and reappear at the surface. Most of the beds dip
at angles greater than 10°; frequently the sides of the folds
are compressed until they are parallel.
are smallest, most numerous, and most closely squeezed in
thin-bedded rocks, such as shale and shaly limestone. Per-
haps the most striking feature of the folding is the preval-
ence of southeastward dips. In some sections across the
southern portion of the Appalachian Valley scarcely a bed
can be found which dips toward the northwest. .

Faults—TFaults appear on the northwestern sides of anti-
clines, varying in extent and frequency with the changes in
the strata. Almost every fault plane dips toward the south-
east and is approximately parallel to the beds of the upthrust
mass. The fractures extend across beds many thousand feet
thick, and sometimes-the upper strata are pushed over the
lewer as far as 10 or 15 miles. There is a progressive change
from northeast to southwest in the results of deformation, and
different types prevail in different places. In southern New
York folds and faults are rare and small. Through Pennsyl-
vania toward Virginia folds become more’ numerous and
steeper. In Virginia they are more and more closely com-
pressed and often - closed, while occasional faults appear.
Through Virginia into Tennessee the folds are more broken by
faults. In the central part of the valley of east Tennessee folds
are generally so obscured by faults that the strata form a
series of narrow overlapping blocks of beds dipping south-
eastward. Thence the structure remains nearly the same
southward into Alabama ; the faults become fewer in number,
however, and their horizontal displacement is much greater,
while the remaining folds are somewhat more open.

Metamorphism.—In the Appalachian Mountains the south-
eastward dips, close folds, and faults that characterize the
Great Valley are repeated. The strata are algso traversed by
the minute breaks of cleavage and are metamorphosed by the
growth of new minerals. The cleavage planes dip eastward
atr angles ranging from 20° to 90°, usually about 60°. This
phase of alteration is somewhat developed in the valley as
slaty cleavage, but in the mountain region it becomes impor-
tant and frequently obscures all other structures. All rocks
were subjected to this process, and the final products of the
metamorphism of very different rocks are often indistinguish-
able from one another., Throughout the southern part of the
Appalachian province there is a great increase of metamor-
phism toward the southeast, until the resultant schistosity
becomes the most prominent of the mountain structures. For-
mations there whose original condition is unchanged are ex-
tremely rare, and frequently the alteration has obliterated
all the original characters of the rock. Many beds that are
scarcely altered at the border of the valley can be traced
southeastward through greater and greater changes until
every original feature is lost.

In most of the sedimentary rocks the bedding planes have
been destroyed by metamorphic action, and even where they
are distinet they are usually less prominent than the schis-
tosity. In ‘the igneous rocks planes of fracture and motion
were developed, which, in a measure, made easier the deforma-
tion of the rocks. Along these planes or zones of localized
motion the original texture of the rock was largely destroyed
by the fractures and by the growth of the new minerals, and
in many cases this alteration extends through the entire mass
of the rock. The extreme development of this process is seen
in the mica schists and mica gneisses, the original textures
of which have been entirely replaced by the schistose struc-

Generally the folds -

ture and parallel flakes of new minerals. The planes of frac-
ture and schistosity are inclined toward the southeast through
most of the mountains, although in certain belts, chiefly along
the southeastern and southern portions, northwesterly dips
prevail. The range of the southeasterly dips is from 10°
to 90°; that of the northwesterly dips from 30° to 90°.

Earth movements.—The structures above described are
chiefly ‘the result of compression which acted most effectively
in a northwest-southeast direction, at right angles to the
general trend of the folds and of the planes of schistosity.
Compression was also exerted, but to a much less extent, in a
direction about at right angles to that of the main force. To
this are due the cross folds and faults that appear here and
there throughout the Appalachians. The eariest known period
of compression and deformation occurred during Archean time
and resulted in much of the metamorphism of the present
Carolina gneiss. It is possible that later movements took
place in Archean time, producing a portion of the metamor-
phism that appears in the other Archean rocks. In the course
of time, early in the.Paleozoic era, compression became ef-
fective again, and a series of movements took place that cul-
minated soon after the close of the Carboniferous period. The
latest of this series was probably the greatest, and to it is
chiefly due the well-known Appalachian folding and meta-
morphism. This force was exerted at two distinct periods,
the first deformation producing great overthrust faults and
some metamorphism, the second extending farther northwest-
ward and deforming previous structures as well as the un-
folded rocks. The various deformations combined have
greatly changed the aspects of the rocks—so much so, in fact,
that the original nature of some of the oldest formations can
be at present only surmised.

In addition to the force that acted in a horizontal direction,
this region has been affected by forces that acted vertically
and repeatedly raised or depressed the surface. The com-
pressive forces were tremendous but were limited in effect
to a relatively narrow zone. Less intense at any point but
broader in their results, the vertical movements extended
throughout this and other provinces. It is likely that these
two kinds of movement were combined during the same epochs
of deformation. In most cases the movements have resulted
in a warping of the surface as well as in uplift. One result -
of this appears in overlaps and unconformities of the sedi-
mentary formations.

Depressions of this kind took place at the beginning of
Paleozoic time, with several repetitions later in the same era.
They alternated with uplifts of varying importance, the last
of which closed Paleozoic deposition. Since Paleozoic time
there have been at least four and probably more periods of
decided uplift. How many minor uplifts and depressions have
taken place cannot be ascertained from this region.

GEOLOGIC AGE OF THE ORE BODIES

The pyrrhotite-bearing veins of the southern Ap-
palachian region have invaded only rocks of pre-
Cambrian and Lower Cambrian age, and so the strati-
graphic relations prove only that the veins are later
than early Cambrian. Although the rocks enclosing
the ore are highly metamorphosed schists and gneisses,
the veins themselves show a complete absence of
dynamic metamorphism, and they have not been in-
volved in the major folding of the region. The purely
local crushing of minerals, without recrystallization
or metamorphism, and the presence of open cavities
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show that the veins have not undergone the profound
metamorphism and orogenic movements that have
affected the enclosing rocks.

It is evident that the close folding and dynamic
metamorphism of the gneisses and schists took place
at profound depths, and that since then a very great
thickness of overlymg rocks has been removed. The
open cavities in the veins indicate that they were not
formed at extremely great depths, although they
would probably be described as of the deep-seated type.
It seems probable that the material removed from the
closely folded gneisses and schists was several miles
in thickness, whereas that removed since the veins were
formed has been probably not more than some thou:
sands of feet. This indicates that the veins were
formed at lesser depths than the gneisses and schists
that enclose them, after erosion had removed a large
proportion of the overlying rocks.

‘One of the copper-bearing pyrrhotite veins, the
Savannah, cuts and replaces a typical unmetamor-
phosed pegmatite, and as the unmetamorphosed peg-
matites are younger than the last great period of
metamorphism and folding (see p. 91), the copper-
. bearing pyrrhotite veins of the southern Appalachian
region must be also very late Carboniferous or perhaps
slightly younger. The best evidence suggests that the
formation of the copper-bearing pyrrhotite veins was
a very late episode in the Appalachian revolution.

‘GENETIC HISTORY OF THE COPPER-BEARING VEINS
OF THE SOUTHERN APPALACHIAN REGION

Study of the copper-bearing veins of the southern
Appalachian region has shown that they have had a
common genetic history. . Essentially the same stages
of development have been recognized in each deposit,
although the duration and intensity of these stages
and the relative proportion of the minerals formed
in any one stage differ from vein to vein. A single
vein may not present the sequence of events with en-
tire completeness, although the Ore Knob does so ap-
proximately. The evidence lacking in one vein may
be supplied by another, and a correlation of the evi-
dence presented by the entire group has given an un-
usually clear picture of their genetic history. This
composite picture of vein-forming events and the
processes back of them is presented below, the course
of events being taken up-stage by stage. The detailed
descriptions of individual veins on which this genetic
history is based are given in the section beginning on
page 67.

COUNTRY ROCKS

The copper-bearing pyrrhotite veins, notwithstand-
ing their mineral similarity, have been introduced into
rocks of dissimilar composition and geologic age, al-
though they are all highly metamorphosed schists and
gneisses, which are described in detail on pages 18-22.

In most of the region these rocks are of pre-Cambrian
age, but those at Ducktown and Fontana belong to
the Great Smoky conglomerate, a metamorphosed
group of sediments which have been assigned to the
Lower Cambrian but which may be pre-Cambrian.
The Gossan Lead and the veins at Ore Knob, Savan-
nah, Wayhutta, and Otto are in the pre-Cambrian
Carolina gneiss, which consists for the most part of
metamorphosed quartzose sediments but which con-
tains some ancient intrusive rocks. The veins at Cul-
Iowhee, Elk Knob, and Copper Knob are in the Roan
gneiss, a highly metamorphosed gabbroic intrusive.
The nickel-bearing vein of Floyd County, Va., and the
Cranberry iron mine are in pre-Cambrian intrusive

granites. :
APLITE-PEGMATITE STAGE

Feldspar-rich rocks in the form of granite, aplite,

or pegmatite are found in most of the copper-bearing
pyrrhotite veins, and in general the introduction of

this material initiated the vein formation. The par-
ent plutonic mass from which this material was de-
rived has not been recognized in the vicinity of any of
the copper-bearing pyrrhotite veins, and so the pri-
mary source of the vein-forming magmatic materials
is not known.

The most typical granite or granite-aplite and that
which has been the least modified by later vein-form-
ing processes occurs at Cullowhee and Otto, where it
has the texture.and mineral composition of a soda
granite low in dark minerals. A nearly pure albite
rock is abundant at Ore Knob, but it has an aplitic °
rather than a granitic habit, and a similar rock forms
local masses at Ducktown. The Huey mine, at Mona-
rat, contains numerous rounded. masses of barren
rock enclosed in sulphides. Some of these are typical
aplite and others are gneissoid rock showing various
degrees of replacement by plagioclase. Most of the
arsenic-bearing veins of Alabama are quartz veins,
but one of the largest contains abundant plagioclase,
and a quartz-plagioclase vein of similar type was the
earliest vein material at Peachbottom. The Fontana
and Wayhutta veins contain no aplite and little feld-
spar of any kind, but the abundant chlorite at Fontana:
was, in part at least, derived from biotite that appears
to have replaced feldspars, as shown in plate.8, 4.

Masses of coarse-grained plagioclase of pegmatitic

‘habit that show the same relations to the ore deposits

as the granite and aplite just described are abundant
at Ore Knob and Cullowhee. They are somewhat
less abundant at Monarat, Savannah, Otto, and Duck-
town, where they have been shattered and more or less
completely replaced, and so the original form and
texture of this pegmatitelike rock is not clearly evi-
dent.

Plagioclase is the dominant mineral in all the ap-
litic and pegmatitic rocks associated directly with
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the copper veins. Quartz, muscovite, and biotite are
not rare in the granitic aplite of Otto and Cullowhee,
and here and there a grain of orthoclase can be de-
tected. Zircon, titanite, magnetite, apatite, and rutile
are common accessory minerals. Quartz was an orig-
inal component of nearly all the aplitic and pegma-
titic rocks, but most of the quartz is vein quartz that
is younger than the pegmatite.

Much of the aplite, especially at Otto, Cullowhee,
Ore Knob, and Ducktown, has so typical a granitic
habit that it probably represents a rock of pyrogenic
origin. However, many of the gneissoid masses en-
closed in sulphides at Monarat have been partly re-
placed by plagioclase, and it is probable that those
with an aplitic composition but a gneissoid habit were
formed in the same way. The plagioclase from Cul-
lowhee enclosing rounded residual quartz grains,
shown in plates 1, C, and 2, C, is the result of the re-
placement of schlst by feldspathlc material, and it
seems probable that this was effected by hydrothermal
rather than magma processes. So far as can be de-
termined there is little if any difference in age be-
tween the aplites that appear to be true igneous rocks
and the albitized and replaced gneisses. It seems
probable that the magmatic differentiate that pro-

duced the aplite and pegmatite was fairly rich in-

water and may have been intermediate in character
between a wet magma and a concentrated, high-tem-
perature hydrothermal solution. If it had these char-
acteristics it would probably have crystallized directly
like a normal magma for the most part, but where
-water was locally concentrated through crystallization
of part of the feldspar, it might have reacted like a
hydrothermal solution and replaced the rocks it pene-
trated.

The aplite and pegmatite have been very exten-
sively replaced by all subsequent minerals. Quartz
has replaced much feldspar, as shown in plate 2. Bio-
tite has replaced feldspar most extensively, as is
shown at Savannah (pls. 5, 4,and 7, B) and at Cullow-
hee (pl. 7, A). All the minerals of the ferromagne-
sian group have replaced aplite and pegmatite exten-
sively. Replacement of plagioclase by carbonates has
occurred at Ore Knob (pls. 15, D, and 26, 4,B). The
replacement of plagioclase by ankerite is especially
shown at Copperfield, Vt. (pl. 23, 4, B).

The aplitic and pegmatitic rocks just described are
believed to be genetically related to the associated ore
deposits, but it seems probable that the typical mica-
bearing pegmatite at Savannah is not. The Savan-
nah vein has formed in schist as well as in pegmatite.
Muscovite is rare or absent in the aplite and related
pegmatites but forms large mica sheets at Savannah.
In the other mines feldspathic rocks are entirely en-

closed in vein material, but at Savannah the vein cuts

pegmatite, and beyond the limits of the vein normal

unmodified pegmatite is present. For these reasons
the relation between vein and pegmatite at Savannah
appears to be accidental.

The following lists indicate illustrations that show
various phases of the aplite-pegmatite stage.

Character and relations of aplite and pegmatite to quartz

Plate

1, A. Microcline of pegmatite cut by veinlet of later plagioclase

and quartz (Cranberry).

1, B. Pegmatitic plagioclase partly replaced and cut by vein-

lets of quartz (Cullowhee).

1, C. Pegmatitic plagioclase enclosing areas of quartz that are
in uniform optical orientation and probably earlier
than plagioclase (Cullowhee).

, D. Plagioclase enclosing older quartz grains derived from
the replaced schist (Bryson-Franklin road).

2, A, B. Pegmatitic plagioclase, cut by veinlets of quartz and

later replaced by sulphide (Cullowhee).

2, C. Plagioclase with rounded included quartz grains that

are probably earlier (Cullowhee).

2, D. Quartz replacing plagioclase (Cullowhee).

ot

Relation of aplite and pegmatite to ferromagnesian minerals

Plate
2, B. P]agnoc]ase invaded by later actinolite and gahnite
(Cullowhee).
. Plagioclase invaded by later garnet (Cullowhee).
. Plagioclase invaded by later gahnite (Cullowhee).
. Plagioclase invaded by veinlets of chlorite (Ore Knob).
. Microcline invaded by veinlets of hornblende (Cran-
berry).
. Aplite with later large crystals of biotite and actinolite
(Monarat).
. Plagioclase and muscovite of a pegmatite replaced by
biotite (Savannah).
. Plagioclase replaced by biotite (Ore Knob).
. Muscovite replaced by biotite (Savannah),
B. Plagioclase replaced by biotite (4, Cullowhee; B,
Savannah). :
. Plagioclase replaced by biotite that has altered to chloxite
(Fontana).
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Relation of aplite and pegmatite to carbonate

Plate

7, A. Calcite replacing plagioclase (Cullowhee).

15, C, D. Plagioclase replaced by calcite and sulphides (Ore
Knob).

16, A, C. Plagioclase replaced by calcite (Ore Knob).

23, A, B. Plagioclase replaced by ankerite (Copperfield).

26, A, B. Alpite with secondary calcite (Ore Xnob).

29, D. Plagioclase replaced by calcite and barite (Peach-
bottom).

30, 0. Plagioclase with veinlets of ankerite and sulphide
(Craigford).

Relation between aplite and pegmatite and sulphides

Plate

2, A. Sulphides replacing plagioclase (Cullowhee).

4, B. Disseminated sulphides in aplite (Monarat).

6, B. Sulphides replacing plagioclase (Ore Knob).

15, C, D. Sulphides replacing plagioclase (Ore Knob).

29, D. Disseminated sulphides in plagioclase (Peachbottom).
30, C. Plagioclase cut by veinlets of sulphides (Craigford).
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Character and relations of muscovite
Plate
8, A. Muscovite and plagioclase in pegmatlte paltly replaced
biotite (Savannah).
6, A. Muscovite partly replaced by b10t1te (Savannah),
6, B. Muscovite distorted and cut by vemlets of sulphides
(Savannah).

QUARTZ STAGE

The aplite-pegmatite stage was followed by one in
which quartz was.the characteristic mineral. Among
the copper veins: quartz is most abundant at Duck-
town, Fontana, and Ore Knob. It forms small masses
of glassy quartz at Monarat, on the Gossan Lead, but
does not occur in-definite lenses at most of the mines.
Quartz forms veins, lenses, and crosscutting stringers
at Ducktown..and the Betty Baker mine, on the Gos-
san Lead ; and at Ore Knob there is at least one great
horse of quartz many feet thick and several hundred
feet long. In the copper-bearing pyrrhotite vein at
Fontana, the Craigford arsenic véins, and the gold-
bearing veins of the southern Appalachian region,
quartz occurs in the form of thick eye-shaped lenses
that are separated from one another by films or zones
of schist.

The ore in all the copper-bearing- pyrrhotite veins
contains fragmented masses of quartz, and locally the
quartz has been completely brecciated, but commonly
it has been rounded subsequent to brecciation, as
shown in plate 34, 4. Nearly all the quartz, even
the most transparent, has been strained by vein move-
ments, and commonly it has been sheared along par-
allel planes. The quartz usually forms anhedral
grains, although a few euhedral crystals of low-tem-
perature type that formed below 575° have been.recog-
nized at Monarat, but most of the quartz appears to
be of the high-temperature type and formed above
575°. The grains are coarse and interlocking, and no
chalcedonic quartz or comblike structures such as are
characteristic of quartz formed at moderate depths
have been recognized.

. The quartz bodies usually follow the structure of

the schists and gneisses, but at Ore Knob the great
quartz mass is nearly vertical and the schists dip at
an angle of 45°. The quartz lenses of the main veins
at Ducktown follow the structure of the schist and
gneiss in general, but innumerable small veins cut
them in all directions, as shown in plate 17, 4.

Some of the quartz in the small crosscutting veins
was introduced along fractures, but much of it has
made a way for itself by replacing the country rock
or by the widening of fractures, as is shown by the
small system of quartz veins illustrated in plate 17, 4.
Two sets of veins that stand nearly perpendicular to
one another make up this system. They are very thick
in proportion to their length and disappear completely
within a few feet. It is mechanically impossible for

undisturbed country rock to have been pushed aside
in two perpendicular directions at once to make room
for the incoming quartz and to have left no evidence
of fracture or movement a few feet away. A reason-
able inference is that small fractures permitted the
introduction of quartz and that the mass of quartz
originally introduced was greatly enlarged by replace-
ment. When many of the quartz masses are minutely
examined it is found that small, incompletely replaced
ghostlike stringers of schist or zones of mica derived
from the schist are commonly present.

Most of the quartz is believed to be later than the
stage in which feldspar was .the dominant mineral,
but it had a long period of formation, and in the
changing conditions under which the veins developed:
there was more than one stage during which quartz
formed, was invaded, and formed again. In all the
veins most of the quartz was an early vein-forming
material and preceded ferromagnesian silicates, cal-
cite, and sulphides, but late quartz veins cut the ore

- at Ducktown, and a small amount of drusy quartz

formed at a very late stage at Ore Knob..

Quartz, like feldspar, has been replaced by silicates,
oxides, carbonates, and sulphides. ' Where carbonates
are present they have replaced quartz very profoundly
and feldspar somewhat less so.. In general sulphides
have not extensively replaced quartz, but locally vein-
lets of sulphides have formed in massive vein quartz
(pl. 3, 4), and disseminated sulphides in the quartz
schists (pl. 85, 4, B). The replacement of quartz by .
later minerals is discussed in the following sections.

Below are lists of plates that illustrate phases of
the quartz stage.

Relation of quartz to ferromagnesian minerals

Plate

9, A. Quartzite with replacing rosette of:actinolite (Burra
Burra).

10, A. Quartzite with replacing hornblende (Burra Burra).

10, C. Quartzite with replacing actmohte and garnet (Burra
Burra).

29, A. Quartz replaced by barite and calcite (Peachbottom).

36, A. Quartz with replacing gahnite crystals (Ore Knob).

Relation between quartz and caloite

Plate

15, 4, B. Quartz being replaced by calcite (Ore Knob).

16, D. Quartz replaced by calcite (Ore Knob).

17, A,B; 18, A, B. Quartz vein partly replaced by calcite
(Burra Burra). .

19, A. Quartz replaced by calcite (Copperfield)..

19, B, C. Roan gneiss with veins of quartz replaced by calcite
(Cullowhee).

20, A,B,C,D; 21, A Quartz replaced by calcite (Burra
Burra).

21, B. Quartz replaced by ankerite (Cranberry).

22, 4, B, 0, D. Quartz replaced by carbonate (A4, B, Dahlonega ;
C, Cranberry; D, Gold Hill),

27, A. Quartz replaced by calcite (Burra Burra). .

27, B. Quartz being replaced by ankerite (Valzinco).

29, A. Quartz replaced by calcite (Peachbottom).
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Relations between quartz and sulphides

Plate

2, A. Quartz being replaced by sulphides (Cullowhee).

3, 4. Quartz being replaced by sulphides (Ore Knob).

9, 4; 10, 4,0. Quartz with later disseminated sulphides
(‘Burva Burra).

35, 4. Sulphide replacing quartz schist (Burra Burra).

35, B3. Pyrite in shear zones in quartzite (Burra Burra).

36, A. Quartz with veinlets of sulphides forming along zones
of inclusion (Ore Knob).

HIGH-TEMPERATURE SILICATE STAGE

The quartz stage was followed by one in which such
ferromagnesian minerals as pyroxenes, amphiboles,
garnets, epidote, and micas were typical, but magnet-
ite, zinc spinel, zircon, apatite, barite, and titanium-
bearing minerals accompanied the silicates. Amphi-
boles are the most abundant gangue minerals at Duck-

town, Monarat, and Wayhutta and in the parts of the

Savannah veins that lie outside of the pegmatite.
They are abundant at Ore Knob, Otto, and Cullowhee
and are practically absent only at Fontana and Peach-
bottom and in the Craigford arsenic veins. Small
amounts of pyroxenes are present in nearly all the
copper-bearing veins but are abundant in none.
erals of the epidote group occur in small amounts in
all the veins and are fairly abundant in some of the
Ducktown deposits and at Otto. Magnetite is present
in most of the veins but is abundant only in the Isa-
bella-Eureka ore body at Ducktown. Gahnite, the
zinc spinel, is fairly abundant in most of the veins
but has not been identified at Ducktown, Monarat, or
Peachbottom. Garnet, low in calcium and rich in
manganese, is present in all the veins except Peachbot-
tom. DBarite occurs in small amounts in all the veins
and is very abundant at Peachbottom. Biotite or its
alteration products, chlorite and talc, are among the
most abundant gangue minerals in all the veins except
Peachbottom. A large group of accessory minerals
that are practically the same in all the deposits have
been identified. '

Min--

Vein minerals of the type just described are com-.

monly referred to as high-temperature minerals.
expression implies that the minerals were formed early
in the vein-forming process, while the hydrothermal
solutions were hottest, as contrasted with minerals

The -

that are the product of later emanations working at.

moderate temperatures, but it does not mean that the
temperatures were excessive. It seems probable that
the temperatures ranged from about 300° to 400° or
perhaps 500° C.

Part of the minerals of the high-temperature stage
may have formed in open spaces, but most of them
have replaced preexisting schist, gneiss, plagioclase-
rich aplites and pegmatites, or vein quartz. The ap-
proximate order of formation at Ore Knob is shown
in the table facing page 76, and those in the other
veins formed in about the same order.
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The minerals formed during the high-temperature
stage constitute a large part of the gangue material in
all the veins, but they are more abundant in some veins
than in others. The high-temperature silicates of the
Ducktown and Monart veins that replaced quartz,
feldspar, and schist cannot always be distinguished
from the later group that replaced calcite or dolo-
mite. In the Betty Baker mines there has been very
slight replacement of dolomite by silicates. Carbon-
ates are practically absent at Savannah, Wayhutta,
and Elk Knob, and all the gangue minerals have re-
placed quartz, feldspar, and schist. The calcite at
Ore Knob contains almost no silicates, but, on the
other hand, all the silicates have been invaded by cal-
cite, which indicates that most of the gangue minerals
preceded calcite and belong to the high-temperature
stage. No ferromagnesian silicates' were formed at
Peachbottom, but barite replaced quartz and was later
replaced by calcite, and so it belongs to a period that
corresponds with the high-temperature stage in the
other veins.

The magnetite and the associated amphiboles, epi-
dote and biotite, of thé Cranberry ore body have for
the most part been formed by the injection and re-
placement: of pegmatite and granite, but a small pro-
portion of the magnetite, amphiboles, and pyroxenes
have replaced calcite which followed the dominant
period of ore formation. Thus most of the ore and
ferromagnesian gangue minerals at Cranberry belong
to the same stage as the high-temperature ininerals in
the copper-bearing pyrrhotite veins. ,

The principal high-temperature minerals of the
various ore bodies of the southern Appalachian region
are described individually or by groups in the follow-
ing sections, and their relations are discussed. The
accessory minerals are of scientific interest, but they
played no essential part in vein formation, and though
they are enumerated their relations need not be dis-

cussed in detail.
PYROXENES

The minerals of the pyroxene group are not abun-
dant in any of the copper veins, although they are not
rare minerals at Otto and Ducktown and are locally
present at Ore Knob and Cullowhee. Hedenbergite,
which formed very early in the stage of high-temper-
ature minerals and possibly also in the postcalcite
stage, is one of the most abundant gangue minerals
at Cranberry. Augite, which shows diallage twin-
ning, has developed within quartz and feldspar and
is fairly abundant at Ducktown and Otto. At Duck-
town diallage that formed before calcite and diopside
that formed after calcite are both present. The dial-
lage twinning, the formation of the early pyroxenes
by replacement of quartz, and the abundant calcite
veinlets that cut them serve to distinguish them from
the later pyroxenes. Diallage is a very early mineral
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in the ferromagnesian group at Ducktown, for it has
been replaced by zoisite that preceded hornblende and
actinolite. At Ore Knob and Ducktown pale-green
augite is present in small amounts, and at least part of
it has been replaced by calcite, as shown in plates 25,
C, and 30, B.

The only calcite at Savannah occurs as very rare
veinlets in older minerals, and so it is evident that no
pyroxenes of the postcalcite stage are present. The
green augite from Cullowhee is associated with the
dark-red garnet described on pages 63-64, and both
minerals have replaced a quartz lens that contains some
calcite and so may belong to the postcalcite stage.
The abundant diopside from Otto has replaced aplitic
granite. The dominant type of hedenbergite at the
Cranberry iron mine, which has been formed by the
replacement of the feldspars of pegmatlte and granite,
is shown in plate 28, C.

The following 111ustrat1ons show the relation of

pyroxenes to calcites:

Plate

25, C. Diallage crystal with veinlets of calcite (Mary mine).
28, C. Hedenbergite with veinlets of calcite (Cranberry).

30, B. Diopside crystal with veinlets of caleite (Mary mine).

EPIDOTE GROUP

Minerals of the epidote group are found in most of
the ore deposits of the southern Appalachian region.
Zoisite is an abundant mineral at some of the Duck-
town mines; zoisite and clinozoisite are conspicuous
among the gangue minerals at Otto; and epidote is

" very abundant at Cranberry. Epidote is a minor
gangue mineral at Ore Knob, Ducktown, Monarat,
Cullowhee, and Savannah, and clinozoisite at Ore
Knob, Wayhutta, and Craigford. '

Large euhedral crystals of zoisite are now rare at
Ducktown, but were formerly abundant in the East
Tennessee mine. Large masses of fine-grained mate-
rial are not rare in the Burra Burra mine. The zoisite
may be gray, white, or colorless, and a few colorless
specimens are of gem quality. The Ducktown zoisite
is a member of the high-temperature group of minerals
and was formed early in that stage. The epidote and
clinozoisite of the other veins belong to the same group
for the most part, but a small proportion seem to have
formed subsequent to the carbonates. The epidote at
Cranberry is approximately contemporaneous with
hornblende and magnetite and so belongs to the high-
temperature stage. Zoisite at Ducktown has been re-
placed by amphiboles, garnets, carbonates, and sul-
phides. Partial replacement of zoisite by actinolite is
shown in plate 8, ('; of zoisite cut by veinlets of calcite

in plates 25, B, and 28, 4, :B. In most of the veins’

epidote and clinozoisite have resisted replacement
but have been cut by veinlets of many of the later
minerals.

" placement of quartz.

replaced zoisite (pl. 8, €).

APPALACHIAN REGION

These illustrations show the relations of zoisite:

Plate

8, . Zoisite with later penetrating crystals of actinolite
(Mary mine).

25, B; 28, A, B. Zoisite cut by veinlets of calcite (Mary mine).

GAHNITE

The zinc spinel, gahnite, forms conspicuous green
grains in most of the copper-bearing pyrrhotite veins.
It has been found at Ore Knob (pl. 36, 4, D), Otto,
Cullowhee (pls. 2, B, D, and 24, D), Savannah, Way-
hutta, and Elk Knob, but not at Ducktown, Monarat,
or Peachbottom. It is very abundant in the Seminole
or Magruder gold-copper mine, Lincoln County, Ga.
It has also been observed in the Valzinco mine of
Spottsylvania County, Va., in the Louisa County min-
eral belt. Gahnite has been reported as being abun-

| dant in the Deake mica mine, Mitchell County, N.C.,*®

in the Canton copper mine, later called the Rich
mine, in Cherokee County, Ga.,** and in the Rosa-
mond vein of the Standard mine, at Dahlonega, Ga.®
Gahnite has been formed most commonly by the re-
placement of plagioclase, but not rarely by the re-
It is a very resistant mineral
and has not been replaced by later minerals, but frac-
tures in it are filled by veinlets of carbonates and sul-
phides.
The occurrence and relations of gahnite are shown
in the following plates:
Plate
2, B,D. Gahnite replacmg quartz and plagloclase (Cullowhee).
24, D. Gahnite with hornblende replacing plagioclase -(Cullow-
hee).
36, 4, D. Ga;mite replacing quartz and cut by veinlets of sul-
phide (Ore Knob).

AMPHIBOLES

Minerals of the amphibole group are the most
abundant of the ferromagnesian silicates in nearly all
the veins, being absent or rare only at Peachbottom
and Fontana and in that part of the Savannah vein
that has replaced pegmatite. Most of the amphiboles
have been formed by the replacement of quartz schist
or quartz veins, as shown in plates 5,C,9, 4, and 10, 4,
C. The replacement of feldspathic rocks rarely pro-
duced pure masses of amphiboles but commonly re-
sulted in both amphiboles and biotite (pl. 4, B) or in
amphiboles embedded in biotite (pls. 11and 12,4). In
one specimen (pl. 5, Z') actinolite alone has replaced
feldspar. In the Cranberry iron mine biotite is absent
and amphiboles have replaced feldspar (pl. 4, 4).
In the veins of the Ducktown district amphiboles have
At Ducktown, Ore Knob,

% Genth, F. A., The minerals of North Carolina: U.S. Geol. Survey
Bull. 74, p. 33, 1891,

4 Genth, F. A,, Am. Jour. Sci., 2d ser., vol. 33, p. 162, 1862.

4 Lindgren, Waldemar, U.S. Geol Survey Bull 293, p. 128, 1906.
Plate
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Otto, and the Cranberry iron mine amphiboles were
formed to a minor extent by recrystallization of
pyroxenes. In most of the veins these replacements
occurred in the high-temperature stage of mineraliza-
tion, but some amphiboles were formed in the post-
carbonate stage.

The calcite at Ore Knob is almost devoid of silicates,
and the amphiboles are almost entirely within schist,
aplite, and quartz and are cut by veinlets of calcite,
and so most of them preceded calcite, but at Ducktown
and Monarat postcarbonate amphiboles are more
abundant than in most of the other veins, and it is
difficult to determine the age of all of them.

At Wayhutta and Savannah carbonates are rare
and all the amphiboles have replaced schist, quartz,
or feldspar; and at Ducktown very large masses of
mineralized schist and gneiss contain abundant am-
phiboles. These relations show that most of the am-
phiboles belong to the high-temperature stage; the
presence of calcite or other carbonate has not been
necessary for their development, and in most of the
veins it has played no part in their formation.

A variety of amphiboles may occur in a single de-
posit or even in a single specimen. Black hornblende,
green hornblende, actinolite, and even tremolite occur
together, and the orthorhombic amphibole anthophyl-
lite may accompany these. Zoning is not rare, and
the paler-colored monoclinic amphibole usually pre-
ceded the more deeply colored varieties, as shown in
plate 8, D. It is thus evident that they continued to
form under an increasing supply of iron in the vein-
forming solutions, and probably over a rather long
period of time. Anthophyllite, which is rather high
in iron, is intergrown with hornblende, and the two
seem to be approximately contemporaneous.

The amphiboles were not profoundly replaced by
later minerals but are cut by innumerable veinlets of
carbonates and sulphides, as shown in plates 24, D,
28, 4, D, and 33, A. Fractures were commonly the
sites of replacement, but the veins have been widened
by replacement of part of the adjacent hornblende.

There has been very little alteration of the amphi-
boles, and the only alteration recognized is shown in
plate 12, B, where actinolite has been changed to talc.

The character and relations of amphiboles are
shown in the following illustrations:

Plate ]

2, B. Actinolite vein cutting quartz and plagioclase (Cullowhee).

4, A. Hornblende veinlets formed along fracture planes in
plagioclase (Cranberry). -

4, B. Actinolite crystals replacing aplite (Monarat).

B, 0. Actinolite crystals in quartz (Isabella).

5, . Actinolite crystals in plagioclase (Monarat).

8, 0. Actinolite crystals replacing zoisite (Mary mine).

8, D. Zoned amphibole crystals (Isabella).

9, A. Radial group of actinolite crystals in quartz (Burra
Burra). .

Plate :

10, A. Hornblende replacing quartz (Burra Burra).

10, B. Actinolite needles in calcite crystal (Mary mine),

10, O. Actinolite crystals forming along fracture plane in
quartz (Burra Burra).

11, A. Actinolite needles in matrix of biotite and chlorite
(Cullowhee).

11, B. Actinolite crystals in biotite (Mary mine).

11, ¢, D. Tremolite crystals forming plumose groups in tale
(Tennessee mine).

12, A. Large crystals of actinolite in biotite and cut by vein-
lets of sulphide (Monarat). .

12, B. Radial group of actinolite crystals completely altered
to talec (Monarat).

14, B, C. Actinolite crystal with pleochroic halos around zircon
crystals (Isabella).

25, A. Actinolite crystals replacing quartz and cut by veinlets
of sulphide (Bureka mine).

28, 4, B. Actinolite cut by veinlets of calcite (Mary mine).

33, A. Actinolite crystals cut by veinlets of sulphide (Bast Ten-
nessee mine).

33, B. Group of actinolite crystals (Monarat mine).

36, A. Actinolite crystal cut by veinlets of sulphide (Ore
Knob). ’

36, D. Hornblende and anthophyllite crystals cut by sulphide
veinlets (Ore Knob).

BIOTITE

Among the ferromagnesian gangue minerals, bio-
tite is second only to amphiboles in abundance in most
of the veins. It is extremely abundant in all the cop-
per-bearing veins except at Fontana, where most of
the biotite has changed to chlorite and tale, and at
Peachbottom and Craigford, where almost no ferre-
magnesian minerals were developed. It has most
commonly resulted from the replacement of feldspar,
as shown in plates 4, B, 5, 4, D, and 7. Many speci-
mens are composed of biotite, or chlorite derived from
biotite, with enclosed actinolite or tremolite crystals,
as shown in plate 11, with no residual feldspar re-
maining; and it seems probable that this represents a
complete replacement of feldspathic rock. Shearing
movements in the vein seem to have promoted the
formation of biotite at the expense of plagioclase
(pls. 5, 4, and 7, A, B), or of biotite that preceded
chlorite (pl. 8, B). A little biotite was formed at
Ore Knob by the replacement of calcite in the post-
calcite stage. At Savannah all the minerals of the
pegmatite were replaced by biotite, but plagioclase
was most easily replaced and muscovite was but
slightly replaced, as shown in plate 6, 4.

Biotite and the related micas are almost completely
unreplaced by later minerals, but. much of the biotite
has been altered to chlorite and talc, as discussed on
pages 32 and 66. Sulphides have formed between cleav-
age flakes and fractures, as shown in plates 37, D,

-and 41, D. The biotite associated with sulphides is

commonly not chloritized, and the only noticeable
alteration is a slight bleaching in a few specimens.
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Illustratlons showmoF the character and relations of
biotite are hsted below

Plate oo L. .

3, B. Chlorite matrix around aplite breccia,
biotite (Ore Knob).

. Biotite replacing aplite (Monarat).

. Biotite replacing plagioclase of pegmatite (Savannah),

. Chlorite secondary to biotite (Burra Burra).

. Biotite replacing plagioclase (Ore Knob).

, B. Biotite that has completely replaced plagloclase and

partly replaced muscovite (Savannah).

St
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7, 4. Biotite that has partly replaced plagioclase (Cullowhee).

7, B. Biotite that has partly replaced plagioclase (Savannah).

8, 4. Biotite in sheared and partly replaced plagioclase, now
altered to -chlorite (Fontana).

9, B. Biotite in schist (Mary mine).

11, A. Biotite partly altered to chlorite (Cullowhee).

11, B. Actinolite in biotite (Mary mine).

11, €, D. Talc that is secondary to biotite or chloute (East
Tennessee mine). .

12, A. Biotite groundmass around actinolite crystals (Mona-
rat).

13, A, B. Biotite forming residual areas in replacing talc (4,

Isabella; B, Monarat).

13, C¢,.D. Biotite altered to chlorite and that partly to talc (O,
Isabella; D, Monarat). .

14, A. Biotite altered to chlorite with pleoc¢hroic halos (Mona-
rat).

14, D. Biotite with pleochroic halos (Monarat).

15, A, B; 16, 4, (. Granular biotite with quartz and calcite
(Ore Knob).

31, B. Biotite altered to chlorite showing pleochroic halos
(Fontana). '

34, B. Biotite of schist partly replaced by sulphide (Gossan
Lead).

41, D. Lepidomelane cut by liater sulphides (Ore Knob).

GARNET

Nearly all the copper-bearing pyrrhotite veins con-
tain garnet, but in none of them is it a dominant
gangue mineral. Garnets replace schist (pl. 9, B),

quartz (pl. 10, ¢'), and feldspar (pl. 2, C), but do not
appear to have replaced carbontes except at Cullowhee, '

where no. 4 in the table on page 63 (the only calcium
garnet in the group) may belong to the postcalcite
stage. No instance of garnet definitely replacing cal-
cite has been observed in the other mines of the region.
Garnets are practically unreplaced by later minerals,
but they are cut by rare veinlets of sulphides or of cal-
cite, as illustrated in plate 26, ¢. The resistance of
garnet to replacement makes the interpretation of its
relations to other minerals difficult. It formed early
in the high-temperature stage, but the crowding aside
and distortion of biotite plates, as illustrated in plate
9, B, indicates that at least part of the garnets are
later than biotite, and they clearly preceded carbonate.

The garnets of the copper-bearing veins of the
Ducktown type in general do not have the composition

of those characterizing contact-metamorphic deposits

‘in limestone. The table of analyses given on page
63 shows that the garnets from Ore Knob and Monarat

secondary to
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contain a little over 21 percent of the calcium garnet
molecule and that from Ducktown less than 9 percent,
and an analysis of a Ducktown garnet given by Em-
mons and Laney *?* shows about 34 percent. Only the
garnet’ from Cullowhee (analysis 4, p- 63) is high in
calcmm

The analyses of five typical garnets from contact-
metamorphic deposits in limestone are given below :

Analyses of lime-bearing garnets®

1 2 3 4 5
(710 T 42.63 | 36.26 | 37.15 | 37.07 | 37.79
AlOg oo 1. 53 .78 | 6.98 | 17.42 | 11. 97
FeoOg oo 31,41 | 32.43 | 19.40 | 10. 81 | 15. 77
FeO__ ... .30 32 . . 68 1. 31
CaO_ . 23.37 | 29.67 | 32.44 | 32.77-| 32. 57
MgO_ ol None | None |-__..-_ .51 .37
MnO__ . . . .._.__ .43 2 (8 AU .31
HO— |l 13 oo _._ .14 .09
B0+ _ |l 44 | ______ 039 |-
Ca«COa ____________________________ 4,20 o ____|.___._
P05 .. S0 SO PO SO
Soluble Fe, Al, NayO,

ete. o feaaeaoaos R 2 I
99. 67 1100. 36 [100. 60 | 99. 79 {100. 18

« Emmons, W. H., and Laney, F. B., op. cit., p. 43.
1, 2. Morenci, Ariz. Lindgren. Waldemar, U. S. Geol.

Survey Prof. Paper 43, p. 134, 1905.
© 8. San Jose, Mexico. Kemp, J. F., Am. Inst. Min. Eng.
Trans., vol. 36, p. 193, 1905.

4, 5. White Knob, Idaho. Kemp, J. F., and Gunther, C. G.,
Am, Inst, Min, Eng. Trans., vol. 38, p. 269, 1907. Xemp, J. F.,
Ore deposits at the contacts of intrusive rocks and limestones
and their significance as regards the general formation of
veins : Econ. Geology, vol. 2, p. 7, 1907.

In the contact-metamorphic garnets listed above the
proportion of calcium garnet (dominantly the iron-
calcium garnet, andradite, in analyses 1 to 3; and both
andradite and aluminum-calcium garnet, grossularite,
in 4 and 5) ranges from 70 to 90 percent. These
analyses may be compared with those of manganese-
rich vein garnets shown in the table on page 64. Thus
the garnets of the copper veins of the Ducktown type
do not have the composition characterizing garnets in
contact-metamorphic limestone, which indicates that
lime carbonates were not present in these veins when
the high-temperature silicates including garnets were
formed and that limestone beds did not play a part
in the paragenesis of the garnets and associated high-
temperature silicates.

The following illustrations show the occurrence and

relations of garnet:

Plate

2, C. Garnets replacing plagioclase (Cullowhee).

9, B. Garnet in schist (Mary mine).

10, C. Garnets with actinolite forming along fracture plane
in quartz (Burra Burra).

14, A. Garnet with chlorite (Monarat). )

26, C. Garnet cut by veinlets of calcite (Cranberry).

42 Emmons, W. H., and Laney, . B., op. cit. (Prof: Paper 139), p. 43.
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BARITE

Nearly all the copper-bearing pyrrhotite veins con-
tain barite, although it is usually not abundant, but
it is a prominent gangue material in some of the
lenses that make up the compound vein at Peachbot-
tom, and it is fairly abundant at Elk Knob. At Ore
Knob, Otto, Ducktown, Monarat, and Cullowhee the
barite was evidently formed before sulphides and cal-
cite and probably during the high-temperature stage,
but it is not abundant enough to permit determination
of its exact relations. Portions of the Peachbottom
vein contain lenses in which calcite and barite are the
clominant minerals, with minor amounts of residual
quartz and feldspar and postcalcite sulphides.

The mineralogy and physical relations in these
lenses are simple and give a clear picture of the para-
genesis. The original rock was an aplite composed of
plagioclase and quartz, as in most of the other veins
of the region. This was very profoundly replaced,
first by barite and later by calcite, as shown in plates
28, D, and 29. Lenses of vein quartz in the same vein
contain large replacement aveas of barite several cen-
timeters across, and these have been replaced by cal-
cite along cleavage planes, as shown in plate 30, D.
Sulphides followed calcite and occur in disseminated
grains in the barite-calcite rock (pl. 28, D) and lenses
in shear planes in the vein quartz.

The same relations between barite, calcite, and sul-
phides are shown in the Burra Burra mine at Duck-
town, where calcite veinlets have formed in barite
crystals (pl. 25, D) and sulphide veinlets (pl. 30, 4).

Illustrations showing the occurrence and relations
of barite are as follows:

Plate

25, D. Barite crystal cut by veinlets of calcite (Burra Burra).

28, D. Texture of barite-calcite rock (Peachbottom).

29, A, B, C, D. Replacement of quartz and plagioclase by
barite and its replacement by caleite (Peachbottom).

30, A. Barite with veinlets of sulphides.

30, D. Barite with veinlets of calcite.

ACCESSORY MINERALS

Several accessory minerals are present in the veins,
but in proportions so small that they do not form an
essential part of the gangue. These are rutile, apa-
tite, zircon, ilmenite, titanite, and graphite. Owing
to their small quantity it is not everywhere possible to
determine their exact relations, but they are formed in
part and possibly altogether during the aplite-pegma-
tite and high-temperature silicate stages. Rutile is
enclosed in gahnite and amphiboles—two minerals
that have escaped replacement—and so probably be-
longs to the same stage as these minerals. Apatite
and titanite probably belong to both the aplite and
high-temperature stages. Zircon is enclosed in a
rreat variety of minerals and persists after the orig-
inal enclosing mineral is replaced by another; where

enclosed in biotite it produces abundant pleochroic
halos, as shown in plate 14, D. The halos persist in
dull green colors after the biotite has been altered to
chloride, even though the resulting mineral is nearly
colorless, as shown in plate 14, 4. The amphiboles
also have pleochroic halos, as shown in plate 14, B, C,
where they have replaced plagioclase containing en-
closed zircons, and it is not uncommon to find a single
thin section that shows pleochroic halos in biotite,
chlorite, and amphiboles.

SECONDARY HYDROTHERMAL MINERALS

A few minerals of which talec and chlorrte are the
most abundant, have resulted from the alteration of
older ones. The exact time of the change is not every-
where clear, but the best evidence indicates that they
developed near the end of the stage of ferromagne-
sian minerals and were formed under mesothermal
conditions. The replacement of chlorite by dolomite
at Monarat (pl. 24, 4, B) and the development of
euhedral dolomite crystals in chlorite (pl. 31, D) in-
dicate that chlorite preceded carbonates. It is evident
that these secondary minerals are the result of hydro-
thermal processes and not of weathering. Named in
the order of their abundance they are chlorite, talc,
serpentine, and leucoxene. Chlorite occurs in all the
mines; talc is abundant only in some of the Ducktown
mines, at Monarat, and at Fontana; leucoxene and
serpentine are not abundant at any of the mines and
play no essential part as gangue minerals.

CHLORITE

Chlorite is one of the more plentiful gangue min-
erals in most of the veins-—in fact, in many of them it
1s more abundant than the biotite from which it is
derived. Parts of single biotite crystals have been
changed to chlorite while the remainder has remained
perfectly fresh, with a sharp contact between the two,
and the change appears to have been associated with
channels that permitted an access of solutions, but
sharp fractures along which chlorite has developed
are seldom observable. On the whole it seems prob-
able that most of the chlorite was formed late in the
stage of high-temperature silicates, but part of that
at Ore Knob is an alteration product of biotite that
is believed to be later than calcite.

Much of the chlorite has been altered to talc. The
light-colored chlorite at Monarat, Ducktown, and Fon-
tana shows extensive alteration to talc, but the high-
iron chlorite from Ore Knob (see analysis, p. 66)
shows no such tendency. The identity in the occur-
ence of chlorite and talc is shown in plate 7, 4, where
residual plagioclase is enclosed in biotite, and in plate
8, 4, where the same type of residual plagioclase is
enclosed in chlorite. The origin of talc from chlorite
is discussed on page 32.
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Illustrations showing the character and relations of
chlorite are listed below.

Plate

3, B. Chlorite groundmass enclosing brecciated fragment of
aplite (Ore Knob). ) .

5. B. Radial groups of colorless chlorite crystals (Burra
Burra). )

8, A. Chlorite enclosing residual plagioclase (Fontana).

11, A. Chlorite and biotite enclosing actinolite crystals (Cullo-
whee).

13, ¢, D. Chlorite partly altered to talc (Monarat).

14, A. Chlorite crystals showing pleochroic halos around zir-
con crystals (Monarat).

24, A, B. Chlorite partly replaced by dolomite (Monarat).

31, B. Chlotite crystals showing pleochroic halo (Fontana).

31, D. Chlorite enclosing euhedral crystals of dolomite.

TALC

Nearly pure masses of talc occur in the East Tennes-
see mine at Ducktown, where it forms one of the prin-
cipal gangue minerals; it is present in smaller amounts
as disseminated grains at the other Ducktown mines;
and at Fontana and Monarat it is an abundant gangue

_mineral. The color is a light tint of gray or buff, and
in the hand specimen it is often difficult to distinguish
from colorless chlorite.

The genetic history of much of the talc is obscure,
and the material from which it has been derived
cannot always be determined, but in many specimens
the relations allow definite conclusions as to its origin.
.Emmons and Laney ** make the following statement
about tale:

Talc is abundant [in the East Tennessee mine] 670 feet
below the present surface and has been encountered in dia-
mond-drill holes about 750 feet below the surface. Although
it is clearly a secondary mineral, resulting from the altera-
tion of tremolite, presumably by waters descending from the
surface, it extends to far greater depths than the secondary
copper and iron minerals. _

A close examination of specimens containing, trem-
olite and talc shows that in general the tremolite has
not been replaced. The tremolite needles are almost
invariably sharp, with no alteration along fractures,
and are not embayed by talc. In most specimens they
can be broken out of their talc matrix, leaving a
smooth, lustrous euhedral cast in the enclosing talc.
In only a few specimens have tremolite and actinolite
been altered to talc, as shown in plate 12, B.

The relation of tremolite to some of the other
gangue minerals gives significant evidence about the
origin of talc. The specimens illustrated in plate 12,
4, and the thin section in plate 11, B, show blades
of tremolite embedded in fine-grained granular bio-
tite. Abundant specimens from Ducktown and Mon-
arat like those illustrated in plate 11, 4, contain fresh
tremolite enclosed in biotite which has been partly
altered to colorless chlorite.  The specimens illus-

4 Emmons, W. H., and Laney, F. B., Geology and ore deposits of the

Ducktown mining district, Tenn.: U.S. Geol. Survey Prof. Paper 139,
p. 51, 1926.

trated in plate 11, ¢, D, show needles of tremolite
embedded in talc. The identity of the relations be-
tween tremolite and biotite, tremolite and chlorite,
and tremolite and talc is indicated by a study of speci-
mens. A detailed study of thin sections from Duck-
town shows residual areas of colorless chlorite in talc,
but the relations of biotite, chlorite, and talc are best
illustrated at Monarat and Fontana and at the Isa-
bella mine, Ducktown district, where many specimens
show all the stages in the alteration of biotite to chlo-
rite and chlorite to talc.

A specimen from the Isabella ‘mine (pl. 18, A4)
shows large areas of talc enclosing unaltered biotite,
with the cleavages of biotite and talc continuous. A
specimen from Monarat (pl. 13, B) shows the same
relation with numerous residual masses of biotite en-
closed in talc. Amnother specimen from the Isabella
mine (pl. 13, €') shows irregular islandlike areas of
chlorite enclosed in talc. Another specimen from
Monarat (pl. 13, D) shows alternating lamellae of
chlorite and talc with the cleavage planes continuous
through the two minerals, as is commonly the rela-
tion shown by biotite and chlorite in biotite that has
been partly altered to chlorite.

The pseudomorphism of talc after chlorite and of
chlorite after biotite is clearly shown by the continu-
ity of the cleavages, as shown in plate 13, 4, B, D,
and the upper left portion of €, but more commonly
talc recrystallized into a fine-grained aggregate, as
shown in the central part of plate 13, C, on alteration
from chlorite.

The following illustrations show the character and
relations of tale: '

Plate

11, ¢, D. Talc enclosing plumose groups of actinolite crystals
(East Tennessee mine).

12, B. Tale pseudomorphous after actinolite (Monarat).

13, A, B. Talc pseudomorphous after biotite (residual biotite
unreplaced) (Isabella).

13, ¢, D. Talc pseudomorphous after chlorite (residual chlo-
rite unreplaced) (Monarat).

The following analyses were made on the light-col-
ored high-magnesia chlorite and talc to which it is
commonly altered.

Chemical analyses of chlorite and talc

1 2

S102 - - el 26. 68 62. 27
ALOs . e 25. 20 .15
FesOs - ool * None .95
FeO ool 8. 70 .85
MgO . . el 26. 96 30. 95
Ca0 . o .28 .
HyO+4+400_ - oL 11. 70 4. 91
99. 52 100. 08

1. Chlorite from the Burra Burra mine, analyzed by Earl
V. Shannon, U.S. National Museum. ]

2. Tale from Fairfax County, Va., analyzed by F. W. Clarke
and E. A. Schneider, Am. Jour. Sci., 3d ser., vol. 40, p. 306, 1890.
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These analyses show that talc contains about twice
as much silica as magnesia but that chlorite contains
about equal amounts of each. If chlorite were altered
to talc by the abstraction of iron and alumina it would
also be necessary to remove about one-half of the mag-
nesia to give the correct ratio. This would mean that
magnesia was partly removed under conditions that
favored its relative concentration, and it follows that
the mass of the resulting talc would be less than half
of that of the original chlorite.

The only other method by which tale could be de- |

veloped. from chlorite is through the metasomatic re-
placement of iron and alumma by silica. If it is
assumed that SiO, replaces Al,O; and FeO molecule
by molecule, the resulting chemical composition is
found to be almost exactly that of talc.

Thus the mineral relations and the chemical prop-
erties show that most of the talc in the veins of the
Ducktown type is the result of the replacement of
chlorite and more rarely by direct replacement of
biotite and indicate that the process was one of meta-
somatic replacement of iron and alumina by silica,
probably in the presence of solutions that were so rich
in magnesia that this base was not replaced.

The tale in the East 1'ennessee mine occurs at a
depth of at least 800 feet, which is about 700 feet be-
low the permanent water level and the lowest zone of
supergene sulphides, which extended to a depth of
only about 100 feet. These relations practically pre-
clude any surface-water circulation to the deeper
levels at which talc occurs, and it is evident that the
production of tale was not the result of alteration by
surface water but was effected by solutions of mag-
matic origin. This conclusion is fully confirmed by
the evidence that talc formation has been promoted by
shearing movements and preceded the formation of
cmbonates at Fontana.

The time when talc was formed is not entirely
clear. It followed chlorite in all the mines and pre-
ceded dolomite at Monarat and ankerite at Fontana,
where specimens contain sharply rounded rhombohe-
drons of carbonate projecting into talc aggregates.
(See pl. 81, D.) This indicates that at least a part
of the talc was formed near the end of the high-
temperature stage, and talc that has replaced chlorite
may have all been formed at that time.

Wilson * discusses the origin of talc and says:

It would be difficult to prove that talec does not form by
weathering, but in the case of the most extensive deposits,
at least, there is ample evidence that the tale has been formed
as an accompaniment of either igneous intrusion, or deforma-
tion, or of both these agencies.

In discussing the .origin of talc in the Modoc dis-
trict, Hastings County, Ontario, Wilson says *:

# Wilson, M. B, Talc deposits of Canada: Canada Geol.

Econ. Geology ser., no. 2, p. 25, 1926.
4 Idem, pp. 27-81 passim.

Survey,

In a few thin sections of the tremolitic dolomite that forms
the ‘wall rock of the Modoc deposits the tremolite was ob-
served to be traversed by fractures filled with tale, but with
this exception no evidence of the transformation of tremolite
to tale was observed.

Gillson,*® who has made a very thorough study of
the talc deposits of Vermont, says:

In all of the deposits in schistose rocks the talc lens is
bounded by a zone of nearly pure chlorite, known to the
miners as ‘ blackwall,”” Moreover, where talc is found in
serpentine, it is associated also with a chlorite having the
same, or nearly the same optical properties as that in the
“plackwall.” '

* * * The constant association of these minerals [tour-
maline, biotite, actinolite, and other similar members of the
amphibole group, apatite, magnetite, titanite, and pyrrhotite]
and the clear evidences of replacement of the country rock by
chlorite and of chlorite by talc has led the author to the
conception that the origin of the talc is connected with the
introduction of hot magmatic solutions, which, during their
later stages, were very rich in magnesia.

In describing the Dodge property, Chester, Wind-
sor County, Gillson says *':

The main mass of talc has a structure pseudomorphous
after this nearly vertical chlorite schist, which it has obvi-
ously replaced. In the talc are streaks of unaltered, pure
biotite. On the walls of such streaks the actinolite occurs,
the crystals showing a tendency to lie oriented at right angles
to the biotite wall. Actinolite occurs on both sides of some
biotite streaks, but others have no actinolite margins. The

.actinolite has clearly replaced the biotite, leaving interstitial

masses of biotite, or of biotite gone to chlorite. The altera-
tion of such masses to talc had begun with the chlorite, so
that many beautiful crystals of unaltered actinolite can be
picked from a talc groundmass. Where the replacement has
been carried to completion, the actinolite c1ystals are now
talc pseudomorphs. * * *

The minerals of -the tale zone, in the probable order of
their formation, are tourmaline, quartz, biotite, apatite, actin-
olite, chlorite, ferrous dolomite, flake and fibrous varieties of
tale, magnetite, and finally pyrrhotite. * * *

In a rock which has obviously been subjected to such severe
metamorphosing conditions, the absence of silicates from the
dolomite can only be construed as meaning that the dolomite
was not present during the actinolite stage of mineral forma-
tion. Since the tale is later also than the actinolite, the time
of talec and dolomite formation was near the end of the
sequence.

Thus the talc genesis deduced for the Vermont de-

posits by Gillson is almost identical with that in the
copper.veins of the southern Appalachian region.

CARBONATE STAGE

The stage of high-temperature minerals was fol-
lowed in most of the copper-bearing pyrrhotite veins
by one in which carbonates were almost the only min-
erals formed. Carbonates are scarce gangue minerals
only at Savannah, Elk Knob, and Wayhutta; they
are abundant in parts of the Gossan Lead, though

48 Gillson; J. L., Origin of the Vermont tale deposits : Bcon. Geology,

vol. 22, p. 247, 1927.
7 Idem, pp. 256, 256, 258.
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absent in other parts, and they occur plentifully as
gangue materials at Ore Knob, Ducktown, Cullowhee,
Fontana, and Peachbottom. Calcite is the character-
istic carbonate at Ducktown, Cullowhee, and Peach-
bottom. Manganiferous calcite is present at Ore
Knob, dolomite at Monarat, and ankerite at Fontana.
Calcite was the original carbonate at Fontana, but
this was almost completely replaced by ankerite, and

now only small residual isolated areas of calcite re-.

main. There is some evidence that calcite preceded
dolomite in the Gossan Lead, but calcite is too rare
to make the relations clear. Small amounts of anker-
ite and siderite are present at Ore Knob and Duck-
town and in specimens from Copperfield, Vt.
Carbonates have been formed by the replacement
of schist, vein quartz, and aplitic feldspar, but quartz
and feldspar were most readily replaced. Ferromag-
nesian minerals have not been extensively replaced by
carbonates, but they are cut by abundant veinlets of
these minerals, and so it is evident that carbonates fol-
lowed ferrmagnesian minerals. Carbonate veins that
cut ferromagnesian minerals are best shown in plates
24, B, 25,26, C, 28, and 30. In most of the veins car-
bonates were followed by a later group of silicate
minerals, but the abundance of silicates of this postcar-
bonate stage varies from vein to vein.
One of the most remarkable characteristics of the
copper-bearing pyrrhotite veins is the extensive re-
-placement of quartz and feldspar by carbonates. The
replacement of quartz by carbonates is shown by plates
15 to 24, C, 27, A, and 29, 4, and the replacement of
plagioclase by calcite by plates 7, 4, 15, 16, 19, 23,
and 29. '
‘The following is a list of illustrations showing the
character and relations of carbonates:
Plate .
7, 4. Plagioclase enclosing grains of secondary calcite (Cul-
lowhee).
10, B. Calcite rhomb with slender needles of postcarbonate
actinolite (Mary mine).
" 15, A, B. Calcite replacing quartz (Ore Knob).
15, C, D; 16, A. Calcite replacing plagioclase (Ore Knob).
16, B. Ankerite replacing plagioclase (Craigford).
16, 0. Dolomite replacing plagioclase (Ore Knob).
16, D. Calcite replacing quartz (Ore Knob).
17, A, B. Calcite replacing quartz in vein (Burra Burra).
18, 4, B. Calcite replacing quartz in quartz vein (Burra
Burra). )
19, A. Calcite replacing quartz (Copperfield).
19, B, C. Calcite replacing quartz (Cullowhee). .
19, D. Calcite replacing quartz (Burra Burra).

20, A, B. Calcite replacing quartz along shear planes (Burra

Burra).

20, O, D. Irregular areas of calcite replacing quartz (Burra
Burra). .

21, A. Calcite in shear zones in quartz (Burra Burra).

21, B. Calcite replacing quartz along fracture planes (Isa-
bella).

Plate

22, A, B. Calcite replacing quartz (Dahlonega).

22, C. Siderite replacing quartz (Gold Hill).

22, D. Calcite replacing quartz (Gold Hill).

23, A, B. Plagioclase and quartz replaced by carbonates, first
by calcite and the calcite in turn by ankerite (Cop-
perfield).

24, A, B. Chlorite partly replaced by dolomite (Monarat).

24, C. Quartz replaced by calcite (Dahlonega).

24, D. Calcite replacing hornblende along cleavage (Cullow-
hee). -

25, B. Calcite forming veinlets in zoisite crystal (Mary mine).

25, C. Calcite forming veinlets in diallage (Mary mine).

25, D. Calcite forming veinlets in barite (Burra Burra).

26, A, B. Calcite replacing aplite (Ore Knob).

26, C. Calcite veinlets cutting garnet and magnetite (Cran-
berry).

27, A. Calcite replacing quartz (Burra Burra).

27, B. Quartz replacing ankerite (Valzinco).

28, A, B. Calcite veinlets cutting actinolite and zoisite crystals
(Mary mine).

28, €. Calcite veinlets cutting hedenbergite (Cranberry).

28, D. Quartz-barite rock with calcite in shear planes in quartz

(Peachbottom).

29, A, B, C, D. Calcite replacing quartz, plagioclase, and barite
(Peachbottom).

30, C. Ankerite and sulphide veinlets in plagioclase (Craig-
ford).

30, D. Calcite veinlets in barite (Peachbottom).

31, A. Calcite residual mass in ankerite, which has been em-
bayed and almost completely replaced (Fontana).

31, B. Ankerite forming along cleavage planes in calcite (Fon-
tana). )

31, C. Negative rhombohedrons containing liquid and gas
bubbles in dolomite (Monarat).

31, D. Large rhombohedron of a dolomite crystal in chlorite
(Monarat).

32, A. Calcite partly replaced by sulphides (Burra Burra).

32, B. Rounding. and replacement of calcite by sulphides
Burra Burra).

ORIGIN OF CARBONATES

The solution of the problem -of the paragenesis of
the pyrrhotite ore bodies of the Ducktown type in
the southern Appalachian region depends ‘very
largely upon determination of the origin of the carbon-
ates that are so abundant in many of them. If the
calcite, dolomite, and ankerite represent partly re-
placed limestone lenses the deposits are of the lime-
stone replacement type, and if the carbonates are
themselves hydrothermally deposited material the de-
posits are veins that have in general developed along
faults. n

During the early days of mining in the region the
carbonates were recognized, but the paragenesis was
not the object of primary interest, and the ore de-
posits were generally referred to as “ true veins.,” In
later years carbonates were believed to be unreplaced
parts of limestone lenses, and the ore bodies were re-
garded as being analogous to contact-metamorphic
deposits in limestone. This explanation has been
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presented in greatest detail in the report by Emmons
and Laney ** on the Ducktown district.

The economic importance of the Ducktown district
has kept alive an interest in its geology, while the
others, which were only prospected or at most briefly
operated, have been ignored or entirely forgotten.
This is unfortunate, for the small veins or those low
in copper may contribute information that is just as
vital to the problem of vein genesis as the commer-
cially successful deposit. In fact, small size and
compact relations are often an advantage and facili-
tate study. The ores of Ducktown and Ore Knob
are identical and cannot be distinguished even after
long familiarity. The Monarat ores differ less from
those at the Burra Burra mine, Ducktown, than those
in two parts of that mine, and the ores of Cullowhee
and Otto show an equally great similarity to those at
Ducktown. It is evident that the southern Appa-
lachian pyrrhotite bodies represent a single genetic
type, that they must all be considered together, and
that the explanation that applies to one must apply
to all.

The views of the early geologists about the Ore
Knob mine are given on pages 68-70. Emmons and
Laney, who have made the most recent study of the
Ducktown district, believe that the calcite represents
residual masses of marbleized limestone. Their con-
clusions are outlined by the following extracts*:

In the thick series of clastic beds of the Great Smoky
formation in the Ducktown district there is a definite zone
in which calcareous sediments were deposited. This zone,
which is probably immediately below the bed of staurolite
schist, containg thin and probably discontinuous and lenticular
beds of fairly pure limestone. This limestone is not known
to be exposed at the surface at any place within the distriet,
and indeed its occurrence was not suspected until the lime-
stone or its equivalent marble was found in the mines. * * *
The limestone is in the same stratigraphic zone as the ore
deposits, and when followed along its strike and dip it is
found to grade into a rock composed of the gangue materials
of the ore with more or less of the ore itself. In nearly
every mine in the district the massive sulphide ore presents
incontrovertible evidence of having replaced beds of limestone.

* * * The gangue minerals are mainly actinolite, garnet,
tremolite, pyroxene, zoisite, and other lime-bearing minerals
that arve well-known products of the metamorphism of lime-
stone. * * * The ore bodies lie in roughly-parallel belts,
and not all the deposits of a single belt are connected by ore.
No limestone is exposed in the intervals between the deposits.
It is therefore inferred that the limestone was originally
deposited in disconnected lenses and not as a continuous bed.
It is believed, however, that the zone in which the limestone
occurs is continuous and that in the Ducktown district prob-
ably only one such zone exists. * * * The occurrence of
the ores in a number of parallel belts is explained by the
folding, faulting, and subsequent erosion of a single zone,

# Emmons, W. H., and Laney, F. B., Geology and ore deposits of the
Ducktown mining district, Tenn.: U.S. Geol. Survey Prof. Paper 139,
1926.

® Idem, pp. 19, 64, 81.
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Several kinds of evidence contribute toward an un-
derstanding of the paragenesis of the southern Ap-
palachian copper-bearing pyrrhotite veins. These
are stratigraphic position; structural relations with
the country rock; structural relations within the
veins; and the vein minerals and their interrelations.

Stratigraphic position of ore bodies—The Ore Knob
vein occurs in the Carolina gneiss, of early pre-
Cambrian age, near its contact with the Roan gneiss.
The Gossan Lead is also in the Carolina gneiss, ac--
cording to the geologic map of Virginia compiled by
Watson, or the Lynchburg gneiss as given on the geo-
logic map compiled under Nelson and printed in 1928.
Peachbottom is in the Carolina gneiss northeast of Ore
Knob but lies northeast of the prominent ridge formed
by the Roan gneiss; Ore Knob lies southeast of the
same ridge and probably does not occupy the same
structural position in the gneiss. The Otto and Way-
hutta veins are in the Carolina gneiss and follow its
strike approximately but occupy two distinct zones
that are probably not repetitions of beds at the same
horizon. The Savannah vein is in part in Carolina
gneiss and in part in pegmatite of igneous origin.
The deposits at Ducktown are in the Great Smoky
formation (see p. 21), which has been assigned to
the Lower Cambrian by some geologists but to the
pre-Cambrian by others, and the Fontana vein is in
the same formation. The Cullowhee, Elk Knob, and
Copper Knob veins are in the Roan gneiss, a metamor-
phosed intrusive sill, and the Floyd County nickel-
bearing pyrrhotite vein is in a mineralized eompound
igneous dike enclosed in granite. The complex
tolding in the region makes it difficult to correlate beds
at different localities, but when all the deposits are
considered there is at least one and probably several
mineralized zones in the early pre-Cambrian Carolina
gneiss, three deposits in the Roan gneiss, and one
or more zones in the Great Smoky conglomerate that
contain deposits of the same type. The Cranberry
iron mine contains large masses of calcite, although it
is on a mineralized zone of pegmatite lying in the
Cranberry granite.

It is thus evident that copper-bearing veins similar
to those at Ducktown occur in a metamorphosed in-
trusive rock where limestone lenses are precluded
(Roan gneiss; see pl. 19, B, C) ; and in quartz schists
of quite different ages where limestone lenses are ab-
sent or have been postulated only in connection with
the Ducktown ore bodies. The Cranberry iron mine,
which also contains calcite lenses, and the nickel-bear-
ing pyrrhotite vein of Floyd County, Va., are in
granite. '

Structural relations—The relations of the Ore
Knob vein to the country rock have been described
by several geologists (see p. 68), and their observa-
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tions can be easily checked by ‘anyone visiting the
locality. The beds of the Carolina gneiss enclosing
the Ore Knob vein dip about 45° SE., but the vein it-
self cuts sharply across them and is nearly vertical.
This relation alone precludes the possibility of a re-
placed limestone lens as the primary cause of the Ore
Knob vein.

The Otto .ore body has not been fully delineated,
but it appears to be a branching vein that does not
have the relation of a limestone lens in the schist.
The Savannah vein strikes southeast in country rock
that strikes southwest, and it has been formed entire-
ly by the replacement of schist and pegmatite. The
Monarat ore bodies of the Gossan Lead are very thick
lenses of ore enclosing great blocks of aplite, schist,
and gneiss. It seems quite improbable that any sedi-
mentary bed, and especially a limestone, should now
be occupied by an ore zone that locally contains abun-
dant schist and aplite masses, but with nothing that
resembles limestone masses and with few carbonates.
Parts of the Huey mine, at Monarat, and the Betty
Baker mines, of the Gossan Lead, cut sharply across
the structure of the schist.

Emmons and Laney %° recognize very notable de-
partures from structural conformity with the country
rock at Ducktown but believe that they can all be
explained as the result of folding, faulting, dragging,
enclosure of fragments of brecciated graywacke in
secondary calcite, and redeposition of calcite. How-
ever, when all the ore deposits of the Ducktown type
are considered together the structural relations pre-
sent very clear evidence against the theory of replaced
limestone lenses.

Replacement of schist and gneiss by sulphides.—
All the copper-bearing pyrrhotite veins of the south-
ern Appalachian region show evidence that the schists
and gneisses have been directly replaced by sulphides.
Parts of the Bumbarger ore body, at Monarat, are
especially conspicuous for the large proportion and
large size of the partly replaced blocks of gneiss and
aplite that it contains. Their egg-shaped or lenslike
form, slickensided exterior, and irregular orientation
represent an internal vein structure that can be ex-
plained only as a result of faulting and fracturing of
gneissoid country rock intruded by aplite. On the
road between Jackson Ferry and Hillsville the Gossan
Lead has directly replaced sheared but unbrecciated
schist, as shown in plate 34, B, and there is no evi-
dence of the presence of any replaced lime carbonates.

The Ore Knob ores contain many rounded and partly
replaced fragments of schist enclosed in sulphides.
The Wayhutta vein and the Savannah vein outside
of the pegmatite are purely the result of the replace-
ment of schistose country rock. Where the Savannah
vein cuts a pegmatite mass sulphides have developed

% Bmmons. W. H., and Laney, F. B,, op. cit., pp. 82, 83.
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just as abundantly as where the vein cuts the country
rock. Sheared but undisplaced schist (see pls. 34, 4,
and 35, 4) and variously oriented masses of schist
are present in most of the mines, where they show
various degrees of replacement. The masses are best
illustrated at Monarat, where rounded, slickensided,
and partly replaced boulderlike masses of schist are
abundant in parts of the workings. Associated with
these are boulders of aplite and quartz that show
similar relations. Thus it is clear that limestone
lenses are not essential for the development of deposits
of the Ducktown type.

Vein calcite and its relation to quartz—The pyrrho-
tite veins of the southern Appalachian region and the
Cranberry magnetite deposit show evidence that vein
quartz has been invaded and replaced by calcite and
the same relation holds in the Vlrglhna copper dis-
trict, at Gold Hill, at Dahlonega, and in the James
River gold belt of the Piedmont region. ,

The most significant feature observed by the writer
at Ducktown occurs on level 6 of the Burra Burra
vein, at the northernmost working in the London mine.
Here the vein has pinched down to a width of about 4
feet and is composed predominantly of quartz and
calcite. It contains almost no ferromagnesian min-
erals and no minerals of the limestone replacement
type, sulphides form only narrow lenses, and the vein
has been slightly sheared but not brecciated. For these
reasons the relations are simple and clear-cut and show
most convincingly the relation between quartz and cal-
cite. At this point the Burra Burra vein is essentially
a quartz vein that does not differ in any important way
from many other quartz veins of the region. Calcite is
somewhat less abundant than quartz but is all enclosed
within the massive vein quartz, in which it forms
narrow lenses and stringers. The purest of the calcite
contains rounded and embayed grains of vein quartz,
and the most massive quartz has been invaded by cal-
cite veinlets and disseminated grains, which become
less and less abundant away from the shear zones that
were the site of invasion. The mode of occurrence
and the relations between quartz and calcite or
other carbonates are shown in plates 17 to 22 and 27.
Some of the lenses of calcite are continuous for a meter
or more but others thin out and disappear within a
few centimeters. Many of the shear planes run nearly
parallel to the vein, but many of them cut across the
vein at low angles (pl. 20, 4, B) and others are very
irregular in form (pl. 20, D).

Zones of small échelon fractures that are filled with
calcite are shown in plate 21, 4, and numerous small
calcite veinlets run transversely from the large calcite
zones in many of the specimens, as shown in plate 21,
B. The microscopic structures of these specimens are
illustrated in plates 18, 4, B, and 19, D, which show
the manner in which calcite was formed along zones
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~and the rounded and embayed habit of the residual
quartz lenses and individual grains. In the same way
shear zones have been the sites for replacement of
Roan gneiss by calcite, as in specimens from the Cul-
lowhee mine, shown in plate 19, B, C.

Calcite and quartz are very closely associated
throughout the Ducktown deposits. An unusually in-
teresting group of veins is represented in the repro-
duction of a flashlight photograph shown in plate 17.
The veins lie about 300 feet away from the Burra
Burra vein on the 14th level of the McPherson shaft,
block 22 N. The veins are enclosed in gneiss and are
composed predominantly of quartz but contain notable
amounts of calcite and sulphides, which occupy irreg-
ular areas 3 to 10 centimeters in diameter. A speci-
men from one of the veins illustrated in plate 17, B,
is composed entirely of calcite on the left and quartz
on the right. On the reverse side of the slab, which is

3 centimeters thick, calcite occupies almost the entire

vein. The replacement of quartz by carbonate is also
shown by veinlets of calcite, dolomite, or ankerite cut-
ting through single quartz crystals, as shown in plates
16, D, and 24, €. Thus calcite that has definitely re-
placed quartz is characteristic of the main veins at
Ducktown and also occurs in small quartz veins far
outside the main vein.

The Monarat deposit, on the Gossan Lead, contains
little dolomite and quartz, and at the Betty Baker
mines dolomite is almost the only gangue mineral,
and so the relations between quartz and calcite at the
Gossan Lead are not easily determined. At Savannah
and Wayhutta carbonates are practically absent. At
Ore Knob, Otto, Cullowhee, and Peachbottom the rela-
tions between quartz and calcite are similar to those
at Ducktown. In these deposits the quartz is all
rounded and embayed, as in the calcite lenses on level
6 of the Burra Burra vein, and in many specimens the
replacement has been so complete that isolated areas
that extinguish simultaneously are all that remain of
former single crystals of quartz. The rounded and
embayed quartz grains shown in plates 15,4, B, 19, D)
27, A; and 29, 4, are not unusual forms but represent
the normal habit of quartz in all the veins. There is
a striking difference in the habit of the rounded and
embayed quartz that has been replaced by calcite,
shown in plate 27, 4, and the sharp euhedral forms
assumed by quartz which has replaced preexisting
calcite of other carbonate, as shown in plate 27, B,
illustrating euhedral quartz that has replaced siderite
in the Valzinco mine of Spottsylvania County, Va.
Carbonates that have formed entirely within single
quartz crystals are shown in plates 15, 4, B, 19, 4,
B, C; 24, C; and 27, A. ‘

The specimens shown in plates 15, 4, and 19, 4,
show carbonates that are euhedral against quartz and

so constitute unusually good evidence that carbonates
are later.

The replacement of quartz by calcite is also shown
by the presence of minute streams of magnetite grains
that are characteristic of quartz and that can be traced
from a rounded quartz grain far out into the sur-
rounding calcite. Thus the physical relations of
quartz and calcite in the veins of the Ducktown type
are not those of incoming quartz but of incoming
calcite. , '

Specimens of vein quartz containing carbonates
from the Cranberry iron mines (pl. 2, '), the Dahlo-
nega gold mines (pl. 22, 4, B), the Gold Hill mines
(pl. 22, D), and Copperfield, Vt. (pl. 23, 4), show
that quartz and calcite bear essentially the same re-
lations to each other as at Ducktown, and in these
other deposits there has been no postulation of lime-
stone lenses. A specimen of massive garnet and
granular magnetite from Cranberry that shows the
evidence of incoming calcite is illustrated in plate
26, C. The garnet is cut by many prominent veins of
calcite, and both garnet and magnetite have been shat-
tered and replaced by calcite.

Replacement of plagioclase by calcite—The Ore
Knob, Monarat, Peachbottom, Otto, Cullowhee, and
Ducktown veins contain plagioclase that has been re-
placed by carbonates, and replacement of this type is
lacking only at Savannah and Wayhutta, where there
are almost no carbonates, and at Fontana, where feld-
spar is not abundant. The most conspicuous example
of replacement of plagioclase by calcite has been ob-
served at Ore Knob, where there is abundant evi-
cdence of replacement of aplite and pegmatite, as in-
dicated by the calcite veins in aplite that are shown
in plate 26, 4, B. Thin sections which contain plagio-
clase that shows embayment and rounding of plagio-
clase crystals by calcite are illustrated in plates 15,
¢, D; 16, A, B, C; 23, B; and 29, B, D. Invading
tongues of calcite in plagioclase are shown in plate
23, B, and numerous small areas of calcite impreg-
nating plagioclase are shown in plate 16, 4. Aplitic
granite is especially abundant at Otto and Cullowhee,
and at both places it has been replaced by calcite.
Plagioclase is not abundant at Ducktown, Monarat,
and Peachbottom, but in all these places it has been
locally replaced by calcite.

Hydrothermal wvein minerals cut by calcite vein-
lets—The vein minerals of the high-temperature
group are all cut by veinlets of calcite, although in
general they have not been extensively replaced by it.
Thus at Ducktown pyroxenes and zoisite contain vein-
lets of calcite, as shown in plate 28, 4, B. Magne-
tite, garnet, and gahnite locally contain veinlets of
calcite, but have not been extensively replaced. Bar-
ite at Ducktown and Ore Knob contains veinlets of
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calcite;as sHown.in. plate 25, D, and at Peachbottom
the original vein material was aplite or quartz, which
was replaced by barite and that by calcite, as shown
in .plate 29. These relations show that calcite is the
mvadlng and not the invaded mlneral and therefore
it is true vein material.

Character of the carbonates—The analyses of car-
bonates from several veins in. the southern Appala-
chian region given on page 67 show that the calcite
is usually a rather pure calcium carbonate. Ore
Knob calcite is characterized by a rather high content
of MnCO; and Fe,O; and some of the calcite at
Ducktown contains manganese. The carbonate at
Monarat is dolomite, and that at Fontana consists of
ankerite and a little calcite. Thus there is no corre-
spondence in the composition of the carbonate in the
different deposits.

The carbonate in practlcally all the veins shows
perfect negative crystals that contain liquid inclu-
sions and freely moving gas bubbles. The dolomite
at Monarat is marked by.zonal variations in compo-
sition that show characteristic crystal outline. The
ankerite at Fontana has replaced calcite, and a few
residual cores of calcite are still present, as shown in
plate 31, 4, and numerous veinlets of dolomite in cal-
cite are shown in plate 81, B. The perfect negative
crystals, the zonal variation, and the partly replaced
cores of calcite enclosed in ankerite are character-
istics that would be expected in a carbonate deposited
by solutions but that would not form or be preserved
in a marble that had undergone the profound defor-
mation of the enclosing schists. ,

Calcite in other ore deposits of the region. —Abun-
dant calcite is not unique at Ducktown, and a partial
search of the scattered literature has revealed refer-
ences to calcite, dolomite, or siderite in about 50 mines
or mining districts of the southern Appalachian and
Piedmont regions. Many of these are in slates or
schists where limestone lenses are not precluded
though not generally recognized. A few ore deposits,
such as those in the vicinity of Kings Mountain, N.C.,
are associated with well-recognized limestone beds.
However, at least 10 ore deposits of the region-and
probably several others are in either volcanic or in-
trusive igneous rocks. Carbonates are abundant in
the Virgilina veins, which cut metamorphosed vol-
canic rocks. Here, according to Laney, the geologic
relations are such that all the vein materials must
have been introduced. Large masses of very pure
calcite occur in the Cranberry mine, which is enclosed
in granite Carbonates have been reported at Gold
Hill and in the Cid mining district, N.C.; at Dahlo-
nega and Columbia, Ga.; and in many ore depos1ts in

.Virginia. These carbonates are a common feature

of the ore deposits of the region and occur where lime-
stone lenses could not occur. Many geologists have

emphasized the similarity between the Ducktown de-
posits and those of Ely or Copperfield, Vt. Watson,
however, has shown (see p. 105) that the carbon-
ates at Ely are secondary and have replaced quartz,
calcite, and other vein minerals.

Conclusions.—All the lines of evidence set forth
in the preceding discussion of the carbonates lead to
the conclusion that the copper-bearing deposits of the
Ducktown type in the southern Appalachian region
were not dependent on the presence of limestone lenses.
for their formation and that the carbonates in these
deposits are not the remnants of partly replaced lime-
stone lenses but are vein minerals that have been
deposited from hydrothermal solutions.

POSTCALCITE SILICATES

A small group of silicates have formed by the re-
placement of calcite after the carbonate stage. These
are diopside, tremolite, a very little wollastonite, bio-
tite at Ore Knob, and possibly small amounts of talc
and epidote. The proportion of minerals belonging
to this stage varies greatly in the different veins. The
calcite at Ore Knob is almost free from silicate min-
erals, and it is clear that the postcalcite silicates form
a very insignificant part of the gangue minerals in
some of the veins. Carbonates are not now abundant -
at Monarat, but replacement by later minerals may
have eliminated most of those originally present; on
the other hand, they may never have been abundant.
Carbonates are abundant in the Betty Baker mine, but
replacing silicates are almost completely absent. On
the Jackson Ferry-Hillsville road carbonates are ab-
sent and the schists have been directly replaced by
silicates and sulphides; this indicates that carbonates
played no large part in vein formation at this place.
For this reason the proportions of high-temperature
precalcite silicates and the later postcalcite silicates
in the Gossan Lead cannot be exactly determined; it
is clear, however, that both are present in the deposit.

Postcalcite silicates are rare at Cullowhee and Otto
and are almost absent in the carbonates at Fontana
and Peachbottom. Carbonates did not play a. part in
the vein genesis at Savannah and Wayhutta, and all .
the silicates there belong to the hlgh temperature
stage.

In most of the deposits the amphiboles of the high-
temperature stage are iron-rich and rather dark-col-
ored, and this helps to distinguish them from the
paler-colored postcalcite amphiboles in some of the
veins. The Ducktown amphiboles have formed both
before and after the calcite stage, and for this reason
it is often hard to distinguish the minerals of the two
stages and determine their proportions. It is evi-
dent, however, that the postcalcite silicates are present
at Ducktown in greater abundance than in any of the
other veins unless possibly at Monarat.
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SULPHIDES

B

The hypogene sulphides are almost identical in all
the copper-bearing pyrrhotite veins of the southern
Appalachian region. They are pyrite, pyrrhotite,
chalcopyrite, sphalerite, and galena in all the deposits,
a very small amount of cubanite at Ducktown, and
arsenopyrite at Ducktown and the Betty Baker mine.
Pyrrhotite is the dominant sulphide in all the deposits,
and pyrite is second, although it varies greatly in dif-
ferent veins or parts of veins. Chalcopyrite and
sphalerite form a small percentage of the ore, and
galena israre. Hypogene pyrite is the earliest sulphide
in all the deposits of the region and has been replaced
by all the other sulphides. Pyrrhotite, sphalerite, and
chalcopyrite are partly contemporaneous, but most of
the sphalerite has followed pyrrhotite, and chalcopy-
rite has followed sphalerite. Galena was the last of
the hypogene sulphides to form.

Sulphides replaced carbonates—where these min-
erals were present—more extensively than any other
vein material, and plate 32 shows typical replacement
of calcite by sulphide. Schist was extensively re-
placed by sulphides, especially in parts of the Gossan
Lead (pl. 34, B), but such replacement was not
rave in most of the veins (pl. 35, 4). Almost
all the gangue materials are cut by veinlets of sul-
phides in such a way as to show that sulphides are
younger, as shown in plates 12, 4; 30, 4, B; 33, 4;
35, B; and 36. In general the formation of sulphides
\v1th1n the more dlﬁicultly replaceable minerals was
controlled by small fractures (pls. 33, 4, and 36, A,
B), but there may be distinct widening of a dep051t
initiated in a fracture (pl. 36, ).

Sulphides followed m&onetlte in most of the veins
but preceded magnetite in the Isabella-Eureka vein, in
the Ducktown district, as shown in plate 38.

The following illustrations show the occurrence and
relations of sulphides:

Plate

2, A, Sulphides replacing quartz and plagioclase (Cullowhee).

3, A. Sulphides in fracture planes in quartz (Ore Knob).

4, B. Finely disseminated sulphides in aplite (Monarat).

6, B. Sulphides in cleavage and shear planes in muscovite of
pegmatite (Savannah).

9, A. Sulphides in quartz-actinolite rock (Burra Burra).

10, A. Disseminated sulphides in granular quartz (Burra
Burra).

10, C. Sulphides in quartz (Burra Burra).

11, A, B. Sulphides in biotite- actmohte rock (A, Cullowhee;

. B, Monarat).

12, A. Sulphides in veins cutting actinolite (Monarat).

14, CO. Sulphides replacing actinolite (Isabella).

15, C, D. Sulphides replacing plagioclase (Ore Knob).

17, A. Sulphides in quartz veins (near Burra Burra vein).

22, D. Chalcopyrite in quartz (Gold Hill).

24, A, B. Sulphides replacing dolomite that has replaced
chlorite (Monarat).

25, A. Sulphides in fracture in actinolite (Eureka mine).

29, A, B, 0, D. Sulphides in calcite-barite rock (Peachbottom).
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Plate o

30, A. Sulphide veinlets in barite (Burra Burra).

30, B. Sulphide and calcite veinlets in diopside (Mary mine).

30, C. Sulphide and ankerite veinlets in plagioclase (Craig-
ford).

Sulphides in ankerite (Fontana).

Sulphides along border of a dolomite c1ystal (Mona-
rat).

Sulphides replacing calcite (Burra Burra). .

Sulphides that have partly replaced and rounded cal-
cite crystals (Burra Burra).

Sulphides in fracture planes in actinolite (Bast Ten-
nessee mine).

Sulphides showing residual unreplaced quartz and sili-
cates (Ore Knob).

Sulphides replacing schist (Gossan Lead).

Sulphides replacing schist (Burra Burra).

Pyrite in shear planes in quartz (Burra Burra).

Sulphide veinlets in quartz, actinolite, and gahnite (Ore
Knob). )

Sulphide veinlets in plagioclase (Monarat).

Sulphide veinlets cutting actinolite, anthophyllite, and
galinite (Ore Knob).

Pyrrhotite older than magnetite (Fontana).

Relations between pyrrhotite, sphalerite, chalcopyrite
and galena with supergene pyrite (Fontana).

37, C. Intergrowths of sphalerite and chalcopyrite (Fontana).

37, D. Relation of chalcopyrite and pyrrhotite (Fontana).

38, A, D. Magnetite replacing pyrrhotite along crystallographic

direction (Isabella).
38, B. Embayed area of sphalerite, chalcopyrite, and pyrrho-
tite in magnetite (Isabella).

38, C. Relations between pyrrhotite and actinolite (Isabella).

39, 4, C. Large pyrite crystals slightly embayed by enclosing
pyrrhotite (Burra Burra).
Relation between quartz, calcite, and sulphides, with
no selective replacement of calcite (Burra Burra).
Sphalerite partly replaced by supergene chalcocite (Fon-
tana).

Covellite replacing chalcocite (Fontana).

Residual unreplaced chalcopyrite in chalcocite (Fon-
tana).

Chalcocite replacing pyrite (Fontana).

Supergene pyrite with sphalerite and chalcopyrite (Fon-
tana).

Relations of sphalerite, pyuhotlte, chalcopyrite, and
galena, (Fontana).

41, 0. Supergene pyrite veinlets in chalcopyrite (Fontana).

41, D. Lepidomelane cut by sulphides (Ore Knob).

42, A, B, C. Chalcocite cut by veinlets of malachite (Betty
Baker mine).

Remnants of pyrite and chalcopyrite replaced by covel-
lite and covellite by malachite (Betty Baker mine).
Hypogene sphalerite enclosed in replacing chalcocite

(Betty Baker mine).
Chalcopyrite partly replaced by chalcocite and covellite
(Betty Baker mine).
Supergene pyrite replacing pyrrhotite (Betty Baker
mine).
43, D. Colloform supergene pyrite (Betty Baker mine).
44, 4, B. Violarite replacing pentlandite (Floyd County nickel
mine). )
44, C. Sulphides replacing igneous rock (Floyd County nickel
mine).
44, D. Unreplaced arsenopyrite crystal enclosed in pyrrhotite
(Betty Baker mine).

31, A.
31, D.

32, 4.
32, B.

33, A.
34, 4.
34, B.
35, 4.

35, B.
36, 4.

36, €.
36, D.

37, 4.
37, B.

39, B.
40, A.

40, B.
40, .

40, D.
41, A.

41, B.

42, D.
43, A.
43, B.

43, C.
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POSTSULPHIDE MINERALS

Cavity coatings—Most of the mines show no post-
sulphide minerals, but a small group comprising mar-
casite, hisingerite, drusy quartz, and siderite are pres-
ent at Ore Knob. These occur in or closely associated
with cavities, which may be several centimeters across.
The. most conspicuous of these minerals is siderite,
which forms perfect pale-brown rhombs that are deli-
cately perched on older minerals. Hisingerite seems

IN SOUTHERN APPALACHIAN REGION

belong to a distinctly later stage of vein formation.
Here the magnetite forms large irregular or rounded
masses that reach a maximum diameter of 4 or 5 centi-
meters, which are dominantly magnetite but are
usually complexly interwoven with sulphides. The
associated’ sulphides are well rounded or deeply em-
bayed, as illustrated in plate 38. It is evident that
replacement has left numerous isolated remnants- of
single pyrite or pyrrhotite crystals that are now en-
closed in magnetite.

o 8 Magnetite is normally formed at a higher

3 g g .
. = & L2 9, ° temperature than sulphides and so commonly
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higher temperature than the earlier sulphides,
and if so some process must have caused a
rise in temperature after the deposition of sul-
phides. It is probable that a new access of
heated solutions or gases entered the vein and
replaced sulphides or caused the partial oxida-
tion and redeposition of the iron of the pyr-
rhotite as magnetite.

The occurrence and relations of magnetite
are exhibited in the following illustrations:

Plate
26, C. Magnetite associated with garnet and cut by

veins of calcite (Cranberry).

36, B. Magnetite rims enclosed in plagioclase crystals

(Monarat).

37, A. Magnetite replaced by pyrrhotite (Fontana).

38, A, D. Magnetite replacing pyrrhotite (Isabella).

38, B. Magnetite enclosing replaced sphalerite, chal-
copyrite, and pyrrhotite (Isabella).

38, C. Actinolite partly replaced by magnetite (Isa-
bella).

SUPERGENE MINERALS

The supergene minerals that led to the early
development of the southern Appalachian

Ficurp 3.—Distribution of oxides in the different vein-forming stages

the formation of minerals containing that element.

to have formed at about the same time as siderite.
The drusy quartz preceded siderite.
Moagnetite—Magnetite is present in small amounts
in most of the copper-bearing veins of the southern
Appalachian region, but it is especially conspicuous
only in the Isabella-Eureka vein, in the Ducktown dis-
trict. In most of the mines magnetite is clearly asso-
ciated with the high-temperature silicates and is com-
‘monly rounded or embayed by sulphides, but the large
_conspicuous masses of magnetite in the Isabella-
‘Eureka vein appear to be later than sulphides and so

. The
dotted portions indicate periods during which an element was probably
present in the solutions, though its presence is not deflnitely shown by

copper deposits have been completely removed
in most of the mines. Friable (“sooty ”) chal-
cocite was the commercial ore of the enrichment
zones, but covellite, melanterite, cuprite, native
copper, chrysocolla, azurite, malachite, aurichalcite, .
chalcanthite, and a large group of iron sulphates are
present in small amounts.

Supergene sulpliides were observed only at Fontana
and are discussed in connection with the description
of that mine on page 93.

GENERAL OUTLINE OF GENETIC HISTORY

The minerals of the veins of the Ducktown type in
the southern Appalachian region have been formed

in distinct stages. Several of the stages are rather
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sharply separated from the preceding and succeeding
ones, but there was probably never any complete hia-
tus in the progress of vein development. Ore Knob
gives the most complete record of the genetic stages
and mineral relations, which are shown in figure 3.

Stages and important minerals in the
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The genetic stages and the important minerals in
the veins of the Ducktown type are given in the fol-
lowing table. The distribution of the more important
oxides in the different vein-forming stages is shown in
figure 3.

genests of veins of the Duckiown type

. Cran-
" - Way- - R -
Singo Mineras » 1 | Spsumn | Eonchs | Yy | S | Sawa | oo [eontans Duck- | oy
mine
Batholithic intrusion (7). Unknown n}_’ligiral compost- Not exposed at surface
Plagioclase._ . ____________ X X X X X X X X X I X
Microcline__ - . _______._.__ b2 G ORIV PSSR OSpIUPIDN RPIpIIpI PRI b G PO X X
Aplite-pegmatite. ... ______ - Quartz. oo X X X X X X D G P P X
Biotite. oo _____.__ b G (ORI I S X o|eooooo D G PR P
Muscovite. ... ________ X b G U X X X |eaoooo X X
Quartz. ..o ________ QuUartz. . cooo oo X X X X X X X X X X
Augite_ . .. ________ X b G PSSR (R X X b G PR X X
Garnet. ... _________ X D G P X X X D, G IR, X X
Hornblende___ .. __________ X b G X X X X |econcs X X
Actinolite-tremolite____.___ X X ofeooooo X X X D G X X
High-temperature silicates_.| Anthophyllite.____________ b G PR R, X X X X |eoaoao D G F,
Biotite. oo oo ______ X X ofaoooo- X X X X X X X
Epidote group. - ... ______ X D G X X X X X X X
Gahnite- .- ____________ b G P . X X X DG PRSI PRI I
Magnetite. . ..o .________ X X feeaee X X X X feaeaas X X
Barite. ... ________ X X X X b N X jeceaao X jeceea-
Caleite_ - ... _________ X feaooos b G R X X X X X X
Carbonates. . - _._.._.... Dolomite.o.oooooooo___. X b GRN FSUSPN F FROIPR PSRRI S MIU X feceooo
Ankerite. ..o _.____ D G FEUNU SRR IR SR AU D G
Actinolite-tremolite X D GRS (R TSR IR, FOSIRN ISR I X X
Postcalcite silicates......_- Diopside_ . ...----- b FROSURR FUR, RN IR FI, SRR D G P
Biotite. oo o __.___ b SN FRORRRPUN [N (RPN PRORPIY IR IR IR IR I
Pyrite____ ... X X D G PR D G P D G X X
Pyrrhotite.. .- _____._____._ X Xoofeaoooo X X X X X X X
%Jl)alerite__--_----, ...... X X X X X X X X X X
Sulphides______ ecceeeae- halcopyrite__. ... .____.. X X X X X X X X X X
‘Galena oo _.___.__.____ X X D PRSI AU (R R X fecocaa
Chalmersite oo oooceo|ocaaan b PR IR RO PRI PR R D S I,
Arsenopyrite. .- oo oo oo e e e e e X feeooo-
Chlorite_ .- ___._______ X D G P X X X X X X X
Late solution and second- | Tale_ .- . ____._____ X b, G ORI F X X X X X |eceaa-
ary minerals. Hisingerite - . ____________ DG FRURRPRIR NRRUUPUON FOUUIPIRUO RPN PR, Do SN (RRSRPRS PRSP RPN
Siderite_ - oo _____ b2 G IRORRPIUIV NUUIPR ST RO FUUIPIPHUS PPN [VRUIORP RPROUU MU

o Minerals that are rare or doubtfully present are not indicated in the table.

This table shows the close parallelism in the min-
erals developed in the different veins of the Duck-
town type. It also shows that in general the same
genetic stages are represented in each mine. How-
ever, one or more of these stages may be missing—
for instance, the carbonate stage at Wayhutta. The
vein of the group that shows the least similarity to
the other is that at Peachbottom, where no ferromag-
nesian silicates were developed and pyrrhotite is
absent.

The veins that show the closest similarity are those
at Ducktown, Ore Knob, the Gossan Lead, Fontana,
Cullowhee, Savannah, and Otto. The minerals de-
veloped in the Cranberry iron mine are included for

comparison, although the stages are not just the same,
and it is probable that they have no genetic relation
to the copper-bearing pyrrhotite veins.

The intrusive batholith whose differentiation is sup-
posed to have yielded the hypabyssal intrusives and
hydrothermal differentiation products described in
this paper is not known to be exposed at any place in
the region. It may be represented by some of the
intrusive rocks of the region, but so far it has not been
possible to correlate any of them with the ore depos-
its. Its existence is therefore arrived at only by
inference, but it seems evident that the vein-forming
materials must have been derived from some parent

magma.
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This unknown parent magma differentiated into a
crystal fraction and a feldspar-rich residuum, which
occupied the interspaces within the crystal fraction,
and the intrusion of the gneisses and schists by this
residual magma initiated the formation of most of the
copper-bearing pyrrhotite veins. On solidification it
gave rise to aplitic granite, aplite, or pegmatite, and
most of it crystallized as a normal intrusive rock, but
a part of the material seems to have been so rich in
water that it had the power to replace the country
rock and produce albite or oligoclase gneisses.

The aplite and pegmatite contained some quartz,
but most of the quartz of the veins followed aplite
and belongs to the succeeding quartz stage. The
quartz stage was followed by a stage which is charac-
terized by ferromagnesian silicates (dominantly
pyroxenes, epidote, amphiboles, biotite, and garnet)
and oxides (gahnite and magnetite) - of the high-
temperature type in all the deposits except at Peach-
bottom, where barite is the only mineral of this group.
- It is probable that talc and chlorite were formed dur-
ing the high-temperature stage, although part of these
minerals were probably formed during later stages.

The next stage was characterized by vein-forming
carbonates that are abundant gangue minerals in most
of the deposits and are present in traces in others.
Calcite is the most abundant carbonate, although
manganiferous calcite, dolomite, and ankerite are the
characteristic carbonates in some deposits. Calcite
was the first carbonate to form at Fontana and was
later replaced by ankerite. Quartz and plagioclase
were extensively replaced by carbonates in all the
veins, but the ferromagnesian minerals were only
slightly replaced. '

A small group of calcium-rich silicates were formed
Ly replacement of carbonates in all the veins where
those minerals were present, but in several of the
veins these postcalcite silicates form a very minor
portion of the gangue minerals.

Sulphides succeeded postcalcite silicates and re-
placed carbonates most abundantly in the veins in
which they were present, and in a decreasing ratio
they, replaced schist, vein quartz, feldspar, and ferro-
magnesian silicates.

The vein-forming process was ended by the forma-
tion of sulphides in most veins, but very small
amounts of siderite, marcasite, and hisingerite fol-
lowed sulphide at Ore Knob, and postsulphide mag-
petite was formed in the Eureka-Isabella vein, in the
Ducktown district.

FACTORS CONTROLLING DEPOSITION OF VEIN MINERALS
MINERAL REPLACEMENT
The minerals of the copper-bearing pyrrhotite

veins were formed by direct crystallization from
magma, by direct crystallization from solutions, by

COPPER DEPOSITS OF DUCKTOWN TYPE IN SOUTHERN APPALACHIAN REGION

replacement of older minerals by younger ones, and
by alteration of one mineral to another; but mineral
replacement was the dominant mode of mineral for-
mation in all the veins.

The aplite magma of the copper-bearing pyrrho-
tite veins is believed to have been intruded into faults
or fractures, where most of it crystallized as a normal
igneous intrusive, but a part of it appears to have im-
pregnated and replaced schist. The material that
formed the quartz of the massive vein-quartz type
also entered along fractures and may have been
under sufficient pressure to make some space for itself
by forcing the walls apart. In parts of the Ore
Knob mine it filled spaces between brecciated aplite,
but a very large part of the quartz was formed by the
replacement of schist. The fault planes and other
fractures provided a means of ingress for the solu-
tions and were the centers from which replacement
progressed outward. As quartz was deposited early
in the period of vein formation and at a moderately
high temperature (above 575°), it is probable that
the solutions were fairly concentrated.

The minerals of the high-temperature stage were
practically all produced by the replacement of schist,
aplite, or quartz. A small proportion of carbonate
probably filled open spaces by direct crystallization
from solutions, and ferromagnesian minerals were

slightly replaced, but most of the carbonates replaced

schist, aplite, or quartz. In all these processes, subse-

‘quent to the deposition’ of aplite replacement was

dominant, and the replaced material must have been
removed on a large scale—that is, most of the chemi-
cal energy represented in vein formation must have
been expended not so much in the introduction of

‘material as in the re-solution and removal of material.

It seems that these conditions preclude the presence
of magmas in later vein-forming processes. Ele-
ments of low solubility in a vapor phase, under condi-
tions favoring hydrolysis, were dominant in the in-
coming or outgoing solutions in all stages of vein
formation subsequent to the deposition of aplite, and
so the dominance of liquid hydrothermal solutions
is indicated. This seems to preclude the dominance
though not the presence of vapor phases.

The minerals of the southern Appalachian veins as
a whole show unusually little alteration, and most of
them are entirely unaltered and retain their original
crystal form. The only extensive alteration has been
that of biotite into chlorite, which is illustrated in
nearly all the veins, and of chlorite into talc, which
has occurred in several of the veins. Most of the
albite shows no alteration, but in a few specimens
mica has formed within albite. Augite shows a very
small amount of alteration to hornblende. The lepi-
domelane enclosed in sulphides, as shown in plate
41, D, is locally bleached to an almost colorless mica.
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A very small amount of leucoxene has formed at the
expense of titanite, and a very little serpentine from
some older ferromagnesian mineral. Some talc is
the result of the replacement of tremolite and dolo-
mite, but most of it is secondary to light-colored

chlorite.
FAULTING AND FRACTURING

Movements have taken place in all the veins of the
district and definite faults have been recognized in
some. Emmons and Laney ** say: ‘

It is believed that the displacement of most of the faults
{s small. * * * The most obvious evidence of faulting is
found in the mines. What is probably the largest fault in
the district appears in the Burra Burra mine, where large
fragments of graywacke have been dragged into the ore body
as a fault of breccia.

The following illustrations show fracturing of
minerals :

Plate

1, A. Quartz-albite veinlet in sheared microcline (Cranberry).

1, B. Fractured feldspar filled by veins of quartz (Cullowhee).

3, 4. Fractured quartz with veins of sulphides (Ore Knob).

8, B. Fractured aplite with interstitial filling of chlorite (Ore
Knob).

4, A. Replacement of feldspar by hornblende along shear
planes (Cranberry).

6, B. Crumpled muscovite with veins of sulphides (Savan-
nah).

S, B. Sheared and faulted quartz with sulphide veinlets (Ore
Knob). :

10, C. Actinolite forming in a shear plane (Burra Burra).

12, A. Fractured actinolite with filling of sulphides (Mona-
rat). ’

17, A, B. Quartz veins in schist (Burra Burra).

18, A, B. Calcite in shear planes in quartz and schist (Burra'

Burra).

19, B, 0. Calcite in shear zones in quartz and Roan gneiss -

(Cullowhee).
20, A, B. Calcite in shear zones in quartz (Burra Burra).
21, A. Calcite in shear planes in quartz (Burra Burra).
21, B. Calcite in fractures in quartz (Isabella).
22. B. Calcite in shear planes in quartz and schist (Dahlonega).
22, C. Ankerite in shear planes in quartz (Fontana).
25, A. Fractured actinolite with veins of sulphides (Bureka).
25, B. Zoisite crystal with vein fillings of calcite (Mary mine).
25, 0. Diopside crystal with vein fillings of calcite (Mary
mine).
D. Calcite filling fractures in barite (Burra Burra).
C. Fractured garnet and magnetite with veinlets of calcite
(Cranberry).
28, A, B. Fractured crystals with veinlets of calcite (Mary

25,
26,

mine).

28, C. Fractured hedenbergite with veinlets of calcite (Cran-
berry). )

28, D. Calcite in parallel shear zones in quartz, plagioclase,
and barite (Peachbottom).

30, A. Fractured barite with veinlets of sulphides (Burra

Burra mine). )
30, B. Fractured diopside with veinlets of sulphides (Mary
mine).

81 Emmons, W. H., and Laney, F. B., op. cit. (Prof. Paper 139), pp.
24-25, 54-55. '
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Plate

30, C. Fractures in, feldspar filled by veinlets of carbonate
and sulphides (Craigford). . .

Fractured calcite with veinlets of ankerite (Fontana).

Fractured calcite partly replaced by sulphides (Burra
Burra). .

Fractured actinolite with veinlets of sulphides (Ten-
nessee mine).

35, B. Sulphide veins in sheared quartzite (Burra Burra).

36, 4, C. Fractured minerals with veinlets of sulphides (Ore

Knob).

The thorough brecciation of quartz and feldspar at
Ore Knob is shown in plates 3, B, and 34, 4, and of
feldspar at Cullowhee in plate 1, B. Similar condi-
tions prevailed at Ducktown. The very extensive
movements within the vein are shown by the boulder-
like masses within the ore in parts of the Monarat
mines.

The ferromagnesian minerals were very generally
fractured at Ducktown and in all the othér copper-
bearing pyrrhotite veins of the region. Large crystals
of zoisite were broken and sulphides deposited in the
cracks. Amphiboles were so much fractured that an
entire hand specimen may not show a single undam-
aged crystal. The fractures are commonly so closely
spaced that an actinolite crystal a few millimeters
long may contain many fractures, as shown in plate
33, 4. Many of the broken segments are only slightly
displaced or separated, showing that the vein move-
ments were not in all places so great that thorough
dislocation was produced. The quartz and schist have

31, B.
3., A.

33, A.

~ been locally sheeted and calcite deposited in the shear

planes, as illustrated in plate 21, 4, and quartz frag-
ments are disseminated throughout the ores.

Carbonates are minerals that yield readily to
stresses and so poorly record fracturing under deep-
seated conditions. For this reason the carbonates in
the veins of the Ducktown type show little fracturing.
However, the widespread twinning exhibited by car-
bonates is probably the result of stress. The mixture
of calcite with schist, quartz, and silicate minerals
shown in plate 343 4, is no doubt the result of thor-
ough brecciation.

Although there is much evidence of movements in
the copper-bearing pyrrhotite veins, there is a com-
plete absence of the regional deformation that char-
acterizes the schists and gneisses that form the country
rock of the region, and there was only minor folding
of the rocks during or subsequent to vein formation
and no production of schistosity within the vein.
Fracturing, distortion, and recrystallization are only
local and have been produced by the same forces that
produced the fracturing associated with mineral for-
mation. Most of the minerals in the veins are very
fresh, a large proportion retain their original euhedral
outline, and many have not even had the zonal varia-
tions in composition disturbed. Original cavities de-
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veloped during vein-forming processes have not been
eliminated by pressure.

Some of the vein-forming stages are rather sharply
scparated from one another. Thus, the transition
from the formation of high-temperature silicates to the
formation of vein carbonates signifies a very great
change in the material deposited, and probably the
change during the transition from quartz to ferromag-
nesian minerals and from carbonates to sulphides was
equally great. It seems probable that there were time
intervals between some of the stages, although they
certainly belong to the same general process of vein
formation.

The changes in the character of the solutions at dif-
ferent stages of vein formation possibly date back to
changes within the crystallizing magma and are dis-
cussed on pages 61-62. However, the cause of the
abruptness of the change from quartz to silicates, to
carbonates, and then to sulphides seems to lie partly
within the veins themselves. The fracture or breccia-
tion of the vein materials seems to offer an explanation
of the initiation of successive mineral stages.

It seems evident that from time to time there were
movements, possibly not great ones, that opened and
reopened the veins and permitted an access of solu-
tions. The intimate fracturing of a large proportion
of the vein materials seems to indicate that the veins
became porous and easily permeable to solutions at
several stages, and it is probable that these movements
were the factors that initiated new stages in vein
development. Fracturing would open channels for
hot active solutions to ascend from the differentiating
igneous mass below. These solutions would grad-
ually fill the fractures with new minerals that eventu-
ally clogged the channels of access, and finally the
vein became more or less completely sealed off from
the source solutions. 'A renewed movement would
permit a new surge of solutions, but in the meantime
cooling or other changes within the differentiating
mass may have changed the nature of the solutions,
thus producing a very sharp difference in the min-
erals deposited by the later surge of solutions. This
suggestion is strongly supported by the present con-
ditions in many of the mines. Many parts of the
Burra Burra vein at Ducktown are remarkably tight
at the present time. There are few open spaces, its
porosity is low, and it contains very few fractures or
even incipient joint planes. The entire roof of a new
stope may not show a single fracture or joint plane.
Emmons and Laney %2 report that after a fire in 1909
the shaft of the London mine was allowed to fill with
water, and that when this was pumped out some

-months later it was found that water had not been
able to enter one stope. The walls had been so im-
pervious that the air had not escaped under a pressure

82 Emmons, W. H., and Laney, F. B,, op. cit.,, p. 66.

aplite enclosed in the ores at Monarat.

COPPER DEPOSITS OF DUCKTOWN TYPE IN SOUTHERN APPALACHIAN REGION

of about 90 feet of water. Notwithstanding the pres-
ent tightness of the vein, every specimen proclaims
the thorough fracturing of all the preceding vein
minerals and the great porosity that existed at the
beginning of sulphide formation. It is evident that
the sulphides filled all available open spaces as they
crystallized and so sealed off the vein. A postsulphide
epoch of vein formation could have been initiated
only by new fracturing that opened the vein to a new
access of solutions, and it is believed that reopening of
the vein marked the beginning of sevéral successive
vein-forming periods.

PRESSURE OF SOLUTIONS

Reasons are given on page 49 for believing that
high pressures may be developed during the late
magmatic and hydrothermal stages of magmatic dif-
ferentiation. There is abundant evidence in the cop-
per-bearing pyrrhotite veins of the southern Appa-
lachian region that the vein-forming materials were
introduced under pressure. The main channels of
ingress for vein-forming solutions were no doubt
faults and major fractures. However, these solutions
were able to penetrate capillary and subcapillary
spaces, as shown by the thorough soaking and re-
crystallization of partly replaced blocks of schist and
The develop-
ment of new minerals entirely enclosed in old ones
without apparent fracture is also evidence of great
penetrating power.

.CHEMISTRY AND PHYSICS OF VEIN FORMATION

The foregoing pages of this report have given a ge-
netic history of the copper-bearing pyrrhotite veins
and related ore deposits of the southern Appalachian
region that presents fundamental problems regarding
the source of vein-forming materials and the physical
and chemical processes that controlled their segrega-
tion, transportation, and deposition. Most students
now believe that the development of a large propor-
tion of ore deposits is a part of the larger story of
magmatic differentiation. Petrologists, by field and
geophysical methods, have made notable progress in
elucidating the pyrogenetic phases of differentiation,
and economic geologists have been adding to our
knowledge of the late stages to which many of the
metallic minerals of ore deposits are believed to be-
long, but many of the intermediate, postpyrogenetic
stages of differentiation remain obscure. These
stages have not been adequately studied because the
Iaboratory investigation of systems rich in volatile
constituents is unusually difficult, and vein-forming
processes have left a very imperfect record to aid the
field geologist.

The copper-bearing pyrrhotite veins, with their long
and well-recorded genetic history, present an un-
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usually good opportunity for the study of some of
these intermediate phases of magmatic differentiation,
which constitute the early antecedents of ore deposi-
tion.” For these. reasons it seems proper to consider
some of the problems of ore deposition in the light of
the genetic history here depicted and to correlate so far
as possible: this history with some of the recent lab-
oratory experiments on geophysical problems. With
this end in view the probable sequence of processes in
magmatic differentiation and vein formation, as inter-
preted by our present knowledge of geologic relations
and physicochemical laws, is presented in the follow-
ing section. This interpretation of processes sets forth
some conclusions that seem clearly indicated and others
which are only tentative and for which the evidence is
incomplete. It is believed that some parts of this
study will help to clarify the knowledge of vein-form-
ing processes and that other parts will serve to indi-

cate where the evidence is most faulty and where

further research is most needed.

PHYSICAL DIFFERENCES BETWEEN MAGMAS AND
' HYDROTHERMAL SOLUTIONS

The most essential difference between magmas and
hydrothermal solutions is the minor part played by
volatile constituents in magmas and the dominant
part they play in hydrothermal solutions. It is prob-
able that almost all magmas contain volatile constitu-
ents among which water is most abundant, but the
proportion must vary widely. By some it has been
assumed that these constituents play a very important
part in controlling the processes: within the magmas
themselves, but Bowen % doubts that they exert so pro-
found an influence and says: '

It is well known that all magmas contain volatile constitu-
ents. The most abundant of these is undoubtedly water, with
carbon dioxide, chlorine, fluorine, and others probably always
present in small amounts. The influence of any such substance
upon the properties of a silicate melt is unquestionably greater
than that of a corresponding quantity of any. of the ordinary
rock-forming oxides. This fact does not, however, justify the
attitude that a great many petrologists have toward the vola-
tile components. The properties of many ‘dry” melts have
been determined in the laboratory. The majority of petrolo-
gists accept these determinations and are willing to believe
that the addition of small quantities of any ordinary oxide
to these melts would modify these properties a moderate
amount, but let there be a spectroscopic trace of a volatile
component and the liquid is assumed to acquire properties
wholly unrelated to those of a *“dry” melt. To many petrolo-

gists a volatile component is exactly like a Maxwell demon:’

it does just what one may wish it to do. The facts are that
volatile components in small amounts can only modify the
characters appropriate to the dry melt, and the modification
must be progressive, a very small amount producing a pro-
portionately small effect.

Although the effect of mineralizers may not be pro-
found in the early stages of the crystallization and

83 Bowen, N. L., The evolution of igneous rocks, p. 282, 1928.

differentiation of a magma, the same cannot be said
of the final stages. Bowen recognizes the fact that
crystallization will concentrate mineralizers in the
late residuum of.a magma and that these will then
profoundly modify or wholly dominate the processes
that mark the final stages of crystallization and differ-
entiation. He says ®: '

In ‘the very late stages of~the crystallization of this salic
fraction the volatiles may readily be supposed to assume not -
merely an important. but the dominant role, but by this time
* ® % the stage of vein-forming solutions has been reached
and igneous differentiation proper is complete.

Most magmas normally contain only a small pro-
portion of volatile constituents, and since these do not
enter extensively into the minerals that result from
their crystallization, they will eventually escape from
the system. However, their loss and the loss of the
dissolved solids that may escape with them does not
greatly modify the chemical composition; and the
final crystalline rock is approximately though not
exactly representative of the immediate magma from

which it crystallized. On the other hand, a solution

containing water and other mineralizers is an open
system where part of the material, usually a large part,
eventually escapes. The crystallization of a hydro-
thermal solution results in a mineral assemblage with a
chemical composition unlike that of the solution from
which it crystallized. A large and usually an unknown
part of this solution has failed to be deposited at any
one place and has passed out of the immediate system,
possibly to form an entirely different mineral assem-
blage elsewhere. During the course of crystallization
the solutions have usually been in constant migration
and have changed in composition, temperature, and
pressure during the course of their depositional his-
tory. '

SOURCE OF HEAT ENERGY IN VEIN-FORMING
MATERIALS

The introduction of new, vein-forming and ore-
forming materials into a preexisting rock, the replace-
ment of the old materials in rocks that usually were
not at high temperatures prior to their invasion, and
the removal of the replaced materials are processes
that are in general accompanied by the expenditure
of heat and chemical energy. It is therefore essential
to examine the chemical and physical processes that
are most likely to furnish sources of energy in the
formation of veins and ores.

Geologists and geophysicists ® are in general agreed
that in most magmas the superheat (the temperature
above the temperature at which crystallization be-

gins) is not high.

5 Jdem, p. 302. .

58 Shand, J. S., Eruptive rocks, pp. 5§0-56, 1927. Larsen, E. 8., The
temperature of magmas: Am. Mineralogist, vol. 14, pp. 81-94, 1929.
Bowen, N. L., The evolution of igneous rocks, pp. 182-184, 1928.
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Bowen * has made a notable contribution to geo-
logic thought in two papers. In the first paper he says:
“ The minerals making up the rocks of an igneous se-
quence can be arranged as a reaction series, and it is
the existence of such a series that controls the crystal-
lization and differentiation of the rocks of the se-
quence.” The reactions take place in a definite se-
quence and according to definite phase relations, and
when fragments are included in a magma those reac-
tions which are exothermic in character will tend to
take place. Thus the development of minerals lying
lower in the reaction series or the re-solution of min-
erals that tend to add heat to the system will be
favored. A vein that is formed by several successive
stages of mineralization is undoubtedly an example of
a reaction series, in which the relations are more com-
plex and there is a greater variety of reactions than in
igneous rocks. Here, as in igneous rocks, the tendency
toward exothermic reactions will promote certain re-
action series, and this source of energy is undoubtedly
a factor in vein formation. Geologic evidence of min-
eral sequence suggests some of the reaction relations
that may be expected.’” However, the phase relations

“between minerals and hydrothermal solutions are so
little known that in general it is not yet possible to
determine the thermodynamic relations in such a sys-
tem, or on that basis to predict the reactions that may
oceur.

MAGMAS

The almost complete absence of recognizable con-
tact-metamorphic effects in the rocks in contact with
cven the relatively hot magmas that have formed
basalt dikes or diabase sills is noteworthy. Hypa-
hyssal intrusive magmas are in general able to exert
little effect on most enclosing rocks by means of the
heat given off, unassisted by hydrothermal or gaseous
emanations, and without doubt vein-forming materials
are much cooler than basalt magma.

During the development of many veins, including
the copper-bearing pyrrhotite veins of the southern
Appalachian region, the vein-forming materials did
not gain access through large open spaces but pene-
trated through fault planes, fault breccias, small frac-
tures, and capillary and subcapillary spaces. If hot
diabasic magma rapidly introduced into relatively
large spaces is commonly able to effect little change
in the country rock, it is even less likely that the much
cooler vein-forming material, introduced through
small spaces, would have the necessary energy to ac-
complish through heat alone the intensive replace-

5 Bowen, N. L., The reaction principle in petrogenesis: Jour. Geol-
ogy, vol. 30, pp. 177-198, 1922; The behavior of inclusions in igenous
magma : Idem, pp. 513-570.

87 Butler, B. §., Influence of the replaced rock on replacement min-

erals associated with ore deposits: Econ. Geology vol. 27, pp. 1-24,
1932.

.sure than the silicate magma.

ments that are recorded in the copper-bearing veins of
the southern Appalachian region.
The rate of penetration of capillary spaces is an

_inverse function of the viscosity, and the ultimate

degree of penetration is an inverse function of the
surface tension of the penetrating liquid. As viscosity
and surface tension are both low in aqueous solutions,
these would be endowed with great penetrating power
compared with magmas. The superheat in magmas is
commonly low, and the heat given off in cooling to

- the temperature of practically complete crystalliza-

tion is also low; it thus seems improbable that mag-
mas could be intruded into fissures and accomplish the
physical and chemical work recorded by extensive
replacements.

If the introduction of magma presents difficulties,
the removal of replaced material by the action of a
magma presents far greater difficulties, for the in-
coming vein-forming materials have commonly made
way for themselves by replacing older materials in
a great variety of mineral deposits. In the copper-
bearing pyrrhotite deposits and the pegmatites that
have undergone hydrothermal alteration a large quan-
tity of replaced material was removed through small
openings, and most of it was transported so far that
there is no remaining record of the place or mode
of its final disposal. The chemical and physical en-
crgy involved in such thorough replacements seems

to preclude magmas as a causal agent, for they nor-

mally possess little excess energy over that necessary
to keep them liquid.

HYDROTHERMAL SOLUTIONS

With hydrothermal solutions as the active transport- .
ing and replacing agents the physical relations are
quite -different. Mineral-bearing solutions, like the
end magmas, have differentiated while probably in
approximate equilibrium with a crystal phase and at
their place of origin would normally possess no large
supply of superheat, but at the same temperatures
aqueous solutions can give up more heat in falling
through a given temperature interval at a given pres-
The specific heat of
water is approximately 1 for all temperatures of vein
and ore deposition, but that of rock melts averages
about 0.25, and in sulphide melts it is usually even
lower. The richer the system becomes in water the
higher will be its specific heat, as the specific heat is
dependent upon the water concentration. ‘

Hot solutions, unlike a magma near the crystalliza-
tion point, are able to keep up a long-continued migra-
tion through small open spaces. Under the conditions
of vein formation a slight chilling of a magma would
produce crystallization that would block the channels
of ingress, but the cooling of a hydrothermal solution
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would produce a much less complete precipitation of
crystals, and the channels would be blocked only after
the process had been long continued. The first solu-
tions would be quickly chilled and would deposit part
of the material carried in solution, but they would at
the same time heat the enclosing rock, and later solu-
tions would therefore cool more slowly and so deposit
the material they held in solution more slowly. The
heat-carrying capacity, the power of reaction with
preexisting minerals, the power to penetrate capillary
spaces, and the ability to introduce and remeve mate-
rial are more potent and more persistent in hydro-
thermal solutions than in magmas. The successive
portions of the migrating solutions will carry a burden
of heat and so act as efficient agents for the trans-
ference of heat from the parent crystallizing magma,
and this enables them to gradually build up heat in
the surrounding rocks in a way that is usually im-
possible for a magma and would be quite impossible
where it had to penetrate small open spaces and capil-
lary spaces.
VAPORS

The specific heat of water vapor is 0.4655 at 100°,
or a little less than half that of the liquid phase. The
specific heats of some of the other volatiles that may
be present in magmatic emanations are very low, that
of CO, being 0.2025 and of SO, 0.1544.°* Thus a gas
or vapor phase rich in water would probably be a
better agent in heat transfer than a dry melt of
silicates or sulphides but would not be as good as a
water-rich liquid solution. The volume of vapor re-
quired to produce a marked heating effect by means
of the sensible heat alone would be very great.

The great mobility of vapors and the ease with
which they can penetrate capillary spaces would facili-
tate the transfer of vapors and therefore the transfer
of heat by these vapors. Under the same pressure a
volume of vapor many times as great as that of even
a mobile liquid would probably move through an
opening and might produce a large heat transfer.

If the volatile constituents were to escape from the
parent rock as a vapor phase and then condense while
traversing the vein, there would be a very large addi-
tion of heat to the wall rock, as the latent heat of
vaporization of water is 538.7 calories per gram. It
is probable that vapors like magmas and hydrothermal
solutions rarely carry large amounts of superheat, and
so passage to zones of lower temperature may cause
condensation. Thus vapor phases are likely to be lo-
calized in the hotter zones or in the more porous parts
of veins, where the pressures drop suddenly. Al-
though vapors have only a moderate specific heat,
their mobility and the large latent heat of water vapor
may make vapor phases very efficient agents of heat
transfer.

88 Smithsonian physical tables, 7th rev. ed., p. 23, 1920.

It has been suggested that vapor phases are important
agents in the transfer of vein material, and no doubt
they are a dominant factor in the formation of cer-
tain types of ore deposits and an important contribu-
tory factor in many others. The materials that can
most easily be transported as vapor phases are prob-
ably alumina, ferric iron, titanium chlorides or fluor-
ides, and silicon fluoride. However, if vein-forming
materials were transported as a vapor phase, those
possessing similar volatilities should be segregated to-.
gether, or the relative proportions of the various ele-
ments in the resultant mineral suite should show a
definite relation to their volatility. In general
gangue minerals do not show this relation. In the so-
lutions ‘that deposited the minerals of the high-tem-
perature ferromagnesian stage of the copper-bearing
pyrrhotite veins alumina appears to have been sparse,
for that present in the veins seems to have been de-
rived from preexisting minerals, and silica also seems
to have been derived largely from the minerals of
preceding stages. Titanium, whose chloride is highly
volatile, is very sparse, and iron is not excessively
abundant. On the other hand, magnesium and cal-
cium, which have very low volatility, are abundant.
It is therefore evident that materials of widely dif-
fering volatility are combined in such groups of min-
erals as actinolite, biotite, garnet, and epidote, which
were formed in a single period of vein genesis, and
those of markedly low volatility are dominant.

The ready hydrolysis of many compounds in the
presence of water notably restricts the number of
solids that can be transported in large amounts in a
vapor phase, because water seems to have been almost
universally present in vein-forming materials. These
relations raise serious question as to the efficiency of a
vapor phase in the production of certain types of min-
eralization, and the transportation as a vapor phase
of materials that differ markedly in volatility—espe-
cially where those of low volatility are dominant over
those of high volatility—seems improbable. The im-
probability is greatly increased where these materials
have been deposited through the replacement of other
materials, also of unlike volatility, as where the cal-
cium of calcite has been more largely removed than
the silicon of quartz in a single stage of mineral-
ization.

For these reasons the conclusion is reached that
hydrothermal solutions—that is, a liquid phase—were
the dominant transporting agents in the formation of
the copper-bearing phyrrhotite veins of the southern
Appalachian region, although vapor phases may have
also been present and played an important part,
especially in aiding in the transfer of certain ma-
terials of the vein, in the transfer of heat, in promot-
ing a movement of the associated liquid phase by a
rising stream of gas bubbles, and by the development
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of acid solutions, as discussed on page 50. The domi-
nance of a liquid phase in certain stages of vein for-
mation does not preclude the dominance of a vapor
phase in other stages—that is, during periods of
higher temperature or greater porosity of the zones
penetrated. Itisalso possible for three phases—vapor,
liquid, and solid—to be present together, as the most
volatile elements may escape from solution and rise
as a stream of bubbles through the liquid phase. In
fact, this is probably the normal relation in ore-
formmg solutions.

PHYSICAL CONDITION OF MAGMATIC EMANATIONS

The question has often arisen as to whether the
mineralizers given off by an igneous mass escape from
the parent source as a liquid or a vapor phase.”™ The
volatile elements of vein-forming materials have been
compared with volcanic emanations, and no other
comparison is possible, because these emanations are
the only ones that can be directly observed. Volcanic
gases no doubt give a clue to the volatile elements
that take part in magmatic processes, but the physical
relations in a volcanic magma are entirely different
from those in a deep-seated and slowly crystallizing
magma. Fenner % says:

‘We have some qualitative knowledge of”the chemical nature
of the volatiles; what little quantitative knowledge we have
applies almost wholly to surface lavas at a stage just a little
prior to solidification, for it is only then that collections can be
made. It is surely unjustifiable to assume that this informa-
tion serves as a reliable basis of estimate of the relative con-
centration of volatiles in a freshly risen lava during a great
volcanic eruption and still less to the concentration at pro-
found depths.

A lava may pass quickly from an environment of
high temperature and pressure to a cool environment
with low pressure, and many hypabyssal intrusives
must cool near the surface under slight load. During
the rise from depths and extrusion of a magma the
pressure may be quickly released, so that the volatile
elements escape rapidly and often with explosive
violence. As they escape from solution in the hot
magma they pass directly into the vapor phase,’’ and
it seems quite improbable that any liquid phase rich
in water and other mineralizers is present unless part
of the vapors recondense. Ordinarily the reactions
will be of the vapor-phase type, and some constituents
may be segregated, transported, and deposited by a
vapor phase. ‘ '

On the other hand, at some depth where pressure
can be maintained crystallization may go forward

% Lindgren, Waldemar, Hot springs and magmatic emanations : Econ.
Geology, vol. 22, pp. 189-192, 1927.

8 Fenner, C. N., The Katmatl magmatic province: Jour. Geology, vol.
35, no. 7, pt. 2, p. 739, 1926.

6 Day, A. L., and Allen, E. T., The volcanic activity and hot springs
of Lassen Peak: Carnegle Inst., Washington Pub. 360, pp. 163-165,
1925. Allen, E. T., Chemical aspects of volcanism, with a collection
of the analyses of volcanic gases: Franklin Inst. Jour., vol. 193, p. 57,
1922, .

“replacing, or ore-forming solution.

without any sudden change in environment, and the
formation of anhydrous minerals will cause a concen-
tration of water and other mineralizers in the resid-
uum. The load of overlying rock tends to keep
these elements in solution within the magma, and so
the later stages of crystallization take place in the
presence -of concentrated mineralizers and at much
lower temperatures than would prevail in a volcanic
magma. The residual magma differentiate formed
under these conditions may be rich in water and at
a late stage in the crystallization process may be itself
a hydrothermal solution.

If residual material escapes from the parent igneous
mass it will be escaping from a crystal system and
not from a melt, as it does where the volatile constit-
uents escape in the vapor phase from volcanic magmas.

Progressive erystallization of the original magma has

gradually and by a continuous train of processes con-
centrated volatile constituents and produced a water-
rich solution, and its mere migration under pressure
from its place of origin will make it a vein-forming,
If it escapes at a.
high temperature to a region of low pressure, it will
undoubtedly change in part to a vapor phase, and the
further reactions of this fraction will be of the vapor-

phase type. If, on the other hand, it is under suffi-
cient pressure and escapes slowly through sufficiently
tight channels, pressure may be maintained, and the
water-rich, dike-forming, and vein-forming materials
may remain in the liquid phase throughout their
mineralizing career.

Several investigators have concluded that critical
phenomena are not likely to play an important part
in the differentiation of igneous rocks»? and that
liquid phases are possible throughout the differentia-
tion of igneous rocks regardless of critical tempera-
tures. Bowen says:

In such a complex melt, and natural magmas are such, the
progressive crystallization of silicates would lead to continual
concentration of the volatile components in the residual liquor
until a stage came when there would be a noteworthy con-
centration of comparatively soluble compounds formed by
what may be termed a decomposition of the silicates. This
decomposition would be the result of the action of H:O, CO.,
Cl, |, etc., on the silicate compounds, and the soluble hydrates,
carbonates, chlorides, ete., formed would probably be adequate
to eliminate critical phenomena altogether. It is doubtful,
therefore, whether the complex systems constituted by magmas
are such as to permit the existence.of critical phenomena.
In any case it is certain that if critical phenomena occur at
all they occur at a stage where the liquid is to be described

as an agqueous solution rather than a magma, and that in the
general problem of the differentiation of igneous rocks critical

. phenomena need not be considered, even though it is not im-

possible that they may have a place in the problem of vein-
forming solutions.

62 Morey, G. W., Development of pressure in magmas as a result of
crystallization : Washington Acad. Sei. Jour., vol. 12, p. 226, 1922.
Bowen, N. L., The evolution of xgneous rocks, p. 293, Princeton Univ.
Press, 1928
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_ Bowen’s conception ® of the probable cooling his-
tory of a given mass of basaltic magma is approxi-

niately as follows: Beginning as either a single fluid

phase (which in rough terminology may be called a
liquid) or as two phases (which in precise terminology
may be called liquid and vapor)—the pressure being
the determining factor between the alternatives—the
magma cools. As.it cools there may or may not be
vapor present in addition to liquid at any time, depend-
ing on the pressure. Finally a time comes when crys-
tals begin to be precipitated, and from then on there
will be either two phases—fluid (liquid) and crys-
tals—or three phases—Iliquid, vapor, and crystals—
until crystallization is complete, the determining factor
between the alternatives being the pressure at each
moment. In the cooling of a basalt there is no time
when reduction of the pressure (at constant tempera-
ture) would not cause separation of a second fluid
phase (vapor). Bowen does not mean by the “ elimina-
tion of the critical phenomena ” that the system basalt
is one in the complete diagram of which there is no
critical region, but that in cooling a basalt magma is
not believed to pass through the critical region of the
diagram but to begin below and to stay below such a
critical region. If no soluble hydrates, carbonates,
chlorides, etc., were present, but only silicates and
water, the system would pass through the critical re-
gion during crystallization and would be similar to
that shown diagrammatically by Bowen.®* The pres-
ence of the soluble hydrates, carbonates, chlorides, etc.,
is thought to be the cause of the change in the type
of diagram as already stated.

It is thus evident that although vapor phases are
possible and no doubt present under favorable condi-
tions, the critical temperature of water sets no limit to
the temperature of water-rich liquid phases, and cool-
ing magma systems do not necessarily pass through a
critical region. Such phases may have almost any
temperature, depending on the pressure of dissolved
substances and the pressure but not on the critical
temperature of pure water—that is, 374° C.

DEVELOPMENT OF PRESSURE IN A MAGMA RESIDUUM

Morey °® has presented a paper on “the develop-
ment of pressure in magmas as a result of crystalliza-
tion” and Day ° has used the principle to explain
certain phases of volcanic activity. The increase of
pressure with decreasing temperature and advancing
crystallization plays an even more important part

9 Bowen, N. L., personal communication.

% Bowen, N, L., The evolution of igneous rocks, fig. 81, p. 292,
Princeton Univ. Press, 1928.

o Morey, G. W., Washington Acad. Sci. Jour., vol. 12, pp. 219-230,
1022.

% Day, A. L., Some causes of volcanic activity . (address before I'rank-
lin Inst., Philadelphia, 1924). :

in the development of dikes, veins, and ore deposits
than in volcanism. The crystallization of anhydrous
nminerals in a magma results in a concentration of
water and other mineralizers in the liquid residuum.
This lowers the temperature of crystallization, but the
vapor pressure is thereby increased.

The pressures developed during the crystallization .
may have no connection with the original intrusive
force of the invading magma but arise through cool-

- ing and become effective when crystallization has put

a stop to the power of movement and the intrusive
force of the magma has spent itself. The water-rich
magma residuum and hydrothermal solutions are thus
ready to take up the work begun by the magma and
carry it forward with a new and more effective force—
a force that the magma may not have possessed even
in the early stages. The end products of crystalliza-
tion are therefore not necessarily inert but may be
active agents for the transportation of the products
of differentiation and mark the stage of the most
active vein formation and metamorphism in the en-
tire history of the intrusive mass.

CONCENTRATION OF ALKALIES IN THE MAGMA
RESIDUUM

The profound influence that the formation of feld-
spar, especially plagioclase, plays in the differentia-
tion of an igneous rock has been emphasized by
Bowen.®” The first crystals of plagioclase that develop
in a magma will be much more calcic than the melt
from which they crystallize. The next plagioclase to
crystallize will be slightly richer in soda, but the melt
at the same time has become even more sodic, and as
the process continues the molten residuum tends to
become more and more sodic until crystallization is
complete. Slow cooling will permit reaction between
crystalline feldspar and the melt that will tend to
equalize the composition of the two, but there is a
strong tendency for incomplete equalization and for
the concentration of sodic material in the magmatic
residuum. As long as lime is available, plagioclase
normally precedes potash feldspars in the crystalliza-
tion sequence of a magma, but the sodic members of
the plagioclase series may remain in solution in the
residuum after potash feldspars begin to crystallize.
This still further concentrates sodium in the residuum
of a soda-potash magma, and near the end of the
feldspar-forming process the residuum of many types
of magma may contain silica, alkalies (often largely
soda), water, and the other volatile constituents. If
calcium is abundant, as in gabbroic rocks, sodium tends
to combine with calcium in the calcic plagioclase that
is formed rather early in the crystallization process,

87 Bowen, N. L., The melting phenomena of the plagioclase feldspars:
Am. Jour. Sci., 4th ser., vol. 35, pp. 677-696, 1913,
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and the small proportion of potash in the original
magma tends to be concentrated in the residuum in-
stead of sodium. Some rocks, especially volcanic rocks
of basaltic habit, show a tendency for at least a por-
tion of the ferromagnesian materials to crystallize
after plagioclase; but in intrusive rocks the normal
crystallization sequence is ferromagnesian materials —
plagioclase — orthoclase — quartz.

Water-rich solutions may become alkalic through
the hydrolysis of alkalic minerals. In discussing the
character of volcanic emanations Day and Allen
say:

If, however, it were possible for a magma or a batholith
to give off liquid water, the solution would always be alka-
line, for we know that the principal reaction of an igneous
rock with water at 100° is the hydrolysis of the silicates, a
reaction which should move nearer completion at the higher
temperature of the batholith. This reaction is obviously
favored by the solubility of the alkali hydroxides, though it
would doubtless be unimportant if the water were given off
by the batholith in the form of steam, on account of the slight
volatility of the hydroxides.

The genetic history of residual magma solutions
seems to prove their initial alkalic character, but
Bowen ® has pointed out that a vapor phase released
from a liquid phase by decrease of pressure may be
acld, even though escaping from an alkalic solution—
in fact, this is the only probable method that has been
suggested for the development of acid solutions in a
magma residuum. Thus chlorine in the solution
would be in combination with various bases, but under
certain. temperatures and conditions it could escape
in the vapor phase carrying hydrochloric acid. Cer-
tain chemical processes of ore formation seem to have
taken place in an acid environment, and such vein-
forming materials have probably passed through a
vapor phase. Final deposition may have been from a
liquid phase, but an intermediate vapor phase or an
important amount of vapor rising through the hquld
phase is indicated.

VOLATILE CONSTITUENTS OF MAGMAS

Water is commonly the most abundant material in
volcanic gases, and no doubt also in the emanations
of a deep-seated crystallizing magma. Shepherd ™
says:

Regardless of origin, the volatiles which can be.obtained
from lavas seem to agree upon one thing, and that is that the
water content shall be about 80 percent of the total. There
are exceptions, of course, but for active lava the figure seems
to be quite general.

% Day, A. L., and Allen, E. T., The volcanic activity and hot springs
of Lassen Peak: Carnegie Inst. Washington Pub. 360, p. 165, 1925.

@ Bowen, N. L., The broader story of magmatic differentiation briefly
told : Ore deposits of the Western States (Lindgren volume, Am. Inst.
Min. Met. Eng.), p. 119, 1933.

7 Shepherd, E. 8., The present status of the volcano gas problem:
Nat. Research Council Bull. 61, p. 260, 1927,

TYPE IN SOUTHERN APPALACHIAN REGION

Zies ™ has made very careful study of the gases at
Katmai and finds the following proportions of acid
gases: :

Gases in steam from Katmai fumaroles

. Per cent T1'ons por year
D (O 0.117 1.25X10°
HF o . 032 .2X10°
H.8 __ —— . 029 .3X10°

The pumice of Katmai is shown by Zies " to contain
0.23 percent of Cl, equivalent to 16 X10° tons of hy-
drochloric acid per cubic mile.

Analyses of volcanic gas from Kilauea by Shep-
herd ** show the following percentage composition :

Analyses of gases from Kilauea

COs 1.54-33.48 | SOz 0.16-29. 83
CO . 36~ 3.92 | Seee . .49- 8.61
He 37— 4.22 | Clae oo — 02— 1. 34
B .87-37.84 | HO o ________ 17.97-89. 93
A .14- .51

The gases at Kilauea differ from those at Katmai
prm01pally in the low halocren content and the higher
SO, content.

A tendency for chlorides to precede sulphides has
been noted by volcanologists,’* and this would prob--
ably also be true for fluorides. Fluorides, especially
fluorite, are undoubtedly deposited by comparatively
late emanations, but for many cooling intrusives the
greatest evolution of fluorine occurs during sericitiza-
tion of the country rocks. This process appears to
take place during an early stage of contact metamor-
phism, and regions are not rare where evidence of this
sort indicates that cubic miles of country rock have
been soaked by fluorine-bearing emanations. The
large amount of potassium transferred indicates that
these emanations have been hydrothermal solutions,
because alkalies in the presence of water are but
slightly volatile.”

SOURCE AND CHARACTER OF VEIN-FORMING
MATERIALS

The same succession of developmental stages re-
vealed by the copper-bearing pyrrhotite veins of the
southern Appalachian region is repeated in so many
widely separated localities that it is impossible to be-

7 Zeis, E. G., The Valley of Ten Thousand Smokes: Nat. Geog. Soc.
Contributed Tech. Papers, Katmai ser., vol. 1, no. 4, p. 4, 1929.

72 Idem, p. 56.

78 Shepherd, E. S., Composition of gases of Kilauea: Hawaiian Vol-
cano Obs. Bull,, vol. 7, no. 7, p. 95, 1919.

7 Shepherd, E. S., Analyses of gases from volcanoes and from rocks :
Jour. Geology, vol. 33, Suppl. to no. 3, pp. 294, 295, 1925. Zies, E. G,,
The Valley of Ten Thousand Smokes: Nat. Geog. Soc. Contributed
Tech. Papers, vol. 1, no. 4, p. 12, 1929. Bowen, N. L., Geologic ther-
mometry, in Laboratory investigation of ores, p. 175, New York,
McGraw-Hill Book Co., 1928.

7 Morey, G. W., The ternary system H,0—K,Si03~Si0,:
Soe. Jour., vol. 39 p. 1210, 1917,

Am, Chem.
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lieve that this succession is fortuitous, and so it 1s
evidently an expression of fundamental processes that
were at work in the differentiating parent magmas
which were the source of the vein-forming materials.
Therefore, using this succession of events as a basis,
we may correlate them as far as possible with theo-
retical and experimental studies of differentiation,
in an effort to elucidate the chemical character of the
vein-forming materials.

The chemical elements carried in ore and vein-form-
ing solutions may be divided into two rather distinct
groups. One group includes those present as materials
that are normally solids and that have been precipi-
tated in the course of vein formation so as to leave a
definite record of their presence. The most abundant
of these are represented by the oxides SiO,, Al,Qs,
Fe.0,, IFeO, MgO, CaO, K.0, Na,0, PbO, ZnO, ZrO,,
and Ti, Pb, and Mn in various states of oxidation.
The other group includes the volatile elements that
in general form the acid radicals of minerals or that
eventually escape partly or wholly from the system,
and with these should be included the soluble salts
that tend to escape with the volatile substances—that
is, the fugitive constituents of Shand.” - The volatile
substances that did not escape but remained to form
the acid radicals of minerals and so left an abundant
record in the copper-bearing pyrrhotite veins are CO,
of the carbonates and the sulphur of metallic sul-
phides, and those that are recorded in lesser amount
but may have been much more abundant in the vein-
forming solutions are SO,, Cl, I, and probably even
less P,Os and As. The most abundant soluble salts
among the fugitive constituents are those of the alka-
lies, K.O and Na,O, but the solutions were complex
solvents and removed various proportions of the ele-
ments included in the first list. These two groups of
elements present quite different problems in a discus-
ston of the composition of ore-forming solutions, for
the first can be directly observed, whereas the second
must usually be determined partly by inference.

DISSOLVED SOLID CONSTITUENTS
APLITE-PEGMATITE STAGE

Quartz and alkalic feldspars are characteristic of
granite, but they are also products of the late crys-
tallization stages of many subsilicic magmas, and they
are essential minerals of aplites and pegmatites.
Therefore, this stage of differentiation is best exem-
plified in granite, though not confined to granites.
Near the end of crystallization silica and feldspar-
forming materials constitute the principal magmatic
1esiduum in the differentiating parent magma and
need only to be expelled to form aplitic dikes or veins.
Filter-press action caused by unequal earth pressures

0 Shand, 8. J., BEruptive rocks, p. 81, London, Thomas Murbry & Co.,
1927,

on the semicrystalline igneous mass, or the internal
pressures developed through the concentration of min-
eralizers within the magmatic residuum, probably are
the major forces favoring expulsion.

In all the copper-bearing pyrrhotite veins sodic
plagioclase is dominant, and in most of them potassic
feldspars are practically absent in contrast with the
usual dominance of potassic feldspar as the normal
end product in most differentiating magmas. How-
ever, the tendency to concentrate potash cannot be as-
sumed to be invariable, and magmas that were initially
very low in potash or high in soda might give rise to
sodic aplites or pegmatites rather than the more nor-
mal potassic ones. On the other hand, Schaller " has
shown that sodic feldspars in pegmatites are com-
monly the result of reworking or replacement of potas-
sic feldspars by soda-beari ing hydrothermal solutions,
and evidence of the same process has been observed in
altered plutonic intrusives.” There is ample evidence
for this origin in the albite associated.with the peg-
matites of the Cranberry iron mine, for all stages of
replacement of microcline by albite can be traced.
The plagioclase in the mineralized pegmatite portion
of the Savannah vein probably had a.similar origin,
as it was derived from a presulphide mica pegmatite
and was albitized in later pegmatite or vein-forming
stages. The 'sodic feldspar of the copper-bearing
pyrrhotite veins shows no evidence of such an origin,
and it is unlikely that the replacement could have
been so complete as to leave no record of partly re-
placed potash feldspar. The zonal variation imr the
composition of some specimens of plagioclase (see pp.
49-50)—a normal characteristic of pyrogenic plagio-
clase—also seems to indicate dlrect crystallization

rather than replacement.

QUARTZ STAGE

The source of quartz in the mineral veins presents
few problems. It is common knowledge that quartz
is among the last minerals to crystallize in many igne-
ous rocks, and any force that expelled the residuum
during that stage of crystallization of an igneous rock
would provide silica-rich material. Pure or nearly
pure silica melts cannot exist at the temperatures of
vein formation, and the power that the silica-bearing
solutions had of replacing and removing earlier vein
materials and country rock 1ndlcfttes that they were
hydrothermal.

HIGH-TEMPERATURE FERROMAGNESIAN STAGE

In all the copper-bearing pyrrhotite veins and in
the Cranberry iron mine the aplite-pegmatite and
quartz stages, which deposited almost no ferromag-

77 Schaller, W. T., Mineral replacements in pegmatites: Am. Miner-
alogist, vol. 12, pp. 59—63, 1927.

7 Spencer, A. C., The Juneau gold belt, Alaska: U.S. Geol. Survey
Bull. 287, pp. 99-115, 1906. .
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nesian minerals, were followed by a stage in which
high-temperature ferromagnesian minerals were
dominant. The temperature, pressure, and other
physical and chemical conditions would not have in-
hibited the deposition of ferromagnesian minerals in
the earlier aplite and quartz stages if these constitu-
ents had been present, and we must therefore assume
that they were absent in the aplite magma and in the
quartz-forming solutions, but became the dominant
components of subsequent solutions.

The solid materials which were present in the solu-
tions that characterized the high-temperature ferro-
magnesian stage and which are definitely recorded in
the minerals formed are SiO;, ALQO;, Fe,O; FeO,
MgO, CaO, K,O, small amounts of TiO,, Zr, Ba, and
Zn. The proportion of ferric iron increased near the
end of the stage, but at no time was Fe,O; dominant
over FeO. The earlier siliceous minerals that were
being replaced were capable of supplying all the SiO,
required for the formation of later minerals, and there
is evidence (see p. 92) that Al,O, and probably so-
dium were supplied largely by previously formed
feldspar. Therefore, the new materials supplied by
the parent magma during the ferromagnesian stage
were principally Fe,Oz, FeO, MgO, CaO, and K,O,
together with the volatile constituents discussed in
the next section.

The question arises, What was the source of these
materials? Only two probable sources of ferromag-
nesian minerals seem to present themselves. First,
there may have been two distinct magmas, or two dis-
tinct phases of what was originally a single magma,
which, on differentiation, formed ferromagnesian-free
and ferromagnesian-rich fractions, both high in min-
eralizers, which acted as transporting agents. Second,
there may have been a single magma high in mineral-
izers in which the ferromagnesian materials had been
eliminated by their early crystallization, followed by
their partial restoration to the residual magma by
re-solution, replacement, or base exchange. It has
been suggested that the “acid” and “basic” con-
stituents of veins ™ have been derived from distinct
magmas. In a large number of ore deposits of the
copper-bearing pyrrhotite type, distributed over a
wide area of the southern Appalachian region, there
is an invariable association of ferromagnesian silicates
and sulphides that this theory would suppose to be
derived from a “basic” magma with aplite, pegma-
tite, and quartz, supposed to be derived from an
“acid ” magma. If there were two distinct magmas
or two distinct phases, it is difficult to understand how
their final hydrothermal products came to be brought
into association, so that they invariably occur together
and show the same sequence. Again, the latest min-

7 Hulin, C. D., Metallization from basic magmas: California Univ.
Dept. Geology Bull, vol. 18, no. 9, p. 254, 1929,

erals to form from even a “ basic ” magma may be rich
in alkalic feldspars or even in silica, and so a “ basic”
magma does not assure a ferromagnesian-rich hydro-
thermal residuum.

Volatile constituents were undoubtedly present
throughout the period of vein formation, but it is
probable that the solutions of the later stages were
richer in such constituents—that is, more dilute—than
the early, hotter ones. If vein-forming materials were
derived from two magmas, it would follow that the
ferromagnesian, carbonate, and sulphide carrying so-
lutions derived from a “basic ” magma were richer in
volatile constituents than the aplite, pegmatite, and
quartz forming solutions derived from an “acid”
magma. Geologic field evidence and the theories of
magmatic differentiation indicate that ferromagnesian
magmas are normally low in volatile constituents,
whereas differentiates rich in quartz and feldspar are
rich in volatile constituents.

Bowen #° says:

Certain magmas, such as the highly silicic or highly alkalie,
are, in virtue of their character as residual liquids, the natural
home of concentration of volatiles. But the oxide ore bodies,
like the ultrabasic rocks, are a very unnatural place to expect
concentration of volatiles.

For these reasons the compound origin of the cop-
per-bearing pyrrhotite veins through derivation from
two distinct magmas seems unlikely, and it is probable
that the vein-forming solutions were all the result of
the differentiation and crystallization of a single
magma—that is, the aplite, pegmatite, quartz, ferro-
magnesian minerals, carbonates, sulphides, and vola-
tile constituents were all derived from the same ulti-
mate source, a single crystallizing magma. If this
is so, the only apparent source of the ferromagnesian
minerals in these veins is the restoration to hydro-
thermal solutions of a part of the ferromagnesian
materials that were removed from the magma by
the crystallization of ferromagnesian minerals in the
early pyrogenetic stages.

The restoration of materials to the residual solu-
tions of a magma by re-solution of ferromagnesian
materials is unusually well illustrated by the diabase
of Goose Creek, near Bluemont, Va., which has been
studied by Shannon.®* This rock is a normal diabase
that is composed essentially of plagioclase, pyroxenes,
and olivine, but it contains small amounts of inter-
stitial micropegmatite, magnetite, and a few other
accessory minerals. ,The early crystallization of an-
hydrous minerals brought about a local concentration
of water and other volatile constituents in the resid-
uum, which lowered the final crystallization tempera-

% Bowen, N, L., The evolution of igneous rocks, p. 172, Princeton
Univ. Press, 1928.

81 Shannon, E. V., The mineralogy and petrology of intrusive diabase

at Goose Creek, Loudoun County, Va.: U.S. Nat. Mus. Proc., no. 2539
(vol. 66, art. 2), pp. 1-86, 1924. !
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ture in local areas where it became segregated and
reduced the viscosity so that the diabase formed local
coarse-grained pegmatitic facies. In the first stage of
pegmatite formation there was only a slight concen-
tration of materials other than volatile constituents in
the residual magma, for the diabase pegmatite has
approximately the same composition as the normal
diabase. The diabase pegmatite is composed of spray-
like crystals of dark-colored pyroxene rich in iron
and titanium, calcic plagioclase, and a little inter-
stitial micropegmatite showing a small concentration
of alkali and silica.

At a slightly later stage there was much greater
concentration of SiO;, Na,O, XK;0, and probably the
volatile constituents H,O, B,O,;, and CO, in the
residual solutions. The materials of these solutions
reacted with and almost completely reworked parts
of the diabase pegmatite. The original structure of
the pegmatite was retained, but an almost complete
new set of minerals was produced. The calcic feld-
spar was changed to albite, and much interstitial
microgranite composed of quartz and albite or ortho-
clase was formed. The dark-colored spraylike groups
of iron and titanium rich pyroxene crystals were at-
tacked by the solutions and altered to pale-green
diopside, and a small amount of new diopside was
developed on the margins of the crystals. Miarolitic
cavities were formed that are lined with quartz, albite,
titanite, and diopside crystals, and commonly the
cavities contain a later series of minerals that include
fibrous hornblende, epidote, chalcopyrite, and chlo-
vite. The titanium set free by the alteration of the
pyroxenes migrated but a few centimeters and formed
ilmenite by the replacement of magnetite. At vari-
ous stages in the differentiation process the residual
solutions escaped through fractures in the diabase and
deposited alkalic aplite, formed veins of hornblende
or chlorite, and later formed prehnite, zeolites,
apophyllite, and calcite. ‘

There is evidence that the residual material de-
veloped by the crystallization of the diabase was first
an alkalic residuum that contained an excess of silica,
although the rock from which it differentiated was
subsilicic, and part of this excess escaped and formed
aplite dikes. With further crystallization and greater
concentration of mineralizers it became a hydrother-
mal residuum that was capable of partial re-solution
of ferromagnesian materials or their leaching through
base exchange with the original ferromagnesian min-
orals of the diabase.. Part of the iron in magnetite;
the iron, magnesium, and titanium in the pyroxene;
and the calcium and alumina of the calcic plagioclase
were transferred to the solutions'in exchange for other
elements. As they escaped from the diabase, the modi-

fied hydrothermal solutions redeposited these elements -

in veins that cut the diabase, with the formation of

amphiboles, diopside, epidote, chlorite, prehnite, dato-
lite, zeolites, and calcite. Locally small areas of chal-
copyrite are associated with the light-colored alkalic
pegmatite, and the same solutions that produced the
other alterations must have served to concentrate and
deposit the sulphides.

The work of Shannon thus shows a source of the
Fe,0;, ALO,, FeO, MgO, and CaO in the solutions
that formed these veins. The presence of axinite,
apophyllite, calcite, apatite, and sulphides among the
later group of minerals shows the presence in the solu-
tion of such mineralizers as B,0,, CO,, S, F, and Cl.

The contact metamorphism (both endomorphism
and exomorphism) that is observable in many mining
regions is familiar to most geologists. In other areas
immense masses of rock have been silicified or greisen-
1zed with the removal of Al,O,, Fe,05 FeO, MgO,
Ca0, KO, and Na,O. Albitization, which is a com-
mon type of alteration, removes CaO and K.O. Re-
placement of ferromagnesian minerals or more rarely
of feldspars by calcite yields a variety of bases to the
solution, and so does kaolinization. Sericitization
will set free Fe,O; FeO, MgO, and CaQ, and ser-
pentinization will set free FeO and MgO. Fe,Os,
Al,O4, FeO, MgO, and CaO would be contributed by

‘most of these processes; and alkalies are contributed

to the solutions by kaolinization and silicification.
All these processes are known to occur on a large scale
along or near the borders of igneous rocks, and it is
obvious that vast amounts of material have been con-
tributed to the solutions that caused these changes.
It is also evident that they were removed from the
region of their replacement and redeposited elsewhere.
It is only necessary to assume that in veins such
mineral alterations took place under a confining cover,
and that a fault or fracture permitted the escape of
solutions that had redissolved these materials. There
is abundant evidence that solutions migrated through -
the veins and deposited a wide variety of minerals
while doing so. The assumption seems justified that
before their escape from their parent rock the hydro-
thermal solutions that formed the copper-bearing
pyrrhotite veins of the southern Appalachian region
had had their chemical composition altered by re-
placement, resorption, or base exchange, with
minerals with which they came in contact, in a way
which is exemplified in most regions of contact meta-
morphism. Endomorphism is probably the greatest
source of such reaction, for the temperature of the
parent rock would permit reactions, and the late
volatile-rich concentrates are in most immediate con-
tact with the minerals of their parent rock. How-
ever, surrounding rocks traversed by escaping solu-
tions may also have contributed materials, and in some
regions may be the chief source of the solid elements
in the solutions.
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On the other hand, the most intense silicification
and alunitization of rocks probably takes place com-
paratively near the surface and may not have been
the source of the materials of comparatively deep-
seated veins; but less intense alterations that take
place at all depths will also yield materials to the
residual magmatic solutions. In fact, the slight deu-
teric mineral alterations that take place throughout
an intrusive mass may contribute a greater amount of
materials to the escaping fluids than the profound
alterations that are confined to its borders.

It may be objected that the water-rich residuum of
magmatic differentiation would be incapable of redis-
solving adequate amounts of crystalline materials to
account for extensive vein formation. The copper-
bearing pyrrhotite veins of the southern Appalachian
region are distributed through an area several hundred
miles in length and are in a region of major moun-
tain building, where large intrusive masses are locally
exposed at the present surface. The deeper-seated
intrusives would no doubt be much larger and be meas-
ured in cubic miles. A few simple calculations will
show the amount of material that can be produced by
even the slight alteration of a cubic mile of rock.

No igneous rocks that can be identified as the source

of the copper-bearing pyrrhotite veins are known, and-

calculations based only on the average igneous rock of
the region must be used. Clarke and Washington 8
give the average analysis of rocks of the Appalachian
region and the amounts of rare elements in the aver-
age rock. Using these data, we can calculate the ma-
terials that may have been contributed to the solu-
tions by an average rock on the assumption that 1 per-
cent of the plagioclase was albitized, 1 percent of aver-
age rock-forming augite was replaced by calcite, and
1 percent of olivine was serpentinized.

Constituents in 1 cubic mile of average rock

Percents Weight (tons)
1 cubic mile of rock . _ ____________.__ 100 {12, 500, 000, 000
Volatile constituents:
Sl e . 052 6, 500, 000
& U ..048 6, 000, 000
B ol . 030 3, 750, 000
[ . 102 12, 800, 000
HO . 1.15 143, 750, 000
172, 800, 000
Solid constituents .
u-_--_---_-_-_--_~_ .......... . 010 1, 250, 000
........................... . 004 500, 000
Ca0 set free by albitization of 1 per .
cent of average plagioclase_ _______|-______ 10, 000, 000
FeO 4 Ie;O set free by replacement of
1 percent of average pyroxene by
caleite. . _|l__.___ 8, 200, 000

e Clarke, F. W., and Washington, H. S., The composxtlon of the earth’s crust:
U.S. Geol. Survey Prof. Paper 127, p. 16, 1924,

8 Clarke, F. W., and Washington, H. S., The composition of the
earth's crust: U.S. Geol. Survey Prof. Paper 127, p. 45, 1924,

Constituents in 1 cubic mile of average rock—Continued

Percent Weight (tons)

MgO set free by replacement of 1 per-

cent of average pyroxene by calcite.|-______ 14, 500, 000
MgO set free by serpentinization of 1

percent of olivine_ _ . ____________|-__.___ 18, 750, 000
FeO set free by serpentinization of 1

percent of olivine_ _ ______________|[._____ 12, 500, 000

The figures in the foregoing table represent the
minor constituents of only the average intrusive rock
of the region, but they serve to show the large amounts
of materials that may be produced by slight altera-
tions. The parent magma of extensive sulphide de-
posits may have been much richer in metallic elements.

It seems probable, therefore, that the volatile con-
stituents that transported the ferromagnesian ma-
terials in the copper-bearing pyrrhotite veins of the
southern Appalachian region were the late residuum
of a silica and alkali rich fraction of a magma which
itself may or may not have been rich in silica and
alkalies. After the stages in which the residual solu-
tions deposited feldspar and quartz, ferromagnesian
materials were probably restored to these solutions by
partial re-solution, base exchange, or replacement of
some of the previously formed pyrogenetic minerals.
These solutions were then expélled from the crystal-
lizing parent rock, and in traversing the veins they
deposited new ferromagnesian minerals.

CARBONATE STAGE

The copper-bearing pyrrhotite veins at Ducktown
and at several other localities contain nearly pure cal-
cite. The carbonate mineral at Ore Knob is calcite
carrying significant amounts of MgO, MnO, and FeO;
at the Gossan Lead it is dolomite, and at Fontana it
is ankerite that has replaced calcite. In all the veins
small amounts of dolomite and ankerite or siderite are
present. Therefore the dominant materials of the
carbonate-forming stage that have been recorded in
the minerals present are CaO and CO, in most of the
veins, considerable amounts of MgO or FeO in others,
and small amounts of MgO, FeO, and MnO in nearly
all of them.

The relative solubility would be an important but
not the only factor controlling the sequence of car-
bonates. Wells ® has shown that solubility is only one
factor in fractional solution or deposition, the other
being the relative concentration of the different bases
or other constituents. The order of relative solubility
of the three principal carbonates is CaCQOz;, MgCO;,
and FeCO,. It is probable that the dominance of

8 Wells, R. C., 'fhe fractional precipitation of some ore-forming com-

pounds at moderate temperatures : U.8. Geol. Survey Bull. 609, p. 45,
1915.
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calcite over magnesium and iron-bearing carbonates
In many veins is due to its deposition from solutions
that became enriched in calcium through the ready
base exchange by which calcic plagioclase is albitized.

The relative concentration with respect to solubility
of calcium, magnesium, and iron would tend to cause
the deposition of these materials in the reverse order
of their solubility, and provided all were in solution
‘at the same time, calcite would remain in solution
longest and be deposited farthest from the source of
migrating solutions, magnesium next, and iron, being
least soluble, would be deposited first and nearest its
source. With a continued flow of solutions the zones
of mineral deposition would gradually move outward,
giving successive waves of calcite, dolomite, and
finally of iron-rich carbonate deposition. If calcium,
magnesium, and iron were taken into solution in
the order of solubility, there would also be succes-
sive waves of mineralization characterized by calcium,
magnesium, and finally ferrous iron carbonates. Thus
at Fontana the earliest carbonate was calcite, but an
oncoming wave of solutions containing iron replaced
calcite by ankerite. ’

The sequence of carbonates at Fontana is the same
as that reported by Bowen for the Fen area (see p.
114) and that discussed by Hewett #*—namely, cal-
cite, dolomite, ankerite, or siderite. It is significant
that this is just the sequence to be expected from
deposition by liquid-phase solutions.

SULPHIDE STAGE

The sulphide stage of vein formation is character-
ized by the deposition of very large amounts of iron
and sulphur as sulphides, smaller amounts of copper
and zing, a very little lead, and traces of arsenic in a
few veins. The Ducktown ores carry small amounts
of gold and silver, and gold has been reported from
some of the other veins.

Several possible sources of sulphides present them-
selves. (1) The sulphide-forming materials may have
remained in sclution throughout the differentiation of
the parent rock and have been precipitated only on
reaching their present position in the vein. (2) The
metallic elements may have first formed part of earlier
silicates or oxides and have been restored to solution
by replacement, re-solution, or base exchange. (3)
The differentiating magma may have separated into
two immiscible fractions—that is, a silicate and a
sulphide—and (@) these sulphides may have remained
as dispersed globules, trapped in the interspaces of
the partly crystalline rock, or (o) they may have sunk
and formed a sulphide fraction near the bottom of the
magma chamber.

8 [{ewett, 1. F., Dolomitization and ore deposition: Econ. Geology,
vol. 23, pp. 821-863, 1928.

With the present knowledge of ore-forming proc-
esses no definite decision between the possible sources
of the sulphides can be made, but a consideration of
the relations in the copper-bearing pyrrhotite veins
indicates that certain of these sources are more prob-
able than others. ’

If the sulphide-forming materials were in solution
during the early stages of vein formation, it is diffi-
cult to understand why they remained unprecipitated
or did not migrate till so late a stage. However, it is
possible that they were escaping during the earlier
stages, but the conditions were unfavorable for pre-
cipitation. The gahnite of the ferromagnesian stage
shows that at least small amounts of zinc were present
in the earlier solutions. Copper gives no record of its
presence in the solutions before the sulphide stage,
but perhaps no such record is to be expected, for it
1s possible that high-temperature (hypogene) silicates
or oxides containing copper are not commonly capable
of forming in more than the minute quantities that
are found in some igneous-rock minerals.

It is known that metallic elements—copper, for in-
stance—are present in minute proportions in many
igneous rocks, but the mode of distribution among the
various minerals has not been thoroughly studied.
Clarke and Washington % find that the mean copper
content computed from all available rock analyses is
0.010 percent. Washington 8 lists about 60 analyses
made on fresh igneous rocks that show more than
a trace of copper. In only about 12 of these is sulphur
reported in insufficient amount to permit all the copper
to occur as sulphide. From this it would seem that
sulphur is probably present in most copper-bearing
igneous rocks in sufficient amount so that the possi-
bility of the existence of copper as sulphide cannot be
excluded. Lewis® reports that the fresh trap rocks
of New Jersey contain an average of 0.025 percent of
copper and the pyroxene contains 0.019 percent.

Lane ¢ has reported that the basalt of the Kewee-
nawan series contains about 0.02 percent of copper.
Grout # found from 0.012 to 0.029 percent of copper
in several samples of fresh rock from the Kewee-
nawan of Minnesota and reports that only about one-
tenth of this was soluble in nitric acid. He therefore
concluded that most of it was present as insoluble
silicate.

88 Clarke, F. W., and Washington, H. 8., The composition of the
earth’s crust: U.S. Geol. Survey Prof. Paper 127, p. 16, 1924.

8 Washington, H. S., Chemical analyses of igneous rocks: U.S. Geol. .
Survey Prof. Paper 99, 1917.

8 Lewis, J. V., Copper deposits of New Jersey: Econ. Geology, vol.
2, p. 245, 1907.

8 Lane, A. C., The Keweenaw series of Michigan: Michigan Geol.
Survey Pub. 6, vol. 1, p. 175, 1911,

® Grout, F. F., The Kewecnawan copper deposits: Econ. Geology,
vol. 5, pp. 471-476, 1910.
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Morozewicz *° found about 0.04 percent of copper
in the basalt dikes of the Commander Islands and
decided that it was present in the magnetite.

Butler and Burbank ®* report an analysis of a com-
posite sample of fresh Michigan Keweenawan basalts
by W. J. Hillenbrand that shows 0.040 percent of cop-
per soluble in nitric acid and 0.048 percent found by
fusion. The close agreement of copper by fusion and
by solution, together with microscopic studies, indi-
cates that it was nearly all present as native copper
and sulphides. 'A large proportion of specimens of
the Duluth gabbro of Minnesota show small but often
megascopically visible grains of chalcopyrite.

Zies®® reports the following metallic constituents
in a rock from Katmai:

Metallic constituents in Novarupta rhyolitic glass

Approximate weight

Per cubic kilo-
meter of rock
(metric tons)

Per 20 grams
of rock (gram)

0. 003

CuO_ .. 35X 10°
PO .. . 00055 70X 103
MogOs- oo oo . 0003 35X 10?
SnO,. .- . 0001 10X 103
As, Sb, T T Tl - 0001 10X 108
InO. . .. . 0016 190X10°
CdO._ o llo. . 0001 10103
G&, Cu, M0203 ______________________ 5)( 103

. 00005

It seems probable from the meager studies avail-
able that copper may be present in the silicate miner-
als of igneous rocks, in the magnetite and even in
the glass, but much more commonly it is present as
small segregated grains of sulphide—usually as chal-
copyrite. This leads to the conclusion that metallic
elements like copper, zine, and lead, occurring as mi-
nute components in silicates, may be a source of these
elements in hydrothermal solutions, but the wide
occurrence of small amounts of sulphides in most rocks
containing copper suggests that a sulphide fraction
1s probably a more abundant source of most mineral
deposits. Lindgren * says: “I believe that the metal
[copper] is almost wholly present as a silicate in
effusive rocks, while in intrusive rocks a part of the
copper is held as sulphide.”

Vogt * believes that materials which forms mck
eliferous pyrrhotite separates as an immiscible frac-
tion from the silicate fraction. He says:

% Morozewicz, Joseph, Das Vorkommen von gediegenem Kupfer auf
der Komander Inseln: Com. géol. Mém., new ser., livr. 72, pp. 4588,
19'}121'3ut1er, B. 8., and Burbank, W. 8., The copper deposits of Michi-
gan: U.S. Geol. Survey Prof. Paper 144, pp. 45—-46, 1929.

¢2 Zies, E. G., The Valley of Ten Thousand Smokes: Nat. Geog. Soec.
Contributed Tech. Papers, vol. 1, no. 4, p. 58, 1929,

93 Lindgren, Waldemar, The origin of zeolitic copper ores:
Geology, vol. 6, p. 689, 1911,

% Vogt, J. H. L., Magmas and igneous ore depos:ts.
vol. 21, p. 315, 1926.

Econ.

Econ. Geology,

TYPE IN SOUTHERN APPALACHIAN REGION

The sulphides of gabbroic (noritic)—sometimes also perido-
titic—magmas, dominantly FeS, NiS, and CuFeS,;, were seg-
regated when by refrigeration the limit of solubility of sul-
phides was reached. The temperature.at this point being
higher than the melting point of the pyrrhotite (or mixture
of pyrrhotite with pentlandite, chalcopyrite, pyrite, etc.), the
sulphides were segregated in the liquid phase. Subsiding
within the silicate magma, the sulphide drops might collect
gradually, and locally masses of molten sulphide, often mixed
with molten silicate, might result. The sulphidic, extremely
thin fluid magmas were often injected into the neighboring
rock. * * *

The nickeliferous pyrrhotite deposits practically never con-
tain' pneumatolytic minerals, and their petrographical fea-
tures’ 1nd1cate a crystallization from an almost ‘“ dry sulphidic

magma.”
The immiscibility of sulphide and silicate melts has

‘been accepted by Coleman # in his studies of the Sud-

bury region. Bowen * says:

Sulphide mixtures have moderate melting temperatures.
The liquids are known to be but sparingly miscible with sili-
cate liquids. Sulphide liquids may separate from silicate
magmas, carrying with them only their appropriate share of
the volatile components * * *  To the accumulation by
gravity of such a sulphide magma and occasionally to its in-
Jjection into surrounding rocks some sulphide bodies, especially
those associated with norite, have been referred, probably
correctly. '

The evidence that a large proportion of the cop-
per of igneous rocks may occur as copper sulphide
has been presented, and it seems probable that
this may form an immiscible sulphide fraction and
collect near.the base of the igneous rock. However,
if an immiscible fraction were formed after the crys-
tallization of a large proportion of the silicate min-
erals, it 'would be trapped in the interstices between
thém and fail to settle, and the evidence within igneous
rocks indicates that settling' is much more rare than
the presence of small grains of sulphide that remained -
disseminated among the silicate minerals, as is so
noticeable in the Duluth gabbro and the associated
Keweenawan rocks.

It has been pointed out that the sulphlde minerals
of the copper-bearing pyrrhotite veins in the southern
Appalachian region were almost invariably preceded
by aplite, pegmatite, quartz, and ferromagnesian min-
erals, which are clearly a late differentiate of a silicate
magma. It is also evident that. the separation of
immiscible sulphide and silicate fractions is possible
in an early stage of crystallization, with sinking of
the sulphide. There may then be the further differ-
entiation of the silicate fraction until a feldspathic,
silicic, and finally a mineralizer-rich residuum re-
mains. The difficulty is to account for the reassocia-
tion of a mineralizer-rich silicate fraction and an

% Coleman, A. P., The nickel industry, with special reference to the
Sudbury region, pp. 29-30, Canada Mines Branch, 1913.

% Bowen, N. L., The evolution of igneous rocks, p. 172, Princeton
Univ. Press, 1928,
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immiscible sulphide fraction that had collected near
the bottom of the chamber—that is, to restore a rela-
tionship that has been lost. '

On the development of two immiscible fractions
each would carry its own quota of volatile constitu-
ents. The sulphide fraction would undergo little fur-
ther fractional crystallization, but fractional crystal-
lization would proceed in the vastly more abundant
silicate fraction and produce a high concentration of
volatile constituents in the late residuum.

There ‘is evidence in almost every specimen from
the copper-bearing pyrrhotite veins that the sulphides
made way for themselves by replacement of carbon-
ates, quartz, feldspar, schistose country rock, and,
in lesser degree, ferromagnesian minerals. It is be-
lieved that only hydrothermal solutions are capable
of such profound reactions with subsequent power for
removing the replaced materials. This leads to the
conclusion that the sulphides, at the beginning of mi-
gration from the parent magma, were in immediate
association with abundant water-rich mineralizers.
There is then every reason to believe that the sul-
phide-forming materials remained in solution or in a
position where they could be readily dissolved by the
hydrothermal solutions that transported them into
veins and removed replaced materials. The source of
such solutions seems to have been the late silica and
alkali rich residuum, inasmuch as the physical rela-
tions within a crystallizing magma seem to insure
the segregation together of silica, alkali, volatiles, and
rarer constituents. It does not seem probable that
re-solution could take place on a large scale if the sul-
phide fraction had collected near the bottom of the
magma chamber, where it would be removed from
close contact with the silica and alkali rich residuum
which carried the volatiles that were the solvents
for the sulphides. :

In conclusion, it may be said that the most prob-
able source of the sulphide-forming elements seems
to have been an immiscible sulphide fraction that re-
mained entrapped in the interstices in the partly
crystalline fraction of the parent magma, where it
was in immediate contact with the volatile-rich
magma residuum. It is not known whether such a
sulphide fraction is more likely to remain as a melt
or to crystallize before being taken into solution.
Probably this would depend entirely on the temper-
ature and pressure within the magmatic chamber and
would make little difference in the final result. Sili-
cates or oxides containing small amounts of metallic
elements may have contributed some of the ore-form-
ing materials, but it does not seem probable that they
were a dominant source in a deep-seated, slowly cool-
ing parent magma where sulphur was commonly
present in sufficient amounts to permit most of the
copper, zinc, and other metals to exist as sulphides.
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‘A sulphide fraction that separated from and sank to
the bottom of the silicate fraction—that is, was re-
moved from the environment rich in volatile con-
stituents—seems to be precluded as a source of ore de-
posits that were formed by volatile-rich solutions.

POSTSULPHIDE STAGE

The small amounts of quartz, siderite, marcasite,
and hisingerite at Ore Knob and the late mineral -
alteration products in some of the other veins may
have all been derived from the slight alteration or
re-solution of purely local minerals, or they may rep-
resent the last material precipitated from the last
emanations to escape from the parent magma. Thus
there is nothing on which to base conclusions about
the primary character of these emanations.

The late magnetite in the Isabella-Eureka vein was
probably the result of the oxidation of iron sulphides,
and so there is no evidence that the emanations which
brought about its formation were transporting any
important amount of solid elements.

VOLATILE CONSTITUENTS
APLITE-PEGMATITE STAGE

The magmatic material that formed aplite and
pegmatite is believed to have had the character of a
magma-in many of the veins, although deposition of
feldspar by solutions seems to have occurred in cer-
tain veins. This magma must, however, have con-
tained water and other volatile constituents, although
the proportions are unknown. Small amounts of
P.0Os, F, and Cl are recorded by apatite and of F by
sparse micas, but there is no direct evidence in the
veins themselves to show that these materials were
abundant in the magma. The temperature seems to
have been comparatively high at this stage (above the
inversion point of high to low temperature quartz—
that is, 575°), and minerals containing large propor-
tions of volatile constituents would probably not have
a strong tendency to form and, for this reason the con-
centration of volatile substances cannot be determined
from the character of the minerals deposited. We
may, therefore, conclude that the magma that formed
aplite and pegmatite in most of the veins and the
hydrothermal solutions that seem to have deposited
feldspar in some of them were richest in SiO,, Al,O,,
Na;O, and CaO and carried a little K,O and probably
small amounts of other bases. The volatile constitu-
ent H,O and lesser amounts ¢f P,0;, Cl, and F were
present. CO; and S would probably not tend to enter
stable minerals at the temperature of aplite formation,
and so their absence in the solutions is probably not
proved by absence among the minerals deposited.
Tourmaline, which appears to be a mineral formed at
comparatively high temperature, is absent ‘in all the
copper-bearing veins of the southern Appalachian
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region, and so B;O; was probably absent in the aplite-

pegmatite and subsequent stages, although it was
present in veins of the same type at Ely, Vt.

QUARTZ STAGE

The high temperature of fusion of melts rich in
silica precludes the existence of nearly puré quartz-
forming magmas, and the extensive replacement of
earlier minerals by quartz shows that volatile con-
stituents must have been present to reduce the temper-
ature of liquidity and provide a medium to introduce
silica and remove replaced minerals.

Various modes by which silica may remain in solu-
tion in water have been suggested.”” Among these are
colloidal solutions, which are no doubt the agents for
the transportation of the silica in some deposits, but
such solutions do not seem the most probable agent
where massive,.coarse-grained vein quartz was formed
and where the temperatures have been high and the
replacement and removal of large amounts of invaded
rocks indicate the work of active chemical agents.

The work of Morey (see p. 59) shows that alkalies
are a most efficient agent in promoting the solution of
silica. The presence of abundant sodium in the pre-
ceding aplite stage of vein formation makes it seem
probable that sodium was also present in the follow-
. ing quartz stage. For these reasons the presence of
alkalies in the silica-depositing solution seems prob-
able, but other substances may also have been present.
So far as known, the quartz veins exhibit no charac-
teristics that enable us to determine the concentration
of alkalies or other accessory constituents in the solu-
tion during the quartz-forming stage.

HIGH-TEMPERATURE FERROMAGNESIAN STAGE

In the discussion of the source of ferromagnesian
minerals of the veins it was concluded that their

source was the re-solution, replacement, or base ex- .
change of minerals that had been formed early

in the course of crystallization. The character of
the solutions that could remove Fe, Mg, and Ca
from earlier minerals by re-solution, replacement,
or base exchange is not clearly known.

probable increasing solubility of iron with decreasing
temperature may aid in the re-solution. Iron is most
readily dissolved by halogens, and as halogens are
abundant in most volcanic emanations, their presence

in the vein-forming solutions seems not improbable.

97 Gruner, J. W., The origin of sedimentary iron formations: Econ.
Geology, vol. 17, p. 442, 1922, Dienert, M. F., Bitude de la dissolution
des éléments constituant les sables alluvionnaires par les eaux souter-
raines: Soc. chim. Francée Bull.,, 4th ser., vol. 13, pp. 381-394, 1913.

Kahlenberg, L., and Lincoln, A..T., Solutions of silicates of the alka- .

lies: Jour. Phys. Chemistry, vol. 2, p. 90, 1898. Lenher, V., and Mer-
rill, H. B., The solubility of silica: Am. Chem. Soc. Jour., vol. 39, p.
2630, 1917. -

% Wells, R. C., personal communication.

Wells 8 |
states that the hydrolysis of iron compounds and the |

Only small amounts of Cl and F are recorded in the
minerals of the veins, but high-temperature halogen
minerals are not numerous, and those that are formed
(apatite and micas, for instance) seem incapable of
fixing large amounts of halogens. Biotite is very
abundant in most of the veins, but it carries only small
amounts of fluorine. Halogens are among the most
volatile of the gases present in volcanic emanations
(see p. 50), and it is possible that this fact partly ex-
plains why they should characterize the earlier, hotter
stages of vein formation—that is, those derived from
solutions driven off during the hotter stages of magma
crystallization. This does not necessarily mean that
the resulting minerals were also formed at high tem-
peratures, for these early solutions may have come into
comparatively cool rocks, been quickly chilled, and de-
posited minerals at lower temperature than later solu-
tions that left the parent magma at lower temperatures
than the earlier ones.

Another possibility is that. sulphates may have
played a part in the solution and transportation of
materials that formed the ferromagnesian minerals.
The only record of sulphates in these veins is given by
barite, which belongs to the ferromagnesian stage.
Barite is a very minor mineral in all the copper-bear-
ing veins of the southern Appalachian region except
at Peachbotton. Barium seems not to be abundant in
the ore-forming solutions of many regions, and so
sparse barite does not prove a deficiency of sulphates
in the solutions, for barite seems to be almost the only
sulphate mineral that is capable of forming from hot
hydrothermal solutions and persisting through sub-
sequent changes at some depth. Anhydrite might
form, but its solubility would insure its removal by
later solutions. Numerous sulphates and double sul-
phates are known, but these seem incapable of form-
ing except from cool solutions or comparatively near
the surface. ' o

The very abundant sulphides in a later stage of vein
formation show that the parent magma contained
large amounts of sulphur, and the work of Butler and
Burbank ® indicates that its maximum oxidation to
sulphate would tend to occur in the higher-tempera-
ture stages. For these reasons sulphates may have
been present and played a part as solvents for the
materials that formed the high-temperature ferro--
magnesian minerals of these veins, although sulphates
are in general much less soluble than chlorides and
the solutions could not become as rich in sulphates as
would be possible for chlorides. It is also possible that
FeO, MgO, and CaO were transported as bicarbonates,

{ but that the conditions were not favorable for their

deposition as carbonates until the following stage.

9 Butler, B. S., and Burbank, W. 8., Relation of electrode potentials

1 of some elements to formatlon of hypogene mineral deposits: Am Inst.

Min. and Met. Eng. Tech. Pub. 166, 1929.
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CARBONATE STAGE

Large amounts of CO, were deposited in the veins
as carbonates, and this is the only volatile material
of the carbonate-forming stage that has recorded it-
self in the minerals deposited. Calcium, magnesium,
-and iron carbonates are most readily transported as
bicarbonates, and so an excess of CO, was probably
present in the solutions.

The study of the vein relations shows that large
amounts of quartz have been replaced by carbonates
and removed from the system. The work of Morey *
indicates that alkalies promote the solution of silica
at high temperature, and it is probable that there was
an excess of alkalies as carbonates or bicarbonates
during the formation of calcium, magnesium, and
iron carbonates.

Lovering ®* has shown that magnesium bicarbonate
and to a lesser extent calcium bicarbonate, sodium
carbonate, and magnesium sulphate are solvents for
silica in cold water, but the solubility in waters of
higher temperature is not known.

The foregoing considerations lead to the belief that
the solutions that deposited carbonates were character-
ized by abundant calcium bicarbonate in all the veins;
magnesium bicarbonate was abundant in the solutions
at the Gossan Lead and Fontana and was present in
smaller amounts in all the other veins. Iron is a
dominant carbonate at Fontana and is present in small
but important amounts in the other veins. Magne-
sium carbonate occurs as dolomite in lesser amounts
in all the veins. An essential but unknown amount of
Na,O and possibly a little K,O were probably pres-
ent. Quartz was being taken into solution and re-
moved, so the solution leaving the system carried
Si0,.

earlier high-temperature ferromagnesian stage, and

abundant H.S in the later sulphide stage. It is there-

fore probable that some form of sulphur was present
during the carbonate-forming stage.

SULPHIDE STAGE

The problem of determining the chemical character
of vein-forming solutions becomes more difficult with
each successive stage of differentiation, and very little
definite information is available as to the conditions
near the end of the process, when sulphides begin to
form. Unfortunately the experimental work on the
chavacter of such solutions is very meager. Some
experiments have been made on the solubility of
minerals in selected solvents, but no complete phase-
relation studies of the metallic elements and their

1 Morey, G. W., The development of pressure in magmas as a result
of crystallization: Washington Acad. Sci. Jour., vol. 12, p. 225, 1922.

3 Lovering, . 8., The leaching of iroh protores; solution and pre-

cipitation of silica in cold water: Econ. Geology, vol. 18, pp. 530-532,
1923,

03838—35——5

. were transported as

- the metallic elements and the alkalies.
Small amounts of SO, were present in the .
- sulphides of copper and iron are very insoluble. For

. ore deposits: Econ. Geology, vol. 11, p. 37, 1916.
. Clark, J. D., The oxidation, solution, and precipitation of copper in

possible solvents such as have been made for many of
the silicates and for the system H,0—K,S10;—SiO,.

The only definite information available about the’
sulphide-forming solutions is that sulphur and iron
were introduced in large amounts, copper and zinc in
smaller amounts, and lead in very small amounts.
Sulphide minerals were formed, and large amounts
of sulphur in some form was introduced. The ore-
forming solutions replaced and removed large
amounts of calcite and smaller amounts of quartz
and silicate minerals. The removal of calcite prob-
ably indicates that the solutions contained CO,, and
the solution of quartz may indicate that they con-
tained alkalies, probably in the form of alkaline car-
bonates or bicarbonates. Of other volatile constitu-
ents, such as halogens, there is no evidence, although
this does not preclude their presence.

The chemical composition of solutions that could
transport sulphide-forming. materials has long been
one of the major problems before students of ore de-
posits. It is generally recognized that sulphides as
such are highly insoluble in pure water, and most

' students have assumed a greater proportion of sul-

phides in ore-forming solutions than would be possi-

- ble through direct solution of sulphides in water. Sev-
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