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OUTLINE OF REPORT

The copper district of Keweenaw Point, in the northern | passages in the tops. Fragmental top is due to the breaking

peninsula of Michigan, is the second largest producer of copper
in the world. The output of the district since 1845 has been
more than 7,500,000,000 pounds and showed a rather steady

and consistent increase from the beginning of production to |

the end of the World War in 1918, since which there has been
a marked decrease.
GEOLOGY

General features.—In Keweenawan time a series of basaltic
flows accumulated to a depth of thousands of feet. Inter-
bedded with the flows are felsite conglomerates. In the lower
part of the series the conglomerates are rather abundant and
thick; in the middle part they are relatively few and thin but
persist for long distances; in the upper part they make up
the bulk of the rock.

Intruded into and probably also interbedded with the basalts
and conglomerates are siliceous, felsitic, and porphyritic rocks
of similar composition to the material that makes up the con-
glomerates. |

The location of the fissures from which the igneous material,
both extrusive and intrusive, presumably came is unknown,
but there are some reasons for supposing that they were situ-
ated toward the center of the Lake Superior structural basin,
under the present lake, and that the flow outward from them
was in a direction opposite to the present dip of the beds.
Probably the felsite bodies from which the conglomerates were
derived lay in the same direction as the fissures, and the ma-
terial was carried down the same slopes as the lavas. Both
the flows and the sediments are believed to have accumulated
on a land surface, though probably some, especially of the later
sediments, were laid down in bodies of water.

The flows range in thickness from a few feet to 1,300 feet
and in extent along the strike from a few hundred feet to at
least 40 miles. Nearly all of them are basaltic, but there are
differences in composition, expressed in textural differences,
which make it possible to divide the flows into several general
groups.

The intrusive rocks are mainly siliceous felsites or porphyries,
but there are some, like those of Mount Bohemia and others
toward the Michigan-Wisconsin boundary, that approach the

Duluth gabbro in composition and texture, and these and the |

felsli(te also were probably derived from the same source as that
rock.

Lava tops or amygdaloids.—The dense rock that forms the
‘Sfeater part of most of the thick flows'is commonly called
trap”; it is everywhere overlain by more open-textured
material, which is known as “amygdaloid.” The cellular tops
Were formed by the action of gas which was contained in the

"lava and was liberated during the progress of flow and consoli-
Part of this gas escaped from the surface, and part -

dation.
Was caught as bubbles in the viscous top of the lava and thus
formed a cellular mass which was later converted into amygda-
IO.id by the filling of the vesicles. Several types of top are recog-
lized. The most common is the cellular top, which was pro-
duced by the simple freezing in of individual bubbles of gas.

alescing amygdaloid has resulted when many bubbles col- |

leoffd into an irregular layer of gas separated by material in
Wwhich cavities were relatively few. This gave long connected

|

up of the cellular top, during solidification and flow, into angular
fragments which became so jumbled as to form an irregular
hummocky surface. Where the fragments are piled above
the general surface they also sink into the flow, so that lava
top of this kind varies abruptly and irregularly in thickness.
Scoriaceous top results from a working over of any of the other
types by the process of erosion and sedimentation. It very
commonly underlies felsite conglomerate but occurs also where
there is little or no felsite sediment.

From comparison with other regions it is thought that the
different types have resulted from different conditions of the
lava as it reached the surface. Lava that issued at a high tem-
perature and had a low gas content produced cellular top.
Lava that issued at a low temperature and had a high gas con-
tent produced fragmental top. Coalescing top was formed on
lava intermediate between the other two.

Ozxidation of lavas.—The tops of nearly all the flows are dis-
tinctly red, and the fragmental tops are decidedly red. Chem-
ical analyses show that there is in general a steady decrease in
the proportion of ferric iron and an inerease in ferrous iron from
the top of a flow nearly to the bottom. 1In the fragmental flows
there is also more total iron in the top—as much as 40 per cent
more than in the compact portion of the flow.

It is thought that the oxidation and concentration of the iron
were accomplished in large part by the gases given off by the
lava during solidification. The evidence indicates that at the
temperature at which the lavas emerged the inclosed gases were
either neutral or reducing in their action on ferric oxide, but as
they cooled in their ascent through the flow they became
strongly oxidizing toward ferrous oxide.

Copper in trap.—An examination of the freshest traps con-
firms previous observations that they contain copper in small
amount. Both native copper and chalcopyrite are present. It
seems probable that at least a part of the copper is a primary
constituent of the traps.

Structure—The Michigan copper region is on the southern
rim of the Lake Superior syncline or basin, which was probably
formed during Keweenawan time. The early Keweenawan
rocks of Keweenaw Point dip steeply and the later ones pro-
gressively less steeply northwestward, toward the center of the
basin. Transverse to the general strike of the Lake Superior
syncline are anticlines and synclines that pitch down the dip of
the larger fold; among the folds are the Keweenaw anticline,
the Ontonagon syncline, and the Bessemer anticline. On these
broader anticlines and synclines are several subordinate folds of
similar trend, such as the ‘Allouez anticline, the Isle Royale
syncline, and the Baltic and Mass anticlines.

The greatest fault of the region is the Keweenaw fault, which
bounds the copper-bearing series on the south from the end of
Keweenaw Point to Lake Gogebic. This is a reverse fault of
northwesterly dip, along whieh the basaltic series has been
thrust over the “Eastern’ (Cambrian) sandstone. The dip of
the fault is nearly parallel to the flows, and it also follows the
major anticlinal and synclinal structure of the rocks. Many
branch faults and fissures are associated with the Keweenaw
fault. Relatively small transverse faults and fissures are also
present around the crests of the anticlines. The movement on
the Keweenaw fault probably did not begin till late Keweena-
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wan time, and much of it occurred after the ‘Eastern” sax'xd-
stone was deposited. The transverse folding and faulting
probably followed the Keweenaw faulting and preceded the

period of mineralization.

ORE DEPOSITS

The copper deposits are of two main classes—lode deposits |

and fissure deposits.! The lode deposits consist of conglomerate

lodes, which are mineralized beds of felsite conglomerate inter- |

bedded with the lava flows, and amygdaloid lodes, which are the
mineralized vesicular or brecciated tops of the lava flows.
fissure deposits are veins along fractures that are in part parallel
and in part transverse to the beds; all of them are of narrow
tabular form.

The commercially important known deposits with one excep-
tion are confined to the portion of the Keweenawan series com-
posed predominantly of lava flows. They are distributed
through most of that portion of the series.
tive lodes, from the base upward, are the Baltic amygdaloid,
Isle Royale amygdaloid, Kearsarge amygdaloid, Osceola

amygdaloid, Calumet & Hecla conglomerate, Allouez conglom- |

erate, Pewabic amygdaloid, and Ashbed amygdaloid. The
Nonesuch lode, named for the formation that contains it, is in
the upper sedimentary portion of the series.
deposits are in the same portion of the series as most of the

lodes.
Conglomerate lodes.—Only two of the conglomerate beds have

been extensively explored, the Calumet & Hecla and the Allouez.
The Calumet & Hecla conglomerate over most of its known
extent is a sandy or “‘scoriaceous’ bed with a little felsite sand
at the top. = At Calumet it opens into a well-developed felsite
conglomerate lens that increases in thickness and extent with
increased depth. The Allouez conglomerate is thicker and
more persistent than the Calumet & Hecla but in places is
represented only by a clay seam. The valuable mineralized

portion of the Calumet & Hecla conglomerate is confined to the !

conglomerate lens, and the copper content decreases abruptly
where the conglomerate changes to sand. The copper occurs
as native metal and mainly replaces the finer matrix of the con-
glomerate. The common minerals associated with the copper
are feldspar and epidote, mainly deposited earlier than the
copper, and quartz and calcite, contemporaneous with the
copper. Zeolites are conspicuously absent. The characteristic
rock alteration effected by the ore-bearing solutions was the
removal of hematite, with a resultant bleaching of the lode from
brown to pinkish.

Amygdaloid lodes.—All but two of the largely productive
amygdaloid lodes, as well as most of those that have given
some encouragement, are of the fragmental type. One, the
Pewabic, is mainly of the coalescing type, though in part it is
fragmental, and the Ashbed is mainly a ‘‘scoriaceous’ lode,
though locally fragmental. No mines have been found in the
cellular amygdaloids, which are by far the most abundant.

A greater variety of minerals is associated with the copper
in the amygdaloid lodes than in the conglomerates. Chlorite,
feldspar, epidote, and pumpellyite are the abundant minerals
that mainly preceded the copper in deposition. Abundant
quartz and calcite and some prehnite and datolite were locally
deposited with the copper; the zeolites laumontite and analcite,
together with saponite and other minerals in small amount,
were deposited later than the copper.
apparently both with and later than the copper.

The rock alteration effected during the formation of the
amygdaloid lodes was of two types—a removal of hematite
similar to that in the conglomerate, and a partial removal of the
iron of hematite and a partial chemical reduction of ferric oxide

! The terms ‘“lJode’” and ‘‘fissure’” are here applied according to local usage; for
definitions see section on ore deposits, p. 101.

The |

The more produc- |

The fissure |

Sericite was deposited |
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| to ferrous oxide and recombination to form ferrous anq ferric
compounds such as pumpellyite, chlorite, and epidote.
5 Ore shoots.—The minable copper occurs in shoots, of which
| many are large but all far less extensive than the lodes thy
| contain them. The ore of the shoots was deposited in the
| more permeable parts of the lodes by solutions whose moye.
| ment was directed by barriers of relatively impermeahle
| material. Two types of environment have most commoyly
favored the formation of shoots—a ‘“‘bed,” conglomerate 0}
| amygdaloid, that is prevailingly impermeable but contains
permeable portions of great downward extension, like the
Calumet & Hecla conglomerate shoot and the Kearsarge
| amygdaloid shoot, and a “‘bed,” such as the Osceola amygdaloid,
that is prevailingly permeable but contains impermeabl
streaks which cause a concentration of solutions beneath them,

Mineralized fissures.—Most of the veins in the north end of
the district are in cross fissures on the Keweenaw and Alloue;
anticlines. The mineralization of the fissures has occurred
near the intersections with strong amygdaloids and under the
| “slide’ at the base of the Greenstone flow.

The fissures at the south end of the district are mainly strike
fissures dipping more steeply than the beds; they also are
mineralized near the intersection with strong conglomerates or
amygdaloids.

Changes with depth.—All the larger known ore shoots have
| had as rich ore at some place near their outcrop as at any greater
depth. Any changes in grade to the present depth of develop-
ment may be attributed more to changes in the character of the
lode rock than to distance from the outcrop. Decrease in
grade in the fissures and possibly in some of the lodes may be
due mainly to depth.

Genesis of the deposits—Two differing explanations of the
genesis of the deposits have been advanced. One assumes that
they are due to descending solutions, that the copper was
derived from the lavas or from overlying beds, and that reaction
of the oxidized copper-bearing solutions with the ferrous iron
of the lavas produced metallic copper and ferric compounds.
| The other assumes that they were formed by ascending po-
tential sulphide-bearing solutions which derived their copper
from an igneous source, and that the reaction of these solutions
with the ferric iron of the rocks resulted in the oxidation of the
solutions, the reduction of the ferric iron, and the precipitation
of native copper.

The theory of deposition by descending waters appears
untenable for several reasons. There is, in the first place, no
adequate source of the copper, for although copper is present
in the traps there is no evidence of its removal. It is difficult,
also, to believe that gravity circulation could have been ade-
quate to form the deposits, for the gravity circulation of solu-
tions in the deep levels of the mines is almost nil, and many of
the deposits are on the under sides of impermeable barriers.
The deposits, moreover, were formed in beds rich in ferric iron
and poor in ferrous iron. The ferric iron was partly removed
and partly reduced to the ferrous state—a reaction which does
not seem likely to occur in the presence of oxidized solutions.

In the ascensional hypothesis it is assumed that the copper
. solutions originated in the underlying Duluth gabbro and that
they either entered the lode-forming layers directly where the
downward extensions of these layers were in contact with the
magma or passed from the magma to the places of deposition
by way of fissures. Solutions thus originating must have been
highly heated, in the early stages gaseous, and under great
pressure, and they could therefore easily make their way along
fissures and permeable layers. g

The principal facts that cause the authors to favor this
hypothesis are that the solutions became concentrated and
deposited ore on the under sides of barriers and that they were
- reducing in character—they carried sulphides, and they de-
| posited native copper in beds rich in ferric iron, which they
i partly reduced or removed.
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THE COPPER DEPOSITS OF MICHIGAN

By B. S. BurrLer and W. S. BurBaNk

In collaboration with T. M. Broperick, L. C. Graron, C. D. HouL, CaArRLEs Pavacue, M. J. Scuorz, ALFRED WANDKE, and
3 R. C. WeLLs

PART 1.

INTRODUCTION
FIELD WORK AND AUTHORSHIP

The field work on which this report is based was
begun in the spring of 1920 by the Calumet & Hecla
Consolidated Copper Co. under the supervision of
Prof. L. C. Graton. The work done under these con-
ditions was continued till the spring of 1924. T. M.
Broderick, B. S. Butler, C. D. Hohl, and Alfred
Wandke were engaged in the survey for the greater
part or all of the period; Prof. Charles Palache for
the summers of 1920 and 1921. Professor Graton
spent each summer and short periods at other seasons
in the district.

Messrs. Broderick, Butler, and Hohl worked mainly
on the general field problems, Professor Palache gave
special attention to mineralogy, and Mr. Wandke
worked partly in the field but gave special attention to
the petrographic and mineralogic studies in the labora-
tory. Robert Hoffman spent the summer of 1920 and
E.R. Lovell the summer of 1921 in the work. By a
cooperative arrangement between Harvard University,
the National Research Council, and the United States
Geological Survey, R. C. Wells at the same time
made a study of the chemistry of the formation of
native copper. The chemists of the Calumet & Hecla
Co. contributed analyses and other chemical data,
especially in the early stages of the investigation.
Augustus Locke was in frequent consultation with the
other workers, and short periods were spent on the
work by J. Volney Lewis, William Burns, and G. N.
Bjorge. W. O. Hotchkiss and H. R. Aldrich, who
have been working on the geology of the Keweenawan

ing contributions to the discussion of the broader
rfalations of the Keweenawan. Prof. A. C. Lane
likewise gave the benefit of his long experience in the
district, ‘

_On the completion of the Calumet & Hecla investiga-
tion in the spring of 1924, an arrangement had been
made by the United States Geological Survey after
consultation with the other companies of the district,

GENERAL FEATURES

by which the general geologic results of the Calumet
& Hecla study were turned over to the Geological
Survey, which extended the study throughout the
productive part of the district. Mr. Butler, reap-
pointed on the Geological Survey, and W. S. Burbank
were assigned to this work, which was carried on till
August, 1925. A large part of this field work was
done in association with the geological department of
the Calumet & Hecla Co.

During the last few years certain electrical methods
of prospecting have been tried in the district with in-
different results, and in connection with this work
Messrs. Broderick and Hohl started dip-needle surveys,
which were successful in indicating the trend of different
formations on the bedrock surface beneath the exten-
sive covering of glacial drift. The results obtained
were of such general interest that these gentlemen have
kindly prepared a chapter on ‘“geophysical methods
applied to exploration and geologic mapping,” which
has been incorporated in this report.

Miss Marie J. Scholz compiled most of the statistical
data for both the Calumet & Hecla Consolidated
Copper Co. and the Geological Survey and did most of
the clerical work on the report. The drafting of the
surface map and considerable of the other drafting was
done by Carlos V. Rawlings.

The general features of the geology and the occur-
rence of the copper and much of the detail for the
north end of the district, as presented in this report,
were mainly worked out during the Calumet & Hecla
investigation by the men engaged in that work. The
names of all these men appear in the title-page with

ket the  Widconsin, Geologioal sid Natural the addition of W. S. Burbank. The report as it now

History Survey, visited the district and made interest- |

stands was prepared by B.S.Butler and W.S. Burbank.
SCOPE OF REPORT

The difficulty and high cost of obtaining geologic
data in this generally drift-covered district has made
it desirable to collect and to put on record all such
data that are available. Field observations have
therefore been presented in the text and on the maps
and sections in greater detail than has been customary
in reports of this character. The attempt has been

1
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made also to show on the maps all known developments
in the district, with the hope that this would promote
the most effective planning of future developments.’
The facts of the occurrence of copper have been set
forth as they have been ascertained, and a general
discussion of the origin of the ores is given. The
attempt has been made to keep fact and speculation
distinet, and it is hoped that the reader will draw his
own conclusions from the facts rather than unquali-
fiedly accept those here presented. In the section on
the application of geology to mining are described
methods in the search for ore deposits that seem to
give most promise of success.

ACKNOWLEDGMENTS

Tt is hardly necessary to say that any geologic report
on an old district is likely to be but one of a series
each based on the data accumulated by many others in
addition to the authors, up to the time that it was
made. This report is no exception to the rule and
contains much information derived from earlier re-
ports. The last general account of the region, how-
ever, was written about 15 years ago, and the mining
developments that have been carried on, at times very
actively, during the period that has since elapsed
have added greatly to the body of geologic fact that
was then available.

The main sources of information, apart from the
work of the authors, have been the reports of the
Michigan Geological Survey, previous reports by the
United States Geological Survey, and the data ac-
cumulated by the operating companies. The Michi-
gan Geological Survey generously furnished all material
in its possession. All the mining companies of the
district gave that hearty cooperation which was
essential to the success of the report and without the
assurance of which the survey would not have been
undertaken. The help given by the different com-
panies has, of course, not been equal. Those who
had much gave much; some had little and could give
no more than they had. The Calumet & Hecla
Consolidated Copper Co. made the outstanding con-
tribution, starting the work, and paying for a large
part of it; and without this cooperation the report by
the Geological Survey would not have been under-
taken. Whatever of usefulness comes to the district
from this report should be largely credited to that
company.

Acknowledgment to individuals who have published
the results of their investigations is made under the
heading “Previous investigations.” Acknowledgment
to individuals for the data coming from companies is
not easy, because information on any one topic has
usually been accumulated over a long period and has
been gathered by several individuals. The authors
trust that they will be pardoned, therefore, if they do
not try to accredit each borrowed fact to its original

! See note on p. 233.

author but merge their acknowledgments of indehte.
ness.in one expression of most cordial thanks to the
officials of the companies. Several engineers of th,
district, especially Mr. R. R. Seeber and Mr. He.
man Fesing, have furnished data for companies wi
which they were formerly connected but which at the
time of the investigation were not operating. My
A. H. Meuche contributed many data on the south
end of the district collected both while he was
member of the Michigan Geological Survey and later.
Chemists of the Calumet & Hecla Co. have helped
both by their interest and by analyses. For analyses
the authors are indebted to Messrs. W. F. Hillenbrand
and H. C. Kenney.

In addition to the acknowledgments for contribu-
tions to the report, the authors wish to express
appreciation for courtesies extended, especially by’
the Calumet & Hecla Co., to the Geological Survey
and to them personally, which added much to the
convenience and effectiveness of the work.

To Mr. F. C. Calkins, of the Geological Survey, the
authors are indebted for a critical reading of the
report, which resulted in many helpful suggestions.

PREVIOUS INVESTIGATIONS

Few other districts of the country have received
such numerous and repeated examinations by geolo-
gists and engineers as have been made in the copper
country of Michigan. Altogether a vast amount of
information has been assembled regarding this dis-
trict. Of that which has been published, most has
been afforded by the State surveys of Michigan, Wis-
consin, and Minnesota and by the United States
Geological Survey. All known publications on the
geology of the district are listed in the bibliography,
but the contributions of several groups of workers are
of so outstanding importance as to deserve special
mention.

Douglass Houghton,'® in 1841, first brought the dis-
trict effectively to the attention of mining men. His
valuable work was terminated in its midst four years
later by his death.

The next general report was made by Raphael
Pumpelly and his associate, A. R. Marvine,? who laid
the foundation for the systematic study of the stratig-
raphy of the district, studied the mineralogy of the
deposits in detail, and set up a theory of the deposition
f)f the ores that for 50 years has exerted a controlling
influence on geologic thought regarding the district.
The value of Pumpelly’s pioneer work in mineralogy
and rock alteration is too well recognized to need
extended comment.

The work of R. D. Irving ® and his associates gave
a broad view of the copper-bearing rocks and their
stratigraphic and structural relations and added much

!» Houghton, Douglass, Michigan State Geologist [Fourth] Ann. Rept.: Michigan
H. R. Doc. 27, 1841.
? Michigan Geol. Survey, vol. 1, pt. 2, 1873.

! Irving, R. D., The copper-bearing rocks of Lake Superior: U, 8. Geol. Survey
Mon. 5, 1883,
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to the knowledge of the mineralogy and petrography |

of these formations.
L. L. Hubbard,' as State geologist, contributed

especially to our knowledge of the felsite masses and |

the general structure in the north end of the district,
and later, as an operator, he was successful in applying
geology to the location of profitable lodes, notably in
the Champion mine.

The final report by A. C Lane,® as State geologist,
brought together the results of years of study by him-
self and other members of the Michigan Geological
Survey. This report is the great storehouse of fact
concerning the stratigraphy of the district.
presented a theory of the origin of the copper deposits
considerably modifying that set forth by Pumpelly.
The value of this report is too well known to require
comment.

Van Hise and Leith,® in their monograph on Lake
Superior geology, made evident the setting of the
copper district in the larger province. They definitely
broke away from the Pumpelly theory of formation of
the ores.

Many others have contributed to our knowledge of
the district, as will appear in the following pages and
.88 can be seen by consulting the bibliography. Some
of them, notably Prof. A. K. Seaman, have made a far
more extensive and intimate study of the district than
the bibliography would indicate.
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GEOGRAPHY

Location.— The copper district of Michigan is in the
extreme northern part of the northern peninsula, in
Keweenaw, Houghton, and Ontonagon Counties. Its
mines all lie within a narrow belt from 2 to 4 miles
wide and more than 100 miles long.

Topography—The most prominent topographic
feature of the copper country is a broad flat-topped
ridge or narrow plateau extending in a northeasterly
direction through the district and falling off to a
lowland both to the north and to the south. The
northern pértion projects into Lake Superior as
Keweenaw Point. This plateau rises to a general
level of 500 to 600 feet above Liake Superior, with
ridges such as the Greenstone and Bohemia Ranges,
in Keweenaw County, rising still higher. In the
south end of the district the Porcupine Mountains
form a prominent feature north of the main ridge.

THE COP PER DEPOSITS OF MICHIGAN

| seriously inconvenienced.

The main ridge or plateau is cut through by sever
low transverse gaps or valleys. The deepest are the
Portage Lake and Ontonagon River valleys, but ther
are many others of similar type.

The drainage is mainly outward from the centry
ridge, and most of the streams are small. The largest
is Ontonagon River, which rises south of the mai
ridge and flows northward through the Ontonagon
Gap. As most of the streams have small basins; they
are subject to marked variations in flow. In dry
summers and continuously cold winters the flow in
many of the streams is very small, but while the snow
is rapidly melting in the spring there is a large flow.

Climate—The following statements of the climatie
conditions are taken from the summary for 1924
prepared by Howard B. Cowdrick, meteorologist of
the Houghton station of the Weather Bureau, United
States Department of Agriculture. The Houghton
station is in the Portage Lake valley, 82 feet above
lake level, and the average conditions on the Copper
Range Plateau both north and south of it are some-
what more severe. The waters of Lake Superior on
three sides of the region greatly temper the climate.
Killing frost in the autumn is later than at many
stations much farther south, and although the spring
opens late, there are almost never periods of high
temperature followed by injurious freezing weather.
For the last 23 years the average date of the last
killing frost in spring has fallen in May and that of
the first in autumn has fallen in October, and the
average interval between them has been 149 days.
The summer climate, with its long sunny days and
cool nights, is almost perfect. The winters are cold
but not unpleasant. A great amount of snow falls,
 but it is usually dry, and because of expertness

developed through many years of experience in

handling it, the railroads and electric lines are not
Sleet is almost unknown.
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Weather conditions at Houghton, Mich., 1901-192/—Continued
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Industries.—The chief industry of Keweenaw Point |
is copper mining and smelting; of far less importance |
are lumbering and agriculture. In addition to these |
there is some fishing and a little manufacturing.

Copper mining has been the most important industry
for many years, and until the end of the World War,
when copper mining nearly everywhere was curtailed, it
had made a pretty steady growth.

Lumbering is of course decreasing in importance as
the original timber is removed, but there is still much
original hardwood timber standing, and lumbering
will continue for some time. As the timber has been
cut some of the land has been cleared for farming, and
agriculture has been steadily expanding. Much of the
il is good, and although the seasons are short,
especially on the higher lands of the Copper Range, the
region is suited to certain types of agriculture, espe-
cially the growing of potatoes and root crops generally.
Dairy products are also more than sufficient to supply
local demands.

Transportation.—The district borders on Lake
Superior, and Portage and Torch Lakes and the
Portage Lake Canal bring lake transportation into its
heart. Most of the heavy freight, such as fuel and
much of the copper, therefore has the advantage of
lake freight rates. ILake transportation usually opens
by May 1 and closes in December.

The district is also connected with outside points by
the Chicago, Milwaukee & St. Paul Railway and the
Dlﬂuth, South Shore & Atlantic Railroad. It is also
Served by the Mineral Range Railroad and the Copper
Range Railroad. The Keweenaw Central Railroad
has served the northern part of the district in the past
d would undoubtedly resume operation if conditions

|
!
|

|
|

|
|
I

|
|

should justify. Several of the mines are connected
with the mills and smelters by privately owned
railroads.

An improved highway extends from Copper Harbor,
near the end of Keweenaw Point, to Rockland, on
Ontonagon River. This road, together with numerous
branches, brings practically all parts of the district
within a few miles of good highways, which are open
to automobile traffic for about eight months of the
year.

The north end of the Porcupine Mountain section
also has improved highways, and the Chicago, Mil-
waukee & St. Paul Railway has a branch to the White
Pine mine.

Power.—Practically all power for the district is
generated from coal brought in by Lake steamers.
Much of the power is used directly as steam power or
as compressed air produced by steam power, but there
is a steadily increasing use of electric power generated
at central plants.

The only water-power plant in the district is that of
the Victoria Copper Co. on the West Branch of
Ontonagon River. A fall of 71 feet was utilized to
produce compressed air directly, which operated all
the machinery of the mine and mill. A dam to store
water in Lake Gogebic helps to equalize the flow of the
river, and the power available could be considerably
increased by raising the dam. There is a fall on the
East Branch of Ontonagon River that has not yet
been utilized for developing power, and some power
could also be generated on other small streams in the
district. The irregular seasonal flow of the streams,
however, would make storage dams necessary to
develop power continuously.



16
PHYSIOGRAPHY

An account of the development of the physio-
oraphic features of the copper district requires con-
sideration of a much wider area than the district
itself. Such descriptions have been prepared by
Martin 7 for the Lake Superior region, by Leverett ®
for the northern peninsula, and by Lane® for the
copper district, and only a brief outline will Be pre-
sented here.

The ridge or plateau known as the Copper Range
represents an old mature erosion surface with monad-
nocks rising above its general level and also valleys
below that level. With the elevation of this old sur-

face the softer rocks on each side of the present range | only the higher summits projected as islands. This

were eroded to form the present lowlands, while the
crystalline rocks were but little affected. (See pl. 53.)
This was the condition of the region before the glacial
epoch.

The glaciation had little to do in forming the major
physiographic features, but it affected the minor
features profoundly. When the ice swept over the
region it scoured off the soil and the weathered out-
crops of the rocks. It smoothed the outlines and
probably widened and deepened the valleys somewhat,
but it did not change the major rock features. In
local protected areas the effect of preglacial weather-
ing is preserved—for example, it can be well seen in a
shaft on the Petherick vein, near Copper Falls,
Keweenaw County.

The deposits laid down by the ice and the accom-
panying streams are prominent features of the detail
of the physiography and are economically important
both from the viewpoint of the farmer, because they
form the soil, and from that of the miner, because
they constitute a rock cover which affects the ease of
both exploration and development.
principal types of glacial deposits on the Copper
Range—the general till sheet or ground moraine;
moraines formed around the margins of the ice
tongues; deposits formed in glacial lakes; and deposits
laid down by streams flowing from the ice.

The most extensive of these deposits is the ground
moraine, which was left in greater or less amount
everywhere as the ice melted. It covers practically
all the range except a few steep ridges from which it

has been removed or on which it could not accumulate. | continuous area they occur in scattered outerops along

Over much of the area it forms a rather shallow |

mantle, which is not continuous but fills minor de-
pressions and covers the outcrops of the weaker rocks
such as the amygdaloids.

The marginal moraines cover a much smaller area.
The most prominent one, which outlines the ice lobe
that moved down Keweenaw Bay, touches the Copper
Range at Wheal Kate Mountain, near South Range,

7 Martin, Lawrence, U. S. Geol. Survey Mon. 52, p. 85, 1911.
8 Leverett, Frank, Michigan Geol. Survey Pub. 7, Geol. ser. 5, 1911.
¢ Lane, A, C., Michigan Geol. Survey Pub. 6, Geol. ser, 4, p. 48, 1911,

There are four |
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. and follows it southwestward to a point beyond Wilmna_
where it turns southward around Keweenaw By,
This moraine buries the rocks deeply and is a serioy
impediment to prospecting.

The lake deposits were formed in the lakes along

" the south margin of the ice. In their early stags
these lakes drained into the basin of Mississippi River,
Later, as the ice melted, lower outlets were opened tg
the east, and the lakes dropped to successively lower

' Jevels. The most extensive of these lakes in the Copper

' Range was Lake Duluth, which covered most of the
area. At Calumet its highest shore line surrounds
Centennial Heights, about 700 feet above the level of

' Lake Superior, and in the south end of the district

highest stage was followed by successively lower stages
whose positions are marked by old beach lines. Since
these were formed the land has been tilted so that there
is a slight rise in altitude of each beach line from south
to north, the amount of which has not been deter-
mined for the Copper Range.

In these lakes were formed extensive deposits of clay
mixed with boulders, especially in the southern part
of the range. These deposits have not buried the
rocks as deeply as the marginal moraine, but in places
they constitute a decided handicap to prospecting.

Since the glacial epoch erosion has modified the
deposits somewhat, especially near streams, but in
the main there has been little change. (See pl. 54.)

BEDROCK GEOLOGY
BROADER RELATIONS

Location and extent.—The native copper deposits of
Lake Superior are inclosed in rocks of Keweenawan
age. The area in which these rocks are exposed lies

North America and forms a part of the Lake Superior
basin. Along the south shore of the lake it extends
from Keweenaw Point southwestward through north-
ern Wisconsin into Minnesota. (See pl. 2.) The
Keweenawan rocks border the north shore of the lake
in Minnesota to the Canadian boundry, crop out ot
Isle Royal, and in Canada appear in the Black Bay

- extrusive igneous rocks.

| periods of sedimentation.

and Thunder Bay districts and extend northward
around Lake Nipigon. To the east of this almosi

the shore and on islands of Lake Superior.

Character of the rocks.—The Keweenawan series
comprises coarse clastic sediments and intrusive and
Both the base and the upper
part of the series were formed during periods qf
sedimentation. The igneous activity became dom
nant after a maximum of 1,500 feet of sediments had
been deposited, when basaltic flows were poured oub
one after another, with occasional short intervening
More rarely acidic erup

tions occurred. The flows were probably fissur®

1

in the southern part of the pre-Cambrian shield of
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Stratigraphic position of the subdivisions of the Keweenawan series of Michigan to which names have been applied
[Compiled by M. Grace Wilmarth (secretary of the conimittee on geologic names, U, 8, Geological Survey), under the supervision of B. 8. Butler, May, 1926, Asterisks ( * * * ) indicate intervening rocks]

Keweenawan series:
Freda sandstone
Nonesuch shale:

1. Shale and thin sandstones

2. Nonesuch lode (sandstone, some thin shale, and conglomerate)

3. Shale, thin

Copper Harbor group:
‘Outer conglomerate, 1,000-3,500 feet
Lake Shore trap, 0-1,800 feet:
1. Trap (upper)
2. Conglomerate (middle)
3. Trap (lower)

Great conglomerate (No. 22), 340-2,200 feet | ;

Eagle River group (= Marvine’s group C), 1,417-2,300 feet ‘ Island Mine conglomerate of Isle Royal
Trap |
Conglomerate No. 21 l
Trap, ete. |
Conglomerate No. 20 5 .
‘Trap Duluth gabbro (intrusive)
‘Conglomerate No. 19 -

Trap
Ashbed group, 1,456-2,400 - feet

Conglomerate No. 18 [ I {

Diabase and amygdaloic e : .

Hancock conglomerate (No. 17) =Hancock West conglomerate of Marvine West Minesota conglomerate, 150 feet

* * *

Ashbed amygdaloid (Ashbed lode) Ashbed flow Lodes of Hancock mine (older than conglomerate No. 17)
= Atlantic amygdaloid (Atlantic lode) =South Pewabic amygdaloid (South Pewabic lode) | = Atlantic flow
= Arnold amygdaloid (Arnold lode) = Arnold flow Include: 1 '

Trap =South Pewabic flow Hanecock amygdaloid (Hancock 10(10)}=I{ancock flow

* ok ok Tmp

Il

Trap
%
Pewabic West conglomerate (No. 16) .
Trap
R
Pewabic amygdaloid (Pewabic lode) Pewabic Far West lodes

= Quincy amygdaloid West lode=* Main’’ lode

) -, 1 -
=Quincy Pewabic amygdaloid =Pewabic flow Pewabic East lode

= Pewabic amygdaloid lodes
;I‘m’{) * = Quincy amygdaloid lodes
%gp}’cwahi(- amygdaloid (Old Pewabic lode)}=OlgOI"‘fzwabic l Quiney lode=0ld Quincy West Minesota trap, 2,160 feet
* * ¥

* k%
;i\‘lbany & Boston amygdaloid (Albany & Boston lode)}= AMbany & Boston fow

rap B )
* * *

““Mesnard” epidote=“St. Mary’’ epidote=‘Mesnard bed"
Central Mine group, 3,823-25,000+ feet
Greenstone flow (“crystalline trap,” “diorite,”” the “slide’)
Allouez conglomerate (No. 15) (Allouez lode)
=:Albany & Boston” conglomerate

“Chippewa’ felsite=‘“ Chippewa’’ porphyry (different facies of same formation)

“Oneida’” conglomerate (pfobab]y=Allouez conglomerate)

Ty,
rII\"Irz(Ii)om amygdaloid (Medora IOde)}Medora Do

* % %

’;};Irzl;)ltou amygdaloid (Manitou lOde)}=Manitou PR
% % *

e Mandan amygdaloid (Mandan lode)}=Mandan flow Toltec trap, 1,710 feet

Trap (ophite) = Mandan ophite of Lane
* * *

Houghton conglomerate (No. 14) = Central Mine” conglomerate
¥ % % 900-1,460+ feet * ¥ x 150-224 feet

Montreal amygdaloid (Montreal lode)
Trap

}——— Montreal flow

Talumet & Hecla conglomerate (No. 13) South end of Keweenaw Point:

=‘“Calumet” conglomerate
*

* %
Calumet amygdaloid (Calumet lode)} e Slhis ; National sands ;, 50 fee :
S = Calumet flow National sandstone, 50 feet Shawmut amygdaloid
o e Ml ygaalol
Tm’f (Probably No. 12 conglomerate) (Shawmut lode) }——Sha\\'mut flow

* *
Osceola amygdaloid (Osceola lodo)} Trap

Ophite
* * ¥ 450+ feet
: s 2 0 g :
i\;orth amygdaloid (North lode) }_: Narth flow North 31:11)'g<lal<)id] - e ézl;%xiglggs:ggéce)
i S Tmp(konh lode) J= North flow (Probably=DNo. 11 or No. 12. Is the Johnson Creek conglomerate of Lane)
%?;ilfo amygdaloid (Calico lode)}z(‘ulico Ao :(k lf * o TR 3 ) = Minesota trap, 570 feet
i) 'l:;‘nl;;o amygdaloid (Calico lode at Minesota mme)}:Calico fisi
Kearsarge conglomerate (probably conglomerate No. 12, according to Butler) x ¥ %
=conglomerate No. 11 of Marvine
= North Star conglomerate
= Minong breccia of Isle Royal
= (probably) Minesota conglomerate ; LAZ A
= (probably) Kingston conglomerate= No. 10 of Marvine Minesota conglomerate
*x ¥ Conglomerate (unnamed)

=(sceola flow

sk
Minong porphyrite

il '
Minong trap j()ccur on Isle Royal
= * *

Huginnin porphyrite of Isle Royal
* * ok

%_e;gsarge West amygdaloid (Kearsarge West lode')}h—em_mrge ot flosr
T %
Kearsarge amygdaloid (Kearsarge lode)
= ‘“Wolverine”’ amygdaloid = Kearsarge flow
i{ea:saige trap

Wolverine sandstone (conglomerate No. 9)
¥ 980 feet
Old Colony amygdaloid (Old Colony lode)}zmd o i

£ X * "= G 2 : e E A ¥
’;;»-‘Wld*(_}oiony sandstone ; ! it T R L -
; %;J:ch Lake or Tomahawk amygdaloid (Torch Lake lode) J‘ —Torch Lake flow
. i: 2 * B %
\ 4 Old Mayflower amygdaloid (Old Mayflower lode). (Position qucstiunublc)}=om Mayflower flow
¥ b, * : ’
. - Wyandot amygdaloid I ! amvegdaloi
Isle Royale amygdaloid (Isle Royale lode) Douglas amyg- Oneco amygdaloid | _ 5, .0 fiow (probably near horizon of Tsle | ™ (Wyandot lode) R el RS 6
="“Grand Portage” amygdaloid (Grand Portage lode) | =Isle Royale flow daloid =Douglas flow (Oneco lode) Royale amygdaloid) (Probably = Winona = Wyandot flow Trap |
= (probably) Arcadian amygdaloid (Arcadian lode) =“Grand Portage” flow Trap Trap ) » amygdaloid) o ]
= (probably) Winona amygdaloid (Winona lode) = Arcadian flow : Trap Merchants :llll\'ﬁ:l,i:ll')i&ll
= West lode = Winona flow (Merchants lode) = Merchants flow | Piscataqua lode
lﬂe*RO:ale trap Trap |
: ! : e % o %
'x}re;‘w) Mayflower amygdaloid (New Mayflower lode)}= New Mayflower flow (may belong here, Butler says) Mass amygdaloid
* % % : N ‘ Trap(Mass lode) }=DMass flow
New Arcadian amygdaloid (New Arcadian lode)}= Nove Areiiing flow * k%
i Nortg\I Buttller amygdaloid
¢ . A . 5 aNOort =N
“Bt. Louis’’ amygdaloid (St. Louis lode)}zu S Taouia’ o Teas rth Butler lode) North Butler flow
rap A ’ * ok ok
:B‘,.%" i,rap 0-400+ feet Butler amygdaloid
' T (Butler lode) }.—:Butler flow | Nebraska lode
g
South Butler amygdaloid
. (South Butler lode) {=South Butler flow
Tra 2
Ogim(?)a,mmflaloid i
ima ) y=0gima flow
ng " 0ds) g Forest amygdaloidl “Victoria" amygdaloid
. * (Forest lode) = Forest flow . (Victoria lode) = Forest (*‘ Victoria”') flow
Evergreen amygdaloid) Trap J Trap 5
| {Evergreen lode) = Evergreen flow e CER L S S
Trap J Lake amygda]oid‘l Algomah am_vgdaloidl
o (Lake lode) ;=Lake flow (Algomah lode) = Algomah flow
New Mass amygdaloid] Trap ] Trap J
(New Mass lode) = New Mass flow AR _
Trap J
No. 8 conglomerate No. 8 conglomerate

‘Bohemian Range group, 9,500 =+ feet:

Bohemia conglomerate (INo. 8)
="' Mount Bohemia ’* conglomerate
= Forest conglomera te
= Caledonia conglomerate
= Winona conglomerate 2
= Nebraska’’ conglomerate= Caledonia conglomerate
May = Michig;,n conglomerate

Probably=* Louis’ conglomerate (If intrusive, is probab}y middle or upper Keweenawan)

quartz porphyry (different facies of same formation).

Mount Houghton felsite = Mount H oughton i . * *
i Bohemia porphyrite Praysville porphyry
1 % * *
Son*gloin e o, 7 Conglomerate No. 6 Conglomerate No. 6
ok

9011*g10¥lerate No. 6 Con*glomerato

iy . ne * * * *
gorlgloin ok P o o = Wyandot No. 8 mn.\'gdaloid] 2

% (Wyandot No. 8 lode) r=Wyandot No. 8 flow
Conglomerate No. 4 el Trap j Y
g , Gabbro of Mount Bohemia T B Norwich trap
Mabb amygdaloid (ophite) (Mabb lode) }5 Mabb flow i EIS intrusive and may be :
o uppet BEWCIAESE Telsite of Indiana mine Superior West amygdaloid : Norwich conglomerate
g i s W (Is intrusive and regarded (Superior West lode) = Superior West flow
Baltic West amygdaloid (Baltic West 1ode)} — Baltic West flow by A. C. Lane as possi- | Trap J
Trap, 40-60 feet squivalent to the | * * * . ; '
Baltic amygdaloid (Baltic lode) = 1tic flow %llzxysgi]!e porphyry) Superior amygdaloid] Bad River” gabbro
Probably = Superior amygdaloid ;= DBa (Superior lode) I:Superior flow
Trs hite Trap
* NE (?kp ) Lac la Belle conglomerate . ¥ % %  3000-4,500 feet
Baltic conglomerate (No. 3) . (May be conglomerate
e No. 3 or younger)
Basal sandstone, 200-460 feet

Conglomerate No. 2
Xoox i 1,1401 feat
Conglomerate No. 1

Amygdaloid
> . ed
formity 1 . : Tearsarce conglonerat d the Kearsarge amygdaloid, or a larger unit and one of its parts, such as the Ashbed group and the Ashbed amygdaloid, by the same name, In the area covered by this report, however, g local ‘i
; b4 L rable to call two distinet units, such as the Kearsarge conglomerate an g ear: VR @ I 2 » 8 local nomenclature has become firmly es y 5
Unoo ﬂian series name derived from a locality,] fxl:gg :,t ;:»nxénzsag?:rr:};) eated use of quotation marks is objectionable, the Geological Survey’s rules have been suspended, and with few exceptions the names in current use in the nrenlllmve been accepted without quotation marks, uly established, under which the names of various Teitists v R 3‘1

o - each named unit must have a separate T e to change this looa
uf % —Under the current rules of suatigraph’cu"lg:h enclatur® 50 in many duplications. Asitis impractica
NG ssociated conglomerates, amygdaloids S OFIEE Soeks, 160 58540—0g,

ty tp?

(Face p. 16.)
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U. 8. GEOLOGICAL SURVEY

A. DOUGLASS HOUGHTON FALLS

One of the falls of the Keweenaw fault fall line. Photograph_by C. V. Rawlings

B. DRILL CORES IMPROPERLY STORED

Costly and valuable information going to waste

C. GLACIATED SURFACE, SHOWING RESISTANCE OF AMYGDULAR INCLUSIONS

Inclusion zone in Calumet and Hecla conglomerate
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eruptions; how many ther_e were is not known, but
they are to be numbered in th.e hundrfsds. Igneous
activity gradually ceased, the intervening periods of
sedimentation becoming more frequent and longer.
The upper part of the series is made up largely of a
thick conglomerate overlain by a thick sandstone.
Intrusion probably though not certainly occurred
during the Keweenawan epoch. On the north shore
the great Duluth gabbro laccolith of Minnesota was
intruded essentially along the unconformity at the
base of the Keweenawan. Similar intrusive rocks
oceur south of the lake in Wisconsin, and it is thought
that these are outerops of the same great body ex-
tending beneath the lake, from one side of the Lake
Superior synclinal basin to the other. Smaller
intrusive bodies occur toward the base of the Keweena-
wan at intervals along Keweenaw Point. Both their
petrographic character and their position in the series
suggest that they are contemporaneous with and
derived from the same magma as the Duluth gabbro.
Other examples of intrusive rocks that are probably
of Keweenawan age are the dikes in the Gogebic iron
country and the Logan sills in Minnesota and Ontario.

STRATIGRAPHY
MAPS AND SECTIONS

The detailed geologic maps and sections (pls.
2-32) are based largely on data from diamond drill-
ing and underground openings. Outcrops have of
course been used as far as possible. As the region is
largely covered with drift and the depth to bedrock
is unknown except at the location of drill holes or
other openings, it was decided to show the rock beds
on the surface map as projected on their dip through
the drift to the surface. Where there is no drift
cover the -outerop as shown coincides with the actual
bedrock outerop. Where there is a drift covering a
given contact in westward-dipping beds is shown far-
ther east than its position on the bedrock surface by
a distance that varies with the thickness of the drift

and the di s be ip is indi A i .
te dip of the beds.“The dip is indicated on the | ing the relations, and it seems to be still .an open

drift at the drill holes is shown on the sections, and it | question with good arguments on both sides.™

map and shown on the sections, and the thickness of

is also indicated on the map by a gap between the
location of the hole and the position of the bedrock.

Near the Keweenaw fault, where the beds are in
general considerably broken and in many places have
low dips, the surface outcrop has not been shown.
The. structure so far as it is known is indicated in the
sections.

On both maps and sections the character of the
traps is shown by letters, as O for ophites, M for mela-
PhYI?es. The character of amygdaloids, as fragmental,
Scoriaceous, or cellular, is shown by symbols.

AGE AND RELATIONS

The rocks of Keweenaw Point are of Keweenawan
and Cambrian age. On the Gogebic Iron Range,
near by, the Keweenawan rests unconformably upon
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the upper Huronian, and Keweenawan dikes cut the
earlier rocks. Overlying the upper Keweenawan,
without apparent unconformity or abrupt change of
character, is a sandstone which has been considered
to be Upper Cambrian. This relation does not exist
on Keweenaw Point, where the upper Keweenawan
sandstone (called the Freda) is separated from the
Upper Cambrian’sandstone (the Jacobsville,“Eastern,”
or Lake Superior sandstone) by a great overthrust
fault. In the wvalley of St. Croix River, in western
Wisconsin, fossiliferous Upper Cambrian sandstone lies
unconformably on middle Keweenawan beds. The
Jacobsville sandstone may be likewise unconformable
on the Keweenawan in the South Trap Range of
Michigan, but there the relations are obscured by
faulting, and the problem is complicated further by
the doubt that exists regarding the equivalence of
the Jacobsville (‘‘Eastern’) sandstone to the Upper
Cambrian of the St. Croix Valley. This relation may
mean simply that the Lake Superior basin was form-
ing during Keweenawan time and in places the latest
member was laid down unconformably on the earlier
members, which had been already tilted, though there
was no break in the general series.

In northern Wisconsin the Freda sandstone is over-
lain conformably by other sandstones of Keweenawan
age, into which, indeed, it seems to grade impercepti-
bly. It would appear from this relation that the for-
mations were laid down in one period of continuous
deposition without interruption by diastrophic move-
ments. Although the accepted usage of the United
States Geological Survey is to group the Keweenawan
with the pre-Cambrian, the fact that the apparently
major unconformity lies below the Keweenawan series
rather than above it has led some geologists to the
view that the major division between the Cambrian -
and pre-Cambrian should be placed at the base of the
Keweenawan. Thus, Lane groups the rocks of the
Keweenawan as Cambrian.!® The present work has
contributed nothing of significance toward determin-

GENERAL CHARACTER AND DISTRIBUTION

The Keweenawan series is divided in a general way
into upper, middle, and lower Keweenawan, which
are further subdivided into groups and formations.!
The several workers in the district have classed the
subdivisions somewhat differently, as indicated in
the following table:

10 For a discussion of the age and relations of the Keweenawan see Van Hise,
C. R., and Leith, C. K., The geology of the Lake Superior region: U. S. Geol. Survey
Mon. 52, pp. 384, 389, 415, 416, 616, 620, 625, 1911; Lane, A. C., The Keweenawan
series of Michigan: Michigan Geol. Survey Pub. 6 (Geol. ser. 4), pp. 41, 629, 630,
941-042, 1909,

10a Since this report was prepared C. R. Stauffer (Age of the red clastic series of
Minnesota: Geol Soc. America Bull,, vol. 38, pp. 469-478, 1927) has reported the
finding of Middle Cambrian fossils near the top of the red sediments below the St.
Croixan series in Minnesota. These rocks have in the past been correlated, some-
what uncertainly, with the Keweenawan.

11 Lane, A. C., op. cit., p. 20.
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Classification of subdivisions of Keweenawan series

e T ——
Classification
Name Thickness:(feet) |———— e R
L Irving Van Hise and Leith Lane and Gordon
Freda sandstone._ _ . ___________ 900- (?) i } ’ Upper Keweenawan,
Nonesuch shale_ ____ ... .. 350- 600 |}Upper Keweenawan_. ... | Upper Keweenawan_ ___._ o 25N
QOuter conglomerate . . . _ . ____. 1, 000~ 3, 500

400- 1, 800 |
340- 2, 200
1, 417- 2, 300

Liake, Shore trap= - - ui o zwssema
Great conglomerate

Ashbed group.._._..
Central Mine group....__.
Bohemian Range group.___.____

-| 3. 823-25. 000
() - 9,500

The rocks consist of acidic and basic intrusive and
extrusive rocks, shale, sandstone, conglomerate, ash,
and tuff. The same rock types, both igneous and
sedimentary, are characteristic of the Keweenawan
of the entire Lake Superior region. The Keweenaw
Point belt extends southwestward into northern Wis-
consin and dips northwestward under Liake Superior.
Rocks of the same types emerge on the north side of
the Lake Superior syncline in Minnesota, Isle Royal,
and Ontario. Lane believes that some of the specific
horizons identified in the Michigan copper district can
be recognized on Isle Royal.?

SEDIMENTS
DISTRIBUTION

The sediments are decidedly subordinate in the lower
groups on Keweenaw Point. They become increas-
ingly abundant in the upper groups, however, consti-
tuting practically the entire thickness of the series
above the Eagle River group.

GENERAL CHARACTER

The sediments are predominantly red in color, feld-
spathie, and poorly sorted ; they show horseshoe-shaped
ripple marks, cross-bedding, and mud cracks, and so
far asknown they havenofossils. Their characteristics
indicate that they were deposited largely or entirely
under terrestrial conditions.’

CONGLOMERATE

Under conglomerate, as here considered, are in-
cluded rocks of two types—those that are composed
predominantly of felsitic material and those that are
composed of fragments of amygdaloid in a basic sand
and have heretofore been called either amygdaloid
conglomerate or scoriaceous amygdaloid. A bed of
the second type immediately underlies or forms the
lower part of the felsitic Calumet & Hecla conglom-
erate but is distinct from it in character and is far more

12 Lane, A. C., Geological report on Isle Royale, Mich.: Michigan Geol. Survey,
vol. 6, pt. 1, 1898.

13 Van Hise, C. R., and Leith, C. K., op. cit., p. 417. Lane, A. C., The Ke-
weenawan series of Michigan: Michigan Geol. Survey Pub. 8, Geol. ser. 4, p. 32, 1909,

1. 456- 2. 400 }Lo“"er Keweenawan_ ____ l

Middle Keweenawan_.___| Lower Keweenawan.

Lower Keweenawan. _ _ __

extensive. The two types are distinet in composition
and in source of material, and it seems desirable for
certain purposes to regard them as separate units,
though from purely stratigraphic considerations they
might well be grouped together, as they commonly
have been.
FELSITE CONGLOMERATE

Extent and thickness of beds.—Conglomerate of the
felsitic type is the principal sedimentary rock in the
copper district. Beds of it range in thickness from a
few inches to 3,500 feet. Some have been traced for
many miles along the strike; the Allouez conglomerate,
for instance, is recognized for over 50 miles along the
strike and has been identified by Lane across the lake
on Isle Royal, though nowhere is it known to be more
than 50 feet in thickness. The recognition and enu-
meration by Marvine ** of 22 conglomerates numbered
from the base of the series upward to the Great con-
glomerate constitutes the chief basis of correlation used
in all the later geologic work in the district.

Vertical distribution.—The conglomerates form a
relatively small proportion of the lower part of the
series and a large proportion of the upper part. In
the lower part many of the flows have no felsitic
sediment between them, indicating that sedimentation
at a given place, at least, was intermittent.

Character of material—The felsitic conglomerates
are siliceous in general composition, the most abun-
dant rocks in them being felsite and quartz porphyry.
In the north end of the district every bed contains
many varieties of such rocks, from the densest felsite
to very coarse quartz and feldspar porphyries and
from highly siliceous rocks to rocks that are strongly
feldspathic and rich in iron. In the south end of
the district felsitic pebbles predominate and those of
quartz porphyry are practically absent so far as
observed. Amygdaloid pebbles are present in mos
of the felsite conglomerates, and locally such basic
material may become plentiful, but fragments of trap
are decidedly unusual. In the south end of the dis-

¥ Marvine, A. R., Michigan Geol. Survey, vol. 1, pt. 2, 1873.
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trict pebbles of iron formation have been observed,
and in the Calumet & Hecla conglomerate there are

a few pebbles of hard white quartzite, which is not |

known elsewhere in the Keweenawan series. Except
for the amygdaloid pebbles, which are of local deriva-
tion, all the constituents are physically and chemically
resistant.  Most of the pebbles are fairly well rounded;
some, however, are subangular and might be regarded
as having been transported no great distance were it

not that similar angularity is to be found among |

hard materials on beaches subject to strong wave
action and can not be taken to indicate feeble abrasion.

Character of beds—The beds, as is true of con-
glomerates in general, are lenticular, thinning or
thickening rather rapidly along the strike.

of sandstone or grit; the coarser material, the largest
boulders in which are rarely over a foot in diameter,
is usually present in rather thick beds, though the
thick beds are not at all places composed of coarse
material. The Wolverine sandstone included in the
conglomerate of Marvine, for example, in places
attains a considerable thickness, though usually re-
taining the texture of a sandstone or shale.
of sandstone are present in much of the conglomerate.
Cross-bedding, mud cracks, and ripple marks are
common features. (See pl. 55.)

Character of underlying bed.—Commonly the felsitic
conglomerate is underlain by a soft red or brownish
basic sandstone, locally ripple-marked, and contains
pebbles of amygdaloid that become increasingly abun-
dant toward the base and were evidently derived from
the underlying amygdaloid. This is what Lane has
designated amygdaloidal conglomerate. Where the
felsite conglomerate is underlain by the more basic
fragmental material, amygdaloid pebbles are likely to
be present in the felsitic layer and more noticeably
toward its base but rarely in abundance. Much less
commonly & felsite pebble may be found in the basic
layer.  On the whole there has been little commingling
of the two kinds of material, and as a rule the boundary
between the felsite and the basic layers is pretty dis-
finet. Rarely does either the felsitic rock or the under-
lying basic conglomerate rest directly on trap without
the intervention of a band of amygdaloid, though
there is in many places evidence that some of the
amygdaloid has been eroded.

S_ource of material —The principal material of the |
felsite conglomerate is similar to that composing several |

Iasses of felsite and acidic porphyry, in part at least
Intrusive, that are exposed in the district. Lane has
called attention to the similarity between certain peb-

bles in the Calumet & Hecla conglomerate and an in- |

trusive rock near the Keweenaw fault east of Calumet.
here are conglomerates of like character, however,

f:hat are older than any of the exposed masses of similar |

1gheous rocks, and the exposed masses seem much too

Where |
thin they are usually of rather fine texture, consisting |

Lenses |
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| small to have furnished the large amount of material
that the conglomerates contain. The variety of acidic
igneous types is greater in the conglomerate beds than
would be expected if they were derived wholly or
mainly from the breakdown of any single igneous body.
Furthermore, as already mentioned, pebbles of iron
formation and of foreign quartzite are present spar-
ingly in the conglomerate beds, and on Michipicoten
Island similar conglomerates carry pebbles of granite
and gneiss. Lane ' and others have suggested that
certain extensive flows of felsite, poured out on top of
the basalt flows, immediately succumbed to erosion,
thus forming a nearly contemporaneous conglomerate.
Some of the pebbles of felsitic texture show flow struec-
ture which may be a result of surface flow; but it is
not necessarily so, for similar structure is present in
| felsite that is known to be intrusive, and these pebbles
' showing flow structure are mingled with an abundance
| of others of such coarse porphyritic and holocrystalline
texture as to make their derivation from effusive rocks
unlikely.

Aldrich,'® of the Wisconsin Geological Survey, be-
lieves that much of the material in the conglomerates
of Wisconsin is derived from rhyolite flows. He de-
' scribes conglomerates resting on rhyolite flows and
made up in part of pebbles that are similar to the
flows and are thought to have come from them. No-
where in the Michigan copper region, however, is a
conglomerate known to rest upon or be in contact with
a felsitic mass that can be regarded as effusive.

It seems probable that the conglomerate pebbles
were not of immediate local derivation but came from
long-lived uplands composed mainly of felsite and
quartz porphyry, and that the débris from these
uplands, together with a small proportion of other
material from different sources, was spread inter-
mittently on the adjacent piedmont plains occupied
mainly by the basic flows.

Where such uplands were located is not known, for
no remnants of formations that seem adequate to
have furnished the material for the conglomerates have
been found. They may have been outside the present
limits of the Keweenawan and in the area now covered
by the Jacobsville (“‘ Eastern’” or Cambrian) sandstone,
or they may have been inside these limits and in the
area now occupied by the Freda sandstone (upper
Keweenawan). It seems probable that they came
from the same direction as the flows and were spread
over and carried down the gently sloping surfaces of
the flows. Aldrich 7 and Hotchkiss ** believe that
the source of the similar acidic and basic rocks in
Wisconsin was in the interior of the Lake Superior

18 Lane, A. C., The Keweenawan series of Michigan: Michigan Geol. Survey
Pub. 6 (Geol. ser. 4), p. 753, 1908.

16 Aldrich, H. R., Magnetic sarveying on the copper-bearing rocks of Wisconsin:
Econ. Geology, vol. 18, p. 560, 1923.

17 Idem, p. 571.

18 Hotchkiss, W. O., Lake Superior geosyncline: Geol. Soc. America Bull., vol.
34 pp. 669-678, 1923.
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basin, and there are reasons for supposing a similar
source for the rocks in Michigan, as is pointed out in’
the discussion of igneous rocks on page 26.

Manner of deposition.—The upper surfaces of many
of the lava flows are not eroded and are immediately
overlain by other flows without the intervention of any
sediment. Sedimentation therefore must have been
intermittent. Two contrasting ways in which the
intermittent deposition of the felsite conglomerates
might have been accomplished have been imagined—
that the conglomerates are marine deposits and were
accumulated in a body of water that alternately ad-
vanced and retreated from the area during the period

of lava accumulation; or that they are dominantly |

terrestrial deposits and were accumulated intermit-
tently on a plain that was being flooded by lava.

The second hypothesis appears the more probable.
There has been an increasing tendency among geolo-
gists, including workers in the Michigan region, to
regard sediments of this general type as having
accumulated on land or in very shallow water. Within
the stratigraphic limits that embrace the conglomerates
no sediments of undoubted marine origin are known,
nor any that are more probably marine than the con-
glomerates themselves. The presence of ripple marks
and mud cracks is strongly indicative of deposition in
streams, puddles, or shallow sheets of water. Perhaps
these Michigan conglomerates find their closest
analogy in point of origin with the extensive Gila con-
glomerate of Arizona and western New Mexico and
similar deposits of whose terrestrial origin there can
be little doubt.

Emphasis should be placed on the fact that the red
color of the conglomerates is not due mainly to weath-
ering and oxidation, the causes most commonly
assigned in explaining red sediments. The con-
glomerates are red because the pebbles in them are
red. Comparison shows that the felsite and porphyry
are but little redder than the red felsite and quartz
porphyry masses, such as Mount Houghton, the
Bare Hills, and the body east of Calumet. The
pebbles in these conglomerates are aimost as free from
weathering as the freshest similar massive rock in
glaciated outcrops. The color in both is due to
minute plates of primary hematite. The cementing
material of the conglomerates contains much iron
oxide in grains not inclosed in rock. In the Great
conglomerate the oxide is magnetite partly altered
to hematite and limonite. In the Calumet & Hecla
conglomerate little unaltered magnetite remains. It is
probable that some of the limonite resulted from
surface oxidation. :

AMYGDALOIDAL CONGLOMERATE

Relation to felsite conglomerate—The Calumet &

Hecla felsite conglomerate is imumediately underlain |

by a fragmental layer consisting chiefly of basaltic
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material—in part basic sand, in part pebbles ¢
boulders of amygdaloid—resting upon the amygds.
loidal upper part of a basaltic flow. To material of
this type Lane has applied the name ““amygdaloidg
conglomerate.” Similar material underlies most f
the felsite conglomerates and is present on numergyg
flows without accompanying felsitic material, A

parently Lane and others have regarded such bagj
fragmental stuff as a part of a single conglomerats
formation, of which the overlying felsite portion i
perhaps the more conspicuous and certainly the mop
important economically. For purposes of strati
graphic correlation this view leads to no difficulty,
but as the acidic and basic portions are derived from
different sources and as they also differ in distribution
and persistence, it seems advisable, especially for the
copper-bearing conglomerates, to make a separation
between the amygdaloidal conglomerate and the felsite
conglomerate.

For example, the copper of the Calumet & Hecls
conglomerate lode is confined almost exclusively to
the upper, felsite portion, the underlying basic por
tion being nowhere an ore; the felsite portion is of
slight lateral extent, thinning out to sandstone and
then pinching almost entirely, but the basic sedi
mentary portion continues on regardless of whether
or not the felsite conglomerate is present. To desig-
nate the amygdaloidal conglomerate the Calumet &
Hecla conglomerate without qualification at places
where the felsite portion is absent might lead to s
misunderstanding as to the possibility of finding ore
at such places. In the sections and maps this and
| similar beds have been classed under the term ““scori-
aceous amygdaloids,” a term well established in the
records of the district, though it is recognized that
“amygdaloidal conglomerate” conveys a better ides
of their probable mode of formation.

Origin—These scoriaceous amygdaloids or amyg-
daloidal conglomerates have often been considered
true ‘“ash beds” or the accumulation of explosive
volcanic material—bombs and volcanic ash. That
some explosive material was produced in connection
with the basic flows is entirely possible, but the evi-
dence that it was of noteworthy amount is not clear,
and the sedimentary origin seems adequate to account
for the deposits as they are. The felsite sediments
are characteristically underlain by amygdaloidal con-
glomerate. It is not uncommon to find some felsitic
sediment resting on the amygdaloidal conglomerate
where no well-defined and persistent felsite con-
glomerate is present. There are, however, many beds
of amygdaloidal conglomerate with which no felsite
is associated. Very commonly the amygdaloid of
- the underlying flow has been partly eroded, and il
- places it has been entirely removed so that the dark
| conglomerate rests directly on trap. It is clear, there-
. fore, that the amygdaloidal conglomerates have been
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formed repeatedly at horizons where both erosion and
sedimentation have taken place, and that they are
products of erosion rather than of explosive eruption.
The amygdaloidal conglomerates with which no
felsite sediment is associated are similar to those that
are accompanied by felsitic rock and doubtless are of
similar origin.

It seems most likely that the amygdaloidal con-
glomerates represent the early stages of a period of
erosion and sedimentation, when the sedimentary
material was mainly derived near at hand from the
readily eroded amygdaloids. Where the sedimenta-
tion persisted a long time, so that the basic lavas were
extensively mantled with gravel and sand, felsitic
débris from more distant sources mingled with that
from the basic lava and became the dominant material
of the sediment. Where the period was short only the
basic material accumulated.

SANDSTONE AND SHALE

At the top of the Keéweenawan series occur the
Nonesuch shale and the Freda sandstone. The None-
such formation consists of black and red shales inter-
stratified with layers of sandstone.

series in Michigan. Its material indicates that it was
derived mainly from basic igneous rocks, and Lane
regards its source as having been predominantly in
pre-Keweenawan rocks.!®

ASH AND TUFF

Material that may be ash, though not abundant, is
widely distributed. Many of the flows with brecciated
tops contain small quantities of finely granulated
material mingled with the coarse that may be ash,

though it may be merely small fragments of the same |
The Ashbed and similar beds are |

origin as the larger.
considered on page 33, under types of amygdaloids,
but their probable mode of origin is outlined above,
under amygdaloidal conglomerate. One siliceous
layer, called the “Mesnard” epidote, is said to contain

The Freda sand- |

stone is the uppermost formation of the Keweenawan | tends from a point considerably south of Calumet
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high in the series in the Porcupine Mountains. It is
possible that some of the felsite bodies are surface
flows.

EXTRUSIVE ROCKS

DISTRIBUTION

The basic lava flows in the central portion of the
Keweenawan series extend as a belt 1 to 3 miles wide
from the end of Keweenaw Point into Wisconsin.
(See pl. 2.) A southern belt of flows, the South Trap
Range, diverges from the main range near the Michi-
gan-Wisconsin boundary and extends eastward toward
Keweenaw Bay. In addition to these main belts
there are a few small flows, the Lake Shore trap, in the
prevailingly sedimentary rocks of the upper part of the
Keweenawan series.

EXTENT OF BEDS

Several of the flows have been traced for 40 or 50
miles along the outcrop. The Greenstone flow, for
example, which forms Greenstone Cliff, in Keweenaw
County, is known from the end of Keweenaw Point to
a locality south of Portage Lake; the “Big” trap, im-
mediately above the “St. Louis’” conglomerate, ex-

well toward the end of Keweenaw Point; the Kearsarge
flow has been traced for 40 miles. Doubtless there are
numerous flows not so easily recognized and followed
that persist for miles.

At several horizons there are series of relatively thin
flows which can be traced, collectively, for long dis-
tances, though it is rarely possible to correlate the
individual flows between distant outcrops. The
Pewabic flows, in the northern part of the district, and
the Evergreen and succeeding flows, in the southern

part, are of this character.
Lane believes that he can recognize some of the

" individual flows of Keweenaw Point in the outcrops

quantities of acidic ash * and is aseribed to a period of |

thyolite eruption.
IGNEOUS ROCKS

The major part of the igneous rocks exposed on
Keweenaw Point are basic lava flows, which make up
most of the central portion of the Keweenawan series

and whose outcrop forms the higher portion or back- |

bone of Keweenaw Point. Intrusive rocks of the
gabbro and “red rock” types, similar to the Duluth
gabbro and “red rock,” and felsite and quartz por-
phyry intrusives, are present at several localities near
the base of the series, and intrusives are also present

" Van Hise, C. R., and Leith, C. K., op. cit., p. 414. Lane, A. C., Jour. Geology
'°:°~ 15, p. 690, 1907.
P bLane, A. C.,, The Keweenaw series of Michigan: Michigan Geol. Survey
Ub. 6 (Geol. ser. 4), pp. 409, 565, 1909.
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on Isle Royal, which lies 50 miles distant, near the
north side of the Lake Superior basin.

THICKNESS

There is a notable variation in the thickness of the
portion of the Keweenawan series composed pre-
dominantly of lava flows at different points along the

' range. The total thickness of the series is nowhere
' known, as it everywhere abuts against the Keweenaw
| fault.

In Keweenaw County the thickness between the
Great conglomerate and the Keweenaw fault is about
15,000 feet. At Calumet about 11,000 feet is exposed
between the Great conglomerate and the fault, but
the fault apparently cuts the series at a much higher
horizon here than in Keweenaw County. Near South
Range about 11,000 feet is exposed, but here the fault
cuts the series much lower than at Calumet. At
' Vietoria probably not more than 8,000 feet is exposed
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between the Great conglomerate and the Keweenaw

fault.

The beds that have been most definitely correlate
through the district are the Great conglomerate |
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[ “St. Louis”” conglomerate near Calumet and with th, |

. Bohemia conglomerate in Keweenaw County. The
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FIGURE 1.—Variation in thickness of Kearsarge flow

The correlation of No. 8 is not |
The No. 8 con-

d | correlations are probable but not certain. [Ljk.
. wise No. 8 conglomerate in Ontonagon County is

positively known to be the extension of Ny, §
at Portage Liake but is thought to be.

If these correlations are correct it is appar
ent from an examination of the plate showing
correlation of sections that the greatest thick.
ness between conglomerates No. 8 and N
15 is at Calumet, where it is about 8,0
feet; at Franklin it is about 6,000 feet; st
South Range it is little over 5,000 feet; and
at Winona and farther south it is little more
than 4,000 feet.

The greater thickening in the vicinity of
Calumet seems to be due, in large part af
least, to the presence of the “Big” trap
above No. 8 conglomerate and to 1,000 to
1,500 feet of thin flows that seem to be
largely absent at Portage Lake and farther
south. A somewhat similar thinning seems to
occur northward into Keweenaw County.
There is a tendency to thinning southward
higher in the series, as can be seen by inspec-
tion of the plate, but it is much less marked.

Between the Allouez conglomerate (No. 15)
and the Great conglomerate (No. 22) the
greatest recorded thickness is about 4,000
feet at Eagle River. At Calumet the interval
is about 3,000 feet. South of Calumet it
about 2,700 feet at Franklin Junior and about
2,400 feet at South Range.

The greatest cause for variation in this
part of the section is the difference in thick-
ness of the Greenstone flow.

The individual flows vary greatly in thick-
ness from place to place. In general the
more extensive flows are thick; the Green-
stone flow has a maximum thickness of 1,300
feet in Keweenaw County; the “Big” trap
exceeds 400 feet, and the Kearsarge flow
(fig. 1) exceeds 200 feet. These great flovs
commonly thin rather gradually from their
thicker portions, as is well shown by the
Greenstone flow, which thins southward from
Keweenaw County, where it forms the grest
Greenstone Cliff, to only moderate thicknes
at Calumet, and which can not be positively
identified south of Portage Lake except by
its relations to other beds. An inspection 0
Plate 2 will show the rather gradual thi*
ning of other flows, though some thin rather
abruptly, as the Mandan flow north of Dele-

| ware, in Keweenaw County, and the thick flow above

. No. 8 conglomerate near South Range.
Although certain flows can be traced for ;

tances, and in certain places and horizons all the indi-

long dis-
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vidual flows throughout a considerable thickness can
be closely correlated, at other places and horizons
here is little certainty in the correlation of individual
peds, even in sections but a short distance apart,
though there may be and frequently is a good corre-
lation of the general series of flows.

In certain portions of the series the flows over long
distances are prevailingly much thinner or thicker
than the general average. One persistent belt of thin
flows lies above the ““St. Louis” and No. 8 conglom-
erates; with the exception of the heavy trap that is
immediately above the conglomerate in places the
flows in this belt, for several hundred feet statigraph-
ically, are thin, many being only 5 or 10 feet thick.

To a less pronounced degree this is true of the belt |

above the “Mesnard”’ epidote. The flows for several
hundred feet below the Allouez conglomerate or be-
tween the Allouez and Kearsarge conglomerates, on
the other hand, average unusually thick, many of
them reaching 100 to 200 feet or even more.

In addition to the broader variation in thickness of
the flows over long distances discussed above and
shown on the geologic maps and sections, there are
local variations due largely to irregularities in the top
of a flow or of the surface on which it rests. The
surfaces of some of the flows are irregular and hum-
mocky, showing differences in altitude of as much as
20 feet or even more. It is evident that the thickness
of a flow measured from the tops of the hummocks
would differ materially from the thickness measured
from the bottoms of the depressions, especially if the
flow should rest on one with equally irregular top and
& depression in the upper flow lay over a hummock
in the lower.
Whi_ch most of the copper deposits occur, marked
variations in thickness are the rule and make a close
determination of the thickness of a flow from place to

In the flows with fragmental tops, in |

Place impossible. In general it may be said that the |

flows having cellular or smooth tops are the most uni-

form in thickness and those having fragmental or |

rough. tops the least uniform.
Sedimentary deposits commonly approach a plane.
The base of a flow that rests on a conglomerate, sand-

stone, “scoriaceous” amygdaloid, or cellular amygda- |

hl)lid will therefore be a nearly plane surface; a flow
tat rests on a fragmental amygdaloid will have an
neven base, and its thickness will vary accordingly.

COMPOSITION OF FLOWS

The great bulk of the flows of the Keweenawan
Series are basaltic, rather simple mineralogically, and
Monotonously similar in appearance. The district
fcontalns{ however, numerous types of lava grading
fom typical olivine basalt through andesite to rhyolite.
T € more ba,s-ic flows are typical olivine bt'lelltS
EndPOSed essentially of feldspar, pyroxene, olivine,
3 Magnetite, the last two now largely altered to

' minerals. . In the flows of more andesitic com-
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position olivine decreases and disappears and the
proportion of feldspar to pyroxene increases. Biotite
has been noted in the feldspathic flows but is not
common or abundant. Toward the Michigan State
line, north of Lake Gogebic, are feldspathic flows, with
a very low proportion of dark mineral but without
visible quartz phenocrysts, which approach rhyolite,
and farther south, in Wisconsin, Aldrich ** noted
rhyolite porphyry flows, which also occur in the
series north of Lake Superior.

The Keweenawan flows are of the “plateau’ type.
(See p. 25.) In the following tabulation of analyses
two of the typical Keweenawan flows are compared
in composition with plateau basalts from other locali-
ties as given by Washington ®* and with Daly’s
average basalt.

Average composition of plateau basalts

{ 9
| ‘K 5 9 6

SO 50. 61 | 49. 98 7 47.46 | 50. 07 | 47. 69 48. 78
AR e 1858 1 13.74 1. 18. 89| 12,63 16,02 15. 85
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736 el i 0 1 8. 21 9. 83 6. 55 | 10. 54 8. 91
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= L0 D 72 1. 2821 - 101 1. 90 |Notdet. 1. 63
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1. Deccan basalts; 11 analyses.

2. Oregonian basalts; 6 analyses.

3. Thulean basalts; 33 analyses. 2

4. Bed No. 65, E ie River, Keweenaw Point, Mich.; Lane, A. C., The Keweenaw
series of Michigan: Michigan Geol. Survey Pub. 6 (Geol. ser. 4), p. 110.

5. Greenstone flow, Keweenaw Point, Mich.; idem, p. 112.

6. Daly’s average basalt.

The Greenstone flow (No. 5) is an olivine basalt;
the Eagle River rock (No. 4) is more feldspathic but
clearly of basaltic type.

TEXTURAL TYPES

The one outstanding characteristic of the flows that
is most useful in their classification is their texture,
which serves as one of the major bases of correlation
from section to section. Textural classification may
be made in hand specimen, drill core, or outerop and
gives to some extent an indication of the variation
in chemical composition. Lane has distinguished four
general types—ophite, melaphyre, porphyrite, and
glomeroporphyrite. The many variations of these
types, which, indeed, grade into one another, are
designated by modifying adjectives, such as feld-
spathic. Lane also recognizes dolerites, which are a
coarse or pegmatitic facies of any of the others.

1t Aldrich, H. R., Econ. Geology, vol. 18, p. 570, 1923.
22 Washington, H. 8., Deccan traps and other plateau basalts: Geol. Soc. America
Bull,, vol. 33, pp. 774, 779, 789, 1922.
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There may be differences of opinion as to the ap-
propriateness of the names used in this classification,
but to anyone who has examined drill cores from
this series of rocks there can be no doubt as to the
usefulness of the distinctions. The textural features
that have been emphasized come out very strongly
on the ground surface of drill cores, as can be seen
by reference to Plate 56.
therefore been used in the maps and sections accom-
panying this report.

Ophite—Ophitic texture is the roughly circular
mottling of the rock produced by crystals of py-

roxene that surround and inclose the feldspar crystals

(pls.56,57). The ophitic lavas are the “luster-mottled
melaphyres” of the earlier publications on the dis-
trict. The size of the pyroxene crystals varies with
their distance from the contact of cooling and some-
what with the composition of the lava. Lane?® has
given an exhaustive discussion of this subject and
its application, which need not be repeated here.
Roughly he finds that the size of the pyroxenes
increases 1 millimeter for each 8 to 10 feet of
distance from the upper or lower contact of the
flow. It is needless to say that this fact is of
great value in studying the flows having ophitic
texture. In some of the thick flows, like the Green-

)

Lane’s classification has |

stone flow, the crystals are 2 inches and more in |

.diameter, and their outlines are not readily traced

in the ordinary sized drill core, but they are conspicu- |

ous on a weathered surface, where the centers stand
up as knobs, and in freshly broken rock they can be
seen by the flashing of cleavage faces.

Where inclusions have been dragged into a flow
the mottling around them is finer than elsewhere at
a corresponding distance from the surfaces of the
flow. This may account for some of the ophites of
varying or banded mottling.

Porphyrites.—The porphyrites are rocks that con-
tain well-defined crystals, usually of feldspar, of an
older generation than the same mineral in the ground-
mass.

Glomeroporphyrites.—In the glomeroporphyrites the
feldspars show a considerable variation in size, though
not so definite a difference in size and time of forma-
tion as is shown between the feldspar phenocrysts
and the groundmass feldspars in the porphyrites.
The larger feldspars are collected into bunches or
clots.

Melaphyre.—Melaphyre is a term applied to rocks
that show none of the distinctive textures indicated
above. Many beds that show a distinctive texture
near the center lose it near the margins, and many
thin flows do not show a distinctive texture in any
part. ‘There are also some flows 100 feet or more

2 Lane, A. C., Michigan Geol. Survey Pub. 6 (Geol. ser. 4), vol. 1, p. 145, 1911.
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in thickness that show no distinetive texture and g
classed as melaphyre.

Dolerite—The term dolerite is used to designgss
portions, in the lavas of certain types, in which
minerals, especially the feldspars, are unusually cogy
and the rock has a pegmatitic texture. Rock of thi
type occurs in the thicker beds and is regarded &
portions that crystallized late. It is allied to f
pegmatite facies of some intrusive rocks. The tem
dolerite has been used by some petrographers in g
different sense.

RELATION OF TEXTURE TO COMPOSITION

The ophitic texture is best developed in the mox
basic lavas, where it is conspicuous even in the thi
flows and very near to the margin of the thick floys,
In the more feldspathic lavas the ophitic texture may
be conspicuous near the center of thick flows but
absent from the thinner flows and near the margn
of the thicker flows.

The porphyritic and glomeroporphyritic texture
are characteristic of the more feldspathic beds o
those approaching andesite, though phenocrysts ar
present in some ophitic flows, as the Kearsarge flow,
in which they are especially abundant just below the
amygdaloidal top.

The melaphyre texture, as already indicated, i
found in the less basic beds. The feldspathic bedsin
the south end of the district show no definite texture
and are of the melaphyre type.

DISTRIBUTION OF THE DIFFERENT ROCKS

Most parts of the section are characterized by the
predominance of one or another of these texturl
types, which were produced by recurrences of different
phases of the eruption of lava.

Below No. 6 conglomerate (see pl. 15) the flows ar |
prevailingly ophites, commonly of the banded type. |

" For a few hundred feet below and several hundred i

feet above No. 8 conglomerate, glomeroporphyries |
and melaphyres predominate, especially from Portagt
Lake north to Keweenaw County. The series of thit
beds above No. 8 conglomerate are typically glomer-
porphyrites. Between the Kearsarge conglom.erate
and the “Mesnard” epidote the flows are typieally
ophites, and above the ‘“Mesnard’’ glomeropo
phyrites and melaphyres prevail. The flows abov
the Great conglomerate and below the Outer col*
glomerate—the Lake Shore trap—are melaphyre:
Commonly there is a transition zone of varying wid
between the flows of different types, in whicb_the
rock is intermediate and more variable in compositio®
In the south end of the district the ‘“Chippevs
felsite, a siliceous rock of rhyolitic composition, forms
a continuous belt in the upper part of the lava ser®
and also crops out in the central area of the Por-
cupine Mountains. This rock is similar in cof
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position and character to some of the felsite intrusives,
and its presence in the center of the Porcupine dome
therefore naturally suggested, to Irving and those who
have studied it since, the possibility that it is intrusive
and that the dome is of laccolithic origin. That there
are intrusive rocks in this area is known, but those
who have studied the felsite have regarded it as an
offusive which has been domed with the other rocks
and have correlated it with the ‘“Chippewa’ felsite
belt to the south.

CHARACTER OF ERUPTIVE ROCKS

The Keweenawan flows clearly belong to the type
of voleanic accumulation known as plateau or fissure
flows, which are recognized in many parts of the
world. Washington ?* has recently summarized the
characteristics of this type of flow in a paper from
which the following passage is quoted:

In various parts of the earth and at different geological hori-
2ons are large areas covered by very extensive, generally hori-
zontal series of sheets of basaltic lavas, the series of overlying
flows often attaining thicknesses of thousands of meters. In
some cases they are accompanied by flows of rhyolite. These
basalts have poured out in an evidently very fluid condition, as
they occupy preexisting valleys and cover the lower topo-
graphic features much like floods of water, the separate flows
being very long—many of them measured by miles.

It is generally assumed by volcanologists that these exten-
sive, horizontal, very fluid flows have issued quietly from fis-
sures—an idea first suggested by Sir Archibald Geikie.?s Vol-
tanic cones, formed of lavas, ashes, or both, are present in
places, but these are inconspicuous, being low because of the
fluidity of the lavas, and they always form a very minor feature
of the complex.

Such lavas are called variously “fissure’ or ‘“plateau’ flows.
The term “plateau” is used here because the word “fissure’’
comnotes the mode of origin, which is still somewhat uncer-
tain, * * %

Itis well known that the lavas of these plateau eruptions are
mostly basalt, and this petrographical character is the usually
dteepted explanation of the great extension and horizontality
of }he sheets, since basalts generally are known to be notably
fusible at a lower temperature and more fluid when fused than
ire more silicic lavas. But basalts vary much, both chemically
and modally, and many of them are evidently, on extrusion,
less fluid than are those of the plateaus. This is especially true
of the basalts of many volcanoes of the explosive type, the
flows of which do not extend very far and are often found con-

solidated on steep slopes, as was pointed out nearly 100 years
820 by Lyell.

After discussing the Deccan, Oregonian, Thulean or
- Uorthern Atlantic, Siberian, Patagonian, Algonkian
fWeenawan), and Palisades (New Jersey) regions,
ashington reaches the following conclusions:

We May now summarize the general characters of the plateau
Its, Structurally, they have characteristically issued from
', although this quiet extrusion is sometimes accompanied

v:rymlnor explosive. activity. They form horizontal flows of
i g;eat ext:ent, indicating a high degree of fluidity at the
\extruslon. The flows are individually of considerable

b “w T —— g e T e e e 1l e iy 1) L oot s |

Bul :"l"“mn. H. 8., Deccan traps and other plateau basalts; Geol. Soc, America
wy °L. 33, pp. 765-804, 1922,
ture, November 4, 1880,

thickness, and the total thickness of the series of superimposed
flows is very great. Ash beds and layers of scoria are not
abundant. In several regions the basalts are associated with
flows of rhyolite or toscanite, while accompanying andesite and
trachyte are rarely met with, and lenadic lavas, such as phono-
lite or tephrite, seldom or never occur. They have been ex-
truded at very different geological epochs, from the pre-Cam-
brian to recent times.

Megascopically, they are very dark, black or occasionally
brownish black, rarely dark gray. In granularity they may
vary from rather coarsely doleritic to densely aphanitic, some
few being evidently highly vitreous. Vesicular forms seem to
be rare as compared with ordinary basalts of voleanic cones
The great majority are aphyric, but there is some tendency to a
porphyritic development of the feldspar, especially in the
Thulean region, forming a special textural type. Augite seldom
forms megaphenocrysts, and these small and sparse, while
olivine phenocrysts are very rarely present, except in some of
the Algonkian and Palisadan [Triassic] diabases. * * *

Chemically, the plateau basalts differ materially from other
basalts in one or two features. In the table are given the aver-
ages of analyses of basalts of various regions, with the average
basalt as computed by Daly from 161 analyses of basalts so
named by the authors.?® [See p. 23.]

The averages of the three most typical plateau basalt re-
gions—the Deccan, Oregonian, and Thulean—are closely alike.
* * % The chief difference is seen in the much higher
amount of iron oxides, with ferrous oxide greatly preponderat-
ing over ferric oxide. In the typical plateau basalts the com-
bined iron oxides would amount to about 14 per cent or more,
and this is the more marked if only the most abundant group
of the more femic basalts are considered. I am inclined to
think that the comparatively high ferric oxide shown in Daly’s
average is due in part to oxidation of ferrous oxide through
slight alteration and in part to defective determination of the
ferrous oxide—a not unusual analytical error. The percentage
of titanium dioxide is appreciably high in the plateau basalts.

It would thus appear that the plateau basalts differ from
what might be called the cone basalts essentially in the higher
iron and titanium content of the former and possibly in the
relatively less oxidized condition of the iron. This must be
considered as a broad general distinction. Examples may be
found among typical plateau basalts in which the iron oxides
are not specially high, just as examples may be found among
cone basalts in which the iron oxides are much higher than the
average. Mineralogically, as we have seen, this chemical dif-
ference is expressed in the presence of highly ferromagnesian
hedenbergitic enstatite-augite in the plateau basalts, in con-
trast to that of highly caleic or diopsidic augite in the cone
basalts. It may also find expression in the striking tendency
of the augite and magnetite to be among the last minerals to
crystallize; so that the glass present in the not wholly crystallized
plateau basalts would have a composition corresponding to a
mixture of augite and magnetite, examples of which we have
seen on the island of Skye, in Colorado, and possibly elsewhere.

The preceding descriptions of the plateau basalts, showing
that one of their main chemical characteristics is the high per-

' centage of iron oxides, and especially of ferrous oxide, furnish

an explanation of their great fluidity at the time of extrusion.
It is a matter of common observation that basalts generally are
fusible at a lower temperature and are more fluid when molten
than are more feldspathic or more silicic rocks. It is also well
known that ferrous silicates are more readily fusible than are
magnesium or calcium silicates. The experience of iron and
steel workers and smelters bears testimony to the lower fusi-
bility and greater fluidity of slags containing considerable iron.
¥ A oW

% Daly, R. A., Am. Acad. Prog., vol. 45, p. 224, 1910.
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Inasmuch as the fissure eruptions which furnished the |

plateau basalts show slight explosive activity, it is to be in-
ferred that the magma contained comparatively little gas, so
that the effect of this class of components in lowering the fusing
point or increasing the fluidity should be less than in ordinary
basalts of the explosive cone type. We seem, therefore, to be
justified in ascribing the peculiar physical condition of these
basalts during their extrusion chiefly to their high iron content.

It is clear that the Keweenawan flows belong with
the plateau type, that they were probably erupted
from fissures, and that they were highly fluid, forming
sheets of nearly uniform thickness over large areas,
a feature in which they approach sedimentary forma-
tions. Whether their great fluidity was due prima-
rily to the high iron content, to a high initial tempera-
ture, to high gas content, or to a combination of these
conditions is not so clearly established.

LOCATION OF VOLCANIC VENTS

Although it seems likely that the flows issued from
fissures, there is no positive evidence to indicate where
these fissures were located. It has been suggested
that the Keweenawan dikes, which, as Van Hise and
Leith ¥ point out, practically surround Lake Superior,
fill the fissures through which the lavas issued. The
same authors consider it possible that similar vents
may underlie Lake Superior. The presence of deep-
seated intrusive rocks near the Keweenaw fault has
led Lane 2 to believe that the fault is possibly the
fissure through which the lavas poured. Hotchkiss *
believes that fissures centralized within the Lake
Superior basin were of chief importance as lava vents
and cites evidence to support this view.

The work on which this report is based has added
little positive evidence of the direction of flow of the
lavas. The “pipe” amygdules, however, which have
been formed at the base of some of the flows, are in
places bent away from the basin, or up the present dip,
suggesting a flow from the north or from some locality
within the basin. The Calumet & Hecla conglomerate
also thickens down the dip, and the cross-bedding in
places suggests currents from down the present dip.
Both these facts seem to indicate that the lavas came
from the north.

As is pointed out in the discussion of structure
(p. 50), there is reason to believe that the Lake
Superior basin was being formed while the lava series
was being built up. The filling of the basin could
have been accomplished either by lava flowing into
the basin from the rim or by lava issuing from fissures
within the basin. If Lane is correct in correlating
beds on opposite sides of the basin, it would perhaps
be more likely that the lava flowed outward both
north and south from vents within the basin than
that it originated on one side, filled the basin, and then
extended completely across.

# Van Hise, C. R., and Leith, C. K., U. 8. Geol. Survey Mon. 52, p. 411, 1911.
3 Lane, A. C., Unexplored parts of Keweenaw Point: Lake Superior Min, Inst.
Proc., vol. 17, p. 135, 1912,

# Hotchkiss, W. O., The Lake Superior geosyncline: Geol. So¢, America B
vol. 34, pp. 669-678, 1023, e

. there crudely, has the columnar jointing so common

AMYGDALOIDS

Each flow is made up of two major parts, whig
grade into each other. The larger part in moy
flows, especially in the thick ones, is a massive ro,
varying, principally in texture, from eenter to bottoy
and top. This is the trap portion. The top of the
flow, usually to a depth of several feet, is porous and
cellular. This is the amygdaloid portion. There i
usually an amygdaloid portion at the base also, but s
a rule it is only a few inches in thickness.

TRAP

The trap makes up 80 to 90 per cent of the totl
thickness of the thicker flows but constitutes a smalle
proportion of the thinner flows. It is a dark-gray o
greenish-gray rock, ordinarily of rather unifom
appearance except for grain. It is commonly much
cut by joints of varying directions, which cause it i
mining to present blocky, angular surfaces that serve
to distinguish it, even on dust-covered faces, from the
“shorter”” or more granular fracture of the amygdaloid.
Only in the Greenstone and a few other flows, and

in basalts been observed.
As has been noted generally in other regions and
emphasized particularly by Lane for this region, the
top and bottom portions of the trap are likely to be
of finer grain than the middle portion. This variation
in size of grain, especially in the ophites, may be s
constant that it is possible to determine approximately
the distance of a specimen from the margin of the flov
by determining its average size of grain. As a rul,
the thicker the flow the coarser the texture of ifs
middle portion; in the Greenstone flow, for instance,
the coarsest material is composed of grains 2 inches or
more in diameter. In many of the coarser-grained
flows, the presence of large crystals of pyroxene with
included feldspar crystals gives the peculiar spotted
appearance that characterizes Pumpelly’s ‘‘luster
mottled melaphyre” and Lane’s “ophite.” A notabl
variation within some of the thicker flows is affordel
by lenses of coarse pegmatitic material rich in feldspir
and frequently in iron oxide which Lane has called
“doleritic”’ bands. These are present in the Greel
stone flow and other large “ophites” but are mor
abundant in the more highly feldspathic flows. The
trap of certain flows, notably those in the Ashbed
group, contains small laths or plates of lighter-colored
feldspar scattered more or less sparingly through the
fine-grained groundmass. :
In some flows and possibly in all there is & slight
tendency toward the concentration of more bl
material near the bottom by settling. At the base of
the amygdaloid of the Kearsarge flow there is a 20%
from a few inches to several feet thick contain’®
abundant feldspar phenocrysts that collected by Tising
from the underlying lava. But such evidences of
gravitative segregation are relatively inconspicuo%
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The most noteworthy chemical variation in the flows
is an increase in ratio of ferric to ferrous iron from
pottom to top. This feature is discussed on page 34.

In the early days, before the true character of the
rocks had been ascertained, the “amygdaloid” and
the “trap” were not recognized as parts of a single
geologic unit but were regarded as independent bodies,
and a more definite distinction was accordingly made
between them than would be made now. The com-
mercial importance of the amygdaloid as contrasted
with the trap has, however, caused this distinction
to survive long after the geologic relation of the two
had been recognized, and even now there are many
who do not clearly realize that a given layer of
amygdaloid is any more closely connected to the
underlying trap than to the overlying one.
represents that portion of the flow from which the
gas had escaped before consolidation and crystalliza-
tion of the rock took place; the amygdaloid repre-
sents the upper bubbly or frothy crust in which the

The trap |
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spaces between the fragments for a short distance
below the surface. This is especially noticeable
where a flow covered coarse trappy fragmental
amygdaloid.

Characteristically the basal amygdaloid consists of
a lower layer of finely amygdular rock, usually not
more than an inch in thickness, and an overlying layer
containing larger amygdules, which in some places
are elongated upward and are then called “pipe”
amygdules. This second layer is commonly only 2
or 3 inches thick but may be a foot or more, and the
pipe amygdules range from a fraction of an inch to
more than 6 inches in length. The pipe amygdules
are not strongly developed in all flows. They are well
shown at some places in the flows that overlie the
Kearsarge flow, the Calumet & Hecla conglomerate,
and the Pewabic lode and in certain flows in the
Mayflower-Old Colony mine. Other flows, as those

' above the Osceola, Isle Royale, and Baltic lodes, show

rising gas bubbles were frozen before they could escape |

because the top of the flow consolidated more quickly |
- above the Calumet & Hecla conglomerate and in the
' Mayflower-Old Colony mine the upper parts of the

than the main portion underneath. The thin amyg-
daloid layer at the base of a flow was likewise pro-
duced by the freezing-in of gas bubbles.

BOTTOM AMYGDALOID LAYER

Many descriptions of flowing lava refer to the

frigments over the advancing front of the flow,
which overrides and buries them. This would imply

very little basal amygdaloid.
Usually the pipes extend upward perpendicular to
the underlying surface, but at some places in the flow

pipes are bent over in a common direction which is
believed to be the direction of flow. The basal amyg-

- daloid above some sedimentary beds may reach a few
. . feet in thickness and be distinctly fragmental.
continual falling down of solidified lava blocks and |

that at the bottom of the flow there should be found |
- and the gas liberated from the lava was entrapped as

an accumulation of fragmental material of the same
pature as that which makes up the brecciated tops;
ndeed, some descriptions mention the fragmental
layers at both top and bottom of flows. In the
Michigan lavas no such fragmental material is con-
sistently present at the bottoms of the flows. Ex-
amination has been made of the bottoms of many

flows, including some of both the smooth-top and the | ;
* strongly developed above sedimentary beds than above

brecciated or rough-top types, without revealing frag-
mental material that has been clearly rolled under.
At the bases of some flows that rest on sedimentary
tocks, however, a few feet of amygdaloid is found in
some places.

and in its stronger development has not been noted
I flows resting directly on other flows, it seems more
likely that it has resulted from some characteristic
of the underlying bed—water content, for example—
than from material rolled under the advancing flow.
No evidence has been seen to indicate that fragmental
Material that may have been rolled under the flow
Vas either remelted or was floated up into the flow.
he same statement applies to the material of the
inderlying hed. All the evidence indicates that the
ottom froze very quickly, though where a flow cov-
tred very open-textured material the lava filled the

As this basal amygdaloid is particu- |
larly well developed in flows resting on sediments |

| small bubbles.

The evidence seems to indicate that the basal amyg-
daloid was formed by the rapid cooling of the lava in
contact with the underlying rock. The thin layer im-
mediately above the cooler rock solidified very quickly,

Above this bottom layer there was
more time for the gas bubbles to collect and coalesce,
and much larger ones were formed. Under certain
conditions these bubbles expanded upward into the
less viscous lava, forming the pipe-shaped cells which,
when later filled with minerals, became pipe amyg-
dules. ‘The fact that the basal amygdaloid is more

other flows suggests that the gas that filled the cavi-
ties may have been in part derived from the under-
lying material and also that the sedimentary beds
contained more water than the flows. Such water

.was converted to steam and absorhed by the overflow-

ing lava and was thus a factor in the formation of the
basal amygdaloid.

The thinness or absence of basal amygdaloid in
some flows may mean that the lava flowed over a
surface not yet cooled and that solidification was slow
enough to permit the gas to escape before the lava
became sufficiently viscous to retain it as bubbles.

THE LAVA TOPS
VARIETIES
The copper derived from the amygdaloidal tops of

the lava flows has amounted to nearly half the total
production from the region and now exceeds that
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from conglomerate lodes and fissures combined_. The
greatest part of this production from amygdaloids has
come from only six flows of the scores that are present.
It is essential, therefore, that the character and
method of origin of these upper parts of the flows be
understood if a clear idea is to be gained of the condi-
tions that determined the deposition in them of com-
mercial ore.

The tops of lava flows have long been divided by
geologists into two general types—smooth tops and
rough tops—to which the native Hawalian names,
respectively “pahoehoe” and “aa,” are commonly
applied. The smooth tops are highly vesicular or
cellular; the rough tops less so. Both types are plenti-
fully represented by the Keweenawan flows, and the

differences between them are such as to affect mate- |

rially the ease of copper deposition in them. The
smooth tops may be further divided into normal
vesicular tops and coalescing vesicular tops; the rough
tops are separable into fragmental or brecciated tops
and scoriaceous tops. (See pls. 58-61.)

In their typical development the different types of
tops are perfectly distinct in character, but there are

all gradations between the different types in different |

flows and between most of the types in some single
flows. Thus the Kearsarge lode has in some places a
typical cellular top, in others a well-developed frag-
mental top. The same is true of some of the Pewabic
flows. The Ashbed flow is typically scoriaceous but
locally fragmental.

Many flows, however, have a tendency to be either |

cellular or fragmental over long stretches. The tops

of the thin series of flows above No. 8 conglomerate are |
The Osceola flow and other |

rather typically cellular.
flows have fragmental tops for many miles. The
thickness of the flow does not seem to control the
character of the top. Many of the thin flows have
cellular tops, but the tops of thick flows may be either
cellular or fragmental. More of the fragmental tops
occur, however, on thick flows, though there are nu-
merous examples of fragmental tops on relatively thin

The differences between the rough and the smooth
tops go far beyond mere difference in texture of sur-

face; the smooth tops approach much more nearly a,

plane surface, but the rough tops were hummocky
and irregular, with differences in altitude of probably
30 feet. This difference is brought out strikingly in
the drifts that follow the tops of the flows. In the
Yewabic lode, a smooth-top flow, the drifts are essen-
tially straight for hundreds of feet, but in the Osceola
lode, a rough-top flow, they are exceedingly irregular.
SMOOTH TOPS

The most notable differences in the smooth topg
arise from the size and distribution of the gas bubbles
or vesicles, now chiefly filled with minerals to form
amygdules. In the prevailing class of smooth tops the

. which many rising gas bubbles collected under a
| solidified surface was followed by a period of relatively

- collected, and so on till a depth was attained where the

vesicles are abundant, of moderate size, and arrang
more or less definitely in layers parallel to the surfa
of the flow, so that the rock commonly has a bande
appearance. Generally the amygdules are small and
abundant near the top and increase in size and decreas
in number deeper in the flow. The layers may b
closely spaced or may be separated by layers of rock
containing relatively few amygdules, several times s
thick as the diameter of an average amygdule. Trreg
ular spacing of the layers is the rule, though in places
in the Pewabic lode (see pl. 56) there is an approach
to regular spacing. The individual vesicles are for the
most part not spherical but flattened in the plane of
the flow, some being decidedly elongated and a few
showing a tendency to be flatter on their upper side.

The distribution of the vesicles in layers and the
elongation of the vesicles in the plane of the lode have
commonly been ascribed to flow movement in the
lavas. It seems likely that the banding in the Michi-
gan flows may be explained as follows: A period in

rapid consolidation when few bubbles collected, and
this in turn by another period when many bubbles

gas was not present in sufficient quantity to form
vesicles. The amygdules are fewer and the banding
less distinet near the base of an amygdaloid. A simi
lar grouping of vesicles is present in slags solidified in
pots where there is no flow movement of the liquid.

The individual bubbles in a layer may be separated
by rock stuff exceeding their own diameter, or they
may be so closely spaced that two or more adjacent
ones may coalesce into a unit that is of irregular shape
because the lava had become too viscous to permit
the enlarged bubble to assume the usual rounded form.
In this way some extremely irregular amygdules may
result, and those that are large and conspicuous, s 1l
places near the bottom of the vesicular zone, constitute
what Pumpelly and Marvine called ‘‘pseudo-amyg
dules,” on the assumption that they were formed
chiefly by replacement of rock rather than by filling
of gas cavities. Some amygdules were slightly er-
larged by replacement, but there is little to suggest
that this process fook place generally or on a large
scale.

Rarely if at all in this or in any of the other types of
tops is the degree of vesiculation such as to justify t?“’
term pumice. A structure more like that of SWis
cheese is the common one.

Permeability is the quality of the amygdaloid tops
that makes them more receptive to copper deposition
than the traps. The cellular or banded vesicular rock
of the smooth-top flows is more permeable than now
vesicular rock, such as the underlying trap, for tl}e
reason that in a given volume of it only part is solid
rock. A rock in which the vesicles make up 50 P&
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cent by volume would have twice the permeability of | separated by only short distances from other similar

otherwise similar but nonvesicular rock. But this
cellular rock has no through-going and continuous
openings, such as would be favorable to high permea-
pility; instead, each opening is of small extent and is
walled off from other openings by solid rock. The
difference in permeability between the cellular tops
and the brecciated tops is therefore very great, and
for this reason the smooth tops of the normal sort
contain little copper as compared to the rough tops.
A subdivision of the cellular type of smooth lava top
is recognized in which the individual vesicles are much
larger, reaching an inch or more in diameter, at least
in certain layers. Many of these vesicles in the same
layer coalesce into a thin, jagged gash that may attain
a lateral extent of as much as 10 or 12 feet in a single
cross section and perhaps form a connected opening
for scores of feet in the plane of the flow. Rock con-
taining these openings may be called a coalescing top,
or “lode.” A series of such openings with little rock
material between may constitute almost unbroken
openings for long stretches along the plane of the flow.
Several such open layers may occur in the same flow
top. Where the degree of coalescing of the vesicles
is less than that just described, the large vesicles, now
filled with minerals, may be closely spaced like beads
on a string.

The cause of this coalescing of the vesicles is prob-
ably to be found in the differing temperature and gas
content of the lavas. The best-known examples of
the coalescing cellular top are the Pewabic lodes.
These flows are thin and have ropy surfaces in places.
They are so smooth and even that the Quincy
mine workings, which follow them, are essentially
straight for hundreds of feet. The tops or vesicular
portions of the flows are only a few feet thick but very
| regular, and the banding caused by the larger and the
s.maller vesicular openings is strikingly even and per-
sistent.  (See pl. 58.) All the relations suggest that
these flows were very fluid and relatively full of gas
when they were poured out. They spread with tops
tlmost as flat and smooth as that of a lake. Possibly
flow had ceased before a crust had formed, but if not,
the flow of lava under the crust disturbed it very little.
In the highly liquid lava, the rising gas bubbles were
wble to combine into much larger ones that, on reaching
the bottom of the crust at any given stage of its for-
lnation, coalesced commonly into the extensive flat
iyers already described. In other parts of these
ﬂows,' however, the tops are broken into a typical
Tecela or “fragmental” amygdaloid.
th;rhe economic significance of this modification of

quoth-top flow is that the resulting rock is of
::10}1 hﬁ‘%'her permeability and therefore much more
it:ceptlblen to replacement than the normal type, with
small and more evenly distributed vesicles. The

58540-—20—4

openings, so that solutions could move for a long dis-
tance parallel to the flow surface without having to
penetrate solid rock for more than a small fraction of
that distance. It is a striking and significant fact
that of the six amygdaloid lodes that have been large
producers of copper, only one is of the smooth-top
type, and that one, the Pewabic lode or series of lodes,
is of this relatively more permeable coalescing variety.
Other flows lower in the series show a similar structure
but not in so marked a degree as the Pewabic lodes;
no ore has yet been found in them.

FRAGMENTAL OR BRECCIATED TOPS

Character—The rough-top flows, as already indi-
cated, are much less numerous than those of smooth
top, but they are of especial interest because four of
the six profitable amygdaloid deposits are predomi-
nantly of this type and the other two are in part of
this type. Most of the other amygdaloid deposits
that have yielded considerable copper are also of this
type.

The brecciated tops consist of fragments of lava
ranging in size from minute grains to massive blocks
several feet in dimension. Ordinarily the individual
fragments are under 6 or 8 inches in diameter, and the
average size is less than half that. In consequence
only rarely does one of the larger blocks or slabs
project noticeably above the general level of the flow
surface. These flows, therefore, though classed in the
rough-top type, have a surface less rough and blocky
than that of the modern flows to which the name
“aa’” is commonly applied, and the general smooth-
ness and regularity of the bottom of the overlying
flow show that these breccia tops have not been
changed from a rough, blocky condition to their
present state by ecrushing and packing due to the
weight of rock above.

In shape the fragments range from slabs or irregu-
larly angular pieces through subangular to rounded.
In general the larger pieces are the more angular and
the smaller ones more rounded, though many small
pieces are angular. Large and small fragments are
promiscuously jumbled together, though in some flows
the smaller fragments predominate near the top and
the larger ones near the bottom of the fragmental
layer. The general accumulation of material gives
an appearance not unlike a conglomerate, and prob-
ably for this reason it has sometimes been called
“amygdaloidal conglomerate,” though that term as

- used by Lane apparently does not include these
brececiated tops.

There is considerable variation in the texture of
different fragments, even of those that are contiguous.
A rounded piece entirely surrounded by a fine-grained
margin but of coarser center may lie against one

1oad, flat openings in this coalescing facies are | that is rather uniformly amygdular and another of
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fine even grain; or a piece may be fine grained on ' daloid inclusion zone. The slabs are commonly pay.

one side and gradually become coarser toward the | ;
| at an angle to it.

other side. Smaller pieces may be uniformly fine or
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coarse, though even those not more than an inch |

across may show marked differences in texture.

The greater number of these fragments were vesic-
ular and are now amygdular through filling of the
vesicles. Some of the fragments show the same

' above them. In places these slabs show feeble Pipe

banded arrangement of vesicles as in the smooth |

tops and undoubtedly were broken from a larger
structure of that kind; others may exhibit, particu-
larly near their margins, an arrangement of vesicles
more or less parallel to the outlines of the fragment.
In many fragments the vesicles near the surface
are smaller than those farther in. Very commonly

an outer shell a fraction of an inch thick is of dense |
material containing countless minute, even micro-

scopic vesicles; it closely resembles the thin layer at
the very top of the smooth flows and is clearly the
result of quick chilling. Some fragments showing this
chilled margin around part of their periphery may
be coarser grained for the remainder of their circum-
ference, as if broken away from a large mass after
the chilled surface had formed and after the interior
part had solidified. Still other fragments have a
finely granular, almost trappy texture, but fine grain
may also be present throughout a fragment in con-
sequence of rapid cooling. Most of the smaller frag-
ments consist of the more finely vesicular material,
and most of the larger ones of the more coarsely
vesicular, but many exceptions are to be seen. The
spaces between the larger fragments are filled with
finer material of the same general character grading
down to fine particles.

In most of the flows studied that possess the brececi-
ated type of top this mixture of fragmental material
gives place downward in the flow rather abruptly to
the crystalline trap. The contact between the two
is likely to be irregular on a small scale but appears
smooth and rather regular when viewed broadly.
The trap for a few feet under the fragmental layer
may contain included fragments of amygdular rock
similar to that in the fragmental zone but generally
more rounded, as if partly remelted or resorbed.
The layer of trap containing these inclusions is
designated the “amygdaloid inclusion zone.” Tt
is present in the traps not only under the brecciated
tops but also under some scoriaceous tops or so-called
amygdaloidal conglomerates, but it has not been seen
under the nonbrecciated smooth tops.

In the tops of the Isle Royale and Osceola flows,
which are excellent examples of the brecciated type,
there may oceur in the midst of the breccia layer
slabs of trap a few feet in thickness and as much as
20 feet or even more in length. This material, called
by the miners ““vein trap,” is likely to contain partly
resorbed amygdular patches like those of the amyg-

- less evident, the vesicles increase somewhat in aver

- cement. Where the brecciated portion of the lode i

“is much less conspicuous or is absent.

lel to the plane of the lode, but some may be tipp
The fragmental material undg.
neath these slabs is of the same character as thy

amygdules on their under side in contact with the
lower layer of fragmental stuff. Where this devely.
ment of vein trap is considerable, the separation
the fragmental material produces a sort of double
lode.

A modification of the brecciated top which suggests
an approach toward the smooth tops is especially wel
shown in the Kearsarge lode. In the productive por-
tion of this lode a layer of typical fragmental materil
ordinarily occupies the upper few feet; the fragments
are notably small near the top and coarser beloy.
Without abrupt change the fragments become largs
downward, the fragmental character becomes less and

age size, and the banded cellular structure assume
prominence. In short, the chief characteristics of the
smooth tops are attained. But this cellular rock
underlying fragmental rock is not everywhere con-
tinuous over large areas but is composed of blocks or
fragments, as if the crust had been broken up whileit
was still in a semiplastic condition. The blocks may
be tilted at an angle with the plane of the lode and
show a tendency to chilled margins and coarser in-
terior, suggesting that the final crystallization occurred
after the breaking, as indeed is true of the small frag
ments in the brecciated portion of the lode. In places
lava has filled the spaces between the blocks as @

absent or slightly developed, as outside the productis
area of the Kearsarge lode and over considerable
tracts within the main productive area, the tendency
for the cellular portion to be broken into large blocks
The cellular
portion is in places composed of several small flows 0f
gushes showing banded amygdaloid and chill margin-

The intermediate zone of the Kearsarge top hﬂ;‘
been called “cellular middle lode,” to distinguish I
from the “fragmental lode” above. It is not present |

_in all parts of the lode and not equally conspicuous i

all places where present. A very little of the samt
sort of thing is seen here and there in the midst of the
Isle Royale lode, which for the most part is of the
brecciated type, and it is present in parts of thf’
Baltic lode, especially in areas where the lode ¥
relatively thin.

Still farther down in the Kearsarge top below the
“middle lode” horizon the rock becomes coarser I
texture, and the vesicles become less numerous and
larger and show little tendency to gather in band§-
This lower, chloritic zone of the Kearsarge top *
called “foot lode.” Material of this character ¥
common on the underside of many of the lodes, such
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as the Baltic, Isle Royale, Evergreen, and succeeding
lodes of that series. Still deeper in the Kearsarge the
amygdaloid inclusion zone occurs locally, though it is
nowhere conspicuous and in most places is absent,
and this passes, as usual, into the main trap of the
flow.

The Pewabic series of flows likewise illustrates
characteristics of both the cellular and the fragmental

-tops. The tops of these flows are chiefly of .the

cellular and cellular coalescing type. In many places,
however, the uppermost foot or less of the lode con-
sists of breccia, which gives place downward to the
rock with coalescing vesicles. In such places the
breccia is commonly made up of fragments of coa-
lescing lode more or less well developed and has
obviously resulted from the breaking up of a coalescing
top that continued to form beneath it.

In other places over large areas the lode is typically
fragmental but of more uniform thickness than is
characteristic of ‘“‘fragmental lode.” Of such char-
acter is part of the East lode in the lower levels in the
south end of the Quincy mine. Here the lode changes
within a few feet from typically coalescing to typically
fragmental. The fragmental portion seems to be
elliptical in outline and to pitch rather flatly southward;
its lower portion extends below the mine workings
and has not been traced.

In the upper levels of the Quiney mine the ‘“Main’
lode over large areas is typically fragmental, is much
thicker than the coalescing portion of the lode, and
shows the irregularities in thickness characteristic of
fragmental lodes. In the lower levels of the mine this
lode is of the coalescing type. The zone of change
was not seen, as it lies in a worked out and caved
portion of the mine.

The tops of the breccias, though not coarsely jagged,
undulate more markedly than the nonfragmental
tops. The fragmental material is piled up in hum-
mocks or ridges, separated by basins or valleys. The
thicker breccias naturally show greater irregularities
of surface than thin fragmental layers like the Kear-
sarge lode, but alternations of elevations and de-
pressions are generally characteristic of the type.
The maximum range from top of hummock to bottom
of sag is perhaps 30 feet, and in places the slope from
hummock to basin may be steep.

Where this undulating surface of the breccia tops,
covered and preserved by succeeding flows and later
tilted, is followed by the mine workings, the hummocks

ulge up into the overlying flow, whereas in the basins
or depressions the overlying trap seems to bulge down
nto the lode. These irregularities are economically
!mportant, not only because they necessitate crooked
Mine workings but because thick accumulations of
breccia are found as a rule to be better mineralized
than thin ones near by. It is noteworthy that where
the fragmental material has piled up above the general

)
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surface of the flow it has also sunk deeper into the
underlying trap, and conversely, where depressions
occur on the breccia surface, the top of the traps is
higher than elsewhere; this produces a podlike thicken-
ing and thinning of the breccia layers. Whether or not
these variations in thickness of the breccia have any
definite relation to the direction of lava flow has not
been determined, but a somewhat systematic repeti-
tion of variations in certain flows suggests that there
may be such a relation.

It is evident that these layers of fragmental ma-
terial must be much more permeable than the smooth
tops, even though these are highly and coarsely
vesicular. In part as a consequence of this greater
permeability, the brecciated tops, though probably
not more than one-tenth as numerous as the smooth
tops, include the four great productive lodes—the
Kearsarge, Baltie, Osceola, and Isle Royale; more-
over the Pewabic only in part represents the smooth
tops, there being large areas of fragmental material in
this lode.

Origin—The origin of this fragmental texture in
Keweenawan lavas has been variously explained. It
has been argued by Hubbard and others that part of
the material, at least, is erosion débris. Hubbard and
Lane have also explained much of it as a consequence
of brecciation due to sliding along the flow contacts
at the time of uptilting of the beds, and Hubbard
has predicted that the thicker the flow the more
breceiation will its top show.

Grant, who studied the flows in Wisconsin, attrib-
uted the breceiated tops to flow movement modified
in some places by erosion and deposition. The
hypothesis that the typical fragmental tops are of
sedimentary origin seems to be entirely lacking in
support, though many of them have been reworked
by erosional and depositional agencies, which have
produced the ““ amygdaloidal conglomerates” or ‘““scori-
aceous amygdaloids.”

The hypothesis that they are primarily due to
slipping between beds seems also without support.
The irregular “dovetailing” of the contact with the
overlying flow, due to the hummocky nature of rough
tops, did not make such contacts favorable to slipping.
Moreover, where the breccia was coarse and open,
the top part of it was filled with the lava from the
overlying flow, showing clearly that the breccia was
present before the overlying flow covered it and of
course before tilting of the beds.

The inclusion of amygdaloid fragments partly re-
sorbed in the traps under the amygdaloids seems to
indicate clearly that the fragmental tops were formed
while the interior portions of the flows were still fluid
and presumably still moving. The irregular piling up
of the fragments on the flow can probably be best
explained by flow forces similar to those in a moving
floating ice field. Such movement would result in
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much abrasion of the fragments. The fact that where
the fragments are piled above the general level they
also sink deeper into the flow indicates that they
were piled up while the underlying lava was still fluid
enough to permit the sinking of the material, as ice
sinks deeper where it is piled higher above the water
surface.

It seems likely, therefore, that flow movement was
a factor in producing the rough tops as we now see
them, but it evidently was not the sole factor, because
all the flows must have been moving and in general
over surfaces of the same type with the same gradient,
some solidifying as smooth tops, some as rough.
There must, therefore, have been some difference in
the lava itself. That the difference was not neces-
sarily very great is indicated by the fact that a top
may pass from one type to another within a very short
distance. That the composition as we now find it
was not the cause is indicated by the close similarity
in composition of flows with tops of different types
and the presence of tops of different types on parts of
the same flow.

The influence of the gaseous constituents of lavas
that escape during solidification is a factor not easily
studied in these old flows, but it has been given much
study in recent and active flows. Washington ® has
recently summarized the evidence and the views of
various writers on this subject, as well as contributing
the conclusions from his own study, and as his summary
has so direct a bearing on the formation of the tops
of different types in this district, it is in large part
quoted below.

The cause of the differences between the two forms has been
the subject of much discussion and is still an unsolved problem,

the chief difficulties centering about the formation of aa or
block lava. * * *

According to Dutton ‘‘pahoehoe is formed by small off-
shoots of very hot and highly liquid lava from the main stream
driven out laterally or in advance of it in a succession of smail
belches. These spread out very thin and are quickly cooled.”
On the other hand, “the.fields of ‘aa’ are formed by the
flowing of large masses of lava while in a condition approaching
that of solidification.” * * * Dutton lays stress on the
much greater thickness of the “aa” flows and regards this and
the consequent differences in cooling as the causes of the
diverse characters.

Dana thinks that “in an ‘aa’ flow the lava must have been
subjected to some deeply acting cooling agency,” and that
“the cooling was not from above downward, as in pahoehoe,
but largely from below upward.” He concludes that this
cooling agency is subterranean water in the region passed over,
an explanation which is combated by Hitchcock and which
does not seem to be supported by field evidence.

Daly attributes the difference to “gas control,” which he
thinks is shown by the different vesiculation of the two forms.
The vesicles in pahoehoe are relatively more numerous, more
regular in form, being mostly spherical, smaller in size, and more
evenly distributed than in “aa,”” in which they are irregularly
scattered through the mass, most of them of very much greata:r

% Washington, H. 8., The formation of aa and pahoehoe: Am. Jour. Sci., 5th

ser., vol. 6, pp. 409-423, 1923.

size, relatively fewer, and of irregular shape, many being myg
elongated. Their total volume is generally less per unit volymg,
of rock than in pahoehoe, and “the ‘aa’ vesicle has undoubted)y
grown through the coalescence of many bubbles of gas. * *
The difference in field habit is thus explained by the relatiy
abundance of volatile matter and, still more, by the evenness gf
its distribution.”

Day and Shepherd * call attention to ‘““the rapid expansion
of the gases with the release of pressure (as ‘aa’ lava reache
the surface), which is a cooling phenomenon, and which, if the
expansion takes place suddenly from a high pressure into the
air, might be extremely rapid. * * * Such rapid expansion
and consequent cooling, when occurring suddenly at the surface,
may very well be the sufficient cause of the ‘aa’ lava formation,
Great blocks appear to have cooled in this way so rapidly that
no opportunity was given for the suddenly projected and rapidly
expanding lava to ‘heal” and resume liquid flow. The projected
masses are cooled almost instantly throughout their mass and
remain discrete blocks.” Doctor Day’s belief is that pahoehoe
lava is the high-temperature form, containing relatively little
gas, whereas the “aa’ issues at a lower temperature, contains
much gas, and cools quickly throughout its mass because of the
rapid expansion and elimination of the gas.

Jaggar thinks it ‘““probable that the quantity of confined gas,
in solution or in bubble form, controls the method of freezing
Possibly the gases are nearer equilibrium in pahoehoe than in
‘aa.” The heat equation plays an important role, and this
involves reaction between the gases as well as their oxidation
in air. Gas expansion may be more rapid in ‘aa’ and so induce
internal solidification. Furthermore, there are enormous
differences in the state of oxidation of the iron at the moment
of internal solidification, and as yet we know nothing of the
progress of crystallization in the field.”

At Vesuvius, according to Mercalli,®? the most rapid flows
and those which contain most gas take the ‘“aa’ form, whereas
the slower and more viscous lavas generally are of the pahoehoe
type. He thinks that the difference between the two depends
on “different conditions of cooling,” but that difference in the
angle of slope has a marked effect. Similar views are expressed
by Von Waltershausen® in describing the lavas of Etna. * * *
There seems to be general agreement in the belief that the
aa” form is produced from a highly gas-charged lava by
rapid cooling due to the escape of gas, but the question asa
whole must still be considered unsettled. There are, however,
two or three differential features of the two forms of lava which
do not seem to have as yet been studied in connection with
this problem but which may throw some light on it. These
are the relative amounts of the iron oxides, the different degrees

of crystallinity of the two forms, and the different sizes of the
respective flows.

«

_ After showing that there is no essential difference
in chemical composition but that the smooth tops are

distinetly less erystalline than the rough, Washington
continues:

Inasmuch as the chemical compositions of the “aa’’ and the
pahoehoe forms of these lavas are identical some other factor
or factors, physical or physico-chemical, must be sought 10
explain these differences in the crystallinity, which appest
to be connected with the structural and field differences of the
lavas.

Any_ difference in the initial temperature at the time of
extrusion does not seem to be adequate in itself, as this difference

would not be very great and would be eliminated soon after
extrusion. * * x

31 Geol. Soc. Ame;c:;;l-l»ﬁ;or% s
by . 24, p. 598, 1913.
:‘:‘I\;Ierc_alll, G., Vuleani attivi della terra, p. 179, 1907.
on Waltershausen, 8., Der Etna, vol. 2, pp. 393 et seq., 1880,
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The only factor that appears to be competent to serve as an
adequate cause is the gas content of the magma. * * *

That the magma which solidifies as “aa” has a very high gas |

content is commonly recognized. It is shown by the loud
roaring and hissing noises of 4 moving “aa’ flow, the numerous
flames on the front and over the surface of “aa’ flows, and by
the abundance of noxious gases, which often make near ap-
proach difficult. The lesser gas content of pahoehoe is evident
from the much quieter, almost noiseless flow and the absence
of flames. Indeed, so quiet and so free from gas are most
pahoehoe flows that one can easily (apart from the heat)
study them from their brinks. Although pahoehoe flows are
fairly fluent on their extruston their viscosity increases very
rapidly. An excellent illustration of this is given by Brigham 34
in his description of a pahoehoe flow issuing from a dome.
was white-hot cream when it came out from under the crust,
but in the distance of perhaps a foot had changed to a cherry-
red molasses, while a few feet more transformed the stream
into full-red tar.”

The formation of the two forms of lava takes place about as
follows, according to my conception of it.
comes out highly heated, probably in large part by internal gas
reactions, but not highly charged with gas, much of this having
been lost by simmering in the throat near the surface or else-
where in the course of flow. Because of the high temperature
the greater part of the comparatively small amount of gas that
remains after effusion is soon lost, whereby the fluidity of the
lava rapidly diminishes and with it the possibility of internal
molecular motion, so that an early stop is put to crystallization,
although the semimolten, highly viscous glass is still capable of
slow continuous motion. As the temperature falls and the
viscosity increases, the comparatively small amount of gas still
present in the magma is gradually expelled from solution and
there being few solid points to serve as nuclei and the material
being very viscous, the gas is liberated quite uniformly through-
out the mass and forms small, spheroidal, rather uniformly
distributed bubbles. Slabs of pahoehoe generally show an
increase in size and number of vesicles toward the bottom, an
effect probably caused by the quicker cooling and solidification
of the upper part, which radiates its heat into the air. * * *

“Aa” issues at a lower temperature than pahoehoe, certainly

more highly charged with volatile matter, so that the gas present |

renders the “aa’ magma, in spite of its lower temperature, ini-
tially much more fluid than is the pahoehoe. Under these
conditions of great fluidity and lower temperature the crystal-
llza.tion of labradorite and augite begins early and proceeds with
rapidity. The fluidity of the liquid portion and the consequent
rapidity of erystallization are maintained and, indeed, enhanced
by several circumstances. In the first place, the separation of
_the crystals, in which the gases are not appreciably soluble,
lncrefmes the gas concentration (and the pressure) within the
femaining liquid, thus maintaining a high degree of fluidity and
tonsequent possibility of internal molecular movement, so that
C_T.\'stallization is facilitated. This increase in gas concentra-
tion rapidly reaches or exceeds the point of saturation, the
liberation or desolution (if I may be permitted to coin a word) of
the gas being greatly facilitated by the presence of innumerable
crystals whose angles and edges serve as nueclei and give abun-
dant opportunity for the escape of gas, in virtue of the action of
Bu_ch solid points as centers of the liberation of gas. The gas
mlllf?hu.s temd. to coalesce into large bubbles and so pass out of
oui t‘g‘“d, Wl'nch remains constantly saturated with gas through-
¢ continuous crystallization and hence remains very fluid

and favorable to crystallization.
Two other factors also tend to preserve the fluidity of the
g;zdi“a”y diminishing liquid portion of thelava. * * * The
\‘8 connected with what has been called the “second boiling

5 LT
en? righam, W, T, The voleanoes of Kilnuea and Mauna Loa: Bishop Museum
4+ Vol 2, No. 4, p. 141, 1909
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point” ¥—that is, the increased gas pressure resulting from the
formation of erystals in a cooling liquid. The formation of
erystals in a liquid lava gives out latent heat,® as silicate
minerals appear to be normal in this respect, so that the
crystallization itself will tend to maintain the temperature of
the still molten portion or diminish the slope of the cooling
gradient. It follows that, in so far as we now know the thermal
behavior of silicates, the crystallization or partial solidification
of the lava may have a very appreciable effect in maintaining
the fluidity of the remaining liquid portion by retarding the
increase in viscosity.

The other possible factor is indicated by study of the thin
sections of the crystalline basaltic lavas of Hawaii and of
other localities. This shows that feldspar begins to erystallize
first, augite and magnetite belonging to the later stages of
crystallization. * * * Because of this early crystalliza-
tion of feldspars the portion of the lava that remains liquid
becomes increasingly femic and therefore more and more
fluid, so that the flow of the lava stream is maintained, in
spite of the abundant crystallization, and with its continued
liquidity also the facility for crystallization.

The liberation of gas from the mass of “aa” will thus be
increasingly rapid, possibly violent toward the end, and the
crystallization of the lava which forms “aa’ is consequently
very rapid after a certain degree of fluidity has been reached,
the great fluidity of the steadily diminishing liquid portion
of the flow being maintained up to the point of complete
solidification, as is demanded by the microtextural features of
the ““aa” lava. This accounts well for the fantastic, rough
surface forms and for the large, elongated, random bubbles,
both of which are characteristic of the “aa’ form.

The conclusions reached by Washington from the
study of recent and active flows strongly suggest that
varying gas content was a controlling factor in form-
ing the different types of tops in the Keweenawan
lavas.

““SCORIACEOUS TOPS”

The misnamed type of rock known locally as
“scoriaceous tops’ has already been described in the
section on amygdaloidal conglomerate (p. 20). Briefly,
it consists of amygdaloidal fragments in a matrix of
fine basic sand which grades downward into normal
amygdaloidal rock and in many places upward into
fine basic sediment and at numerous horizons finally
into felsitic sandstone or conglomerate. As the name
implies, lodes of this type have been regarded as
the result of explosive volcanic action, the sediment
being considered volcanic ash. The Ashbed is the
type example.

The “scoriaceous amygdaloids’ are more permeable
than the smooth cellular tops but less permeable than
the brecciated tops, because the interstices between
the fragments are filled with a fine sandy to clayey
sediment.

Of the numerous examples of this type the Ashbed
lode, on which the Atlantic, Copper Falls, and other
mines are located, is the only one from which ore has
been produced.

% Morey, G. W., The development of pressure in magmas as a result of erystalliza-
tion: Washington Acad. Sei. Jour., vol. 12, p. 219, 1922,

# Mercalli (Vuleani attivi della terra, p. 189, 1007) attributes the long-continued
preservation of heat by lava flows, often amounting to several years, to this de-
velopment of latent heat of crystallization. In July, 1914, Doctor Day and I could
scorch paper in crevices of the flow of 1910 at Etna.
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ALTERATION
ALTERATION OF TRAPS

Except for the alteration effected by the copper-
depositing solutions, the basaltic rocks are surprisingly
fresh in view of their basic composition and their
great age. As the ore-depositing solutions moved in
quantity only along the more permeable pathways,
the dense traps have escaped most of the chemical
and mineralogical changes that accompanied the
deposition of copper. Glaciation largely removed
whatever weathering products had been formed
earlier, and since glaciation only incipient kaolini-
zation and limonitization and slight physical decom-
position of the traps have occurred, even where the
rocks were not covered by glacial deposits.

The principal alterations, aside from ore deposition
and surface weathering, occurred in the olivine and
the magnetite; the pyroxene and the feldspar of the

* traps are usually unaffected. The olivine, which at
the time of crystallization was common in many of
the traps, is now preserved in relatively few. Its
former space is filled with serpentine and hematite that
have replaced it. This breakdown appears to have
caused no marked change in chemical composition
within the limits of the olivine individuals but to have
been, rather, a rearrangement of the elements into min-
erals of greater stability under the conditions existing.

The magnetite was altered more or less completely
to hematite. The hematite seems to have worked in
from the surface, but it also permeated all through the
magnetite individuals, which therefore present a pitted
appearance under the microscope. In places where
magnetite is completely altered to hematite minute
irregular stringers and tendrils of hematite extend out
from the magnetite grain among the surrounding |
minerals, suggesting that in the alteration of the iron
mineral an increase in volume forced some of the
hematite to lodge outside the original boundary of the
magnetite. Some of the magnetite was evidently
titaniferous, for its alteration has produced numerous
granular particles of a nonmetallic mineral, probably
titanite, in the midst of the more abundant hematite.

The alteration of these two minerals, so far as has
been ascertained, was almost magmatic—that is, it
took place very shortly after the rock had solidified,
unless, indeed, these early iron-bearing minerals were
already altered by the time the pyroxene and the
feldspar had erystallized around them, as is discussed
later (p. 53). The dominant tendency in the altera- |
tion of both these minerals was the conversion of |
ferrous to ferric iron. This oxidation of iron suggests
association in origin with the hematite in the tops of
many of the flows and is again referred to in that
connection (p. 35).

ALTERATION OF THE LAVA TOPS

Alteration of the tops of the lava flows is of two
types, produced at different times and by different |
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causes—the development of plentiful hematite and
the filling of the vesicular and other openings, together
with more or less replacement of the rock by lode
minerals.

The formation of hematite caused or accompanied
in some of the tops an increase in iron content, notably
above that in the deeper parts of the flow.  Whether
this increase is an alteration or an original magmatic
offect is not altogether clear; the question is dis
cussed on page 36.

The cavities or vesicles of tite lava tops, in the main,
long remained empty, though probably some chlorite
and perhaps feldspar was deposited in them during
the cooling of the lava. There seems no reason fo
believe that the vesicles of one flow were filled before
the next flow appeared, nor that during the genenl
period of lava extrusion there were successive periods
of vesicle filling. The vesicles appear to have been
filled after all the flows had been spread, the overlying
thick sedimentary formation deposited, and the rocks
tilted to their present attitude. Practically all the
fractures, large and small, that were produced by
deformation of the rocks carry the same minerals as
those which form the amygdules. The minerals of
the amygdules and of the fractures are, in fact, iden-
tical with the gangue minerals accompanying the cop-
per. They are therefore further discussed under the
heading “Ore deposits” (p. 107).

RED COLOR OF AMYGDALOID TOPS

STATEMENT OF THE PROBLEM

The oxidation and concentration of the iron in the
tops of the flows appear to have received little investi-
gation; these processes, therefore, will be discussed
in considerable detail, and several possible methods
by which they might have been effected will be con-
sidered. The conclusion reached may be stated at
the outset; it is that both the oxidation and the
concentration of iron were accomplished by gases
escaping from the solidifying and crystallizing lava.
The inclosed gases were either neutral or reducing
toward iron at the temperature at which the lava
emerged but became strongly oxidizing as the tem-
perature decreased, with the result that much of the
ferrous iron was converted to the ferric state, the con-
version being more and more complete as the upper
part of the flow was approached. ;

A striking feature of the tops of many of the M ichi-
gan flows is their red color, which ranges in intensity
from bright brick-red through darker and duller shades
to faint browns but always contrasts with the dark
gray or greenish gray of the deeper portions of the
flow. This red hue may disappear before the bottom
of the amygdular zone is reached or it may extend for
a short distance into the trap. It is useful in the
recognition of amygdaloid beds on outcrops, in cross
cuts, or in drill cores. It is present in many of the
cellular smooth-topped amygdaloids and is strongly
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developed in the brecciated tops.

In the ‘‘scoria- |

ceous tops” or amygdaloid conglomerates the red |

color may be rather faint or altogether wanting,
although the fine mud is usually brown. This red
color, which is due to the presence of ferric oxide, is
present in all the amygdaloid lodes (and in the felsite
conglomerates as well) from which noteworthy quan-
tities of copper have been produced, and some expla-
nation of it is involved with almost every theory of the
origin of the copper deposits that has been advanced.
It therefore merits careful investigation.

The enrichment of the lava tops in ferric oxide has
been ascribed by some observers to weathering, a
process which was supposed to be facilitated by the
brecciation that certain tops have undergone. Other
investigators, laying stress on the fact that all the
red tops are mineralized in one way or another, have
inferred that ferric oxide was a by-product of various
kinds of mineralization. The present discussion may
well begin by putting these hypotheses to the test.

The problem is presented in simplified form by the
red tops which have been described as occurring in
many parts of the world on lavas that have been
erupted in comparatively recent times and appear to
be virtually unaltered. Such lavas were studied by
T. M. Broderick in the Snake River and Columbia
River regions for the purpose of obtaining light on
the history of the Michigan flows.

RED TOPS OF UNALTERED WESTERN FLOWS

The red color is well shown in the tops of many
basaltic flows of the Snake River and Columbia
River lava plains. In both regions the cellular, non-
fragmental tops prevail. The Snake River flows,
with their vesicles still unfilled, have not been attacked
by later mineralizing solutions, such as have caused
the marked alteration of the Keweenawan flows, and
they have escaped almost wholly the limonitic alter-

ation and the disintegration which the surfaces of |

the older Columbia River flows have suffered in conse-
quence of weathering. The Snake River flows are

"hemicfll and mineralogical changes of which the
teddening is the visible effect.
A series of specimens taken at different intervals
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These results show a virtually constant iron content
from the surface down, but a marked and progressive
change in the state of oxidation of the iron. At the
surface 70 per cent of the iron is ferric; this percent-
age gradually diminishes, so that in the lowest sample,
from about the middle of the flow, less than 12 per
cent of the iron is ferric.

Examination of polished and thin sections of the
minerals in these flows shows that the chief iron-
bearing minerals in the deep parts of the flow are
magnetite, olivine, and pyroxene. In the upper, red
portion, hematite accounts for most of the iron.
Some of the hematite was formed by alteration from
magnetite or, together with serpentine, from olivine;
but some shows no sign of ever having been anything
else, and this occurs in platy or bladed ecrystals,
generally of minute size, found characteristically in
the glassy matrix surrounding the plagioclase crystals.
The plagioclase is practically unaltered.

Nothing in the chemical results or in the minerals
present in these Idaho flows suggests that iron has
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FIGURE 2.—Change in iron in lava top at Twin Falls, Idaho

been added to the tops. No vesicle fillings or veins
of later minerals are to be seen. A partial rearrange-
ment of the iron and an increase in the degree of its
oxidation near the tops of the flows seem to be all that
has happened. These changes can not be aseribed to

therefore well suited to show simply and directly the . any later alteration but appear to have been accom-

- plished by the time the lava had solidified or very

from the top of a flow 40 feet thick at Twin Falls, “

Idaho (fig. 2), show the following contents of ferrous
and ferric iron :

Iron content of lava top at Twin Falls, Idaho

[H. C. Kenny, analyst]

|
| Distance Iron (per cent)
from top
of flow
(feet) Ferrie ’ Ferrous Total S
; |
i 5 [ G
b8 49 | 68 | 1.7
6 8.0 /| 9.0 12. 0
12 1.6 | 9.9 | 115
25 < I P L0 | ! 11. 4
|

shortly afterward.
OXIDATION IN SMOOTH-TOP FLOW.S OF KEWEENAWAN SERIES

Many of the Keweenawan flows show the same
kind of transition from unoxidized trap to oxidized
top as the more recent western lavas. The following
analyses of samples from a smooth-top flow, the
second flow below the Wolverine sandstone at the
Wolverine mine (fig. 3), indicate that the changes
involved are closely similar to those represented in
the analyses of the Idaho flow. The samples are
grouped into composites each of which represents
a horizontal distance of 50 feet in a crosscut
which traverses the flow at right angles to the strike
from top to bottom, The dip of the flow is approxi-
mately 40°.
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Iron content of typical smooth-top Keweenawan flow
H C. Kenny, analyst]

i Distance from top of flow (feet)

Iron (per cent)

‘ Along crosscut ?;%%{,’:lll&;‘:g Ferric | Ferrous Total
0-50 0-30 4.5 i 3.7 8: 2

| 50-100 30-60 4.4 3.4 7.8

. 100-150 60-90 3.7 4.7 8.4 |

| 150-200 90120 |« 200 | 501 7.8 i

i | ! !

Here, as in the Snake River lavas, the total iron is
essentially constant, but the ferric iron increases
steadily toward the top and the ferrous iron decreases

almost as steadily. Both the Idaho and the Michigan
analyses show that the red tops are the extreme ex-

pression of a change which has taken place throughout

PER CENT
FEET, | 2 B i
0-50 /
50-100 7,
100-150 /
150-200 / l
Ferric iron Ferrous iron

FiGure 3.—Iron content of smooth-top ﬂov‘v (second flow below Wolverine sand- |

stone, Wolverine mine)

the flow. Two causes have produced the reddening— |
namely, the greater abundance of hematite and the |
decreasing size of its particles toward the top of the |
flow. The effect of fineness of division of a small |

amount of hematite in giving a brilliant red color to
agates and jaspers is well known, and a similar effect
is clearly revealed by microscopic study of these
Michigan lavas.

OXIDATION AND CONCENTRATION IN BRECCIATED-TOP FLOWS

Although the red flow tops of the cellular, smooth-
top type contain so far as determined about the same

proportion of total iron as the body of the flow some |

of the fragmental tops contain a considerably higher
percentage of total iron than the rest of the flow, but,

just as in the nonfragmental tops, most of the iron |

is in the ferric state and occurs as hematite.
pls. 62, 63.)
example of concentration of iron in the top and is the

(See

one that has been most studied. The following |

table shows the iron content at varying distances

The Kearsarge lode is a conspicuous |
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| from the top of the Kearsarge flow in a single sectiy,
' Distances are horizontal; the dip of the beds is 3
to 40°.

Iron content of Kearsarge flow, Wolverine mine

H. C. Kenny, analyst

Distance from top (feet) Iron (per cent

: ——

Normal to top |

Along crosscut (approximate) Ferric Ferrous ‘ Total
0-50 0-30 6.7 ol LR MR 5 |
50-100 30-60 4.4 3.3 i
100-150 60-90 4. 2 iR
150-200 90-120 3. 9 g rili .8
200-250 120-150 3.1 49 | 80
250-300 150-180 3.0 5. 6 8.6

| ! | . Lt 1]

|
\
|
|

This series of specimens, which represents a section
of the entire flow from top to bottom, shows a con-
. centration of iron in both top and bottom as compared
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5 6
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—
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‘ Ferric iron

Ferrous iron

FIGURE 4.—Iron content of Kearsarge flow. A, Calumet & Hecla mine 8ist
level; B, Wolverine mine

with the middle portion, the greater concentration
~ being at the top. (See fig. 4, B.) The ferric iron
. content increases steadily and the ferrous iron de-
- creases steadily from the bottom upward. The upper
N‘» part of the Kearsarge flow has been sampled at shorter
| mtervals to show still more closely where the notable
. changes in proportion of ferrous to ferric iron and the
" most marked increase of ferric iron are to be found
| (fig. 4, A), and the results are as follows:
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U. S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 144 PLATE 55

TEXTURE OF SEDIMENTARY ROCKS AS SHOWN IN DIAMOND-DRILL CORES

a, Felsite conglomerate (Keweenawan); b, Jacobsville (* Eastern ) sandstone, showing bleached areas; ¢, Jacobsville (** Eastern ) sandstone, showing “mud flakes”



PROFESSIONAL PAPER 144 PLATE

=

U. 8. GEOLOGICAL SURVEY

T T e T e

TEXTURE OF LAVAS AS SHOWN IN DIAMOND-DRILL CORES

a, Ophitic texture as seen on weathered surface; b, porphyrite; ¢, melaphyre; d, “dolerite,” pegmatitic facies of traps; e, finer glomeroporphyrite; f, coarse glomeropor
phyrite; g, banded ophite; h, typical ophite



U. 8. GEOLOGICAL SURVEY PROFESSIONAL PAPER 144 PLATE 57

TEXTURE OF LAVAS AS SHOWN IN MICROSCOPIC SECTIONS

a, Typical ophite from the Greenstone; b, diabasic structure in flow below the Calumet Hecla conglomerate: ¢, trap just above the Calumet Hecla
conglomerate; d, fairly fresh ophite from Osceola flow; e, foot trap from Kearsarge flow; [, typical *foot lode™ from Kearsarge flow.
11 X about 30



PROFESSIONAL PAPER 144 PLATE 38 ;
U. 8. GEOLOGICAL SURVEY

TEXTURE OF FLOW TOPS AS SEEN IN LODES

a, Cellular lode, tending toward coalescing; b, cellular lode, somewhat coalescing; ¢, coalescing lode: d, banded coalescing lode;
e, strong band in coalescing lode; f, g, fragmental lode. Al from Quincy mine



U. 8. GEOLOGICAL SURVEY PROFESSIONAL PAPER 144 PLATE 59

TEXTURE OF FLOW TOPS AS SEEN IN SPECIMENS

a, Two at left, cellular lode; third from left, coalescing lode; right, fragmental lode. b, Fragmental lugv, Isle Royale mine. ¢, Partly resorbed amygdaloid inclusion in Isle Royale flow: black circle indicates end
of drill core ; 4 J



PROFESSIONAL PAPER 144 PLATE 60
U. 8. GEOLOGICAL SURVEY

TEXTURE OF FLOW TOPS AS SEEN IN DIAMOND-DRILL CORES

"

a, b, Cellular amygdaloid, upper part; ¢, amygdaloid of glomeroporphyrite flow; d, cellular amygdaloid deep in amygdaloid;

e, fragmental amygdaloid;
» scoriaceous amygdaloid or amygdaloidal conglomerate




U. S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 144 PLATE 61

TEXTURE OF FLOW TOPS AS SEEN IN THIN SECTIONS

a, \'qfﬁi‘(tulur top of Kearsarge lode, rich in hematite, X32; b, typical chilled Kearsarge amygdaloid, X32; ¢, thin trappy lode from Isle Royale mine,
X32;d, top of Quincy lode showing fresh feldspar, with amygdule of quartz and epidote, X21; e, calcite-cemented breccia, Isle Royale
amygdaloid, X 32; f, fresh feldspar in hematite-rich top, Kearsarge lode, X298. All enlargements approximate



PROFESSIONAL PAPER 144 PLATE 62

U. 8. GEOLOGICAL SURVEY

TRON OXIDES IN FLOW TOPS AS SEEN IN POLISHED SECTIONS

a, Dendrites of magnetite altered completel i i
, De stite rred ¢ »tely to hematite, Hawaii, X215; ¢
ot 4 LAt Omp; YO tite, an, X215; ¢, same, X640; } t: i . s s
IX};;;?:luld?;:oa;"r,::,l:z{ ilzzlyl(_lllrldk(! hf,malntc. X215; d, disseminated hematite surrm:;nrl'i]x':gnlf:}lﬁe 'ulu,lr(cd i0 hematie, et
;e e ! hematite, Kearsarge amygdaloid, X338; f, disseminated } tte g feldspar, Kearsarge amygdaloid,
ments approximate »d hematite, Kearsarge lode, X103. All enlarge-




U. 8. GEOLOGICAL SURVEY PROFESSIONAL PAPER 144 PLATE 63

IRON OXIDES IN ROCKS AS SEEN IN POLISHED SECTIONS

a, Unaltered magnetitefrom the Greenstone, olivine partly altered, X82; b, f, hematite in felsite pebbles from the Calumet Hecla conglomerate,
X 1155 ¢, magnetite largely altered to hematite, trap above Isle Royale lode (note strings of excess hematite), X115; d, magnetite altering
to hematite, middle of second flow below Calumet Hecla conglomerate, X158; e, titaniferous magnetite altering to hematite, X228,
All enlargements approximate



PROFESSIONAL PAPER 144 PLATE 64
U. 8. GEOLOGICAL SURVEY

ALTERATION AND REPLACEMENT OF MINERALS

a, Red fcl.dS]_mr (dark areas) rupluvil.lg amygdaloid, light areas quartz and carbonate, Mass mine; b, prehnitization of feldspar, X60; ¢, pum-
pellyite in quartz altered to sericite, X200; d, quartz and calcite along Ahmeek mass fissure (note zonal growth of quartz), X30; e, epidote

in calcite altered to chlorite (centers of crystals alter most readily), X76. All enlargements approximate
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[ron content of top of Kearsarge flow, Red Jacket crosscut, Calu-
met & Hecla mine

Anpalyzed at mill laboratory, Calumet & Hecla Consolidated Copper Co.]

| 1 ¢
{Horizontal dis- ! P Nt
tance from top 53

4 |

1
Total |
|
|

’ of lode (feeU | Ferric ’ Ferrous |
— |
! 14 10. 1 [ 0.3 10. 4 ;
3 By o5 e 9.4 ?
. 9 | b2 ‘ 3.9 9.1 J
[ 13 | 45 3.7 &2 :
l 17 [ 55620 .j . %30 8.0 |

20 I Baig \ 2.6 7.6 | |
' 24 | 4.6 3.3 7.9 ‘

The results of the two groups of analyses are repre- |
sented graphically in Figure 4. The noteworthy
features are (1) the higher percentages of total iron |

. Keweenawan lavas.
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both at the top and toward the bottom of the flow,
that at the top being the highest; (2) the steady
increase in ferric iron from bottom to top, with a
sudden increase in rate in the upper 20 feet—that is,
in the brecciated amygdular top; (3) the increase of
total iron at the top associated with an increase in
ferric iron, but the increase in total iron in the bottom
third of the flow associated with a slight decrease in
ferric iron. _

Five pairs of complete rock analyses are available
for a contrast between the oxidized tops and the
deeper unoxidized parts of the corresponding flows of
These analyses are further dis-

cussed under ‘“Weathering” (p. 40), especially 5a

- and 5b, which are the only ones that have been studied

by the writers.

» :
Analyses of upper and lower parts of Keweenawan flows Fe%
1a 1b l 2a 2b i 3a i 3b 4a } 4b Sa 5b
- = - = = J_,, e < =AW ‘ ! e e e e e e )
| | |
Sl i BT e,y LN Dt { 45.83 49. 40 | 46. 78 | 46. 66 ‘ 47.74 | 42.71 45.70 | 46.22 47. 0 43. 6
1.0 5,6 " TCEyetn oy ey - T | 18.92 16.12 | 17.04 16.97 | 16.75 | 14.93 20. 44 | 10.22 20. 8 18. 0
FolOeE TR s MW i e |~ 6,02 19: 51 F 05 9.52 2655  7.45 9.50 | 12.88 6. 6 14. 5
10 0 O SR NI S L | 6.24 21 St 18230, £°18 | 6,31 3. 45 8.95| 17.45 4.2 .4
b e e ST I 9. 06 9.71 | 10.46 | 9. 90 | 6. 69 7. 92 13. 60 | 14. 81 7. 88 10. 46
M0 et he SAI00 e N i | 849 3.5 681 5. 02 8. 32 2.70 2. 24 . 84 4.3 3.4
(6178 W vl TN W RN ) T 9. 28 10.90 | 6.94 9. 37 11. 40 22.76 7.46 | 15. 56 11. 8 12. 0
b A A e P SN ‘ 2.10 3. 02 | 3. 44 4. 08 | 1. 93 .54 .80 | .18 } 29. 7 23. 9
%\?8 ___________________________ { 32 . 58 | 1. 10 .44 .14 | .04 . 28 | l.g‘é 20 L
P IUE Lo PTTE P C NP 0 B TGRSy QL e . 50 >3 . 66 .91 ,. P . 35 J
R MR Wk | 270 230 ’ 362 279 ;} 273 | 3.56 { 2.78 | 301 } 3.0 M1
p 53 ST RS 2R ST TR e LR T R B R TS 1. 10 T R Al
0, TR A I TR o 0 .99 .08 b Lt | vl e o (Lo AIS) o W Wt et DL e Sl e ol
L0 R SR Ay Sy e .01? SO el s s T e T e G .03 . 04
T AR MR TR AR [ AEREARTOL W PART 255 T T RS AR R ) NSRS IR T S
| |
1a. Specimen 47500, country rock 70 feet from the lode, seventh level, Winona mine, Michigan.
1b. Specimen 47499, center of lode, same locality as 16. Analyses la and 1b by R. D. Hall, Univ. Wisconsin.
21, Specimen 47506, 12 feet from footwall of 63d level of Quiney mine, Michigan.
2b. Specimen 47505, footwall near lode, same locality as 2b. Analyses 2a and 2b by R. D. Hall, Univ. Wisconsin.
3a. Melaphyre, lower zone of bed 64, Eagle River section, Michigan.
3b. Prehnitized upper zone of bed 64, same locality as 3a. Pumpelly, Raphael, Metasomatic development of the copper-bearing rocks of Lake Superior: Am. Acad.

Arts and Sci. Proc., vol. 13, p. 203, 1878.
4a. Fresh basaltic rock from center of flow, 15 feet from lode, Dingle Creek mine,
4b. Superjacent amygdaloidal lode, same flow as 4a.
5a. Kearsarge amygdaloid lode, 81st level, Calumet & Hecla mine.
5b, Same, specimen from top 4 inches of lode. Analyses 52 and 5b made at mill

Douglas County, Wis.

Analyses 4a and 4b by W. G. Wilcox, Univ. Wisconsin.

laboratory, Calumet & Hecla Consolidated Copper Co.

Analyses 1a to 4b are quoted from Van Hise, C. R., and Leith, C. K., U. 8, Geol. Survey Mon. 52, p. 583, 1911.

From these pairs of analyses, each of which shows
an increase of ferric iron and a decrease of ferrous
iron toward the top and all but one of which show an
increase in total iron upward, certain inferences may
be drawn in regard to other changes that accompany
these increases in iron and oxygen. erquent refer-
ence will be made to these analyses in the ensuing
discussion. It must be borne in mind that the
analyses represent the composition of the rocks after
they have been affected by many kinds of alteration
in the period that has elapsed from the time of lava
outflow to the present day, and that in the top or
amygdaloidal portion of the flows the combined effect
of alteration has been, as a rule and perhaps without
exception, much greater than in the trap. Only the
specimens represented by 5a and 5b have been studied

by the writers, and the discussions are based primarily
on these, but the application to the other analyses is
pointed out. Samples 5a and 5b were selected from
rock that showed the least effect of the mineralizing
solutions. Explanation of some of the features of
the other analyses could be ventured only if the
nature of the material were known.

MINERALOGIC FEATURES

The mineralogic expressions of these variations in
oxygen and iron content are mentioned, so far as the
traps are concerned, in the section dealing with alter-
ation (p. 34), as the changes evidently affect rock
minerals previously crystalhzed But beyond the
partial or complete conversion of olivine and magnetite
to hematite, the trap seems to be in the same state
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as when first erystallized, and there is nothing in the
rock itself to suggest that it crystallized under ab-
normal conditions. The significant mineralogic fea-
tures attending iron oxidation and concentration in
the lava tops are also outlined above (p. 35), but
some further details may pertinently be given before
discussion of the cause of the behavior of oxygen and
iron.

The texture of the upper, vesicular part of a flow
is always finer than that of the trap in the same
flow. The finest-grained, densest portions are at the
very top of the smooth flows and around the margins
of {fragments of the brecciated tops. In these densest
parts vesicles are plentiful but exceedingly small;
deeper in the smooth flows or toward the center in
the fragments the vesicles increase in size, but the
texture of the rock itself, though coarsening some-
what, remains comparatively fine so long as vesicles
are plentiful.

All this fine-grained material is seen in thin section
to comprise constituents of two kinds—minute crystals
or microlites and a compact matrix which, despite
especial efforts to obtain sections of unusual thinness,
remains nontransparent. Among the transparent

crystals feldspar predominates; it is present in deli- |

cate microlites of fairly perfect lath-shaped outline
except for sttenuated elongation of the sides of the
crystal beyond the middle to give the characteristic
pitchfork terminations. (Seepl.61.) Thisshapeof the
feldspars implies an increasing viscosity of the sur-
rounding medium,*” which was to be expected in these
quickly chilling lava tops. Commonly the feldspar is
strikingly clear and fresh, with plagioclase twinning
easily seen. (See pl. 61.) It ranges from oligoclase-
andesine to andesine; the feldspar of the trap portion
is labradorite, in part highly caleic. Here and there
are pseudomorphs whose outlines distinctly or vaguely
suggest olivine but whose transparent part is now
serpentine. Hematite is the only other recognizable
mineral present (except for the vesicle fillings, which
are of later introduction and are considered farther on).
In these lavas, as in the lavas of Idaho, the hematite
is partly in small ragged lumps or irregular spongy
patches derived from magnetite or olivine, but it
mainly occurs as minute short erystalline plates dis-
tributed through the opaque matrix. For the most
part this distribution of the hematite plates is even
and systematic, suggestive of the intersertal pattern,
but around the feldspar crystals and the vesicles the
hematite particles appear crowded and piled up, as if

either pushed aside by or attracted to the expanding |

gas bubble or the growing feldspar microlite, neither
of which contains hematite.

The groundmass or matrix of these various crystals
is opaque, probably because the hematite plates are
so abundant as everywhere to overlap, even in a thin

¥ Day, A, L, Allen, E. T, and Iddings, J. P., The isomorphism and thermal
properties of the feldspars: Carnegie Inst, Washington Pub. 31, p. 91, 1905,
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section. Presumably it is an undifferentiated mate.
rial that contains the equivalent of the pyroxene pres.
ent in the traps (but not erystallized in these denge
tops), as well as of additional feldspar, olivine, and
magnetite. It is this groundmass which gives the red
color to the lava tops, and the red color is plainly due
to the hematite; the accordance between abundance
and fineness of grain of the hematite, as seen under
the microscope, and the intensity of the red color is
notably close.

This dense rock of the upper part of the flows may
thus be described as a devitrified glassy base contain-
ing microlites of feldspar and other minerals; such a
deseription is allowable if devitrification is considered
possible, as Geikie, Harker, and others believe, not only
long after a rock is formed but also before a rock has
lost its original heat and perhaps even before -all of it
has solidified.

CAUSE OF IRON OXIDATION AND CONCENTRATION

Several possible causes of the increase of ferric iron
and of total iron toward the tops of the flows merit
consideration—(a) present-day weathering; (b) action
of solutions independent in origin from the lavas; (c)
normal weathering of the flow while exposed at the
surface prior to covering by the next flow; () altera-
tion by water or gases given off from later flows;
(e) rapid atmospheric oxidation while the top of the
flow was hot; (f) pneumatolytic alteration by gases
oiven off by the lava of the flow itself before, dur-
ing, and after solidification; (g) direct magmatic
segregation.

MODERN WEATHERING

Modern weathering may be eliminated by the fol-
lowing considerations and dismissed without further
argument: The oxidation is clearly earlier than the
copper, which as shown in the discussion of ore
deposition (p. 53) is not of recent formation; and the
oxidation of a given flow is the same at a vertical
depth of 5,000 feet, where the rocks are tight and dry,
asitisin the zone of actively circulating ground waters.

INDEPENDENT SOLUTIONS

Under the action of independent solutions may be
considered two unrelated influences—the action of
circulating oxygenated ground waters after a flow has
been covered by others and thus protected from direct
atmospheric oxidation, and the action of oxidizing min-
eralizing solutions such as those believed by Pumpelly
to have both deposited the copper and oxidized the
ferrous iron minerals.

The activity of oxygenated waters is so closely
related to ordinary weathering that it must be, in

 large measure, credited or discredited on the evidence

regarding that process, which is discussed below and
rejected.

Pumpelly’s ideas of the nature and source of the
solutions that carried the copper and of the reactions
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by which the metal was deposited are discussed fully |
under “Ore deposits” (p. 120) and are regarded as T
not in accord with the facts now available. That |
argument need not be anticipated here, but the follow-
ing general considerations may be mentioned as con-
troverting the close relation assumed by Pumpelly to
exist between oxidation of iron and deposition of
copper. 1

1. The oxidation is no more marked in one part of
the series than in another. A flow in the upper part
of the series, thousands of feet stratigraphically above
the flows carrying copper in commercial quantities,
is as well oxidized as one of similar texture carrying
minable copper.

2. In a given lava top—for example, that which
contains the Osceola lode—the degree of oxidation is
the same where it is minable as it is miles distant,
where it is barren.

3. The western lavas, which show no evidence of the
action of mineralizing solutions, such as vesicle filling,
display the same features of oxidation as the flows in
the Michigan copper district.

SURFACE WEATHERING IMMEDIATELY AFTER EXTRUSION
Normal weathering at the surface involves well-

understood processes, both mechanical and chemical.

The mechanical processes are disintegration and
transportation, which together constitute erosion-

The chemical processes are oxidation, hydration, and
carbonation, followed by removal of the soluble
compounds produced. These processes result in the
formatiop of characteristic end products, among
which are kaolin, limonite, and calcite, the develop-
ment of pore space, the softening of the rock, and a
textural breakdown. In general, the chemical changes
are farthest advanced at the surface, decreasing and
(lisappenring in depth. They extend outward from
Joints and cracks into the adjacesnt rock. Under the
conditions that probably prevailed during the epoch
of lava outflow in Michigan, the general order of
weathering attack on a basic flow is glass and oli-
vine first, followed by pyroxene, feldspar, and finally
magnetite. Magnetite is very resistant, commonly
remaining sufficiently unaltered to retain its strong
magnetic property in a residual soil or a black sand.

The principal chemical changes characteristically
Sho.wn by weathered basic rocks as compared with
their fresh equivalents are these: The ratio of silica
to.alumina is diminished, as shown in 16 out of 17
pairs of analyses cited by Leith and Mead,*™ and the
ratio of total iron to alumina either decreases or re-
mans nearly constant. In 13 out of 15 pairs of
analyses compared total iron is either lost or essen-
.t”‘“y constant relative to alumina; in the other two
ron has increased.

Such, then, are the outstanding chemical and
physical changes which should be exhibited to a greater

B o

y Leith, ¢, K., and Mead, W. J., Metamorphic geology, p. 24, 1915, 1
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or less degree by the tops of basic flows if their color
and their increased iron and oxygen content were
occasioned by normal weathering. It can readily
be shown that the Keweenawan flows do not exhibit
these changes.

Most of the flows of the smooth cellular type show
no evidence of disintegration. Ropy tops are pre-
served intact, as well as all the minute original textural
details of the rock, even to the very surface. There
has been no crumbling, softening, or development of
pore space; there has been no slumping and therefore
no considerable lateritic concentration; there is no
visible relation between amount of oxidation and
proximity to joints, and therefore no considerable
movement of iron or oxygen by solutions can have
occurred after the rocks were formed.

In the Columbia River flows, where the rock has
clearly weathered to form a residual soil, the trap
underneath the soil has ecrumbled and rotted to a
great depth along the joint planes, but the greater
part of any thick flow at the top of which the soil may
lie is left intact. Limonitic alteration stains the rock
along all joints and fractures, both on a large scale
and microscopically. Yet in these Michigan flows
that have the red tops the increase in ferric oxide,
though at its maximum in the upper 10 to 20 feet,
starts practically at the base of the flow and is no-
where seen to be related to joints and fractures. Itis
difficult, therefore, to ascribe the state of oxidation of
the iron to weathering.

Still more difficult is it to explain the actual increase
in total iron as a consequence of weathering. If
simply the oxidation of the iron normally contained
in the rock were involved, it would perhaps suffice to
say that the glassy portionis are highest in ferrie iron
because they are most susceptible to alteration. But
they are actually higher not only in ferric but in total
iron. No evidence of iron enrichment after solidifi-
cation has been recognized, except such as is related
to the copper mineralization, which occurred much
later, and except for rare and minor coatings of
specularite. No concentration of ferric iron has
been found to have taken place by the filling of open-
ings. The hematite is uniformly distributed through-
out the devitrified groundmass, in which the most
minute textures have been preserved.

The downward decrease of the ferric oxide is not
obviously incompatible with weathering, but the
distribution of total iron is not to be explained by
weathering. It increases toward the top and to a
slight extent toward the bottom of the flow. Detailed
study of the distribution of the ferric iron reveals
other features difficult of explanation by weathering.
For example, on the Osceola and Isle Royale lodes
there are not uncommonly stretches of dense trappy
material in the midst of the fragmental material that
divide it into an upper and a lower portion. It would
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be natural to expect that weathering would be some-
what less intense below this relatively impermeable
trap than above it, but no difference can be detef:t,ed;
both upper and lower layers are iron-rich and highly

oxidized. Large areas of the Kearsarge lode are

covered by one or more nonfragmental flows of lo.cal
extent which are possessed of characteristics so like
the Kearsarge that they are regarded as probably
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| of the amygdaloid below the gushes had opportunity
| to be removed. Nor can it have been derived froy
" the overlying gushes, for they have not been leache{

The chemical changes involved in weathering gy
not those which distinguished the red tops from the
deeper portions of the flow. The chemical criter
must, indeed, be used with caution, because th
analyses show the composition of the tops of th
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F1GURE 5.—QGains and losses in constituents in oxidized tops as compared with trap portions of flows.

— — —Analyses 2A-2B  -....
—— -——--Analyses 4A-48

--Analyses 3A-3B
Analyses 5A-5B

(See analyses, p. 37.)

Points on the diagram are obtained by dividing the percentage of each constituent in the trap by the percentage of the same
constituent in the amygdaloidal top of that trap, and multiplying the quotient by 100. The points then indicate for each
constituent the number of grams of amygdaloid required to furnish the amount of that constituent present in 100 grams of the
equivalent trap. Thus the diagram shows that there is as much Fe20; in 35 to 85 grams of amygdaloid (according to which
pair of analyses is chosen) as there is in 100 grams of the corresponding trap. Assuming any constituent as constant, all

points for other constituents to the right indicate a loss, and to the left a gain.

Thus assuming SiOz or AlOj3 to have

remained constant in the change from trap material to amygdaloid, Fe:03; and CaO have been added and FeO and MgO

have been lost.

small surface gushes from the Kearsarge flow itself.
The Kearsarge lode is as well oxidized below these
gushes as elsewhere. A similar condition is present
on the Baltic flow. If weathering has been effective
in producing ferric exide, it either must have worked
with surprising rapidity before the gushes covered the
main flows, or else it has shown a surprising preference
for action on the main flows. Especially difficult is it
to explain the increase in total iron content in the
Kearsarge amygdaloid where covered by these gushes.
The extra iron can not have come from lateritic con-
centration of the Kearsarge flow, for that is precluded
by the evidence already adduced, and moreover none

(Leith and Mead, Metamorphic geology, p. 288, New York, 1915)

Michigan flows after they have undergone several
periods of alteration and mineralization and the
changes due to each period are not readily separated.
Two of the changes found to be characteristic in the
weathering of basic igneous rocks have been pointed
out.

In the five pairs of analyses (see p. 37 and fig. 5)
available for the comparison of oxidized tops an
deeper traps silica is constant or has gained relative to
alumina. In four out of the five total iron has gaiqed
relative to alumina; in the fifth pair the iron-alumind
ratio is about constant, in spite of the fact that the
specimen that represents the top of the flow in this
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pair was taken from the lower part of a nonfragmental

amygdaloid, which is always lower in iron than the

upper part.

The later mineralizing processes have apparently |

exerted little effect on the silica-alumina ratios. The

traps themselves contain about 46 per cent SiO, and |

17 per cent Al;O;. The chief minerals added to the
tops of the flows that would affect the SiO,—AlO,
ratio are epidote, pumpellyite, chlorite, and quartz.
The first three of these have less silica and more
alumina than the trap ratio; the quartz, of course,
would increase the silica, but it is probably not present
in a proportion sufficient to exceed the silica deficiency
of the other three.
pumpellyite, and chlorite would cause a loss
of iron in the tops of flows relative to alumina
and hence would accentuate any effects of
weathering. The fact, then, that the red tops,
as compared with their corresponding traps,
show a gain of both silica and total iron rela-
tive to alumina, in spite of opposing tendencies
introduced by the later mineralization, argues
against weathering.

By the evidence of structure, texture, and
distribution of ferric oxide, therefore, the

Distance in feet from top of flow

The introduction of epidote, |

100

200
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flow beneath it would, moreover, be greatly impeded
by the thin chilled skin, which, as already shown, was
usually rolled under the advancing flow or quickly
formed at the bottom.

A modification of this idea is that the altering solu-
tion did not come entirely from the overlying flow
but was afforded by moisture and air present in the
permeable top of the underlying flow and entrapped
there by the outpouring of the next flow. The
resulting steam and hot air might cause some oxida-
tion, but it seems unlikely that the permeable top
would originally hold enough oxygen as air to equal
the amount present in excess ferric iron; and as for
iron concentration, it is evident that nothing could be
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weathering hypothesis appears to be elimi- 0
nated. The mineralogic evidence points to
the same conclusion. Weathering of basalts,
as in the Columbia River lava field, has yielded

o

©
=]

kaolinic and limonitic soil but has left much
of the magnetite unoxidized. In the red tops
of the Michigan and Idaho flows there is
neither kaolin nor limonite; the feldspars, not-

\
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withstanding their minute size and intimate
contact with hematite, are strikingly fresh, but
the magnetite is altered almost completely.
In Michigan the magnetite has in many places

Distance in feet from top of flow

anvEiny

been changed to hematite throughout the 3%

thickness of the flow. In the basalts of Idaho
and in those of Washington that have not
been affected by recent weathering the alteration
of the magnetite is more closely confined to the
upper parts of the flows, where the
ferric iron is highest.

HYDROTHERMAL ALTERATION

Alteration of rocks by hot solutions emanating from
an igneous mass is a common phenomenon; a lava
flow, therefore, might conceivably be altered by

content of |

solutions derived from a later flow with which it is

I intimate contact. No proof has been found, how-
ever, that such action has occurred to an appreciable
degree in the Michigan lavas, and this agency could
1ot possibly explain the differences which the top and

the bottom of a given flow exhibit. Downward pas- |

Sage of solutions from a liquid flow to the cooled

B

F1GURE 6.—Change in character and content of iron in different parts of lava flows. A, Smooth-

top flow; B, breccia-top flow

accomplished by such a process, unless it left a cor-
respondingly iron-leached mass or unless the iron-
robbed material was removed by selution—neither
of which has happened.

Under either form of the hypothesis, it would seem
that a basalt flow which was able to force oxygen
downward for scores of feet into the amygdaloid, and
even into the trap, of the underlying flow, ought to
produce some perceptible effect on the top of an under-
lying felsite conglomerate, even though the felsite
was already almost completely oxidized and though
felsite is a more stable rock than basalt. Yet the
tops of felsite conglomerates that are directly overlain
by basalt nowhere show any special oxidation or any
other change that can be ascribed to the action of the
lava. Nor are the amygdaloidal conglomerates more
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thoroughly oxidized where they are in direct contact |
with the next overlying flow than where they are sep-
arated from it by a bed of felsitic conglomerate. This
hypothesis, therefore, scems to receive no support
from field observation.

ATMOSPHERIC OXIDATION OF HOT TOPS

There is much to commend the idea that the lava |
tops have undergone very rapid surface oxidation |
while they were exposed to the atmosphere in a highly
heated condition.®® This process might account for
the production of hematite instead of limonite, and
for the freshness of the feldspar microlites and the
survival of the delicate texture of the rock.

Study of the cold and the hot parts of dumps of
basic slags shows that a thin film of hematite-red is
produced on the very surface of the slag, mainly
before it cools below red heat; but fractures that
have opened in the solidified but still very hot black
slag after some apparently critical temperature has
been passed remain black and unoxidized; also where
drops and thin sheets of the molten slag are formed
by the splashes or spatters and chill suddenly they
solidify jet-black without undergoing perceptible
oxidation. These dark slags, exposed to weathering
in both northern and southern climates, undergo less |
change during many years than they experienced in
five or ten minutes when at or just below red heat.
Many slags, however, do not become oxidized and
reddened at the surface, even while hot. The reason
for this difference in behavior is not apparent.

If on a shallow layer of slag solidifying as a compact
glass and losing its heat very quickly a thin red film
will form in a few minutes, it is possible that a thick |
lava flow, which would remain hot for a much longer |
time, might abstract so much oxygen from the air as
to become considerably oxidized well down into its |
vesicular top; and the depth of oxidation would be
still greater if the top were brecciated. Jaggar,
indeed, believes that air is carried down by convection
from the surface to the deeper portions of the flow, |
where it combines rapidly with the ferrous iron of the |
lava.

But such action, while it may and probably does |
account for some of the oxidation of the tops and
perhaps might cause a little oxygen to penetrate
deeply into the lava that solidified as trap, could not |
aid in the concentration of iron toward the flow sur- |
faces. This hot oxidation might have helped to raise t
the oxygen content of the flow tops, but some other |
process must have produced the main features of iron |
and oxygen distribution.

MAGMATIC PROCESSES

|

The remaining possible causes of those listed on |
page 38 relate to the behavior of molten magma and 1,
|

i

% Russell, I. C., A reconnaissance in southeastern Washington: U, S (-);)l,
Survey Water-Supply Paper 4, p. 43, 1897,

Jaggar, T. A, Seismol. Soc. America
Bull,, vol. 10, p. 155, 1920. t
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| original magma.

are so closely allied that a choice between them i
neither easy nor positive.

Magmatic segregation.—The quickly chilled tops ag
bottoms of flows are supposed to have solidified befor
differentiation had made pronounced changes and
therefore to represent closely the composition of the
Within the flow, where solidificatio
by crystallizing proceeded more slowly, sinking of
heavy crystals has, in numerous examples, produced
a concentration of the ferromagnesian constituents
toward the base, leaving the upper portion less basic,
and floating of lighter crystals has increased this
effect.*

That gravitative differentiation has operated is
indicated by occurrences like the zone filled with
feldspar crystals just under the amygdaloid portion
of the Kearsarge flow, in which the crystals have
evidently moved upward from deeper in the flow;
and the increase in total and in ferrous iron which
some of the flows show in their lower third, as com-
pared with the middle, is consistent with slight
increase in magnetite, olivine, and pyroxene toward
the base. Rising and sinking of crystals, however,
does not account for deep oxidation and does not
explain the concentration of either iron or oxygen i
the flow tops.

Fumarolic alteration.—1It is well established that a
crystallizing magma gives off gases which may
attack not only older adjacent rocks but also the
earlier solidified portions of the magma itself. In
active voleanic regions the lava bordering fumarolic
vents is conspicuously altered by the heated gases
that emanate from the underlying, still fluid magma.

It is known, in particular, that ferrous iron may be
oxidized by fumarolic action.* One example that
has been described by Diller ¢ and observed by Mr
Broderick occurs in the flow of the Cinder Cone, near
Mount Lassen, Calif. As shown by Diller, the
Cinder Cone itself was formed about 200 years 420,
but the near-by flow of black quartz basalt wa
poured out somewhat later. The flow came out into
a small lake and is of the aa type, exceedingly rough
and difficult to walk upon. It contains many great
blocks of black lava that are teddened on some portion
of their surface, which may be the top, the bottom
or any side; and it is strewn with many little heaps

- of loosely cemented brilliant-red vesicular fragments.

Along.})art of the rim of the deep crater at the top of
the Cinder Cone the exposed surfaces of lava frag-

. ments are colored bright orange and red. The dis-

tribution of all these colorations of the rock shows
clearly that they are related to fumarolic action.

l * Daly, R. A., Igneous rocks and their origin, p. 450, 1914, Bowen, N. L, T
ll:)ties Stages of the evolution of igneous rocks: Jour. Geology, vol. 23, No. 8, supply

19;;3““““”' Armand, Compt. Rend, vol, 132, pp. 61, 189, 932, 1901; vol. 136, - 16

“ Diller, J. 8., A late volcanic eruption i salifornia: U. 8. Geol. Survey
Bull. 79, 1801, ption in northern California: U.8. G
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Thin and polished sections of this reddened basalt
greatly resemble some that were cut from the fine-
grained iron-rich parts of breccias in the Keweenawan
series. In the recent as in the ancient lava fresh
microlites of feldspar and crystals of olivine partly
or wholly altered to hematite are embedded in a
glassy‘ matrix crowded with minute particles of
hematite, the abundance of which accounts for the
red color and for the high proportion of ferric iron
found by chemical analysis. The black vesicular
basalt of Cinder Cone contains 4.30 per cent of iron
in the ferrous state and 1.51 per cent of iron in the
ferric state, a total of 5.81 per cent. The reddened
equivalent, altered by hot gases, contains virtually
the same amount of total iron, 5.85 per cent, but
only 0.79 per cent of this is in the ferrous state, 5.07
per cent being in the ferric state. This, then, is a
case of simple oxidation by fumarolic action of iron
already present in the rock. What the oxidizing
agent was is not known; it may have been steam or
some more vigorously oxidizing gas, or it may have
been atmospheric oxygen affecting the rock where hot
gases kept 1t heated for a longer time than elsewhere.

Thus, at Cinder Cone fumarolic action is a factor,
direct or indirect, in locally oxidizing the iron of
basalt without altering its amount, and the resulting
rock is much like that in many of the red tops of the
Michigan basalts. It may next be inquired whether
or not fumarolic action, or any action of volcanic
gases, can account not only for the oxidation of iron
but for that increase in quantity of iron which has
oceurred in flow tops like the Kearsarge amygdaloid.
This increase is not merely a relative one, such as
would be accomplished by a partial removal of some
other constituents, for, as already emphasized, there
is no evidence that such removal has occurred. There
has been an actual addition of iron, and this iron has
been introduced into the solid glassy part of the rock
without filling the vesicular cavities.

The deposition of ferric compounds, including
hematite and ferric chloride, around fumaroles has
often been observed.® Whether or not such additions
of ferric iron could be incorporated into the rock
matter itself is a question on which there is no evidence
available. Even if it is granted, however, that typical
fumaroles could produce a thorough permeation of the
rock by ferric oxide around local vents, it is not easy
f&). understand how they could affect to a marked and
fairly uniform degree the tops of scores of superposed
flows. Tn the brecciated tops that were continuously
broken as the flow was in progress gases might rise
at all points through the top from the underlying lava.
In the smooth tops it would be expected that the gases
would escape through more localized vents, but no
Such vents have been recognized. Any such action

——

Y Clarke, F. W., The data of geochemistry, 5th ed.: U. 8. Geol. Survey Bull. 770,
pr A st sag. 100k Allen, E. T., Chemical aspects of volcanism: Franklin Inst,
our,, vol, 193, p. 34, 1922,
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is closely akin to the action from the gases of the
flows before solidification that is discussed in the
following section.

-Fumarolic action in the strict sense then, although
it may accomplish both the oxidation and the deposi-
tion of iron around local vents, could not affect the
widespread, continuous, and deeply penetrating oxida-
tion seen in the Michigan flows.

Action of gases from the flows.—There remains to be
considered the action of gases given off from the flow
itself before solidification and acting on the melt and
on the gathering crust as they ascended. That gas
rising from the lower parts of the Michigan flows was
abundant in the upper parts while they were still
fluid is shown by the profusion of vesicles. How
much more gas was liberated before the viscosity
became sufficient to imprison it as bubbles is not
known, but it may well be that in both the smooth-top
and the brecciated-top flows the gas represented by
vesicles is the smaller part of the total. Nearly all
observers of flowing lava refer to the great volumes of
steam and other gasesgiven off from its top. Silvestri,*
for example, who investigated volcanic gases at Etna,
says: “The fresh, still flowing lava acts like one great
fumarole and emits from its surface white fumes.”
Other examples of the high gas content are cited in
the discussion of the lava flows on page 32.

The effects of these gases, if they produced any
effects, must have been similar in distribution to the
observed oxidation and iron enrichment. As the
chief direction of escape of the gases is upward toward
the surface, the lower part of the flow will come into
contact with only the gas that it held, but the upper-
most part, so long as it remains liquid, will be traversed
not only by its own gas but by nearly all that is
liberated from the parts of the melt lower down.
Furthermore, the upper part, as it becomes viscous
and tends to slacken its rate of flow compared with the
more fluid material deeper down, will receive the gas
not only from the portions originally below it but also
from those new portions that flow underneath it. If,
then, a given portion of lava is changed chemically in
proportion to the quantity of gas that passes through
it, the chemical effect of the gas should be least near
the bottom of the flow and greatest near the top. The
distribution of hematite is thus in striking harmony
with the hypothesis that it was formed through the
agency of gas liberated from the flow as it gradually
cooled.

The hypothesis receives further support from the
distribution of the hematite as seen under the micro-
scope. The particles of hematite form a pattern that
seems characteristically igneous. They are not depos-
ited in the vesicles nor included in the feldspar micro-
lites but are crowded around both, as if pushed aside
by or attracted to the growing crystals and expanding

4 Cited by Clarke, F. W., U. 8. Geol. Survey Bull. 770, p. 266, 1924,
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bubbles. All this suggests that the hematite was | to

formed before the solidification of the rock and is not
a product of later alteration by fumaroles or otherwise.

The chemical composition of the gases whose action
on the Keweenawan flows is so strongly suggested can
only be conjectured. Information regarding the gases
even of modern lavas is not abundant, but there is
evidence that they may contain both a volatile com-
pound of iron and an oxidizing agent.

The emanations from some of the lavas of Etna con- |

tained ferric chloride, though those from others did
not. Iron oxide was deposited by fumaroles in the
Valley of Ten Thousand Smokes, Alaska,” and many
other instances could be cited. Emanations from
intrusive magmas, again, have in many places depos-
ited not only magnetite but hematite in large quantity.
The iron is supposed by some to have been expelled in
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FIGURE 7.—Stability relation for the equation FesO44-COgZ23Fe0+CO0a. (After Findlay)

the form of ferric chloride.
to suppose that the gases of the lavas contained some
volatile compound of ferric iron, together with agents
capable of oxidizing the iron already in the flow.

If the iron was conveyed upward as volatilized ferric
chloride, its fixation as hematite may have been aided,
if not mainly accomplished, by atmospheric oxygen,
which would doubtless be very active at certain
temperatures. Jaggar * believes that its action may
penetrate deeply under certain conditions.

Few data are available regarding the gases given
off from these old flows. It is of interest, neverthe-
less, to consider some possible or probable reactions,
though it must be recognized that the actual re-
actions were much more complex. The following is
possibly the simplest condition.

Steam or water vapor is the most abundant gas
given off by cooling lavas, and next in amount is
carbon dioxide.

It is therefore reasonable

THE COPPER DEPOSITS OF MICHIGAN

5.6 per cent of CO. The temperature of basalti
lavas on issuing is probably above 1,000° C. W,
may consider, then, the probable reaction of theg
two most abundant gases during the cooling of the
flows. For the equation

3FeO + H,02H, + Fe; 0,

Eastman and Evans ¥ have shown that from 675° to
1,000° C. the hydrogen in the mixture ranges from
46 to 9.9 per cent by volume—that is, at the higher
temperature there was little tendency to the oxids-
tion of ferrous iron, but at the lower temperature
such oxidation was pronounced.

Day and Shepherd ** have shown that at 1,100° C.
water is essentially neutral to powdered basaltic rock,
There are no published data on the reaction of water
and ferrous iron below 675° C., but Shepherd* states
oxygen, and iron, which has been discussed by
that at and below 600° C. steam has a strongly
oxidizing effect upon ferrous iron.

Much is known of the chemical system carbon,
Findlay.® The stability relations of most interest
in the present discussion are those of CO,, CO,
FeO, and Fe,0;5. Figure 7 gives the stability rela-
tion for the equation Fe;O4+ CO,&3Fe0+CO0,.
The temperature most favorable for the movement
of the reaction to the left is 490°; at 1,000° the
tendency is strongly to movement to the right.

It would appear, then, that when the lavas
issued and until they had reached a temperature
below 1,000° the tendency for H,O or CO; to
oxidize FeO would not be marked. As the tem-
perature decreased, however, this tendency would
increase to a maximum at 490° for CO, and a
maximum at some undetermined temperature, prob-
ably below 600°, for H,;O, or a point at which the
tops would have been solidified or very viscous. The
tops of the flows would reach the oxidizing tem-
perature for FeO soonest and would doubtless be
held at a favorable temperature as long as large
volumes of gas were passing through them, so that
In respect to temperature and quantity of gas pass-
ing through them the tops are most favorably situated
for a relatively long period and consequently high

- degree of oxidation. Any rainfall on the surface of

the flows while they were still hot would act as an
O_XIdlzmg agent, so that this may have been an addi-
tional factor in the high oxidation of the top, as well

- as contact with the oxygen of the air.

Day and Shepherd found the gases |

from Kilauea to consist largely of water and the |
dried gases to contain from about 24 tc 74 per cent |
of CO;, most of them 60 per cent or more, and 3.5

48 Zies, E. G., The fumarolic incrustations in the Valley of Ten Thousand Smokes:
Nat. Geog. Soc. Contr. Technical Papers, vol. 1, No. 3, 1924.
4 Jaggar, T. A, jr., Seismol. Soc. America Bull., vol. 10, p. 155, 1920,

As set forth in the section on formation of lava
tops the smooth tops occur on flows that issued with
a low gas content and the rough fragmental tops on
flows that issued with a high gas content. It is &

7 Kastman, E. D., and Evans, R. M., Equilibria involving the oxides of iromn:
Am. Chem. Soc. Jour., vol. 46, p. 888, 1924,

i D.ay, A. L., and Shepherd, E. 8., Water and volcanic activity: Geol. S0¢
America Bull., vol. 24, p. 603, 1913,

" Sl‘lepherd, E. 8., oral communication.
* Findlay, Alexander, The phase rule and its applications ,5th ed., p. 248, 198
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reasonable assumption that the high oxidation of the |
breccia tops is due to their relatively high gas content |
and that the relatively slight oxidation of the |
smooth-top flows is due to low gas content.

This long discussion, then, leads to the general con- |
clusion that, although the oxidation of the iron in the ‘
flows may have been due to several agencies, it was |
offected in dominant part by the action of the gases |
given off by the lava itself; and it is regarded as prob- !
able that the gases most active in the process were |
H,0 and CO,.

| copper by fusion, and for sulphur.
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copper was found in the pyroxene, and no sulphur was
found in the rock.
In the course of the present examination, an inde-

. pendent estimate of the copper present in the Michigan

basalts was made. About 20 pieces of drill core, each
representing the freshest-appearing trap obtainable,
were taken from drill holes on the CIliff, LaSalle,
Seneca, Ahmeek, and Osceola properties. All of them
were combined into a composite sample, which was
analyzed for copper soluble in nitric acid, for total
The purpose of

. determining copper after fusion and sulphur was to

COPPER CONTENT OF THE BASALTS

The literature holds many references to the presence |
of copper in fresh basic rocks, both intrusive and ex- |
trusive. The analyses of basalts, diabases, and
gabbros compiled by Washington® show that copper |
was determined in few, but in the eleven analyses in
which copper was determined it was reported in quan-
tities ranging from a trace to 0.94 per cent of CuO.
The average of these is 0.27 per cent of CuQ, or 0.22
per cent of Cu.
or six times that of the copper found in fresh traps |
from the Keweenawan series.

Lane ® and Grout *® have asserted that the fresh
Keweenawan basalts contain small quantities of
copper as an original or pyrogenetic constituent. If
the basalts contained unusual amounts for rock of this
type, that fact might have, as these authors empha-
size, a significant bearing on the origin of the com-
mercial concentration of copper. Lane ® concluded |
that the whole basaltic series in its present condition
contains about 0.02 per cent of copper. Grout found |
from 0.012 to 0.029 per cent of copper in several sam-
ples of basalt that he regarded as fresh, taken from the
Keweenawan of Minnesota. He also found that the
freshest specimens contained the most copper and the
most altered specimens (character of alteration not
given) the least copper, and he inferred that copper
Vas removed by the alteration. From microscopic
work and from finding that in a partly altered rock
Coptaining 0.02 per cent of copper only one-tenth of
this amount was soluble in nitric acid, Grout con-
cluded that most of the copper is present, in the fresh
rock, not as metallic copper or as sulphide but in the
form of an insoluble silicate, probably associated with
the abundant basic silicates of the rocks.

Morozewicz,% on the other hand, estimated that the
!)&Salt dikes of the Commander Islands carry copper
In the fresh rock to the extent of 0.04 per cent.  From
tests made on several mineral constituents he con-
cluded that the magnetite contains the copper; no

e

As shown beyond, this amount is five |

: e e 5 i
‘;:Vﬂahlnxton, H. 8., U. 8. Geol. S8urvey Prof. Paper 99, pp. 10491106, 1917.
3 4ne, A, C,, Michigan Geol. Survey Pub. 6, vol. 1, pp. 175 et seq., 1911.
“Grout. F.F., Econ. Geology, vol. 5, pp. 473-476, 1910.
& Op. cit., vol, 2, p. 778.

Morozewlcz, J., Das Vorkommen von gediegenem Kupfer auf den Komandor-

| traps alone.

Inseln: Gom, ggo), Mém., new ser,, livr, 72, pp. 45-88, 1012,

- ascertain the total copper present and gain an idea of

its state of combination. If more copper were ob-
tained by fusion than by solution in nitric acid, the
fact would lend support to the commonly held views
that copper was present in the silicates as copper
silicate, or in magnetite as an oxide.

Similarly, a composite sample was made, from the
same drill cores, of trap that looked altered or was
fissured and chloritized but that contained no copper

- visible to the naked eye, and a third sample consisting
- of amygdaloids, which likewise held no visible copper.
. The reason for making these two composites was that

Lane had included materials of these kinds in the
samples from which he estimated the average copper
content of the traps, and it was thought that his
inclusion of amygdaloids and of altered and fissured
trap probably gave him a higher average copper con-
tent than would have been obtained from the freshest
The composite samples were assayed by
W. J. Hillenbrand, of the Calumet & Hecla Co., with
the following results, which are subject to an error of

| about 0.02 per cent.

Copper and sulphur in composile samples of trap and amygdaloid

|
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|
Fresh traps o —rv o nc cntmabe e na 0,040 1 £10, /048 0. 012
Altered and fissured trap_......__.| .036 . 034 . 021
AR ORIOT o o oo il 032 | .032 . 014

Thus, the freshest obtainable traps of the distriet
contain a few hundredths of 1 per cent of copper.
The quantity is greater than that found by Lane and
by Grout in the Keweenawan of Minnesota, but it is
much less than that shown in analyses of similar rocks
from some other localities. It was expected that the

altered trap and the amygdaloids would run higher in

copper, but the results show that they have about the
same amount as the freshest trap.

The copper obtained by fusion is the same, within
the limits of error, as the copper soluble in nitric acid,
so that little, probably none of the copper is contained
in insoluble silicates. Olivine is soluble in nitric acid,
and if olivine were present in the rocks any copper
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that it contained would be soluble in acid. However, | amygdaloids, when all are carefully selected to ghyy

the olivine is practically all altered, and whgther or
not its alteration product, serpentine, would yield any

THE COPPER DEPOSITS OF MICHIGAN

copper it might contain to a nitric acid solution is not |

known.
than enough to combine with all the copper as chalco-
cite but not so much as would be present if the copper
occurred in chalcopyrite alone.
gest, therefore, that the copper is probably not present
as silicate but that it may be present in part as sul-

The analyses sug- |

phide and in part in some other state of combination |
or as native copper, or wholly as chalcocite, or as |

chalcocite and chalcopyrite together.

Polished sections of the duplicates of the trap sam-
ples included in the composite sample show under the
microscope that copper is present in tiny rounded
specks of mnative metal and chalcopyrite. Native
copper is more abundant than the sulphide. In some

sections both are present, but most contain only the |
Specimens of the Greenstone flow |

one or the other.
(none of which was included in the composite sample)
show native copper, chalcopyrite, and probably chal-
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Fi6UrE 8.—Geologic section from Vermilion Lake, Minn., to Calumet, Mich., show-
ing probable extent of Duluth laccolith beneath Lake Superior basin.
and 3 for areal geology.)

cocite. Although microscopic estimation of amounts
so minute can not be quantitative, the definite copper
minerals seen appear to be present in the proper order
of abundance to account for all the copper indicated
by the analyses, and it is probable that all or very
nearly all of the copper is present as native metal or
sulphides.
_ Is the copper in the basalts primary, or has it been
introduced after the rocks were formed? If the
Keweenawan lavas came from the same general mag-
matic source as that from which the copper of the ore
deposits was subsequently drawn, it would seem rea-
sonable to suppose that they would contain a little
primary copper; on the other hand, all the rocks have
suffered more or less alteration, and some copper may
have been introduced into even the least altered.
The facts from which conclusions are to be drawn
are these: (a) The freshest traps that can be obtained
contain only minute quantities of copper. The avail-
able analyses of rocks of the same family from other
localities show on the average six times as much copper
as the Michigan basalts; (b) these freshest traps,
however, have been somewhat altered; (c) the fresh-
est traps, the fissured and altered traps, and the

(See pls.1 | : 5 :
“P*% | and north of Lake Gogebic they are present in the

" minerals are primary to the pegmatite, which evi
- dently resulted from a differentiation of the lava during
| cooling.

- lower part of the series, near the Keweenaw fault

Sulphur is present in small amounts, more - suggest but do not positively prove that the copper

no copper to the eye, contain substantially equyl
quantities of copper, within the limits of analytic
error; (d) analyses show the presence of sulphur g

not present as silicate or oxide; (e) microscopic exay.
ination of polished sections taken from the same sy
pieces as were analyzed chemically reveals the presen
of minute particles of native copper and copper s
phide throughout even the freshest trap.

From these facts the following more or less tentative
deductions may be made: (a) The presumption i
strong that these definite copper minerals contain g
the copper which the analyses show; (b) the presump-
tion is also strong that part at least of these copper
minerals are primary constituents of the trap; (¢)it
is possible or even probable that some of the copper
was introduced by mineralizing solutions.

In the coarse pegmatitic or doleritic lenses that are
common in some of the thick flows both native copper
and copper sulphide occur in intimate association with
the rock minerals as well as with calcite and locally
with prehnite. It seems most likely that all these

INTRUSIVE ROCKS
GENERAL FEATURES

Throughout the district intrusive rocks occur in the
(See fig. 8.) To the south, at Porcupine Mountain,

middle and upper part of the series also. These
intrusive rocks comprise gabbro and “gabbro aplite”
similar to the gabbro and red rock of the Duluth lacco-
lith or lopolith; quartz porphyry and felsite, which
are regarded as probably the fine-grained equivalents
of the Duluth red rock; and dark chloritized basic
dikes, which 'are present north of Lake Gogebic
These rocks have been intruded in masses of various
form; a stock occurs at Mount Bohemia and probably
some of the bodies near the Wisconsin boundary also
are stocks; the Mount Houghton intrusive body and
some bodies north of Lake Gogebic appear to be
sills or laccoliths; and dikes oceur at many place
toward the Wisconsin boundary and very rarely in the
northern portion of the district.

The similarity of the rocks to the Duluth gabbr
and red rock series and their occurrence near the base
of the Keweenawan and along the great KeweenaV
fault has led to the belief that they are a part of the
Duluth laccolith, which crops out in a similar relation
on the north side of the basin and probably extends

beneath the basin, as is more fully discussed under
“Structure”’ (p. 50).%

: % Van Hise, C. R., and Leith, C. K., op. cit., pp. 377-378. Grout, F. F, Th;
opolith, an igneous form exemplified by the Duluth gabbro: Am. Jour. Stis £
ser., vol., 46, Pp. 516-522, 1918,
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Rocks of the gabbro and red rock type occur at
Mount Bohemia and near the Michigan-Wisconsin
houndary, where relatively large bodies are surrounded
by zones showing pronounced rock alteration. Dia-
mond drilling at the Indiana mine also encountered
gabbro.

The gabbro of Mount Bohemia is a dark gray-red
granitoid rock of variable though typically medium
grain.  Its essential minerals are plagioclase, pyroxene,
and magnetite in roughly equal amounts. Accessory
minerals are hornblende, apatite, quartz, titanite, and
sulphides. The pyroxene is partly altered to horn-
blende and chlorite, and the feldspar to sericite and
chlorite. Leucoxene occurs as an alteration product
of titaniferous magnetite. This rock has been described
by Wright ¥ and called oligoclase gabbro.

The associated red rock or gabbro aplite is a coarser-
textured rock composed essentially of oligoclase-albite
and quartz with subordinate orthoclase, magnetite,
apatite, titanite and zircon. It occurs as dikes and as
a stock in the gabbro and adjacent rocks.

The following analyses, taken from Lane’s report,*
show the chemical composition of these and allied
intrusive rocks:

Analyses of intrusive rocks from Keweenaw Point (Z
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siliceous and fine textured as these. The “Chippewa”
felsite and the felsite of Porcupine Mountain are
similar to those just described but have been regarded
by geologists who have given most study to them as
flows. There is also a similar rock at the Bear Lake
prospect, west of Calumet, which has the appearance
of a rhyolite flow but may be intrusive. This is in the
Freda sandstone and is stratigraphically the highest
known occurrence of felsite.

The rocks vary considerably in texture in different
bodies and also in a single body. In the coarser
varieties phenocrysts of quartz and feldspar 2 or 3
millimeters in diameter are present rather abundantly.
These are inclosed in a felsitic groundmass of quartz
and feldspar. The finer varieties are typical felsites,
in which phenocrysts are either small and scarce or
altogether absent. Dark minerals are characteristi-
cally absent from these rocks, but practically all have
a reddish color due to the presence of countless dustlike
particles of hematite, which appears to be an original
constituent. All these rocks, as well as the pebbles
of similar felsites and quartz porphyries in the con-
glomerates, are rich in ferric iron. The chemical

. composition of the Mount Houghton mass is shown in

| the analyses given above.

The other bodies are

. apparently of similar composition.

BASIC DIKES

Very few basic dikes have been noted in the part
of the district that has been most studied. A few

- examples of probable dikes were seen in the drill
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L. Oligoclase gabbro, Mount Bohemia.

% gﬁmt;;t? i’niplile}, Mount Bohemi;xxl.

3. oughton quartz porphyry.
.28 1808. F. P, Burrall, analyst.

4. Mount Houghton quartz porphyry. Idem, p.42. F. P.Burrall, analyst.

L. Kirschbraum, analyst.
L. Kirschbraum, analyst.
Michigan Geol. Survey, vol. §, pt. 2,

QUARTZ PORPHYRY AND FELSITE

Bodies of quartz porphyry and felsite are present at
several places near the Keweenaw fault.

it Fish Cove, Bare Hills, and Mount Houghton,
south of Cliff, south of Ahmeek, east of Calumet, and
8t the Indiana mine. North of Lake Gogebic are
some large masses of quartz porphyry that are prob-
ably intrusive. At several of the localities there is
1o clear evidence of the relation of these masses to
the flows and sediments, but where the relation is
ObV_mus they are intrusive into these rocks. The fine
felsite may show distinet flow structure in bodies that
‘B’e known to be intrusive, as is common for rocks as

A e s g e Yo
3 Wright, ¥, E., The intrusive rocks o
IVey Rept. for 1908, pp. 363-370, 1909,

“ |
mlLano, A. C,, Michigan Geol, Suryey Pub. 6 (Geol. ser. 4), vol, 1, pp. 106-109,

f Mount Bohemia, Mich.: Michigan Geol. |

cores from the north end of the district. In the
Onondaga drill section, north of Lake Gogebic,
numerous small fine-grained green, highly chloritized
dikes cut both the quartz porphyry and the lava flows.
The intruded rocks for a few inches from the dike

contact are considerably chloritized. ;

AGE OF INTRUSIVE ROCKS
There is no basis for determining the age of the

' intrusive rocks more definitely than as Keweenawan

The larger |

known bhodies near the fault from north to south are | known in the region.

or post-Keweenawan. The felsite fragments in the
conglomerates closely resemble those found in place
and are generally believed to have been derived from
similar masses, as they are unlike any earlier rocks
If this belief is correct, felsitic
intrusion, extrusion, or both must have begun early
in Keweenawan time to have formed the source of
the early conglomerates, and the igneous activity
probably continued into late Keweenawan time, at

' Jeast in the Porcupine Mountain area, where the latest
" known Keweenawan rocks are involved in the domical

| structure that is attributed to intrusion.

Similar

- evidence of late igneous activity is afforded by the

I

presence of a fine-grained acidic rock well up in the
Freda sandstone (upper Keweenawan) near Bear
Liake. Whether the intrusive rocks near the base of
the series, as represented along Keweenaw Point, are
early or late is not known.
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STRUCTURE

The broader structural features of the Lake Supgrior g
region have been summarized by Van Hise and Leith,” |
and only such features need be set forth here as bear |
directly on the rocks of the copper district.

FOLDS

The dominating structural feature of the region 1s
the Lake Superior syncline. This structural basin is
roughly outlined by the present area of Lake Superior |
with a southwestern extension into Minnesota. West |
of Keweenaw Point the general strike of the axis of
the basin is about N. 30° E., extending into Minne-
sota. REast of Keweenaw Point the strike is east of
south. In this direction the syncline extends to the
east end of Lake Superior. Keweenaw Point is on
the south limb of this syncline. The north limb is
exposed on the north shore of Lake Superior and on
Isle Royal. Beds that are thought to be at essentially
the same horizons crop out on Keweenaw Point and on
Isle Royal, about 50 miles apart across the general
strike of the basin.

The syncline is asymmetrical, the beds on the south
limb dipping notably more steeply than those on the
north. There is a steady flattening in the dip of the
beds from the base of the Keweenawan series toward |
the top. On Keweenaw Point the dip ranges from 80° |
in the lower beds to 10° at some points where the upper
Keweenawan sandstones dip under the lake.

The south limb of the Lake Superior syncline is
irregular in detail, being made up of a series of trans-
verse anticlines and synclines that pitch down the dip
of the main trough. (See pl. 3.) Keweenaw Point
is near the crest of a northward-pitching anticline that
causes the strike of the beds to change between the
south and north ends from north of east, through est,
to south of east. To the southwest the Keweenaw
anticline merges into the Ontonagon syncline. West
of the Ontonagon syncline is another anticline with its
crest about at Bessemer and Ironwood. These are
very broad, open folds, the distance between the adja-
cent crests of the Bessemer and Keweenaw anticlines
being approximately 110 miles. On these large cross
folds are numerous subordinate anticlines and syn-
clines. of similar character and trend as the Allouez
anticline, the Isle Royale (mine) synclire, the Baltic
anticline, the Winona anticline, the Firesteel River
syncline, and the Mass anticline. These also are
broad, open folds but are only 5 to 10 miles across, as |
contrasted with 100 miles for the major cross folds.
Some of the folds, such as the Allouez anticline and
the Isle Royale syncline, show a rather uniform bend-
ing of the beds, with some faulting near the crest. In
others, such as the Baltic and Mass anticlines, the
beds are bent sharply at the crests and at the margins

of the folds, but the limbs of the folds are fairly
straight.

¥ Van Hise, C. R., and Leith, C. K., U. 8. Geol. Survey Mon. 52, p. 620, 1911
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. syncline.

. Point, where it is covered by the waters of Lake Su-

" and over the Jacobsville (“‘Eastern’ or Cambrian)
. per Range and the South Trap Range are believed to
- angle of dip is known in few places but wher

. known ranges from 20° to 70° and in the main steepens

. rocks adjacent to the fault are much broken and dis-

The domical uplift at Porcupine Mountain, als
minor fold on the south limb of the Lake Superiy
syncline, is 12 to 15 miles long and 4 to 6 miles wid;,
It has the same general trend as the Lake Superip
Numerous faults are associated with th
dome.

FAULTS

The Keweenaw fault, the major fault of the region,
strikes in a general northeasterly direction, paralld
with the Lake Superior synecline in this area. It varies
in strike, however, and in general bends with the trans-

_verse northward-pitching anticlines and synclines o

the south limb of the Lake Superior Basin. The fault
is known from Bete Gris Bay, near the end of Keweenay

perior, to Lake Gogebic, a distance of about 100 miles.
It doubtless extends farther east under Lake Superior
and may be represented to the west by faults that
have been found in Wisconsin.® The fault is reverse
or overthrust and has forced the Keweenawan rocks up

sandstone and thus duplicated the Keweenawan and
the overlying sandstone. The rocks of the main Cop-

have been once continuous and are now separated by
the Keweenaw fault. The fault dips northwest. The

or flattens with the dip of the overlying lavas. The

placed. In general the normal northward-dipping lava
flows on the hanging-wall side of the fault are bent
downward so that in places the dip is reversed, and
the flat-lying sandstones on the footwall side are
turned up rather abruptly. Associated with the main
fault are numerous branch faults, some of which are
known to diverge half a mile from the main fault, s
that at the Mayflower-Old Colony mine. The flows
in the block between the main fault and the branch
are nearly flat-lying or have a southerly dip.

The rocks of the lava flows for several hundred feet
from the fault are in most places greatly broken and
brecciated. This condition has rendered diamond
drilling near the fault difficult and expensive and is
the main reason why so little definite information re-
garding the attitude of the fault is available. The
sandstone is less brecciated. In the following para-
graphs are recorded the definite facts concerning the
fault that are available:

At Bete Gris the fault can be seen under the shallow
waters of the bay, but little is known of its attitude

Southeast of Cliff a diamond-drill section shows tw0
faults over half a mile apart, with a block of nearly
horizontal flows between them.

At the Mayflower-Old Colony mine diamond drilling
has shown a branch diverging from the main fault t0

% Aldrich, H. R., op. cit., p. 569,
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Between

o maximum distance of about half a mile.
the main fault and the branch the beds are nearly
horizontal or have a slight southerly dip opposite to the |
pormal dip. The branch fault was evidently formed 1
after there had been some movement on the main fault, |
as it reaches the “Eastern’” sandstone in depth. The |
dip of the branch fault is somewhat steeper than the
normal dip of the trap beds at this locality. The dip
of the main fault is not known but is evidently less. ‘

At Wall Ravine the fault is poorly exposed but |
seems to dip about 20°. The “Eastern’ sandstone |
beneath and adjacent to the fault is sharply upturned, |
and a vertical “wall”” formed by a resistant layer of
the upturned ‘“‘Eastern’ sandstone has given the
name to the ravine.

The St. Louis diamond-drill sections show the fault
to dip almost parallel with the normal dip of the |
trap beds,” about 38°, and there seems to be little |
disturbance of the rocks near the fault. |

Where exposed at Douglass Houghton Falls the
fault dips 30°-32°, a flatter angle than the normal
dip of the beds. The beds near the fault, however,
dip only 15°-20°.

In the Torch Liake diamond-drill section the relations
are complicated by intrusion, so that the dip of the
fault is uncertain.
much as they approach the fault.

' opened near the Keweenaw fault.
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The fault has been exposed at the Victoria mine,
where a section of the adit shows that it dips about
70°, a little more steeply than the beds.

In addition to the Keweenaw fault and those closely
associated with it already mentioned, there are many
fissures near the Keweenaw fault that dip nearly
parallel with or somewhat steeper than the beds.
These are particularly conspicuous in the mines
On these strike
fissures the movement may be scarcely noticeable or
may be a few feet but is rarely large.

There are also a few reverse faults which cut the
beds transversely at a somewhat higher angle, such as
the Hancock and Isle Royale faults, with apparent

- horizontal displacements of about 600 and 175 feet,

respectively, but in which the actual displacement
along the direction of movement was doubtless several
times as much. The Branch fissure of the Michigan

' (Minesota mine) may be of this class but has a rela-

The beds, however, flatten very |

Where exposed at Hungarian Falls the fault dips |

30°-32°. The beds above the fault are relatively flat
and are evidently dragged down by the fault.

At Oneco two diamond-drill holes cut the fault at
depth, and its outcrop has been located fairly closely
near by. The average dip of the fault is 17° between

tively small displacement.

Another group that may be put in this class are
faults or slips that parallel the beds. These are dif-
ficult to recognize, and it is usually impossible to de-
termine the amount of movement on them, but there
can be no doubt that faulting has occurred between
the beds, ®especially on the conglomerate beds, which
rather characteristically have on the hanging-wall side
a heavy gouge that has resulted from movement.
Evidently the plane surface of the conglomerates as

. contrasted with the rough surface of most of the flows

the outcrop and the nearer hole and 22° between the |

outcrop and the more distant hole. The beds flatten
in dip toward the fault and are possibly overturned
near it.

According to H. W. Fesing the trap beds exposed

by the explorations near the fault along the supposed |

Baltic horizon in the lands of the Arcadian Consoli-
dated Copper Co. are completely overturned and dip
to the east.

Where exposed in a ravine south of Isle Royal the
fault dips 56°, nearly parallel to the beds above it.
There are other faults, probably related to the Kewee-
naw fault, within the trap series near by.

{ﬁt the Atlantic prospect the fault was located at
pomts 1,200 feet apart vertically and 300 feet hori-
zontally; the dip, as indicated by these points, is 50°,
Which is somewhat flatter than the dip of the trap
beds immediately above.

In the vicinity of the Indiana mine the beds near
the fault are much broken and contain intrusive rocks.

At the Lake and South Lake mines there is a broad,
gentle syncline and a narrow, steep anticline between
the fault and the point where the rocks have the normal
Westerly dip. The folding that produced these features
Was a part of the fault movement.

made the top of the conglomerates a zone of easy
slipping, and much of the movement during the tilting
of the beds appears to have occurred on the conglom-
erates. I. L. Hubbard® has particularly emphasized
faulting of this type.

There are large reverse faults around the Porcupine
Mountain dome. Wright and Lane®? show a fault ex-
tending along the entire south margin of the dome,
and there is a strong reverse fault in the workings of
the White Pine mine. *

Near the crests of the anticlines there are numerous
transverse fissures that apparently have resulted from
the bending of the rocks when the anticlines were
formed. These are particularly noticeable on the
Keweenaw anticline, from the North American mine
to Copper Harbor, where the fissures cut the Green-
stone ridge. In the straight stretch between the
Allouez anticline and the beginning of the sharp
curving of the Keweenaw anticline at the North
American mine the Greenstone flow is massive and
almost free from fissures, but it is strongly fissured
around the anticline. Many of the fissures are min-
eralized—the Clhff, Phoenix, Copper Falls, Central,
Delaware, and many others. Most of the low gaps
through the Greenstone flow have also evidently been
determined by fissures. Along many of the tension

o1 Michigan Geol. Survey, vol. 6, p. 91, 1898,
6 Wright, F. E., and Lane, A. C., Michigan Geol. Survey Rept. for 1608, pl. 1, 1909.



50

breaks there has been some movement, and along
some it may reach tens and possibly hundreds of feet,
though there are no great faults. Fissures and faults
of the same character are present on some of the
smaller folds, as the Allouez, Baltic, and Mass anti-
clines.

Where there is much displacement on the faults
associated with the anticlines, it is commonly in a
wide zone of shattering, in some extending over a
hundred or even several hundred feet, as in the Allouez
shatter zone, on the Allouez anticline, and the zone
between the Baltic and Trimountain mines, on the
Baltic anticline. Commonly where there has been
much movement one or more planes in the zone show
strong gouges.

The fissures and faults on the smaller anticlines are
mineralized—for example, the Mass fissure and Ar-
senide fissure, on the Allouez anticline, and similar

though less highly mineralized cross fissures on the |

Baltic and other anticlines.
AGE AND CAUSE OF FOLDING AND FAULTING

There is a very close relation between folding,
faulting, and igneous activity in the region, and all
three processes are probably different expressions re-
sulting from a common cause. :

Two general ideas have been advanced regarding

THE COPPER DEPOSITS OF MICHIGAN

According to the second conception, orogenic moye.
ment, one phase of which was the folding of the Lake
Superior syncline, is regarded as the cause rather thy,
the effect of the igneous activity. Van Hise gy
Leith,” though not denying the possible dependenc
of the folding upon the extrusion of the Keweenawg
basalts, believe. it reasonable to assume that the
dominant trend of the folds of the pre-Cambrian shigg
was probably established before Keweenawan tims
and that a thrust from the south against a continents
area to the north was effective in the folding of the
Lake Superior syncline.

Whichever cause was effective or predominant, the
folding took place during Keweenawan time. Hoy-
ever, it took place slowly. If Lane’s correlation of
flows and sediments from one side of the lake to the
other is correct, erosion and deposition must have
kept pace with the formation of the synchne, s¢ that
there was no considerable physiographic basin at any

. period, and if the material moved from the center of

the basin outward, the center must have been a
physiographic elevation. In both explanations the
folding is presumed to have been in progress during
Keweenawan time and to have been essentially com-
pleted at its end, so that late Keweenawan beds were

| little affected.

the relations of folding to igneous activity. One |

assumes that the synclinal structure of the Lake
Superior basin is the result of some phase of igneous
activity. Thus Lane ® has thought that the material
of the lavas came from beneath the Lake Superior
basin and that the space thus vacated was filled by
the settling or slumping of the crust above.
considers the subsidence of the roof of the Duluth

Grout ® |

gabbro laccolith or lopolith a factor in the formation |

of the Lake Superior syncline. Hotchkiss % likewise
considers the origin of the syncline to be associated
with the igneous activity. He pictures a great body

| with notable anticlines.

of igneous material rising slowly through the earth’s |

crust beneath the present Lake Superior basin. For a
long period before Keweenawan time this rising igneous
mass elevated the surface above it and tilted the
rock away from the present basin. The rising surface
was eroded, and the material thus derived was de-
posited around the margin. In Keweenawan time
the magma broke through to the surface as basaltic
and felsitic flows. This release of pressure and trans-
fer of material to the surface caused the crust to
settle. The process of transfer and settling con-
tinued through the Keweenawan epoch, resulting in
a tilting of the beds toward the axis of the basin
the earlier beds being most affected and the lateI"
ones progressively less, as outlined below.

& Lane, A. C., Michigan Geol. Survey Pub. 6 (Geol. ser. 4), vol. 1, p. 22, 1911
8 Grout, F. F., The lopolith—an igneous form exemplified by the Duluth gab-
bro: Am. Jour. Sci., 4th ser., vol. 46, pp. 516-522, 1918,

% Hotchkiss, W. O., The Lake Superior geosyncline: Geol. Soc. America Bull
vol. 34, pp. 667-678, 1923. -

i
i
|

The domical character of the Porcupine Mountain
uplift and the known presence of intrusive rocks with-
in it strongly suggest that this fold has resulted from
the intrusion of igneous material, possibly in lacco-
lithic form. There are also outcrops of intrusive
bodies near the crests of the Keweenaw anticline and
the Bessemer-Ironwood anticline, and an intrusive
body underlies the Allouez anticline. Some small
intrusive bodies, however, such as that east of Calu-
met and that at the Indiana mine, are not associated
On the whole there seems fo0
be some suggestion that the transverse folds are
associated with intrusive bodies, but it is not clear
whether the intrusion was the cause or the effect of
the folding. The transverse folds involve rocks of
late Keweenawan age and were evidently formed
during or after Keweenawan time.

The cause and time of formation of the Keweenaw
fault are not susceptible of rigid proof with the evi-
dence now available, as is indicated by the differences
of opinion concerning it. Van Hise and Leith regard
the faulting as post-Cambrian, possibly post-Cretace-
ous. Lane believes that it started in Keweenawad
time and continued “ages later.”

It is of course clear that there has been movement
since the deposition of the Jacobsville (““Eastern”)
sandstone. The reverse or overthrust character of
the fault and the attitude of the adjacent rocks ind-
cate that this, like many such faults, started as a fold,
which broke when the elastic limit of the rocks wss

% Van Hise, C. R., and Leith, C. K., op. cit., pp. 411, 622, 623.
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oxceeded. The fault closely parallels the Lake
Superior syncline, and the block to the north, toward
the center of the syncline, was thrust upward and out-
ward relative to the block to the south. If it is
assumed that the entire Keweenawan series was laid
down before the formation of the Lake Superior basin
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mation during Keweenawan time and the fold that
preceded the fault was also being formed then, the
Jacobsville sandstone was laid down unconformably
on the upturned edges of the earlier Keweenawan
beds and a movement on the fault of only a few
thousand feet would account for the known displace-
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—Possible development of the Keweenaw fault and relations to beds on the assumption that the folding and faulting were both later than the deposition of

the Jacobsville sandstone

Wag begun, the displacement on the fault necessary to
mng the Cambrian Jacobsville sandstone into con-
ta.Ct with middle Keweenawan beds would be about 3
Miles, and the relations as they exist might have been
Produced by combined folding and faulting, as shown

. the accompanying diagram. (Seefig.9.) If,asseems

ely, the Lake Superior basin was in process of for- |

ment of the Jacobsville sandstone and produce the
attitude of the beds adjacent to the fault as they are
- known and as is shown in Figure 10.

Under this second assumption the movement on

' the fold and subsequent fault began in Keweenawan
time and continued after the Jacobsville (‘‘Eastern’)
sandstone was laid down, possibly for a long time after.
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ALTERATION AND REPLACEMENT OF MINERALS

a, (fum}nl(-h- silicification of feldspar, Quincy mine, X32; b, feldspar completely altered to sericite, Isle Royale lode near veinlet of domeykite, X166;
¢, feldspar completely altered to saponite, Osceola lode, X77; d, shells of epidote in calcite, X32; e, pumpellyite in sericite, X205; f, pum-
pellyite in quartz, X32. All enlargements approximate
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PORCELANIC DATOLITE

a, Porcelanic datolite inclosing copper (dark spots); b, m

ammillary surface of porcelanic datolite
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A. INTERGROWTH OF COPPER AND SILVER

Enlarged about 69 diameters

B FISSURE BRECCIA PARTLY REPLACED BY DATOLITE

Owl Creek fissure, Copper Falls mine

C. NATIVE SILVER (LIGHT CRYSTALS) ON NATIVE COPPER

North Kearsarge mine. Photograph by F. T. Reeder from specimen in his collection
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RELATION OF SULPHIDF

S AND OTHER MINERALS

a, Bornite and chalcopyrite from Wolverine sandstone, X85; b, chalcocite intergrown with calcite, X85; ¢, chalcocite (dark) and arsenical copper
(light), Champion mine, X32; d, chalcocite and arsenical copper, Champion mine, etched, X85; e, copper arsenide in chalcocite, Baltic mine,
X43; f, etched chalcocite surrounding specularite, Baltic mine, X119, All enlargements approximate



MINERALOGY

The thrust movement from the interior of the basin
suggests that the cause of the Keweenaw fault was
probably closely allied to the formation of the Lake
Superior syncline and the intrusion of the laccolith.
It seems possible that successive upward thrusts
aternating with outpouring of lava and settling
during the igneous activity produced the folding and
finally the faulting along the margin of the area.
The faults and fissures on the anticlines and syneclines
are pretty clearly tension cracks produced during the
folding of the rocks.
MINERALOGY

The following discussion of the mineralogy is
based largely on the notes of Charles Palache and
Alfred Wandke. Doctor Palache made a study of the
general mineralogy of the district, and Doctor Wandke
did much of the microscopic work on rocks and min-
erals. In addition Dr. T. M. Broderick made a special
study of the arsenides. The work of these men was
carried on for the Calumet & Hecla Consolidated
Copper Co. and has been supplemented by observa-
tions made throughout the investigation.

The minerals of the district readily fall into three
main groups, based upon their periods of formation—
those of the rock-forming period, those of the ore-
forming period, and those of the period of weathering.
(See fig. 11.)

ROCK-FORMING PERIOD

The cooling of the basaltic lava flows resulted in the
crystallization of olivine, plagioclase, pyroxene, and
magnetite or ilmenite, together with the formation
of more or less glass. Gas bubbles in the viscous
lavas left open cavities or vesicles. Interstices in the
ophites may also have been gas filled and later left
open or filled with glass.

Asthe rock cooled and crystallized, it was permeated
with gaseous emanations, which may have been the
chief agents in producing the first alterations of the
minerals or glass -already formed. These changes
Wwere principally the breaking down of glass, with

setting free of dissolved minerals—hematite, pyroxene, |
| as follows:

and feldspar (in spherulitic form); the serpentinization
of qli\'irlo, with or without setting free of iron oxide,
mainly hematite; probably the formation of chlorite
from glass of interstitial spaces or migration to fill such
treas if open; and the oxidation of ferrous iron in the
gluss, magnetite, and silicates to hematite. It was
n this period that the red tops of the lavas were
formed,

During the corresponding period in the formation
Uf.fel.sit,cs, quartz, feldspar, and hematite were the
Principal minerals to be formed. Some of the felsites
Vere later broken up and deposited to form the
conglomerates with little mineral change.

58540-—29 5
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ORE-FORMING PERIOD

The main ore-forming period occurred after the
rocks had been tilted to essentially their present
position and broken by many fractures. They were
then permeated by hot, chemically active solutions,
which tended to rearrange the constituents of the rocks
into new mineral combinations and also to introduce
some additional constituents.

Within this period there was a broad general
sequence of mineral formation, but this sequence was
subject to many variations and is likely to be obscured
by its own complexity. The early part of the period
was characterized by the formation of the anhydrous
or less hydrous minerals, such as feldspar, chlorita,
and epidote; the later part by the formation of the
more hydrous minerals, such as laumontite, analcite,
and saponite. (See fig. 11.) Copper was formed
mainly in the intermediate part of the period.

Many of the minerals were formed along a path
leading away from a source of solutions, as outward
from a fissure or channelway, and minerals of one type
would be forming at the advancing front of the re-
placement wave while minerals of another type were
replacing these earlier minerals nearer the source at
the same time and perhaps only a few inches away.
Thus the front of the replacement wave in amygdaloid
is marked by the destruction of hematite and the for-
mation of epidote and pumpellyite, but these same
minerals nearer the source of the solutions were being
replaced by copper. In the iron-rich boulders in the
Calumet & Hecla conglomerate the rock was chlori-
tized at the front of the replacement wave and replaced
by copper a little nearer the source, both processes
evidently having been in progress at the same time
and, in places, but a fraction of an inch apart.

The complexity of this period is illustrated by the
relations of minerals in the Allouez shatter zone, where
movement was in progress during mineralization and
there was repeated opening of fissures and healing
with other minerals. (See pls. 64, 65.) The general
sequence of events in this zone is believed to have been

1. Fissuring occurred, and quartz and epidote were
formed.

2. During the silicification of the fissure walls a
little of the hematite, which antedated the fissuring,
was removed.

3. As epidote developed, hematite decreased in
amount, owing in part to the recombination of hema-
tite into epidote.

4. Assilicification proceeded, a little of the pulveru-
lent ferric oxide may have recrystallized into the spec-
ular black variety.

5. A little pumpellyite was formed.
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MINERALOGY

6. The early quartz-epidote mixture was shattered, |
and quartz, epidote, calcite, and prehnite were de- |

posited in the fractures.

7. Prehnite partly replaced epidote, quartz, and |

calcite, and copper was deposited.

8. The minerals already formed were again shat-
tered, and more calcite and quartz were .deposited,
together with copper.

9. Shattering was renewed, and quartz and calcite,
with some laumontite, entered.

The minerals of this period both filled open cavi-
ties and replaced minerals of the rock-forming period

replacement generally occurred volume for volume,
but in places the altering solutions removed more than
they deposited and formed cavities near the main
channels, which may have become places of deposit
for later minerals. The veins were formed mainly by
replacement, though there was doubtless some filling
of open spaces.

PERIOD OF WEATHERING

The glaciation of the region has removed most of the
products of preglacial weathering. It is only in areas
protected from glacial action or areas of shattering
where weathering was probably unusually deep or in
association with minerals that were readily susceptible
to oxidation that any notable amount of weathered
material is present. In weathering native copper has
generally, as is usual in other regions, been altered
first to oxide and later to carbonate or silicate.

MINERALS OF THE KEWEENAWAN COPPER-BEARING
ROCKS

In the following alphabetic list are included the
principal known minerals of the district, and following
that is a short description of the occurrence of each.
[n the deseription the minerals are grouped according
to Dana’s system.

55

NATIVE METALS

Silver (Ag) occurs in varying amounts in all the
lodes and fissures. Among the fissures the CIliff has
probably been most productive of silver and among
the lodes the Pewabic. Silver occurs in the sulphide
and arsenide fissures as well as in the native copper
fissures. Some of it was formed at the same time as
the associated copper, though in its most conspicuous
occurrences in vugs it was apparently formed slightly
later than most of the copper. (See pl. 67.)

Native copper (Cu) occurs in amygdaloids, con-

; . | glomerates, and fissures throughout the district. It
and the earlier part of the ore-forming period. The | e S

Adularia. Datolite. Powellite.
Algodonite. Domeykite. Prehnite.
Analeite. Epidote. Pumpellyite.
Anhydrite. Faujasite. Pyrite.
Ankerite, Feldspar. Pyrolusite.
Apatite, Fluorite. Pyroxene.
Apophyllite. ialena. Quartz.
Arsenides, Gypsum. Rutile.
.\tapauﬁto. Hematite. Saponite.
Bf‘”te- Heulandite. Sericite.
Bloti.te, Hornblende. Serpentine.
B"“‘{“‘- Hydrocarbon. Silver.
BOW]'lngit(\,_ Tlmenite. Specularite.
lfruc.lte. Kaolin. Sphalerite.
L‘“‘c't(‘/. Laumontite. Stilbite.
()'hﬂlcedony_ Limonite. Tenorite.
halcocite, Magnetite. Thomsonite.
‘hﬂlcom'rite. Malachite. Titanite.
;hlorflstrolite. Manganite. Tourmaline.
C{:lonm Natrolite. Whitneyite.
irysocolla, Olivine. Zircon.
Cﬂpp‘er. Plagioclase. Zoisite.
Uprite,

forms masses ranging from those of microscopic size
to some weighing 600 tons. Commonly it is without
definite crystal outline, but in vugs it occurs in cerystals
and crystal aggregates, usually with rather imperfect
crystal form. This crystallized copper has apparently
been deposited in open spaces, without replacing other
minerals. Some crystallized copper has formed in
fault gouge. In the main the metal has been formed
by replacement of the earlier minerals of the ore period,
such as chlorite, epidote, and zoisite, as well as of the
rock-forming minerals. It is very commonly inter-
grown with prehnite and datolite and less commonly
with quartz and calcite. Most of the copper is earlier
than the zeolites laumontite and analcite and earlier
than saponite, adularia, barite, anhydrite, and gyp-
-sum, though a little copper has been deposited as late
as any of these minerals. Where copper is associated
with chalcocite in fissures either mineral may be the
earlier, or the two may be contemporaneous. In the
lodes the sulphide-bearing fissures are at least in part
later than the copper of the lodes. The lode rock ad-
jacent to copper is characteristically bleached by the
removal and alteration of hematite, as is discussed
in the section on ore deposits (p. 133).

SULPHIDES

Galena (PbS) is rare, but minute erystals of it have
been noted at the Mendota diamond-drill hole No. 40
with chalcopyrite and at South CLff with pyrite and
sphalerite.

Chalcocite (Cu,S), though formed before copper in
some places, is one of the later minerals of the ore-

- forming period. It is of widespread occurrence in
| fissures cutting rocks of all kinds. It is especially con-
' spicuous in fissures in the Baltic lode, where it occurs
. with ankerite, and it is also present locally in the lode
i itself. It is rather common in fissures in the Isle
' Royale lode, where it occurs with ankerite and a little
- specularite and where it is later than the specularite.
' The rock adjacent to the veins in this lode is strongly
' bleached. Finely divided chalcocite darkens the
small calcite veins that ocenr in the Allouez con-
. glomerate wherever it has been opened, and the mineral
' oceurs similarly in several other conglomerates. In

| A i
| the Calumet & Hecla conglomerate it is most abundant
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at the Centennial shafts, north of the main ore shoot.
It is present in veins and vugs at Mount Bohemia.
Calcite-chalcocite veins are plentiful in the White
Pine and Carp Lake mines, and chalcocite is dissemi-
nated in part of the sandstone. In short, chalcocite 1s
widespread but nowhere abundant, though the Baltic

lodes contain veins of nearly solid chalcocite several
inches wide. (See pls. 68, 69.)

THE COPPER DEPOSITS OF MICHIGAN

| entirely possible that some of them, especially the

~ high in copper and low in arsenic, may be solid sol.

' cobalt arsemides.

tions or alloys and not definite minerals. Domeyki
(CuAs) is highest in arsenic, and it was the earliestt,
form, being preceded only by magnetite and the nickel.
Domeykite is veined and replace

' by algodonite, whose formula has been given as Cuds

Sphalerite (ZnS) is rare but is reported from a fissure |

at South CLff with pyrite and galena.
Bornite (Cu;FeS,) in small amount accompanies the
chalcocite in some of the sulphide fissures. The fis-

sures in the Baltic lode contain bornite most abun- |

dantly, but it is present also in fissures in the Isle Royale
lode. It is a common mineral in the veins and vugs
in the gabbro and gabbro aplite of Mount Bohemia.

Chalcopyrite (CuFeS;) is of rather rare occurrence.
It is present in the veins of Mount Bohemia and was
seen in drill cores near a felsite intrusive at Mendota.
It occurs sparingly in veins with chalcocite in the
Isle Royale and Baltic lodes and was observed in
veins in quartz porphyry in the Onondaga drill
cores. It is visible in some of the pegmatitic lenses
in the thicker flows and is present as miecroscopic
crystals in some of the freshest normal trap. It
occurs also in the Wolverine sandstone in the Ahmeek
mine.

Pyrite (FeS;) is reported in a small fissure with |

sphalerite and galena at South CIliff. Pyrite is
notable for its practical absence.

ARSENIDES

Arsenic, in the form of copper arsenides (pl. 71),
oceurs in Michigan associated with the copper in de-
posits of all types—amygdaloid and conglomerate
lodes and fissures—but is most abundant in certain of
the fissure deposits, and in the lodes it is especially
localized near the arsenide fissures. The lode copper
of the Baltic and Isle Royale lodes, however, is arsen-
ical throughout and distinctly lighter in color than the
arsenic-free copper. On etched surfaces the “arsen-
ical” copper approaches in appearance some of the
arsenic compounds.

Compounds of copper and arsenic.—As they occur
in Michigan, the arsenides form mixtures so intimate
and complex that the early investigators® mistook
different combinations of minerals for new species.
Examination in polished section shows at least seven
recognizable varieties, not including three that con-
tain nickel and cobalt. It has not been possible to
separate these varieties and determine their chemical
composition by analyses, and the composition as-
signed to them is that given in the textbooks. It is

argentodomeykite, and stibiodomeykite: Am. Philos. Soc. Proc., vol. 42, p

. 219-
237, 1903. i ,

 Koenig, G. A., On artificial production of crystallized domeykite, algodonite -

Etching polished surfaces of a'godonite shows that i
is not a simple substanve put an intergrowth of tw
minerals, which are here designated « and g algodonite,
Algodonite is in turn succeeded and in part replaced
by substances still higher in copper; several of thes
are now recognized, though all were formerly called
whitneyite and assigned the formula CugAs. Thes
are here designated «, 8, v, and & whitneyite. They
may well be solid solutions or alloys rather than def-
nite compounds. Etching tests show that these sub-
stances are veined by native copper. Thus there iss
definite order of deposition in the series. This orde
is invariably domeykite, algodonite, whitneyite, and
native copper. Each mineral partly replaced its in-
mediate predecessor; domeykite, so far as observed,
has not been replaced by whitneyite or native copper,
nor algodonite by native copper. Each arsenide was
followed by the one next higher in copper content,
until finally native copper was precipitated. The
order of deposition of the individual members of the
general algodonite and whitneyite group can not be
so definitely stated. Even this, however, seems to bt
consistent with the general rule of elimination o
arsenic. For example, where whitneyite was replaced
or followed by copper, the whitneyite is of the y or
variety, but the whitneyite that replaced algodonite
is in most places the lighter, more arsenical « or ¥
whitneyite. In some specimens two members of the
whitneyite group seem to grade into each other, i-
stead of having sharply defined contacts. Ever
specimen of algodonite so far examined is an intimate
intergrowth of the two constituents « and g8 algodonite
Where a predominates over 8 the color of the mixturt
is tin white, but with a predominance of B the specr
men has a distinet pinkish tone, as if 8 had a hight
copper content. The algodonite that has replaced
domeykite generally has a predominance of the ¢
variety, but where algodonite is replaced by whit
neyite the g variety is predominant.

Although the physical and chemical properties &
described serve in general to determine roughly
arsenides present in a given specimen, examination
polished section makes it possible to differentist
varieties that are not distinguishable in the hand
specimen and to determine their paragenesis. Belo"

is a list of the copper arsenides arranged in the order

of. their known or inferred copper content, togethe"
with their diagnostic properties in polished section-
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Diagnostic properties of copper arsenides

Color of polished surface in |___ -
tion | oblique light .

|
|
{ Composi- | ¥
| HNOs

| Results of etching polished surface

- e Remarks

HCI

' 4
Domeykite _ ‘ CuzAs -| White ffer
. ackens.

Effervescence |

Color unchanged, de- |

Turns yellow- | After rubbing on plate
velops A cleavage ‘

brown. with fine abrasive

|

| ; 1 patterns. ' | is dull gray com-
; \ | pared with algodo-
t | | nite under similar

Algodonite: | , ; | ‘ |  conditions.
i Creamy white ______ Effervescence| ‘ | After etching with
‘2isaleasdy ‘ | deep purple. Brings out faint dif- | ] HNO;, polish gently
|tCusAs__| } ference between « |(Blackens.___{ and a« is smooth
Pinkish creamy Effervescence and 8. [l blue-gray, B8 is

B Il white. dark brown. f {L_ white.
] 1 l |{(In general the series
Whitneyite: { shows colors grad-
T2 Lieam [(Deep creamy white._| Effervescence | Faint brown rubs off_| Little effect._|| ing from algodonite
brown... ... {| to that of pure cop-
T e A Deepcream.________| ____ dort. . . S v Deep brown rubs off .| ____ i Dl per. 7 is decidedly
| AR $95--N1Pink (like breit- | Effervescence | Deep chocolate-brown ___ __ doiat. sl |¢  pinker than others.
|| hauptite?). chocolate-brown. ] rubs off. . 6 is decidedly light-
v S Coppercream_______| Effervescence | Deep brown rubs off _|_____ Qo.: o= [| er than copper. All
l brown. ! {| characterized by
i immediate brown-
ing with HCL.

Copper._____ Cu____| Pink (brownish pink | No color change____| Fine solution pits, %0¢ (o CRREEN | The color and lack

with v whitney-
ite?).

The several groups of arsenides are not difficult to
recognize in hand specimens. The colors range from
the white of domeykite and algodonite through the
pale copper-reds of the whitneyite group to the copper-
red of pure copper. One per cent of arsenic in arsenical
copper causes a perceptible lightening of the color.
The malleability of the minerals also varies. Domey-
kite is decidedly brittle, algodonite is much less so, and
the whitneyite group is decidedly malleable but less
s0 than pure copper. (See pl. 70.)

Heating in glass tubes drives off the arsenic easily
from domeykite and algodonite, but with extreme
difficulty from whitneyite, the lower arsenic compound.

The alterations of the arsenides are characteristic.
Domeykite rapidly tarnishes to a chalcopyrite-
yellow. Some has weathered to cuprite. The bright-
green coloration that has developed along the arsenide
fissures underground since they were opened by mining
18 probably due to the formation of an arsenate and
Seems to be chiefly connected with algodonite. Whit-
heyite tarnishes brown rather quickly.

Origin—TIt is pointed out in the section on ore
deposits (p. 132) that in general, although there are
Some notable exceptions, the higher the lode is in the
series the lower its arsenic content. This is also true
°f_the occurrence of sulphides of copper, and what is
stid of the distribution of arsenic may be said of the
distribution of sulphur. The explanation of this
telation, which seems to be consistent with the chem-
10&1‘ theory favored by the writers, is that the solutions
¥hich traversed the lower beds had not been in inti-
Mate contact with the oxidizing environment of the

dull but no color | of browning by HCI
used to distinguish
from the whitney-

ite group.

change.

|
| |
| X l

lodes for as long a time as those which deposited copper
in the higher beds, and for that reason their arsenic
and sulphur failed to become completely oxidized into
a more soluble state. There are three possible reasons
why those solutions should have had less opportunity
for oxidation: (1) The rocks toward the base of the
series are more fissured than those higher up, hence
solutions could find in the fissures a more permeable
pathway than the oxidized amygdaloids. The arse-
nides and sulphides occur by far the most abundantly
in fissures. (2) The occurrence of several intrusive
bodies toward the base of the series may mean that a
magmatic source for the copper lies much nearer the
present surface in this part of the series than elsewhere.
Thus the failure of complete oxidation of the solutions
may be due to the fact that in that general area they
were too close to the magmatic source. (3) Similarly,
if the shattered zone associated with the Keweenaw
fault is regarded as the main trunk channel for solu-
tions emanating from a deep magmatic source, such
solutions had not been in contact with an oxidizing
environment sufficiently long when they traversed the
rocks adjacent to that trunk channel.

The presence of sulphides in the Nonesuch lode near
the Porcupine Mountains does not help in deciding
which of these possible causes had the greatest effect,
for major faulting, fissuring, and intrusive rocks are
all present near by.

Another possibility which merits consideration is
that the deposition of arsenides and sulphides in the
fissures occurred subsequent to the main period of

mineralization and was due to a change in the character
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of the solutions, the later ones being higher in sulphur |
and arsenic. ‘

It is certain that in his investigations of these copper
arsenides Koenig ® had very complex mixtures to
deal with. His mohawkite and kewecenawite and
other new species were undoubtedly such mixtures.
Modern ‘metallographic methods were not available
at the time he did his work.

It is to be hoped that the problems of these arsenides,
the solutions of which have just been started in this
work, will be further studied by others. The present

THE COPPER DEPOSITS OF MICHIGAN

writers have specialized on the material found in the
Michigan copper district. It will be interesting to
learn what specimens from other districts reveal. It
would seem that chemical analyses and metallographic
work upon synthetic compounds of copper and arsenic,
if cooling curves are taken and the constitution dia-
gram of those metals is kept in mind, would throw
some light on the nature of the minerals.

Cobalt and nickel minerals have been recognized in
a fissure in the Seneca mine, on the third level, 2,100
feet north of No. 2 shaft. The minerals present in
the other arsenide fissures crossing the Kearsarge are
present in this fissure—that is, domeykite, algodonite,
and whitneyite. The microscope reveals in addition
at least three other arsenides, one a white mineral,

another a pinkish white, and the third a brownish pink, |

like niccolite. Chemical tests by Mr. Hillenbrand at
the Calumet & Hecla smelter show abundant nickel.
Borax bead tests show cobalt.
of the Calumet & Hecla smelter, stated that in the arse-
nides of the Ahmeek fissures there is but a trace of
nickel. Therefore the nickel and cobalt are probably
accounted for by the new minerals. The sequence in
age seems to be, first, the white mineral, next the
pinkish white, then the domeykite, followed by the
other copper arsenides in their usual order. The
brownish-pink mineral is present in very minor
amounts in the sections seen, and its relations were
not detéermined. The magnetite was formed early in
the nickel-cobalt stage.

The tests on the white and pinkish-white minerals
so far have not corresponded to those of any deseribed
mineral. The pinkish-white mineral shows the fol-
lowing properties in polished section: Hardness, that
of magnetite; effect of HNO;, effervesces, fumes

The late George Heath, :

slightly brown, no coating or etching; of HCI, nega-

tive; of HgCly, brown, rubs clean; of KCN, negative;
of FeCl;, negative. The white mineral is hard and is
negative to HNO;, HCI, and FeCl;.

If further investigation of these nickel-cobalt arse-
nides should establish them as new species, it would
be desirable to retain the names mohawkite and kewee-
nawite which Koenig gave to certain intimate mix-
tures of arsenides from these fissures.

% Koenig, G. A., op. cit.

' of the lava flows is believed to have been formed from

HALOIDS

Fluorite (CaF,) is reported from the Indiana miy
by Hore and from Eagle River by Seaman. Tt w
also noted in diamond-drill cores from the Onondag
exploration north of Lake Gogebic, where it occursiy
fissures in quartz porphyry.

OXIDES

Quartz (Si0,) occurs as an original mineral in the
felsites and quartz porphyries. It is present in pra-
tically all lodes and fissures throughout the distri
as a vein filling, as a filling of vesicles, and replacing
other minerals and rock. It is perhaps most abundant
in the Evergreen lodes and the Isle Royale lode, bu
it is plentiful in others, as the Baltic and Pewabi
and locally in the Osceola and Kearsarge. In the
fissures it is particularly abundant with the arsenides
Quartz was formed through the greater part of the o
period but most abundantly in the middle portion
It replaced the rock minerals and some of the eatlier
ore minerals and was in turn replaced by some of the
later minerals. Chalcedony occurs as lining of vug
in the Pewabic lode and in amygdules in the Kear
sarge lode. It has replaced zoisite and calcite i
many places.

Cuprite (Cu,0) occurs in well-formed crystals o
the Indiana mine as an oxidation product of copper:
it occurs similarly at the Algomah mine, where it &
largely altered to tenorite. The copper in many of the
mine openings is colored with a film of cuprite. In
places this film has clearly formed after the mines wer
opened. In other places, especially in the higher
levels, it probably formed before the mines wer
opened.

Tenorite (melaconite, Cu0), the black oxide o
copper, is especially abundant at the Algomah mint
and at Copper Harbor and doubtless oceurs elses
where, It is a product of oxidation of other manerals.

Atacamite (Cu,Cl1(OHj)) occurs in well-formed
radiating crystals as an oxidation product at tht
Algomah mine.

Hematite (Fe,0;) is apparently a primary mineril
in the felsite and in the felsite pebbles of the cor
glomerates. The abundant hematite in the red top:

magnetite and the iron silicates or from the glassy
portion of the tops of flows, or possibly in part ¢I¥¥
tallized directly during the solidification and cooli
of the flows. Deeper in the flows the hematite has
formed from magnetite and olivine, likewise probably
during solidification. This process is fully diseuss®
in the section on oxidation of lava tops (p. 35
Hematite occurs in small amount in some of the vei®
that contain sulphide and arsenide. In these it ©
usually associated with ankerite. In the conglomerat®
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specular hematite is present in some of the iron-rich |

porphyry boulders. Specular hematite also occurs
sparingly in fractures in both the conglomerate and
amygdaloid lodes. It is included in the red feldspar
of the lodes. Characteristically hematite has been
destroyed near copper, and the iron has been either
recombined or removed. The formation of hematite
mainly preceded the ore-forming period. During

that period a little was formed, probably by the |
| next to the walls, with sulphides in the center. The

recrystallization of earlier hematite.
Imenite (FeTiOj3) occurs as a primary mineral in

traps. It has been altered in places to hematite and |
- has also replaced the lode rock. Where it is associated
with calcite the calcite is later. The mineral appar-

titanite.

Brucite (MgO,H;) occurs in vugs in the Isle Royale
and Kearsarge lodes. It is a late mineral of the ore
period. In the one specimen from the Kearsarge
lode it has replaced laumontite. In the Isle Royale
mine it was replaced by sericite

Magnetite (Fe;O;) was originally an abundant
primary mineral in nearly all the flows, but it has been
entirely altered to hematite in the tops of the flows
and throughout some flows. This alteration is dis-
cussed in connection with oxidation of lava tops (p. 34).
Magnetite is present as grains in some of the conglom-
erates, as the Great conglomerate and the Houghton
conglomerate, but in most of them it has been altered
to hematite or limonite. It is rarely present in the
fissure veins. 'The magnetite of the flows is titanifer-
ous, and hematite, titanite, and rutile were formed
from it on alteration.

Rutile (Ti0,) occurs in basalt as an alteration prod-
uct of titaniferous iron ore, and it occurs also in the
felsites, where it was possibly derived from biotite.

Manganite (Mn,0;.H,0) occurs as small crystals in

in some of the thick traps. It is also being formed in
the present mine workings where water is dripping in
the upper levels and around masses of copper in the
walls of openings in the deep levels. In many places
crystals of calcite inclose small erystals of copper.
Ankerite ((Ca,Mg,Fe,Mn)CO;, composition vari-
able) is common in the sulphide and arsenide veins
and is also abundant in parts of the Baltic lode as a
lode mineral. In sulphide veins it commonly occurs

same relation is shown in the Baltic lode, where
the carbonate lines cavities and incloses sulphide. Tt

ently was formed at intermediate to late stages in the

| ore period and is closely associated with sulphides and

vugs in the Calumet & Hecla conglomerate. At the |

Manganese mine, near Copper Harbor, it occurs with

other manganese minerals as a “vein,” essentially |

coinciding with an amygdaloid a short distance below
the Great conglomerate. The “vein” was opened
for a few hundred feet along the strike, and some ore
was shipped from the mine.

Pyrolusite (MnO,) occurs at the Manganese mine,
near Copper Harbor.

Limonite* (2Fe,0,.3H,0) occurs sparingly on weath-
ered surfaces of trap. It is present in the conglomer-

ates, probably as alteration product of magnetite. It

s tarely seen in the amygdaloid lodes.

CARBONATES

arsenides.

Malachite (Cuy(OH),.CO;) was noted particularly
at the Algomah mine as an oxidation product. It is
doubtless present in small amount at other places.

SILICATES

The plagioclase series of feldspars, consisting of
isomorphous mixtures of albite (NaAlSi;O5) and
anorthite (CaAlSi,0y), is represented by plagioclase of
intermediate composition, which forms an abundant
original constituent of all the flows. Albite is present
in the felsites. The feldspars of the flows underwent
little alteration during the oxidation of the flow tops,
the microlites of plagioclase being still remarkably
fresh. Plagioclase was, however, one of the earliest
minerals to be attacked by the ore solutions, though
locally it remains remarkably fresh in otherwise
altered rock. The feldspar was commonly replaced
by chlorite, epidote, zoisite, sericite, or calcite, but
prehnite or any of the later minerals have replaced
plagioclase.

Albite in relatively small amount is present in many
places as one of the later minerals of the ore-forming
period. ;

Orthoclase (KAISi;Os) occurs in three distinct
ways—as an original mineral of the felsite, as an
early mineral of the ore period (red feldspar), and as

. adularia, a late mineral of the ore period. The origi-

nal orthoclase of the felsites occurs both as pheno-
crysts and in the groundmass. Red feldspar, probably
of variable composition, is abundant in several of the

' lodes and is also present in many fissures. It is

.(,‘»alcite (CaCOy) is perhaps the most widespread |
mineral of the ore-forming period. It occurs as |

orystals in open cavities and replaces other minerals |
and is everywhere present in veins, amygdaloids, and

conglomerates. It was formed from about the middle ;
' to some extent in most of the other lodes. Tt was one

- of the earliest minerals of the ore period and was re-

10 the end of the ore-forming period, and therefore it
has replaced many minerals and has itself been re-

Placed by several. It occurs in the pegmatitic lenses |

especially abundant in the Butler lode and adjacent
lodes, in the Superior lode, and in parts of the Kear-
sarge and Osceola amygdaloids. Tt is present but
not abundant in the conglomerates. It occurs in
fissures and amygdules, and it replaces the rock,
especially in the Evergreen and succeeding lodes but

placed by chlorite, epidote, and later minerals.
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Copper occurs with red feldspar, but the association

of the ore period, is far more widespread than copper.

Adularia occurs to a minor extent in lodes and fis-
sures as well-formed white to pinkish crystals, usually
in open spaces. It was apparently a relatively late
mineral of the ore period.

Pyroxene (Ca(Mg,Fe)Si0p) is an abundant pri-
mary mineral of all the basic flows.
tion is to hematite and serpentine. In places it is
stained with limonite. It was rather resistant to
alteration by the ore solutions, but where the altera-

THE COPPER DEPOSITS OF MICHIGAN

|
|

Its usual altera- |

tion was intense it was replaced, like the other rock |

minerals.

Hornblende was noted in the Greenstone flow asso-
ciated with biotite.

Olivine (Mg, Fe),Si0,) was an early mineral to
crystallize in most of the lava flows. It is now mostly
altered, characteristically to serpentine or bowlingite
and hematite. These minerals were in places further
altered to others. Fresh olivine was observed only
in the coarse phases of the Greenstone flow.

Zircon (ZrSi0,) occurs as a primary mineral of the

felsites.

Pumpellyite (6Ca0.3A1,0;.7510,.4H,0), provision- |
ally called zoisite, occurs in bluish-green lath-shaped |

crystals or needles, in most places in radiating groups.
It is this mineral that gives the characteristic bluish-
green color to much of the lode material in the mines
in the south end of the district. It is near zoisite in
composition but differs from zoisite crystallographi-
cally. Doctor Palache ® has described this mineral
in detail.
Analysis of pumpellyite

[Helen E. Vassar, analyst)]

Analysis Molecular ratio
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The mineral is abundant in all the amygdaloid lodes
and in all the fissures. It is present but not usually
abundant in the conglomerates.

It is especially conspicuous in the Isle Royale lode
and in the Evergreen and succeeding lodes, but hardly
more so than in parts of the Baltic and Pewabic lodes.
It occurs in open cavities and replaces the rock. In

o Pf\lﬂche, Charles, and Vassar, H. E., Some minerals of the Keweenaw copper
deposits; pumpellyite, a new mineral; sericite; saponite: Am. Mineralogist, vol. 10
pp. 412-418, 1925. bl

. portion. The iron entering the epidote was apparently

it is far more widespread than the commercial

is not notably close. The feldspar, like many minerals = replaced large volumes of rock.

' lowed epidote in formation but preceded coppe

| glomerates. It is unrelated to the copper mineral
| 1zation.

many places pumpellyite with quartz has pauy
It commonly {j

It replaced the earlier minerals of the ore period, sug
as chlorite and epidote, and in turn was replaced
the later minerals, including copper. Tt is not ususly
abundant in highly oxidized rock, such as the top d
the Kearsarge amygdaloid. Tt is closely associatel
with copper in many places, but apparently, like many
of the gangue minerals, is far more widespread it
occurrence than copper. The lodes of the Pewabi
series in particular in numerous places are rathe
highly pumpellyitized where they are not known {
contain abundant copper.

Epidote (composition variable, approximately HCs,
(Al,Fe);Si;0,3), a yellow-green mineral, is ever
where abundant in both veins and lodes, being pe-
haps especially abundant in the Evergreen and sue
ceeding lodes of that series and in the Isle Royik
lode. It is also abundant locally in the Calumet §
Hecla conglomerate. Epidote characteristically hs
replaced the rock minerals, though it has also bea
formed in openings. It commonly first replace
plagioclase but eventually replaced much of the rock
in mass. In the Calumet & Hecla conglomerate i
replaced sandstone lenses. In the Kearsarge lodeitis
relatively abundant in the upper, highly oxidizd
portion as contrasted with the lower, less oxidizd

derived from the hematite of the rocks. KEpidote
one of the early minerals of the ore-forming period
in the main preceding copper, but it also appears 0
have been formed to a slight extent later than copper
as it cuts anhydrite and sericite—in the Isle Royl
mine, for instance. Epidote is in many places closely
associated with copper, but, like chlorite and calcits

valuable copper minerals.
Tourmaline occurs in felsite fragments in the cor

Laumontite (CaAlSi,0,4H,;0) is usually pisk
or salmon-colored, but in places, especially in som¢
vugs, it is white. It occurs in practically all the fissures
and amygdaloids. Itis abundant in many fissures and
locally in the amygdaloids but is practically absent
from the conglomerates. It is one of the later mil-
erals of the ore period and has replaced the earlie
minerals but was in turn replaced by some of the
later minerals. Tt was mainly later than copper, bt
a little copper was formed after the laumontite. It#
not closely associated with copper and is far mor
widespread than copper in occurrence. Where lat-
montite is abundant the lodes are usually relatively
poor in copper.

Natrolite (Na,ALSi;0,,.2H;0) occurs with analdit?
and adularia at Copper Falls.




Analeite  (NaAlSi,04.H,0) occurs commonly as a
vein mineral, more rarely in vugs in the lodes. It
I oceurs in vugs as white, well-formed crystals, in many
' of which the centers are partly dissolved. In veins it
rarely shows crystal form and is pinkish in color.
Itis one of the late minerals of the ore-forming period
put in places was followed by saponite and calcite.
It is a common mineral but nowhere abundant.
Most occurrences were noted in the Kearsarge lode.

Stilbite (CaAlSigO45.6H,0) oceurs in the Osceola
amygdaloid and at Copper Falls.

Heulandite (CaAlSig0,4.5H,0) is one of the rarest
seolites of the district.

Thomsonite (CaAl,Si,04.215H,0) occeurs mainly as
a filling of amygdules but also in veins. It is usually
not closely associated with copper.

Apophyllite was observed in the St. Clair, Robbins,
Cliff, and North American fissures. It is one of the
latest minerals.

Chlorastrolite occurs as amygdule filling in flows on
IsleRoyal. Itisworn from the matrix by wave action,
and the stones are gathered on the beaches.

Faujasite (H,(CaNa,)Al,(Si03);.9H,0) from Copper
Falls is in the Whitney collection.

Datolite (H,Ca,B,S1,0,,) occurs in both fissures and
lodes. Tt is probably present in most of the amygda-
loid lodes, but it is relatively abundant in the Ever-
green and succeeding lodes, especially at the Mass
Mine, in parts of the Kearsarge and Osceola lodes, in
parts of the Pewabic lodes, and in the Ashbed lodes in
Keweenaw County. It has not been noted in the con-
glomerate lodes. It occurs in fissures at many places
and is abundant at the Copper Falls (Owl Creek) and
Petherick fissures, where locally at least it formed the
main gangue mineral. Datolite forms both well-
developed crystals and dense porcelanic masses. The
erystalline datolite occurs in both fissures and lodes.
It may be pink from included copper, and where the
orystals are small they occur as a loose, crumbly
granular aggregate. The porcelanic variety occurs
characteristically as irregular spheroidal masses with

8 botryoidal surface. (See pl. 66.) These masses of
datolite commonly contain many small specks of
topper, which are usually concentrated near the
surface of the mass, though less commonly the con-
centration is toward the center. This variety has
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been found most abundantly in the higher levels of the

Pewabic lodes but is present in other lodes. Datolite

minerals of the ore period.

Rrehnite (Al (Si0,);CaH,) commonly occurs in
tadiating crystal ageregates but in the veins especially
May appear massive. Much of it has a light apple-
gteen tint, but it varies greatly in color, some of it
being nearly black. It is abundant in veins through-

58540—29——0

. the cooling and solidification of the lavas.

apparently was one of the intermediate to later abundant early mineral of the ore-forming period but
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out the district. It is present in most of the amygda-
loids, where it has filled vesicles or replaced earlier
minerals or rock. Loecally it is abundant in the amyg-
daloids, as in the Osceola lode, where it largely re-
placed basic sediment. It is rare in the conglomer-
ates. Prehnite was formed mainly as an intermediate
mineral of the ore period, but some was later. In the
veins it is very commonly associated with copper,
which in many places is disseminated through it in
minute grains. The highly prehnitized amygdaloid,
however, is not usually high in copper. Prehnite has
been replaced by the later minerals.

Sericite (muscovite, AL;KH,Si;0,,) has mainly re-
placed rock and earlier ore minerals but also filled
open spaces. It is most abundant as a replacement
mineral in the walls of the arsenide and sulphide
fissures and in some of the lodes, as the Isle Royale
and locally in the Baltic. In the Isle Royale lode it
is rather abundant as a soft talcose mineral replacing
fragmental amygdaloid. Sericite seems to have been
formed from a moderately early stage in the ore-
forming period to a rather late stage.

Analysis of sericite from Isle Royale amygdaloid

[Helen E. Vassar, analyst]
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Biotite (Al,Mg,KHSi;0;,, with variable proportions
of ferric and ferrous iron) is a rare primary constituent
of some of the basic lava flows, such as the Ashbed
group and the Greenstone flow.

Chlorite (delessite, Hy(Mg,Fe),Al,Si,05, variable)
occurs abundantly as a vesicle filling and as a vein
mineral, and it has also replaced rock minerals. Tt is
particularly abundant in some of the veins and has
replaced the adjacent wall rocks. 1In the amygdaloids
it is especially conspicuous in the less oxidized parts,
such as the lower portion. In the Calumet & Hecla
conglomerate it has replaced some of the iron-rich
pebbles, where it is associated with copper. At White
Pine it surrounds hydrocarbon and has been replaced
by copper. Some chlorite was probably formed during
1t was an

apparently continued to form till late in that period.
It replaced many minerals and was replaced by sev-
eral, being very commonly replaced by copper.
Serpentine (Mg;HS1;0,) is a common alteration
product of olivine in the traps, and it also occurs in
cavities in the amygdaloid lodes. The serpentine of
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the former type was earlier than the ore period; that
of the latter type was formed late in the ore period.

Bowlingite is the common alteration product of
olivine in many of the flows. It is resistant to alter-
ation but has been replaced in places by prehnite and
calcite.

Saponite (Al;0;.Mg0.108i0,.15 or 16H,0) occurs in
several of the lodes, where it has filled vesicles, replaced
other minerals, and formed as a crust on other min-

erals. It was noted most abundantly in the Kear-
sarge lode. It is apparently a late mineral of the ore
period.

Analyses of saponite from the Kearsarge lode

[Helen E. Vassar, analyst]
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Kaolin (H;ALSi;O,) occurs in the Isle Royale mine
on laumontite and in the Kearsarge lode as a crust on
red feldspar. It is probably a late mineral of the ore-
forming period. A little occurs clouding plagioclase
that is believed to have been formed when the lavas
were exposed at the time of extrusion.

Chrysocolla (CuSi0;.2H;0) occurs as an oxidation
product at the Algomah mine and the Allouez con-
glomerate mine and at Copper Harbor.

Titanite (CaTiSiO;) is rather abundant in all the
flows as an alteration product of olivine, pyroxene,
or titaniferous magnetite. In highly altered lode rock
it is common as a residual mineral.

THE COPPER DEPOSITS OF MICHIGAN

- early original mineral of the rocks.

PHOSPHATES

Apatite (Cas(PO)F or Cas(PO4)sCl) occurs rathy
sparingly as needles or prisms in the felsite pebbls
of the conglomerates and in the lava flows. Itisy

SULPHATES

Barite (BaSO,) occurs most commonly in veins, i
many places with sulphide. It also occurs in seven|
of the amygdaloids and in the iron-rich pebbles of th
Calumet & Hecla conglomerate. At the White Pin
mine it is a vein mineral and a cement in the sand-
stone. It was among the late minerals, though fo
lowed in places by saponite, adularia, and datolit.
It is widespread but nowhere abundant.

Anhydrite (CaSO,) occurs in vugs and has replace
rock in the Isle Royale mine. It was also collected
from the dump of the Mass mine. It seems to bed
the late ore-forming stage but is veined in the Isk
Royale mine by laumontite and epidote.

Gypsum (CaSO42H,0) occurs sparingly at nume-
ous places, both in fissures and in the lodes. It&
nowhere abundant. It appears to be a late mineril
In the Isle Royale mine it seems to have been formed
from anhydrite. In the Victoria mine it has formed
in puddles of salt water that stand in a crosscut.

MOLYBDATES AND TUNGSTATES

Powellite (Ca(Mo,W)O,) has been reported fron
the Isle Royale mine, and a few well-formed crystak
have been found in the Calumet & Hecla conglon
erate. The mineral is said to contain both molyb-
denum and tungsten.

HYDROCARBON

A dark hydrocarbon is rather plentiful in the None
such lode at the White Pine mine, where it occurs it
fissures and as a cement in the sandstone. In places
it is surrounded by and was evidently earlier than
copper. The hydrocarbon in the fissures contains
abundant copper.




PART 2. ORE DEPOSITS

HISTORY

That the existence of native copper in the Lake |

Superior district was known to early Indians and that

s mined by them is shown by numerous |
SR e 4 3 - paid its first dividend in 1854, followed by the neigh-

various stages of removal, together with the crude | boring National mine with a dividend in 1861.

ancient pits containing masses of native copper in

stone tools used in mining, and by the implements
made from copper that are found in the region. (See

l. 1.)

g The earliest visits to the district by white men were
made about the middle of the seventeenth century.
In 1672 two Jesuit priests published a map of Lake
Superior, and from time to time the Jesuit missionaries
and others brought accounts of copper found along its
shores. The names of these early explorers—La
Salle, Allouez, Mesnard, Marquette, and Du Luth—
have been preserved in the geographic nomenclature
of the region.

In 1771 Alexander Henry, an Englishman, began
the first mining operations on the banks of Ontonagon
River near the present Victoria mine, where a great
boulder of copper had been found. This boulder
attracted much attention and was eventually sent to
Washington, where it is still on exhibition at the
National Museum. This work was soon abandoned,
however, for the country rock was the unproductive
Jacobsville (“Eastern’’) sandstone, the boulder as it
later appeared being a glacial erratic derived from
lodes that crop out farther north.

The Lake Superior copper industry had its real
beginning in 1830, the year in which Dr. Douglass
Houghton, Michigan’s first State geologist, made his
mitial visit to the region. His report, published in
1841, aroused a general interest in the district. In
1844 the Federal Government began a land survey
at the instance and under the direction of Doctor
Houghton, which was combined with the geologic
and topographic surveys he was then making for
the State of Michigan. These surveys, though
interrupted by the death of Doctor Houghton late
1845, were pushed to rapid completion and served
both to increase interest in the district and to facilitate
its early exploration and development. Mining
bermits were issued by the Federal Government, the
first In 1844, but they were abolished in 1846, and

| mining lands were placed on sale.

_ The Pittsburgh & Boston Mining Co., organized
1844, began operations at Copper Harbor, where a
few tons of black oxide of copper was mined. In
the following year it opened the first successful mine,

the CLiff mine, on a cross fissure vein in the north end
of the district; the first dividend was paid in 1849.
The Minesota mine was opened on a strike fissure
toward the southwest end of the district in 1849 and

The

- Central mine, operating on the Central fissure, north-

' copper encountered in them.

east of the Cliff mine, made its first shipment in 1856
and began to pay dividends in 1864. These fissure
mines were noted for the enormous pieces of “mass’
Several of these masses
were estimated to weigh about 500 tons each.

The Pewabic and Quincy mines were the first
successful mines on an amygdaloid lode. They were
opened on the Pewabic amygdaloid, in the Portage
Lake region, in the central part of the district, in
1856; both mines began paying dividends in 1862.

The Isle Royale lode, also in the Portage Lake
region, had been opened as early as 1852 by the Isle
Royale Mining Co., incorporated originally to mine
on Isle Royal, in Lake Superior. Although worked
intermittently by a number of companies, this lode
yielded no dividends until 1913. ~

The Atlantic lode was discovered in 1864 and ex-
plored by the South Pewabic Mining Co. Intensive
development was begun by the Atlantic Mining Co.
in 1872.

The famous Calumet & Hecla conglomerate was
opened in 1864, and the company paid its initial
dividend in 1869. Ten years later the Kearsarge and
Osceola lodes were opened.

The Baltic lode was discovered in 1882 but remained
unexplored until 15 years later. This was the last
important lode to be opened.

Most of the fissure deposits have long since ceased
to be productive. Of the lode deposits, all that have
been largely productive are still producing or may be
expected to produce under favorable conditions,
though some of the mines on the lodes have been
worked out or consolidated with others.

1 The terms ‘“‘lode’” and “‘fissure deposit’’ are here applied in accordance with
local usage. Strictly speaking, the ‘‘fissure deposits™ are lodes, and the so-called
““Jodes” are not so, being rather in the nature of bed-replacement deposits. The
latter, however, will consistently be called lodes in the present report; for the word
is convenient and readily understood, and its use in this sense is perhaps not posi-
tively incorrect. As much can hardly be said of other applications of the term that
are current in the district, where the word is used to designate (1) lava tops or con-
glomerates, or parts of them, which, though susceptible of mineralization, are not
actually mineralized; (2) rock substance that has been mineralized; and (3) rock
substance that is susceptible of mineralization. In general the use of the word in
any of these senses will be avoided in this report, as being not only illogical but
likely to cause confusion where the word is used in two or more senses in the same
sentence.
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PRODUCTION

The first production of copper in the Lake Superior
district marked the real beginning of copper mining as
a great industry in the United States. In its first six
years of activity—from 1844 to 1850—the district
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FIGURE 12.—Production of copper by Michigan mines, 1855-1925, and average yield in copper per ton of ore, 1906-1925
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produced more than 4,000,000 pounds, while all the
rest of the country produced less than one-fourth as
much. Yearly production steadily increased to a
maximum of 269,700,000 pounds in 1916.

The total production from 1845 to the end of 1925
has been 7,500,000,000 pounds. Among the copper
districts of the United States the Lake Superior dis-
trict ranks second in total production. As a State,
Michigan ranks third, having produced 21 per cent

of all the copper produced in the United States to
end of 1925, while Arizona had produced 31 per cey
and Montana 25 per cent.”

During the 18 years 1906-1923, for which definit
figures are available, an average of 9,240,000 short to
of ore was mined annually, which yielded an aversg
of 200,000,000 pounds of copper, or 21.56 pounds

the ton.

The yield was 25.2 pounds_to the ton fi
1906, but dropped to 17.7 pounds for 1914. For 1913,
1919, 1920, and 1921 the respective yields were 19,

22.1, 23.7, and 24 pounds to the ton.

The following tables show the production of .the
district by years, by mines, and by lodes from the
beginning of operations to the end of 1925.

figs. 12-14.)

Refined copper produced in Michigan copper district, 1845-19%

[Compiled from U. 8. Geol. Survey Mineral Resources; figures for 1924 and 1¢%
furnished by Bureau of Mines. Smelter production)

Pounds Pounds
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R . 1,744,080 | 1894________ 114, 308, 870
TR, - 2. 905280 | AIROB. -~ = 129, 330, 740
g 4,074,560 | 18906________ 143, 524, 060
4.0, e S 5,808,320 | 1897 _______ 145, 282, 050
8 8,211,840 | 1898 _______ 158, 491, 703
T PO 9,531,200 | 1899________ 147, 400, 3%
AERe bl 9,157,120 | 1900_ _______ 145, 461,498
ERRORL & o nine 8, 926,400 | 1901 ________ 156, 289, 481
TRBON st 12,069,120 | 1902________ 170, 609, 228
O O 15,037,120 | 1903________ 192, 400, 571
5 5 el 13, 585,600 | 1904________ 208, 309, 130
-2 G U | 12,985,280 | 1905________ 230, 287, 902
1 e 12, 490, 240 | 1906________ 229, 695, 730
YABRG LA bl 14, 358,400 | 1907________ 219, 131, 503
1886 & 1oy il 13,749,120 | 1908 ______. 222, 289, 5%
162 i Yl 17,525,760 | 1909____ ... 227, 005, 923
e 20, 935,040 | 1910_ . ______ 221, 462, 9%
£ 7 26,624, 640 | 1011________ 218, 185, 230
L Y i 24,822,080 |"10125 " 1Y 231, 112,28
e ] 26, 750, 080 | 1913________ 155, 715, 280
FRgaciy, e 24, 552, 640 | 1914________ 158, 009, 748
. ot 30,089, 920 | 1915_______. 238, 956, 411
v P 34,332,480 | 1916____ .. 269, 794, 531
W5 o 36,039,360 | 1917__._____ 268, 508, 09
57 38, 270,400 | 1918________ 231, 096, 150
WP e 39, 025,280 | 1919________ 177, 594, 13
VR e 39, 690, 560 | 1920_ ____.__ 153, 483, 95
IRF0a 42,848 960 | 1921________ 100, 918, 00!
0T 49,736,960 | 1922 _______ 122,545, 120
I[BB8y~ 54,573,120 | 1923______.. 137, 691, 300
1880 i 56, 982, 765 | 1924________ 145, 333, 21
1 R 59, 702, 404 | 1925________ 138, 029, 70
BRSO 69, 353, 202 _—
1880 72, 148, 172 7, 504, 265, 441
X886y o o 79, 890, 798

(See also

1 Pigures furnished by Bureau of Mines.




EVERGREEN SERIES 125,960,452 LBS.

ATLANTIC AMYGDALOID 142,840,804 LBS.

ALL FISSURES 199,853,000 LBS.

ISLE ROYALE AMYGDALOID 210,839,585 LBS.

OSCEOLA AMYGDALOID
416,398,662 LBS.

PEWABIC AMYGDALOID
873,734,108 LBS.

BALTIC AMYGDALOID
872,985,860 LBS.

KEARSARGE AMYGDALOID
1,176,871,725 LBS.

CALUMET CONGLOMERATE
3,375,353,670 LBS.

PRODUCTION BY LODES

Total for district to 1925 inclusive
1.516,526,121 pounds of copper

DIVIDENDS BY LODES

Total for district to 1925 inclusive
$297,226,466

FIGURE 13.—Production and dividends of Michigan copper mines to end of 1925, by lodes
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0 .
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yd
A CALUMET CONGLOMERATE
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ALL OTHER MINES (LODE AND FISSURE,
509,983,366 LBS

ALLOUEZ 108,009,640 LBS.

ATLANTIC 118,282,028 LBS.

FRANKLIN 154,316,551 LBS.

ISLE ROYALE 180,537,157 LBS.

WOLVERINE 188,797,107 LBS.

MOHAWK
259,345,245 LBS.

AHMEEK
267,726,374 LBS.

TAMARACK
389,215,899 LBS.

OSCEOLA
477,371,115 LBS.

FRIMOUNTAIN 141,040,592 LBS.

BALTIC
263,523,711 LBS.

CHAMPION
438,403,286 LBS.

QUINCY
726,022,243 LBS.

CALUMET & HECLA
3,242,016,280 LBS,

40

PRODUCTION BY COMPANIES OR MINES

Total for district to 1925 inclusive
7.516,526,121 pounds of copper

FIGURE 14.

—Production and dividends of Michigan copper mines to end of 1925 by companies or mines
Ll

PEWABIC, ATL:NTIC. AND ALL OTHERS $3,732,437
RAN 4 0

TAMARACK $9,420,000

WOLVERINE $10,350,000

MOHAWK
$10,750,000

AHMEEK
$13,750,000

OSCEOLA
$18,044,825

TRIMOUNTAIN $3.283.000

BALTIC $10,001,772

CHAMPION
$29,070,261

QUINCY
$27,002,500

CALUMET & HECLA
$148,413,051

DIVIDENDS BY COMPANIES OR MINES
Total for district to 1925 inelusive

226,466

4

©

‘Io
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Cortipany

L

Amygdaloid
Arcadian

Clark

Conglomerate.._____
Connecticut

s Al

Statistics of copper production in Michigan copper district, 1845-1925, by companies

ed,
* Includes $12,550,704 received from other companies.

Rock treated
(tons)

Lode Period Copper (pounds)
N o 7 ‘\
_____________________ 1851-1917______ 10, 783, 889
%issures _______ iy 1864-1873___._. ), ‘1)40 881 !
earsarge amygdaloid_ 249, 915, 343
{Mass figsure. L. S0 }1904—1923 """ { 17 811, 031
{Pewabic amygdaloid__| 1862-1864___.__. 14, 982 |

Allouez conglomerate_| 1865-1878____-_ 865, 057

Algomah amygdaloid._| 1914___________ 12, 467
{Allouez conglomerate_| 1869-1892______ 26, 786 651

Kearsarge amygdaloid_| 1905-1923______| 82 222 989

Drexel fissure_ - __.__ 1862-1878______ 1, 541, 180

Arcadian amygdaloid_| 1864-1902______| 3, 019, 206

ﬁggeg amyg(cilalloig--- 1898-1900______ 1,772, 231

ed amygdaloid.___ £y e 78, 957
{Fissures ............. }1881 B2 - - ‘ @ 20, 000

Atlantic amygdaloid-. 1873-1910______ 118, 282, 028
______________________ 1852-1882______| 686, 357

Baltic amygdaloid____ 1898-1916______ | 200, 584, 164

Phoenix fissure__.___. 1865-1867_____._ } 399, 115
______________________ Prior to 1855- | 666, 031

1886.
...................... 1855—1871-----_’ 475, 747

Calumet & Hecla | ‘

conglomerate: _ !
INeL Lo it 1866—-1925______| 2, 831, 092, 153
Reclamation plant 1915-1925______| 127, 686, 924

Osceola amygdaloid__-| 1904-1925______ ; 213, 817, 584

Kearsarge amygdaloid.| 1904-1925______| 67, 351, 569

Mass fissure.. ... | 1923-1925______ 2, 128, 050
_____________________ \ 1860—1865------‘ 33, 935

Calumet & Hecla | {1882 ___________ 83, 554

conglomerate. (11897-1898______ 119, 190

9
Ol et {1805 TV IO, 34 s
Kearsarge amygdaloid.| 1900-1923______ 33, 033, 675
{(1855-1864______| 2, 901, 635
Central fissure .. ...} 1865-1894______ 47, 219, 399
1895-1898______ 1, 754, 493

Baltic amygdaloid. ... 1902-1925______ 438, 403, 286

T S R | 1872-1879.______| 187, 915

P IBSUOE e o b 1871-1887______ 4, 606, 690

Arcadian amvgdaloxd-‘ 1866-1881._..... ‘ 1, 595, 003
{Flssures ............. 1881-1887______ 806, 633

Allouez conglomerate_| 1882-1885._____ ‘ 1, 770, 570

Fissures. - - - ----- Prior to 1860 __| 116, 800
{Ashbed amygdaloid.._| 1858-1893______ | 17, 706, 352

Finfures. Scaas o acas 1847-1882______| ¢ 8, 633, 603

Baltic amygdaloid____| 1917-1925______| 64, 282, 850

IBNOTaE. - i an i 1864-1880______ 1, 576, 885
______________________ IS L sl 2, 934

Arcadian amygdaloid.| 1860-1877______ 169, 502
_____________________ ‘ Prior to 1857___| 143, 217

Babbitt fissure_ ... ___ 18531867 .- - _| 49, 678
_____________________ 1854-1890______; 2, 915, 730
..................... 1850-1855______| 332, 000
_____________________ Prior to 1855- | 869, 164

1881.
1857-1860____ - 639, 38}

Powabie amygdaloid_ SIS 01 36, 624

1884-1919_____. < 80, 186, 631

Allouez conglomerate_| 1901-1919______ ¢ 34, 473, 984

Fulton fissure. .. _.... IRBA A e - L 1, 255

Ashbed amygdaloid.._| 1859-1866______ 75, 397

Islle .é?.oyale amygda- | 1863-1884_____. 3, 529, 822

oid.

Kearsarge amygdaloid | 1910-1920___. .. 313, 848
..................... 1861-1918_____. 17, 559, 557
..................... Prior to 1855- 123, 724

1890.
-| Superior amygdaloid-_| 1915-1917_____. 540, 052

Islle (Ii{oyale amygda- | 1855-1893. .. ___ 25, 309, 270

oi
_____________________ 18761878 . ___. 213, 245

57, 229, 052
12, 374, 823
14, 598, 914
2, 331, 524

2, 261, 890
565, 393

14, 156, 309

¢ 3, 888, 462
¢ 3, 053, 240

« Based partly on estirnates
4 Includes $26,401,874 estlmat,ed dividends received from other companies.

Yield
per ton
(pounds)

! Dividends
Per

Total pound
‘ (cents)
............... DL e
$14, 050, 000 | 5. 25
R T
_______________ Bl
2, 850, 000 | 3. 47
"""" 990,000 .84
""" 7,950,000 3. 96
_______________ e bpals

|

!
5 160, 963, 755 | 4. 96

|

|
_______________ {E wield
360,000  1.01
2,130,000{ 4,11
29, 070, 260. 96 = 6. 75
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925, by companies—Continued

Rock treated
(tons)

10, 136

7, 448
977, 928

16, 250, 345
9, 513, 943

68
Statistics of copper production in Michigan copper district, 18451
|
\
|
Company Lode j Period Copper (pounds)
|
i
Ry e —‘ o e s
okt Isle Royale amygda- |[1853-1885...-_. 8, 818, 194
Isle Royale sl Roy i 1901-1925. 171,718, 963
Kearsarge. ... Kearsarge amygdaloid [{1gg8”1806 | 14, 490, 836
‘ 565
Keweenaw Copper. |l os cocl ooio onloaonan | 1908, 1909 .- -- 179,
Kenowltont. - s tle e 5o g D ot 1862-1891_ .| 993, ig;‘;
Dac La Belle- - o= Fissures ..o . o— -l Hrionte l850—---| )
. {/1909-1917_ ... _.| 6, 608, 824
Liakpes betmnsh cnat o o Lake amygdaloid.- - "{1918 ___________ 717, 403
FakeiSiperioretsate g o0 - 0 e T oo | 1864-1879__. .. | 14, 821
La Salle?.e_ _________ Kearsarge amygdaloid ‘ 1910-1920_-.___ 7, 814, 730
Madisoti=a 2 iz Jrdcs Madison, West Lode, | 1856-1881.._._. 72, 091
and Perkins fissures. |
Manhattan_________ Medora fissure.. _ ... ! }ggg-ié(.)i ...... ' " 2;(2), 8(1)(5)
Mass . o '{1902—1919:::::1 44, 394, 862
Mesnard._ - __-_____ ““Mesnard” epidote...| 1863-1877______ ‘ 84, 095
Branch vein_ . _______ 1902-1912_ . _._. ‘ a0 174, 108
Michigan. .. oo oo Calico amygdaloid._._| 1900-1913______ a8 006, 420
Evergreen series.._.___ 1916-1920_.__ - 1 4, 065, 175
Minesota. .. --oosucn Minesota fissure._____ Pri%r85to 1855 | 34, 706, 668
: | 2 |
(e Tna el o DR S S R T T8751888 0., it ; 498, 650
Mohayie {Mohawkite __________ 1900, 1901 .. ___. | b 230, 897
A e Kearsarge amygdaloid | 1902-1925__ 259, 114, 348
New Arcadian______ Newleadian amyg- | 1915-1917_____._ | 164, 794
daloi ‘
National- Se. 2700 Minesota fissure______ 1853-1895_ ... __ ‘ 11, 612, 952
New 'York-& Mich=| e . .. o 0.7 1862 aped, Lo \ 1, 800
igan. |
Nonesuch.._________ Nonesuchi. Do oo 20 1868-1885_. . __ | 389, 556
North American fis- | 1849-1852_ | 444, 640
North American._ ___ sure. |
' Chiff fissure.____.____ 1853-1859___ ___ ' 1, 509, 163
North Cliff_________ OhLf fissare . .- o 1859, 1864 _____ i 5, 657
Northwestern_______| Northwestern fissure__| 1852-1880______ | 313, 005
Norwich wil T o Aled i LT 1852-1869______ 993, 360
Qgimf. o o, (s 0w nl . Tanedlieietiicy 1857-1887______ 1,138, 897
Qhiofkrap-Rogl o rlaliin, o 0o o L S e 1853, 1858 __ . __ 41, 440
OFIbWaY = = el Kearsarge amygdaloid | 1911.______ 49, 662
Calumet & Hecla con- | 1874-1880, 1897-| = 25, 056, 028
OBba0la o e = = glomerate. ¥ 1903.
earsarge amygdaloid | 1897-1920______| @ 261, 527, 694
, Osceola amygdaloid___| 1879-1920__ | =190, 787, 393
Peninsula (Hough- | Allouez conglomerate_ 1883-1892_ _____ 6, 624, 991
5 ton Cloun(t )i ~ 2
eninsula bk rc) o s (T IEAP  - TR B ISBI et s o
gon County). / T 4,480
Pennsylvania_______ ixsﬁures _________ | 1849-1867______ 3,034, 311
Pebhieriok. ... . { F§ bed amygdaloid___ 1862—}877 ______ < 556, 424
A 1ssures_...._.._____| 1862-1877______ 130, 000
Pewabicas s 2o s 1L Pewabic amygdaloid | 1855-1884___ 27, 823, 416
Hhoe i Fissures..._.._______ 1846-1905._____| “16, 632, 536
""""""" Ashbed amygdaloid___ { ig?g:{?ﬁz: 1865_ 357, 032
Pittsburgh & Boston_| CIiff fissure__________ 1845-1870____ " oo
Pittsburgh & Isle 1349_%?,% """" 33, 600, 216
B Royile: o U S s e g e R 24, 730
OrbSRer SR S T T Sl e s B HER3T S 1l T 6, 608
. . i T L
Quiney.uc s oozt Pewabic amygdaloid_ _ 1o0% 10 18 ------ 332, 34, 148
—1010s s , 425, 417
1911—
Rhode Island_______|_____ s NN sy 13(%, 11%%)56: ::: 268, 9%?’ 383
e 185811808 12| 5 asn ag
Roeldand. .. oo o2 Bisaares-2 om0 18541880 5 )
S B T W s b AP DRt ot B A D T e e ey i s 821, 136
i i L E LR 1877, 1879______ 51’ 264
Reholrar s O ¥ o B o 1,011 071
chooleraft.________ alume ecla con- | 1869- s ! poglEan
% glomerate. HL e 1, 882, 529
earsarge ¢ =
Seneca _____________ ate. & onglomer 1872—1878 ...... 17, 222
Kearsarge amygdaloid 1920-1925
Shelden & Colum- | Isle Rovale amveds. | 1844 Taa0- ==~~~ 3, 846, 163
bian, sle_Royale amygda- | 1864-18842 1, 463 336
@ Based partly on estimates, b Pounds of mohawkite,

| e

[ Dividends

SR

Yield |[— S
po.rmu]
(pounds) ‘ Total pmd

‘ (cents)
....... g e SOl
16.89 |  $2, 550,000 | 1.4
15. 55 160,000 | 1.9
W 5 SR ¥ e
[ R |
G % e e s
M MO Sy Wi s j
771,820,000 | By |
18.49 | 10,750,000 | 415
TR s - T
_______ 320,000 | 2.7
LA IR i,
st} S e (A
“6.'6:';';12::::‘_11 ........
25. 62 |

1 51 3.7
16. 09 | 18, 044, 825
20. 05
""""" s A
b o baadedt 1,000, 000 | 3.60
_______ 20,000 | .12
"éféé'ZZIIIIZIIZI:IZ:_;.
_______ 1 2,518,620 | 7.90
e o ;
....... } 27,002, 500 | 3.7
| 18.71
R o A 100, 000 | 1.8
23,19 |-oooommmmmmemee
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Statistics of copper production in Michigan copper district, 1846-1925, by companies—Continued

Dividends,
Somioany Lode Period Copper (pounds) Rock treated p:'ri%%in
Comy (tons) (pounds) i psuexl;d
(cents)
I o e B e SRS Rttt L, AT LR i B
ok T R SR . e 1849-1853______ 150, 988 1. S e AP e 5 e, S e
Gouth Lake. - -~---|-——=--- R BB b b e 1, 042, 211 80075718, 02 o o R iie oy
South Pewabic__- - - - Atlantic amygdaloid__| 1866-1870______ BROBRNOBT W oah o ra b o b S e S
o Ficsures. 0 ool tis. o 1865=188F ot TErgCRe DYl iy AW 36 L Bl e SRR ot
Superior (Houghton | Superior amygdaloid.-| 1908-1920_.___. 30, 018, 271 1, 550, 474 | 19. 36 $649, 000 | 2. 16
unty).
suggrior)(Ontonagon ..................... 1858-1879_ . TN R S ST IR s
nty).
unty) Calumet & Hecla con- {1882—-1883 ______ T8 e vt 2 DA AT S o et
i R glomerate. : 1885-1917__.____ 4 379, 971, 101 | & 9, 420, 000 2. 48
a3 Osceola amygdaloid.__| 1885-1917______ 49, 237, 000 } 13, 591, 141 | 28. 64
Tamarack Junior____| Calumet & Hecla con- | 1892-1896______ CHE Vot Ly Y SRS DA A PN O RO 15t N oot o Kbl
glomerate.
Tecumseh__ - - - Lol Kearsarge amygdaloid | 1906___________ L ARy S R M o TR L e O
s Dottt T, B SR R e 1853-1866_ - - 2t b b o IS VG P LS e T, [E ARSIty ity il 1
Trimountain___ - - - - Baltic amygdaloid..__| 1902-1923______ 139, 697, 289 6, 703, 079 | 20. 84 3,250,000 | 2.33
otori {1863—1878, 1904. PO2DTOL foi s s v B at Lo THRSRAC GG B o
b s S R ety e e el el 1906-1921_.__-_ 19, 567, 792 17700 DE8A] T4 5 oz T UGG LIRS
T ot e SN . e e U e, 073 el R T e ) A SR, SRCERE S SR e S S Y S
White Pine.. - - .- - Nonesuch_._ = _____ 1915-1920. - ____ 18, 233, 169 887, 654 | 20. 54 33, 437. 50 18
T g O SRR [ g S S Y Prior to 1856.____ O 000 -1 el ot ol R e
Winona {1902—1919 ______ 16, 497, 396 1, 207, 471 | 13. 66 SMPTOS T E
e e B e 1918, 1920 ____ TSTRBERIR - F e L ; _____________________
g .2 [f1882-1886______ SRV e i L L e
Wolverine_ .- - __ - __ Kearsarge amygdaloid {1891—192 L 186, 817, 729 8, 468, 263 | 22. 06 } 10, 350, 000 5. 48
Fyndoboor b A bt oAb Atk o 212 il T S 39, 973 2,927 .| 181664 Svics ce et S UG,
2 7, 516, 504, 197 ; 251, 320, 142 g 1335, 969, 044. 46 |______
Total production, omitting figures for which no corresponding \ t
tonnages are given:
Including copper reclaimed from sands_ _________________ | 7,031, 648, 114 | 251, 320, 142 | 27. 98
Not including copper reclaimed from sands_______________ 6, 903, 961, 190 | 251, 320, 142 | 27. 47
Tolaldividenda, S50 L7 oSSt Hp e s SR ariine | g PNl o T e e e 335, 969, 044. 46 | _____
Duplication (estimatefi dividends paid from dividends received |- - || __ 39,042, 578.00 | .____
from other companies ). |
Estimated dividends paid from actual mining operations_|______________ || ______ 297, 266, 466. 46 | 3. 95
| , 2
* Based partly on estimates. b Tribute copper for 1918. ¢ Calumet & Hecla, $12,550,704; Copper Range (estimate&), $26,491,874.
Production and dividends from principal lodes, 18456-1925
Refined copper (pounds) Dividends
Lode ey
Total Per ton Total c!:gpgro(ggé)‘
ﬁﬂlumet & Heocla conglomerate. - - -« oo oo ooooomcmamaaaas 3, 375, 300, 000 251.26 | ®$148, 726, 051 4. 41
Pema,rse RIS 0 O SR 5 O e e T S 1, 176, 900, 000 19. 14 b 50, 882, 000 4.32
B;}’?bw il [ s BRI O ) £ T S N - 873, 700, 000 23. 11 29, 242, 500 3.35
it { sy Lo R S N A 873, 000, 000 26. 91 43, 004, 032 4.93
e o P U ONE S DR S 416, 400, 000 16. 75 > 14, 789, 825 3.55
o Royale Ay RAaloid. - ool 210, 800, 000 | ©16.39 2, 550, 000 1. 21
Aoyt po O o bt S A Al Sl L e o gl R e e
REOTIGIRTEL L o o vt e S s s o o e e B e G s i 4 s 2 ORI Sl
l:‘erg‘reen RIS ROTORIIRE JO0BE i oS T en o spn s oo S 2o S o 66, 500, 000 | 10 to 20 INoma i s e o
iy o R L M A R 30, 500, 000 19. 04 649, 000 1.12
N Tosh (! Vivboria’s) arnyedaiord. So e C TS g T 20, 000, 000 11. 55 NGBt et 2L
CLohir e T PR = T R e R R 2. 18, 200, 000 20. 54 33, 437 .18
- 7, 300, 000 20. 62 NODg* |z, ste ot
® Includes copper recovered from tailings, % Estimated. ¢ Average 1901-1925 only. 4 Franklin Jr. mine only.
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Production and dividends in Michigan copper district, 1845-1925, by lodes and mines
Calumet & Hecla conglomerate
B —
! Production Dividends
e
v Ooavas Period ‘ Refined copper (pounds)
Mine IO, | Rock treated ‘ ‘ Total lxl::;d
. oue) Total Per ton (cents)
et = = R0 3 5 - | W > T
SOl OA0TRR0: |0 10 T Gt pke s T o B T R T
Conglomerate__.___ Centennial Copper Mlmng.-i{ 1297_1393 ‘ 6, 285 119,190 TEIBROGRIAL Lo o & N
Conglomerate______ Tamaracli&l\ﬁinilng _________ ST o IS . = 370,971, 101" | coluni ‘
4 t & $ ‘ ‘ "
o ran Caame Sl Lo 1866-1025 | 57,220,052 | 2, 831,002, 153 | 49. 47 |1e§148, 726, 051 44
Reclamation plant_____| 1915-1925 12, 374, 823 127, 686, 924 | '1(). .'32
Conglomerate | Osceola Mining___________ | 1873-1880 358, 450 12, 652, 028 } 35. 30 |
Branch. 1 4 r
: Tamarack Junior Mining___| 1892-1896 |_____________. i T R e S L A
Tamarack Jllmor"‘{{OsceolaConsolida,ted Mining.! 1897-1902 619, 478 12, 404, 000 | 20.02 |- ooooooo .
______________ 3,375,353, 670 |.______| o148 726,051 44
Total production, omitting figures for which no corresponding !
tonnages are given: ok
VNS PYOAUCHION: - Save o weesese wonmbr ot L TRE SO b 88,213, 285 1.2,:866, 267, 371 | 49. 07 1. o0 oo Lol
Including copper reclaimed from sands__ - ______________ 58, 213, 265 | 2, 983, 954, 295 \ (2 R IS S <
Kearsarge amygdaloid
\ | I T 5 IR
RS i T AL e e SR T SRR S S 185708, 683 Liuiuan
Afimeek ----------- ' : { 10,801, 252 | 241, 492, 186 | 22. 36
Allogez Bre | 4 918, 843 82, 222 989 | 16. 72 ‘
Centennial ________ L P e ]1887*1925 2,261,890 | 33,033,675 | 14.60 |\ . g90 789 000 | 41
Kearsarge Branch__[ Kearsarge, and Osceola. 3 2, 331, 524 67, 33}, g(;? t 28. 89 ? |
Honr, e (10,344, 4477|160, 862, 279 | 15,55
South Kearsarge___ ; 6,427,605 | 115, 156, 251 | 17, 91
Gratiob = <=a5 o0 | Gratiot Mining_.__________ 1910-1920 | 30, 315 e ST e B e S LT E
DLaSalleit:cee, o | LaSalle Copper_...________ 1910-1920 | 739, 624 7,814, 730 | 10. 57 B e
Mohawk__________| Mohawk Mining__________ 1902-1925 14, 014, 050 259, 114, 348 | 18. 49 10, 750, 000 | 4.15
Ojibway .t | Ojibway Mining_ _________ 1911 7, 448 49, 662 | 6. 63 i oo ie]
Seneca [{Se“‘f“a Copper Corporation_| 1920-1924 148, 530 e D G TS R, SR
--------- [\Seneca Copper Mmmg--_-wf 8812925 ’ 17, 313 284,241 | 16.42 | .|
sat N ERGIIBROMLT o oo AT 1079, 378 laai o 5 4
Wolverine_________ | Wolverine Copper Mmmg“hlSQl—lQ% i 8,468, 263 186, 817, 729 | 25,06 } 10, 350, 000 1—4_
_ B N 1,176, 871, 725 |....... 50, 882,000 | 4.30
Total production, omitting figures for which no corresponding | 60, 511, 104 | 1, 153’, Gyt i T BT (DR e A S
tonnages are given. { |
\
Pewabic amygdaloid
Albany & Boston__i Albany & Boston Mining___ }ggg—iggé ______________ 14, 982 : ____________________________
4 ‘ Pl AIBE0. sy 669,981 |_______
Branlding oo | Franklin Mining__________ 1861-1870 457, 450 14, 329, 231 | 31. 32
Franklin | Tt e e R 24, 656, 624 |_______ '\ 81,240,000 10
Franklin Junior____ 1}----d°‘ ------------------- 1883-1919 | 23,888,462 | = 80, 186, 631 20, 62 | :
Bewabie_ .. 0 € Pewabic Mining___________ IREG-1884 [ i 27, 823, 416 ] _______ 1, 000, 000 | 3.60
; ES50-1861 | L oo o R W iar et [oemeee
Quindy. - SRE g | Quincy Mining____________ 1862-1906 | 12,897,426 | 367, 124, 148 | 28. 46 ‘
| b S 85,425,417 | ______| 27,002, 500 | 3.7
Rhode Island______ | Rhode Island Copper______ 1903, 1906 ___}‘_1’_ :_3:]}’_(_)??_ o 9%?’ %(8)% ! il ‘ ___________________
’ [ f e 0T T e
| | 55
- it : SR L 878 710 184 LT 29, 242,500 | 3
T%?én%’;eiugféogi:égfttmg figures for which no corresponding | 31, 614, 410 730, 585, 498 i e S e el M
[
= Baltic amygdaloid B
Baltic___ Baltic Mining_.___________ | 1898-1916 8, 672, 553 l 000 | 5.9
_________ C ‘ , 672, 200, 584, 164 | 23. 13 $7, 950,
{Copper Range. ... | 1917-1925 | 1,820,612 | 62,939, 547 | 34 57 TR
. . Copper Rangs. .. [ . 1 |1 ‘ Sy V9% i
Trimountain___ ___ {Tﬂmoun e . lggﬂggg o i3 024 1, 343, 303 l 30. 79 o0 | 28
Champion._ _______ Champion Copper. .- | 1002-109 » 703,079 | 139, 697, 289 | 20. 84 3, 250, 000 | &7,
SUPenor_ U s ui. .o Superior Copper__________ 1908-1920 e 488205, 286 | 30, 9¢ 29,010, 28, | 216
Houghton_ .. ... Houghton Copper. ... .. " 1015 190 1, 550, 474 30, 018, 271 | 19. 36 649, 000 | &7
----- 1 49, 729 540, 052 | 10. 86 l/
i D e | 32, 996, 380 873, 525,912 | 26. 50 43, 004, 033 l L%
= Estimated. R R S




PRODUCTION

Production and dividends in Michigan copper district, 1845—1925, by lodes and mines—Continued

Osceola amygdaloid
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Production Dividends
Mine Company Period Refined copper (pounds)
e o Total il
Total Per ton cents)
(sceola Branch_ - _| Calumet & Hecla__________ 1904-1925 14, 598, 914 213, 817, 584 | 14. 65
| : . 1891 28, 531 531, 983 | 18. 64
Osceola Branch___ | Centennial Copper Mining__ B Te | e A o Y 106,801 o8- o o $14, 789, 825 | 3. 63
1897-1900 153, 662 1,917, 901 | 12. 48
(17 ) TR Osceola Consolidated_ _ _ __ 1897-1923 9, 513, 943 190, 787, 393 | 20. 05
Osoeola Branch. - | Tamarack:Mining. . - L ldlein WD .. <9 237,000 |20 - e e L
! l ______________ 416,398,662 [..__.__. ‘ 214, 789, 825 3. 55
Total production ormttmg figures for which no corresponding 24, 295, 050 407, 054, 861 | 16. 75 | _____________________
tonnages are given.
—_— |
Isle Royale amygdaloid
* [ |
Grand Portage_ .| Grand Portage Mining_____ 1863-1884 ‘ ______________ AT O i e, G Wi el £ W gt
Hiton. . oo st Huron Mining... .. - Scoe. . IBRES-I893 | . ool o i eea e B 1 I o MOS0 2
i Roviilé {Isle Royale Mining_ _______ b o ey S 8 818 B R P W, T N T e
B Isle Royale Copper__._____ 1901-1925 } 10, 469, 751 171 718 963 16. 39 $2, 550, 000 1. 48
Shelden & Colum- | Shelden & Columbian Cop- | 1864-1884 |______________ 1 ¥ ONOLT ) e e i LS o -
bian. per. ‘
.............. 210,839,585 _______  $2,550,000 1.21
DY |
Ashbed (= Atlantic) amygdaloid
; | |
Amold._._________| Arnold Mining_ ... __ | ABOBAODG- oo 1772281 |oocois los oo am e
AhBeds s i ‘ Ashbed Mining.___________ BgsyIeRaRI L e ) T e o S e B (i) S T
AURNTIO, . o s | Atlantic Mining.__________ 1873-1910 8, 714, 452 118, 282, 028 | 13. 57 | $990, 000 0. 84
Copper Falls_ . _ ___ | Copper Falls Mining_ . ____ IBHE=IBHT i cmpirie e, 7 S Sl K S < e L
Garden City..._. .| Garden City Mining_______ EROD=1RO0: | Lonpe e Too T s 75 3ty R MR R B e b 8 T
Petherick. . ... ___| Petherick Mining_._.______ 16621877 |onse oo, b 556 5 o e el R TR O [ - e
Phoenix Copper__.____._.__ bt L N u 357 3 Pl ot S
T L o e MR " S 1865 ' |
'} Phoenix Consolidated Cop- 1916-1917 48, 063 449, 416 " ) O | e e g S oo
per. '
South Pewabic..___| South Pewabic Mining_____ 18601870 | ..ol 3, 562, 967 T ....... ERTIENAL SR e
TR ) R LA e 0 SRS e A N 142, 840,804 |______. 990,000 | .69
Tfi';ll production omlttmg figures for which no correspondmg 8, 762, 515 118, 731, 444 ' : o5 N T SIS e
nnages are given.
Allouez conglomerate
250 = e i, = |
Albany & Boston__| Albany & Boston Mining. .| 1865-1882 |._____________ T AT o R (R NCRCRA: | OF, [V
Alloves...___.___. Allouez Mining ___________ 1 R P2 G5 7 1 R DR SR AN i ST
P AWEID . oo ' Conglomerate Mining._____ TEREARED W ol uaad p P a0 0] e SRR e s ST
Pmnklm Junior.___| Franklin Mining__________ 1901-1919 a3, 053, 240 084478984 11,29 |- . L o - Do Lesged
eninsula..._____ Peninsula Mining._________ 1883-1802'{ .. oo _azaives HT T ) T AR NG BT festia
______________ 89:021 2881 o o2 o DTS r L LaiaalsNope
Nonesuch lode ¢
1§V°I!°such ......... NODAUEH S ¢ it S 1868-188E |.. o il e i l 389, 556 ’ ...................... ‘ ______
bite Pine....____ White Pine Copper________ 1915-1920 887,654 18,233,169 | 20.54 |  33,437.50 | 0.18
| 18,622,725 \ 20.54 |  33,437.50 | 0.18
S Sain | i |

e Estimated.

b Assumed.
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Production and dividends from fissures in Michigan copper districts, 18461925
: _—
Dividends
X Period Refined copper 0 AR et
Pissure Mine erio (pounds) Per
Total d
Cents)
ineRotaess . oo s Prior to 1855-1885. ... 34,707, 000 | $1, 820,000 | 59
: N ationala e S 1853-1896 . - oo oae oo 11, 613, 000 320,000 | 27
Minesota. - ccceccommarsanmomnnna- Michigan, Branohe o] 1902-1912. oo ranansne @9, 174, 000 e s S
Rt TRBA-IBH0. o v mm e acde s R R S N
SRS R— |
61, 315, 000 | y
Central - o - ooiosiolooomze Cantral . gaaii o 18651808 o wcmc e ma 51,875,000 | 2,130,000 | 41
(51 YA e 1 BT S 38,207,000 | 2,518,620 | 5
QUL T e e ORI = i s e o 1 e S e, 1863-180D_ cocavanmnac o 1,609, 000 focaeoo oot
NoriRgCI L telande ) 1850, BB 50 vas s 8,000 [3e. oo o N
———m |
39, 722, 000 ) §
: Phosniy, o oo s 2 1846-1905_ . __________ + 16,633,000 20,000 .1
Phoenix. . oo {Bay TR T VT T U R TR o
%17, 032, 000
TR T e 0 SRR 1909-1925_ ... __. a 11, 567, 000 | 0 .
CDog)per Fallgoer 20 ol igi(?}:iggg .............. o 8, 634, 000 | 100, 000 | 1.16
eIAWare. el LTl et U TSEOAISRYL - ove s e Tl OOAT SoA NI N E 0, o ey Se U S
: Amygdaloid____________ R -18T8L i ] 1, 541, 000 | s
R e BEGlir ooy ccus oon v T SR T i 1, 001,008 f.n . oM
Noxth Asperican-Eo ... . ol North American________ ISR =IRAT. . i e 670 R (e
Northwestarn_ ... oo - ool ol Northwestern_._________ 18521880 - MR 000 [ s ST
Molmwkate i ie . 2o it 08, e NMohawhk= = Iala L N on 1900=1001 . e "2 e o 5280 000 |ao e o ccsin e
"""""""""""""""""""" R e SO W e 1 o
R e o [T S s R ey B —
Comnegtiont. — e ens o 2o 00 Connecticut ~___________ Prior to 1860__________. o 7 R R
Madison, West Lode, Perkins_______ Nadisonit Toah e TREBSHRRIL - gt vy T ST
T e R SRS TR Eaglo River ... 1% ...| IRBS-1887_ .oio. ..1] 000D ] ok
Y b e et e R R
S | S—— . AR e
A T T B NS e 4 ac LaBelle____________ Prior to 1850___________| i e,
BOIOT oo ool e Korsythe 0 ole haln LIRS < ISh ety T ooan ' 1, 000 :::::ii:.-f ......
| 199, 853, 000 | $6, 908, 620 | 3.4
s Estimated. b Not separated from Kearsarge lods;. ¢ Pounds of l;w—haw—‘;ﬁ't;~-—--———~ ‘Aslumed P S
Dividends paid in Michigan copper district, 18456-1925
o ) T
ompany W“Penf)d> y Dividends | Company Period Dividends
70 T S S8 N 1911-1923 | $14, 050 | ; Bty oot
Alloues. .- 19151919 | 3850, L e e e WL
_____________________ 1878~ : R T A '
N L SR Y 10051013 | 7 9e0:000 | Pittsburgh & Boston | 1849-1879 | 2, 518,620
Calumet & Heela_____________ 1869-1925 | « 160, 963’ 755 f| WY oL 1862-1920 27, 002, 500
Cehitehnigle et o s 0 4 1916-1918 " 360, 000 } Rldge__ -------------------- 18731881 100, 000
R L e R TN 1864-1905 2,930, 000, || Superor . __________. 1916-1922 649, 000
GOhamprons il die Lok T 1903-1925 29, 070, 260, ! Ta_marack__ ------------------ 1888-1907 9, 420, 000
Copper 3 O E P e e S A 18641871 2 100’ 000 96 Tru_nounta.m ----------------- 1903-1919 3, 250, 000
Copper Range. ... ___________ 1905-1925 | b 28 576. 6 Jaite Prne st s 1917-1918 33, 437.50
rantiiemitnernie. oo 0ig 1863-1894 1 240, Ogg Walverds e LAl P o A, | 1898-1920 10, 350, 000
T R I T 1913-1925 | 2. 550, 000 ok i 0Le Al
e R S 18901897 160. 000 S S 3 : | 335, 969, 044
NinEEotR e w0 1854-1876 1, 820, 000 uplication (estimated dividends paid from
%Iog}g.wl% ____________________ 1906-1925 10 750, 000 dividends received from other companies).| 39, 042, 578.00
RO A - e 18611872 " 390, Estimated divi i e
O T S 18781923 | 18, 044, 995 St il o D S 80 T e de i
¢ Includes $12,550,704 received from other companies. et I o T - B R e S ' :
* Includes $26,491,874 estimated dividends received from other companies,

¢ Calumet & Hecla, $12,550,704; Copper Range (estimated)

 $26,401,874.
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|Number
|

e

Ahmeek

Amount

(Al from workings on Kearsarge lode]

DO 0O GO U W 00 0O i i

{-

$100, 000.
900, 000.

1, 100, 000.
300, 000.

1, 150, 000.
2, 500, 000.
3, 200, 000.
2, 000, 000.
600, 000.
300, 000.
400, 000.
500, 000.

1, 000, 000.

14, 050, 000.

Allouez

[All from workings on Kearsarge lode]

Wi oS e ¢ $100, 000. 00
11 NSRS R 4 700, 000. 00
111l o o R 4 1, 200, 000. 00
111 S R 5 750 000. 00
M8 e o 2 | 100 000. 00
15 2, 850, 000. 00

Atlantic

[All from workings on Atlantic (Ashbed) amygdaloid]

!
!
l
[
\
|

Number

Amount

|
i
|

Year

Number}

Amount

Calumet & Hecla

CALUMET MINING
|
870 R C 2| $200, 000. 00
N e i 1 100, 000. 00
S ‘ 300, 000. 00
HECLA MINING
1980 pobe . I 1| $100, 000. 00
| B fen e 3 300, 000. 00
§ 5y SN e 250, 000. 00
i 7 650, 000. 00
CALUMET & HECLA MINING
|
R e A $900, 000. 00
e ek 2, 400, 000. 00
o TR b i 2,000, 000. 00
IRPL -, - Ry 1, 600, 000. 00
TOYE. - i s 1. 600, 000. 00
T o 1, 600, 000. 00
oy RS R 1. 600, 000. 00
L A B B 1, 600, 000. 00
L e e AR, S5 1. 600, 000. 00
A T gy 2, 500, 000. 00
T YL T BT 2. 000, 000. 00
O LR SR 2, 000, 000. 00
L e R ke 2, 000, 000. 00
SRR b £ 0, 000. 00
L N O I 1, 700, 000. 00
T S e B 1, 500, 000. 00
P R e e 1. 000, 000. 00
T R 2 O L 2. 000, 000. 00
T RS i 1, 500, 000. 00
TR0, - o BN 2,000, 000. 00
U ARG, E 2,000, 000. 00
T A s, -, 2, 000, 000. 00
T SR S 2, 000, 000. 00
T RN e i 1, 500, 000. 00
P e W Sy 2,000, 000. 00
R i 2. 500, 000. 00
o o et S AR 4, 000, 000. 00
5 A L s e 5, 000, 000. 00
I e da ot 10, 000, 000. 00
1 e S 7, 000, 000. 00
WP v 7737|4500, 000. 00
T TR TR | 4| 2 500,000.00
108 - s | 4| 3 500, 000.00
COGET - e 4| 4,000, 000. 00
1905... ...l 4| 5 000, 000.00
AR e e 4| 7,000, 000. 00
T AN 4| 6,500, 000. 00
T 4| 2,000, 000. 00
T 4 | 2700, 000. 00
[ Y e 4| 2900, 000. 00
YRR 4| 2 100, 000. 00
TSR e 4| 1,200, 000. 00
T b s s 4| 3,200, 000. 00
T R 2 | 1,000, 000. 00
T T S 1| 5 000, 000. 00
T e R 4| 7,500, 000. 00
1 4| 8 500, 000. 00
T T 4 | 5 500, 000. 00
(i SR 2 | 1,000, 000. 00
O R 1 500, 000. 00
T sl 2 | 1, 000, 000. 00
) A 3| 2 700, 000. 00 |
<194 1155, 000, 000. 00

CALUMET & HECLA CONSOLIDATED COPPER

1 [t Mt el i 1 | $1, 002, 751. 00
A ORANNY U G 2 1 1, 002, 751. 00
PO R0 BN - A 3 3, 008, 253. 00
5 ’ 5, 013,.755. 00
SUMMARY

Calumet Mining Co_______ $300, 000
Hecla Mining Co_________ 650, 000

Calumet & Hecla Mining
____________________ 155, 000, 000

Co
Calumet & Hecla Consoli-
dated Copper Co

5,013, 755

Paid by Calumet &

Hecla____.

160, 963, 755

Received from other com-

12, 550, 704

Paid from its own
mining operations_ 148, 413, 051

Centennial
[All from workings on Kearsarge lode]

Year th:}lrn Amount
(5 I e S 1 $90, 000. 00
i L) b ACPRRENE 1 90, 000. 00
ROUR. oo Ll e, 2 180, 000. 00
4 360, 000. 00
Central
[All from fissure workings]

8117 R 1 $50, 000. 00
1865 see t .o [ 1 50, 000. 00
j 0 Tl SR e : 1 50, 000. 00
B e =t 50, 000. 00
TGRS it 1 40, 000. 00
I800 = e o I8 1 70, 000. 00
1 Es ) e A e 1 80, 000. 00
IR Bt 2nelln . -0 1 50, 000. 00
j i B w 1 80, 000. 00
IR S 1 160, 000. 00
TS g e s U 1 160, 000. 00
INTO=e e s o o 1 80, 000. 00
AR O A A 1 100, 000. 00
TR e, o & 1 140, 000. 00
: 574 S T 1 100, 000. 00
Uy M 1 80, 000. 00
RN el 0 e 1 100, 000. 00
ARSI L S N 2 120, 000. 00
1882 Lol 1 50, 000. 00
TERB e 1 60, 000. 00
JRQE e e b cie Do 1 40, 000. 00
NNET o e 1 30, 000. 00
ORR L ol i 1 40, 000. 00
RS T o o o 1 40, 000. 00
VG e T 2 70 000. 00
1880 s S ol 1 40 000. 00
IR0 oo a2 1 20 000. 00
A0 T 1 20 000. 00
2 1] SR RN IO 160 000. 00
| 2,130, 000. 00

Ly e | PR $20, 000. 00
A SR B o 40, 000. 00
I | i 80, 000. 00
1 OB e b 80, 000. 00
- e it R 40, 000. 00
TN AR 20, 000. 00
e, N 40, 000. 00 |
ISt e - il 40, 000. 00
1E S S| N 120, 000. 00
TR IO, U PNy 80, 000. 00
TR IR A 100, 000. 00
ORI 40, 000. 00
L TR 40, 000. 00
1L I L [ ® 40, 000. 00
{800 y 80, 000. 00
101-‘ o ) (R 80, 000. 00
L T ~emene| 50, 000. 00
oot 990, 000. 00
|
Baltie
[All from workings on Baltic lode]
}ggg .................. $1, 250, 000. 00
e S M 1, 400, 000. 00
T ] SRR 1, 000, 000. 00
e S 900, 000. 00
T T S 1, 000, 000. 00
T R 1, 000, 000. 00
T ] T 500, 000. 00
] S 700, 000. 00
__________________ 200, 000. 00
______ 7, 950, 000. 00
* Liquidating. +16 dividends to 1898,

¢ Includes 117 to 1900.
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Dividends paid in Michigan copper district, 1846-1925, by companies and years—Continued

SRR SRR =EES

Year Number Amount ; Year !N““‘b‘” Ao l Year Number, Amoun
TR N
Champion Franklin ! Mohawk
[All from workings on Baltic lode] ‘ " [All from workings on Pewabic lode] } [All from workings on Kearsarge lode]
T000 2 S b $300, 000. 00 | 1863.._ ... R $60, 000. 00 || 1906 _________. 2 | $500, 0000
TOOLEE e o oL far 2 200, 000. 00 | 1864.._ ... ___ | S 100, 000. 00 | 1907 _____. 2 900, 000, (g
o D SR Y Y ¢ 1, 000, 000. 00 | 1865 .. e > 60, 000. 00 [ 1908 ___.______ 1 250, 000, )
TODEEE it s LI TN 1.:200,/ 000100~ 1R 71 S olie s o o 20, 000. 00 | 1909 _____ 2 300, 000, o
TOR7E R i il 1, 000, 000. 00 | 1872 . . . __ - 40, 000. 00 || 1910 ____._. 2 200, 000, (g
T e R 22 500000500 L qesqe i S S ale. 80,000. 00 | 1911 2 175, 000, (9
T S R RS 800, 000. 00 | 1885 . . e 40,000. 00 | 1912 ____ 2 350, 000. 0)
0 R s 900,008, 00l 1886 - = . | _cu- 80, 000. 00 | 1913 2 500, 000.
12 (0L | 500, 000.00 || 1887 . | ._._- 40, 000,00 || 1914 ... _._.__ 1 100, 000, 0
T A 1,100, 000. 00 || 1888 |l To- 120, 000. 00 | 1915 2 600, 000,
O L R A7 B 900, 000. 00 || 1889 - ... .|l._.... 80, 000,00 || 1916 ________ 2 | 1,700, 0000
WsI Lot s 3, 100, 000. 00 | 1890. ... . 80, 000,00 || 1917 _____ 3| 2, 050,000.0
T | YR R 6, 014, 540.96 || 1801 . T ITTTTTT 80, 00000 || 1918___________ 3 |+ 1,000, 000, 0
il A O b 4. 480;'000200 |l TRooi ~ il .. 160, 000. 00 || 1919- - - ______. 4 500, 000,00
T S i dh 1108 Ta0ima Rog . . o o 120 000, 00 | 1920 _______ 2 550, 000, 0
ig;g ----------- NP l,ggg, 888‘ 88 e AN el S 80, 000. 00 | }853 -------- R 300, 000, 01
A N 8 O et oo Pl 2| Biine
R [ 700, 000, 00 | AR 0 B i g s
eos loa L e o 780, 000, 00 || ——————— e ; =) 5
1995 01 e LTI {loaai < 1, 140, 000. 00 | bR l t i 000
| e -
, i [l e
|‘ ------ 29, 070, 260. 96 [All from workings on Isle Royale lode] } National
o R o T T N N _;"'_"';‘; T | P 1 5 l x i !-‘\" from fissure wurkings]
pper j & ‘
(A0 trom s workingi & e B 0 ¢ ehrates
s —— 1917 T 7 S R Rt b SO R
18B- i s | 1|  $60,000 00 [ 1918 5| 37500000 | 1864 _____ 2 80, 0000
T 2| 40,000, 00 || 1919 2| 150,000.00 | 1865 ______ . 1 40, 000.00
R SO RO TR L. i 20, 000. 0
| 3 100, 000, 00 || 1928---——_._..| 3} 225000.00 || 1879 "~ " """ ) 00
Lk R e o 2ty ol BN i 150, 000. 00 | S e : { A
e Copper Range ‘ 20 2,550, 000. 00 | : ; nHYES
= e TR | ; S e o
T RO L Y $1, 536, 086. 00 | | Onnetin
%ggg ................... 2, 304, 810. 00 | Rearsarge b e s
4 SR i [AIl from workings on Kearsarge lode] § R 1| $40,000
1909 » 536, 740. 00 | T NS 1 60, 000.
Y e N ey el 1880 3| 210,000
o RS S xR e s $80,000.00 | 1881 ZZZZ77TTTT 3| 225,000
ToLom s~ o2 e 788’ 498. 50 T T I 40, O0Ra0 | I8N, Mih - 4 200, 000.
0 N R ) i o 1, 084’ 498: 00 : """"""""""""" 40,000.00 || 1883___._ . ______ 4 150, 000.
iR W 1, 182, 003. 00 | | 1884 .. ... | 4 87, 500.
1170 1 et O 1 NN 3’ 941’ 648: 00 ; """" 160, 000. 00 | FHRYAN AFAL 1 | 50) 000.
L R 3| LB 3,043 912.50 | ———————— | 1888 . ______.| 3 150,000
L R N 2, 366, 394. 00 ‘ | 1889 _____. ey 50, 000.
TOHOMER L 986, 015. 50 || Minesota | 18RO A e 20 { 4 225, 000.
LT S WS 591, 625. 50 | e s ; | IMBEEE e e 3 150, 000.
OO SRR, T LI 394, 422. 00 | rom fissure workings] it VRPN Bies . = e | 3 150, 000.
. — T o e e e ey 1383 ------------ v -8 100, %’%
__________________ 304 3 ks D) 2 100,
T AR e B $90,000. 00 | 1896, - | 2| 1500
b VI e el 1 90,000.00 | 1897 ___________ 3 191, 000.
______ 28, 576, 646. 00 || 1857 -------=-| 200, 000.00 | 1898----________! 2 277, 250.
Estimated div- TRERIE S A e 300, 000. 00 | RSO o s o e 2 558, 450.
idends re- ISE0 TR 300, 000. 00 || 1900____________ 2 571, 200.
ceived from e e DT 180, 000. 00 |l 1901___ " _ - 2 576, 900.0
other com- e iR, i Ry 120, 000. 00 | 10 T e G 2 192, 300 Ll
pRnies . 0 00 26, 491, 874. 00 || 1862 " e 100, 000. 00 || 1905.___________ O 384, 600. 0
5 o T S e il 160: 000. 00 S F OO A, 22 | 2 961, 500. 0
Estimated div- ; T Tl e 160,000.00 || 1907.___"_1T170| 2| 1,249,900
idends paid , T e Priare 60, 000. 00 | 1908___ """ - gt 192, 300.
fromitsown | 1876 F e e 50,000. 00 | 1909___ - -7 . I 2 769, 200.
n}ﬁining ober=il il S SN e e se i 10,000. 00 | 1910 __________ | 2 961, 5000
ity i - S 2, 084, 772. 00 | istae S 5 I D 721, 125.
ek b e | 191 1,820, 000. 00 I Hpdsaa, - 3| 1,201, 875'88
R Raoipuet T 4| 1,009,575
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Dividends paid in Michigan copper district, 1846—-1925, by companies and years—Continued

I It
Year iNumbm' Amount Year Number Amount ; Year :Number Amount
M T — | — S S RIS 5 sl S A R
Osceola—Continued Quincy—Continued ( Tamarack
|
- | PISERECRRT = o e S o T 8
_________ |3 $288,450.00 1875 .| 2| $220,000 00 | 1888 |
R 3| “769'200.00 | 187611 RN b e ol AR 4 s 7B
L | - 41 1,538,400:00 { 1877 .. il TR 80, 000. 00 | 1890 ____ . | Lol 590, 000. 00
. 4| 1,923,000.00 || 1878___________ WS | 100,000.00 [ 1891_.--22T10| 4 800, 000. 00
L 5 961, 500.00 || 1879 . ___.______ 1 40,000:00 1 1892 - ____._l.: r 3 600, 000. 00
i o ‘ 3 | 288,450. 00 || 1880___________ 2 220,000.00 | 1893___________ 3 600, 000. 00
2 | 96, 150. 00 || 1881___________ 2| 320,000.00 | 1894 ______ " 2 400, 000. 00
3 2| 192,300.00 | 1882______ " " 2 520, 000. 00 | 1895 __________ 2 400, 000. 00
1923...-- g s 96, 150.00 || 1883___________ 2| 380,000.00 | 1896 __________ 2 360, 000. 00
; FsRe. wh oot 2| 280,000.00 [l 1897 _ " ____ - 2 360, 000. 00
| 101 \ 18, 044, 825. 00 || 1885__ _________ 2|  180,000.00 || 1898 ___ - - 2 480, 000. 00
s - Ghasetil] 3 b bigas e oy AL TRBOE SR L oten 2 | 240, 000 00: v 1899 i LIl 2kl 2 600, 000. 00
— ey V. 2| 200,000.00 | 1900 _______| 2 | 1,020, 000. 00
Pewabic ARSI W 2 | 360:000,1004l 1901 __ _.ccoiv- 2 | 1,200, 000. 00
o s s lagi | ARERR T 0B 2.4 . 280,000,00 I 1004 .. uieo. 1 90, 000. 00
$60, 000, 00 || 1890- - IS 320, 00000005 . S it 1 120, 000. 00
120, 000. 00 | RO, o ar e T 2 450, 000. 00 (| 1906 .. _______ 2 300, 000. 00
S0 hon 00 | 189l D 2 350, 000. 00 | 1907___________ 2 420, 000. 00
0 o § 1B 2 300, 000. 00 | ‘
promiln sl BT 2 400, 000. 00 | 43| 9,420, 000. 00
20, 000. 00 | ygga° """ TTTT 3| 1,200, 000.00 | |
‘%28: 888‘ gg 1897 ... .| 2] 800, 000.00 |
. }ggg ___________ | 9 650, 000. 00 | Anmomie
------- 1,000,000.00 | 1900777 3| 90000000 | [Al rom workings on Balic lode
A IPIOAP NP o8 TERERE - § 7 PR it o2 900, 080000 || ———————==
Phocnix s ook 31T Esoheouvey || 1008 - SiETE 30000000
T R by - B, Zooroninn | 19%----- i B
ki N e 1 $20, 000. 00 || 1905 ______ e 600, 000. 00 i ;550" """ """~ """ C 300 000, 80
L SN 533 | 1 28060000 | e s S |~ Sop. 600 00
Ty ¥ T e i rebass g & SR T 500, 000. 00
Pittsburgh & Boston | 1908___________ FOROBD0 Y goiga ="~ T T SRS ‘ ' 000,
o B s cod gl YRR T 4 e R e
2 ) " (R, b RN T | 0, . 00 |
: , ——— | 19112 ; s | 40,0000 | - 250, 000..00
___________ , 50, 000. 00 | e llete o
1 $60, 000. 00 | 1913___________ | * 3| 412 500.00
2 84, 000. 00 || 1914 1 1 ! 55. 000. 00 White Pine
2 60, 000. 00 || 1915~~~ """ | 4| 880, 000. 00
2 60,000.00 || 1018~~~ """ ‘ i ’ 000, S TR e T R, = T L
2 kst ol BT R 4| 1,760, 000. 00
- ,90,000.00 ff yo17_~"77" 7727 [ 4] 1, 080000000 | 1017 L L0 $29, 062. 50
s s e R T o j S e 4, 375. 00
) Sl I 5 b SNSRI E R | 440, ;
2 180, 000. 00 ‘
% 128’ 88 8’ o8 v TRRET S 1 1 | 110, 000. 00 e 33, 437. 50
b 1 . i 00 { —_— e — ——————————————
% 128’ 808' 88 | 130 | 27, 002, 500. 00 A
, 000. 00 | ————— —- e
% 80, 000. 00 [: NQTS'_(;OW-)'M H_nmtl.bggk. 19{22'2, says: ‘I‘)Yegr 1![)11.8
2 180,000 00 | fie i pid iis stockholders S20,452,500 tn dividends 1| $60,000. 00
2 | 200 000, 00 | B e catn of 215,506,635 ounds 2 210, 000. 00
2 | 120: 000. 00 || copper produced, and sold at an average price for the 2 240, 000. 00
1 60, 000. 00 entire 70 years of 16.13 cents, equal to $98,073,406.” g gig, 888. 88
1 100, 000. 00 Ridge g .
1| 100 000, 00 5 2 330, 000. 00
1| 3862000 | | & Pr 400, Oh a9
| 1. ) SRR I 7 50, 000. 00 2 660, 000. 00
37 | 2 518,620 00 || 1874 __________ ) 20, 000. 00 2| 1,020, 000.00
fol | i | 1| moee 2 Lo il
S S e A o 3 10, 000. , 000.
Quisey 2 600, 000. 00
e IR ed SCTRR . | 4 100, 000. 00 2| 600,000.00
1862 1 ' 500,
........... 1 $60,000.00 | ———— vy 2 600, 000. 00
1863 : ’ 200, 000. 00 PRI 1| 300,000 00
, 000. 8 ) N 1 120, 000. 00
1 160, 000. 00 1 2 540, 000. 00
1] 60, 000, 00 | 1916___________ e 100, 000. 00 2 720, 000. 00
1 ' 40,100000 [ 19T s s mana Loy 100, 000. 00 3 810, 000. 00
1 120, 000. 00 {| 1922 ... _..__ JLizdne ¢« 200, 000. 00 2 240, 000. 00
2 140, 000. 00 || 1926 . . ... -eoe- /249, 000. 00 4 150, 000. 00
2 350, 000. 00 1 30, 000. 00
1 SO0 DEIIBDL I e S ot 649, 000. 00
1 160, 000. 00 | e & 45 00

Inliquidation,

¢ First liquidating.  / Second liquidating.

10, 350, 000.
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Detailed statistics of production in Michigan copper district,
18451925, by companies

[Definite information as to no production is indicated in the tables .by the word
“None.” Years for which no information is available are omitted]

Adventure.—In Ontonagon County. Organized in 1850 as
Adventure Mining Co.; 1,000 shares, $200,000. First com-
pany to introduce tribute system about 1855; proved proﬁta-b]'e.
In 1858 purchased property of the Merchants Co. Sold in
1870 and new company organized. No work done by com-
pany since 1877, although some work was done by tributers
after that date. Adventure Consolidated Copper Co. organ-
ized in October, 1898; 100,000 shares at $25. Made up of
Adventure, Hilton, and Knowlton mines. Worked Knowlton,
Ogima, Merchant, Evergreen, Mass, and Butler lodes. Hilton,
formerly Ohio, was opened 1863. Knowlton opened 1860,
worked intermittently 1865-1900 by tributers.

Refined copper (pounds)

Year Rock treated (tons)

Total Per ton

12, 478
29, 120
11, 988

a 14, 400

1 63, 253

146, 363

233, 941

115, 678

198, 431
42, 749
4, 676
22, 089

138, 124
1, 755
7, 491
4, 439
1, 154
2, 931
6, 301
17, 055
5, 345
6, 165
30, 470
40, 784
64, 609
54 115
21, 785
2, 951
7, 500

429

______________ 1, 380, 480
1, 606, 208
1, 552, 628
1,244, 874
90, 870
19, 500
652, 977

10, 783, 889

s Estimated.
b Sold.

¢ During first 4 months 66,410 tons stamped yvielded 97 g
4 Mine closed October, 1917. Silver soll()ieinyllgls, 81,2%3%49?0“““5 feflusdeopier.

THE COPPER DEPOSITS OF MICHIGAN

Aetna.—In Keweenaw County.

Organized January, 1864
20,000 shares, $500,000. |

i T

v | G| ver | Mo
i e
FRads oL 6,857 (| 1868.__._._._. 1 3%
L e 4,181 || 1873_____ 77 ; 't
EAB e T, i 58, 996 | =
T A R | 62, 858 | T
i 1,” — —

Ahmeek.—In Keweenaw County. Incorporated March®
1880; capital $1,250,000, shares $25 par, paid in $17. In:
creased June 8, 1915, to $5,000,000, par $25, fully psid. Inthe
change four new shares were given for each old share. Absorhed
by Calumet & Hecla Consolidated Copper Co. September 1,
1923, one share of Ahmeek being given for 2.68 shares
Calumet & Hecla.

KEARSARGE AMYGDALOID

Refined copper (pounds)
Year Rock treated (tons) -

Total | Perton
e e e e None. |.nme....
INOASECE. Rl 16, 400 376,687 | 224
TAOSEER S iy 78, 360 1, 552,957 | 19.82
Tl 211 e R 166, 960 3,077,507 | 1843
el el T 320, 733 5,510,985 | 1.8
A i 1 298, 178 6, 280,241 |  21.06
1050 B T TR 404, 385 8, 074,585 | 2218
4 R AT T 528, 705 11, 621,429 | 2L %
EHID et 596, 889 14, 972,602 | 2508
JOIOEIE DT 650, 600 16, 232, 244 | 249
TR e o Sl h O 381, 459 8,012,214 23.%
Civn S T\ 8 586, 331 13, 071,555 | 2224
e e T T 937, 548 20, 334, 718 | 2L&
IO1BE. o s B e 1, 151, 002 22,920,313 | 1091
T S R T 1, 267, 592 27,288,657 | 2L%
I SRR R 1, 195, 158 24, 681,483 |  20.65
o1 SORTEE SR, o d 750, 750 16, 559, 046 | 2208
1t S S ol 818, 263 19, 900, 682 | 2432
1127 B 7 212, 170 5,742,200 | 271.06
{0 gl ey e o 439, 769 13, 482, 081 |  30.63
10, 801, 252 | 241,492,186 | 22.3

MASS FISSURE

RO00% * Uiy b ol 1, 660 223, 525 | 13465
R A 1, 660 223, 525 | 13465
TEBIERG s s 1, 660 223, 525 | 1346
BORe S on o 1, 660 223, 525 | 13405
BBEs S AT 2, 290 308, 660 | 13479
R 4 188 563, 050 134 4
FOTE I W SRR 11, 326 1,465,774 | 1208
R ety 13, 008 1,221,845 | 9398
T R il 3 683 631,155 | 17131
TS o e 1, 383 169, 752 = 12274
1B e W 6 120 664, 065 108 51
R T 3 929 588, 756 | 149.85

O N, 349 513,000 (9

200 g et 23 5 014 1,403,000 ()
Rl
______________ 8, 423, 157 |-----=

@ No rock from fissure stamped; entire production from masses. Percentage

i copper, 1921, 75; 1922, 76.75.




June, 1860; 20,000 shares, $500,000.
of the work suspended in this location. Resumed late in 1862
and continued actively in 1863. Worked Pewabic amygdaloid.
About 1864 worked “Albany & Boston” (Allouez) conglom-
erate.  Sold to Peninsula Copper Mining Co. in 1882, and to
Franklin Mining Co. in 1895; mine now known as Franklin Jr.

In spring of 1862 most |

; Refined ¢ > {

Year | ”mul“((;)g;mr Year i m?gfgnc&gp"
P o | o SRR B 66, 200
1 7,000 1878 oo L 6, 018
1865. s 318 TR0 IRTT . e oo 11, 998
1866 163, 906 || 1878_____ - _ .. w 1, 746
1867 62, 493 | sl
1868 234, 536 | i 880, 039

m{;&m"“ year ending March, 1866, produced and sold 271,200 pounds of ingot |

Albion.—See Manhattan.
Algomah.—In Ontonagon County.
organized June 4, 1910.
the same name with negative results. No rock milled.
1914, 12,467 pounds of refined copper from hand-picked ore.
Allouez.—In Keweenaw County. Organized September,
1859, Little work done to 1869, when work began on Allouez
tnglomerate. Temporary suspension, and in 1871 work re-
Sumed to 1877. Leased to Allouez Tribute Co. for three years,
November, 1877-1880. Company resumed control November
le 1880, and at once began active operations. Reorganized
Vith capital of 800,000 shares at $25 and worked to June 1,
y When it was leased to Watson & Walls for term of three
Years, but in 1887 property attached by creditors and work
::Opped. Company resumed control in 1889, and a reorganiza-
"1 Was made. Absorbed by Calumet & Hecla Consolidated

Copper Co. September 1, 1923.

In

Algomah Mining Co. |
Worked 1852-1854 by a company of

PRODUCTION 77
’ TOTAL ! ALLOUEZ CONGLOMERATE
/ 1 Refined copper (pounds) v | Refined copper (pounds)
o | ““‘(‘ti',iﬁ)'"’e" S e Silver sold Year Rock treated (tons) ———————— ,
Total Per ton Total Per ton
11 i) BSOS None. | _..__. P e RGO o e A A e B Bl
fopl [ 16, 400 376, 687 A 1 G e IRZBL:. TS el ST !___ 1. BT 2B
1905 .- y 78, 360 1,662,957 ¥~ 1982 1S i LETA . Dl e Ul et so L ke e Lfb0sad gt —tis
1006 - 166, 960 3007, BOT1 18 4R o oo Ty SRR P LR b o dBRE Bl
- 320,733 | 5,510,985 | 17.18 |._________ T RS L\ e e | F 561,485 | . ...
1908 - - - 298, 178 6,280 241 |- QurAn |- i 4y A R Lt el e W 1,300,279 s o L.
0. 408, 045 | -9 19 410 227 ool LTT s DA SRENTL - T R e | 1 3mt 1a8 |- B
1910 - - [ 530,365 11,/844,7954 4 22,83 |- 4ol 1879 i BN T o i e ‘ 1, 481450 |- S0
e 598, 549 15,196, 127 | 25. 4 [F-mmmmee- TRROLEL D Ul iy ST T 1, 18 A7 11 O a5
1912 .- 652, 260 16 455,960 b2 Lo e 1881 2oy, e 63, 362 | 1, 204, 224 19.0
1013~ 383, 749 9. 220 8745l 20T Tr s ) koL R e Sl 97, 232 | 1, 683, 557 7.8
Tivy e 590, 519 13,1684.1805:17"28. 1 | "$41025.:54 | “1888. -1 . ordniey \ 102, 388 | 1, 751, 377 B2
1015, - -- 948, 874 21, 800, 492 230/ |14, 026,50 | MI8RE e v L T 119, 630 1, 932, 170 16. 2
U 1, 164, 010 24,142,158 | 20.7 18, 503805 121880 N e ot M o v e sl e {270 A0 e e
. s 1,271, 275 D 010,810 4" 220" 16, 1787 | 3886, o .. T 116, 612 1, 725, 463 14.8
IR = 1, 196, 541 X TIN5 ST T i iy 20 8 TRBY L o0 o e e e R0 G LY
fajgecs-" 756, 870 e N e e TS, E Ryicict ENE e T S ) T T XSO S1ATTOR K e
1000 -t 822, 192 o) e T RO TR TR S 1880t oo 116, 608 1, 762, 816 15.1
L 212, 170 6,250 200 2048 |l TR 1890 . o ool 97, 020 | 1, 407, 828 14 5
192 25 439, 769 14.:885:-081 | 883851 mees s kot SR ST 96, 164 | 1,241,423 | 12.9
19230 . s P of o T 81103 e e € Lda e Sap L8 R e e <546, 580 -2 T EL
" B Lot S TR N Sl T T e S (4 67 None | Louson
g T B 28 S A L = S T SR
\ | Sericcinly Dbt N Trlev o] " SIS~ TN s S 25, 786, 651 s
+To Aug. 31. ————
[ Bnlgdunng year ending July 1, 1876, 51,135 tons stamped yielded 1,433,833 pounds
r 1 re: .

Albany & Boston.—In Houghton County. Orgamzed b szﬁgxstamped by company produced 1,050,546 pounds ingot, or 16.8 pounds

per ton; tributers produced 1,119,930 pounds ingot.

¢ Sold.

KEARSARGE AMYGDALOID

Refined copper (pounds)

Year Rock treated (tons) | — o e
Total Per ton

10T e - Ly a41, 120 1, 167,957 | 28.40
L, v A0 o b 178, 400 3, 486,900 |  19. 54
Gy O S A 214, 720 2, 934, 116 13. 66
0B - et 220, 905 3, 047, 051 | 13. 80
FOOW . BN S 253, 049 4,001,532 | 15.93
1,1 110 VTN LUK SETRTORIONY 247, 119 | 4, 655, 702 | 18. 84
T e 288, 610 4, 780, 494 | 16. 56
505 i RO 5 TS (s SRR 333, 618 | 5, 525,455 | 16. 56
7 L S R RN A | 236, 663 | 4, 091, 129 | 17. 29
19I8E. o et | 354, 457 | 6, 056, 548 17. 09
LD 1 e S R 1 534, 705 | 10, 043, 459 18. 78
TOI0 oo et i Livs ; 566, 960 | 10,219,290 | 18.02
(6% 7 SN o, S e Q 566, 674 8,892,915 | 15.69
L) I SRSl S 514, 888 | 7, 071, 218 13. 73
; 7 B¢ Tt St L e | 235, 312 3, 749, 984 15. 94
1920000 Jedva BNEL Y 131, 643 | 2,499,239 | 18.98
1921-1923. __ ... O | ONO b dama b

j 4, 918, 843 82, 222, 989 ! 16. 72

o Includes 4,895 tons from stock pile.

® Includes 108 tons from stock pile.

¢ Silver sold, $22,580.24.

Total production, 108,009,640 pounds.

American.—See North American.

Amygdaloid.—In

1860; 20,000 shares, $500,000.

Keweenaw

in 1866 and mine worked on tribute.

County.
Company operations suspended

Organized July,
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Year : Rot(igggncgs;;per Silver sold (ounces)
EREDI Vi) Do w0 70 N0 e | 97, 591 | 374 ($558.50).
S N ‘ 138, 124
TRBASLE Slces I e i 135, 795 | 152.
FREGEL I s 2o ot VAhlel s | 418,964 | 209 ($358.35).
TEDB Al TS 5o U T 340, 668
TRET Rt VS L rr 161, 375
TRE[ AL S o bR 122, 694
Tty i e e b MR 33, 010
IRT GRS R I b, O R 47, 610
Pl A e sl R RN L T 28, 250
137 i e f o A A AT } 15, 840
IRTRE L T me = B Coi e ; 1, 259

1, 541, 180

Arcadian.—In Houghton County. Organized July, 1864;
20,000 shares, $500,000. Mining operations were not commenced
until after September 1, 1864, Arcadian Copper Co. incorporatéd

under laws of Michigan, June, 1898, with capital of $2,500,000; |

reincorporated under laws of New Jersey, 1899. Reorganized

as New Arcadian Copper Co. April 27, 1909.

panies; 250,000 shares, $6,250,000. Mineral lands comprise six
old mines—the Arcadian, Edwards, Douglass, Concord, High-

land, and St. Mary’s.
ARCADIAN LODE

Refined copper |

Refined copper

(pounds) | Year (pounds)
£ R 4,593 || 1900 ... ___ 1, 350, 000
T e 5 818 firyogte. i o 500, 000
D l 24,760 || 1902 _________ 600, 000
T NS .! 34, 037 '; e
ARED e ] 500, 000 | 3, 019, 206
NEW ANGABLSN FobE ol
L i 1 Refine@ oopper (posads)
/ Year | Rock treated (tons)  ————————————— —
‘_/ 5 %A { Total | Per ton
i AN S 3, 845 79,200 20.62
VT 1, 301 32,307 | 2323
Rl B T g 1, 900 53,278 |  10.87
TO18-1920meh: male o = 08 o Wit B INODR:. |5 Cpas.
! 10, 136 164,794 16,26

Total production, 3,184,000 pounds.

Arnold.—In Keweenaw County. Arnold operated in small |

way in 1860. Arnold mine proper, developed on Ashbed
amygdaloid, was opened in 1863. Incorporated in April, 1864;
100,000 shares at $25. Two holdings, Copper Falls mine and
Arnold; Copper Falls, absorbed 1898. Operated 1863 to about
1869; closed 1869-1892; active 1892-1894; idle 1894 to February,
1897, when work was resumed. Worked mostly on Ashbed.

| Refined
| Year | e(rr)lgm](:&)g;per
R 152,320
................................ 152, 320
iggg ....................................... 763, 911
....................................... 856, 000
= ; ' 1,772,231 |
Ashbed.—In Keweenaw County. Petherick Mining Co.

organized April, 1861, by Copper Falls Mining Co. Worked

1861-1865 and suspended operations; resumed in 1872; became |

idle again in 1877. In 1873 Indiana mill purchased.
property closed out at sheriff’s sale. In 1880 Ashbed Mining
Co. organized; 40,000 shares at $25. Work resumed in 1881
and discontinued in 1882, producing a few tons of copper
Between 1898 and 1900 exploratory work carried on: idle ir;
1900. In June, 1905, resumed activity. *

In 1877

Arcadian Con- |
solidated formed January 1, 1920, taking over all property and |
effects of the New Arcadian and the New Baltic Copper com- |

THE COPPER DEPOSITS OF MICHIGAN

|
[ |

Refined copper (poundy)

Year | Rock treated (tons) -,
Total Per tog
\
1801k ot ccvs o 3 1 89% |- setucasuoma o
] om e 31, 8821
1868 - oo e 138, 183 | .9
1864 . oo 51, 228 |-
S S et 0, 160 |2 S
1866 . - e None, |L55a
1868 ool 12, 000 |____
1869 - ooeee [mmmmm e None, |
1870 i e None. |.___.
| 1872 oo e e e 10, 570 .-
1873, - oo 13,348 |.__ 110
1874 _ o oeee-- 5, 115 172, 291 3,68
1875 - o oeee 4, 449 152, 946 | 3438
1876 oo 5, 563 85,224 | 158
el QR R S N S S RO 14, 633 |- s e
1881 o 24,804 |_____
1882 oo e 72, 636 | S
T RN TS S 1, 517 |
-------------- 785, 281 .. NG

|

Atlantic.—In Houghton County. Atlantic Mining Co.
organized December 31, 1872, by consolidation of South Pewabic
and Adams mining companies; 40,000 shares at $25. (South
| Pewabic organized 1865; capital exhausted and sold to Atlantic.
| Started work 1865; began production 1866.) Mine closed by
caving in May, 1906.

AV 4 \l !

Refined copper (pounds)
Year | Rock treated (tons) | s e
Total Per ton
0t o S g i WY LV 18, A5 fi ol
R | il o 1,760 |ucoue
1 RN Ry s o it | 3,598 268 | .
{ggg ____________________________ | 1,646, 857
____________________ LT 872, 817 il 2
}g;i ______________ 51, 048 | 863, 366 16.91
______________ 69, 728 1,372, 406 19.68
12’;3 ............... 80,000 | 1,567, 036 {g 33
______________ 96, 696 1,835,041 18
e s 105,780 | 2,054,304 | 10.42
L7 TR 111, 709 2, 006, 075 18,0
}gzg .............. 122, 668 2, 339, 073 }2;

L I ) 169, 825 2,423,225 | 14.:
BB oo ooociiee 176, 555 2, 528,009 | 1436
iggg ______________ 1 189, 800 2, 631, 708 }?; §‘1’“

.............. 195, 669 2, 682,197 | 13.7

SOBEE S o 209, 510 3,163,585 | 15.1
1l T ; 241, 010 3, 582, 256 | 14.86
BBSOZ. 2 oo D ; 247, 035 3,503,670 1418
Lk A TR 255, 750 3,641,865 142
FRECTIIAL s 298, 055 3,974,972 | 13.34
D389 Sovs o uicin 278, 680 3,608,837 1327
o RO A 278, 300 3,619,972 13.00
o D 297, 030 3,653,671 123
b hed Tt e 300, 900 3,703,875 | 1231
R i il 315, 670 4,221,933  13.37
RYL T J0) 0TI 315, 626 4 437,609 | 14.06
189BRIL (i o I 331, 058 4, 832,497 | 14.6
18080l i 371, 128 4,894,228 | 1319
RSS9 osin o 5y 394, 206 5,109, 663 = 12.96
LEgRSS el L s 370, 767 4,377,399 | 11.8
B 380, 781 4,675,882 | I

-------------- 410, 674 4, 930, :

Ui e T T : 109, 124 4, 666,889 | 11 30

| PLO0R T ke ol ol 3 E 446, 098 4, 949, 366 | 1L'6
o R P s i 431, 397 5, 505, 598 | 1213
| 1904 . ; 390, 526 5,321,859 | 1385
(BOOOBEAT - 1 Tl ' 295, 220 4, 049, 731 | 13'6

| 1008 75, 000 1,430,082 | 19.1
.............. 420 a 10,
1900 B © 2 S 768 11,000 |-------
s AR 151 a 4,000 |-------
______________ 121, 844, 995 e

¢ Estimated,




PRODUCTION

Aztee—In Ontonagon County.
Mining Co- Reorganized in August, 1863; 20,000 shares,

500,000. In 1871 mine bought by P. T. Rogers, by whom it
» g0|d to Doctor Hussey and a new company organized in
was 880; 40,000 shares, $1,000,000. All work discontinued

g:]j;l]:, 1882. Reincorporated in 1909 as South Lake Mining
Co. - st A
R od ¢ I > R
Year Reﬂ(r[x)((;lij;(()ig;)er Year e?gggxfgspﬂ

SR T o b £ A
L g 381 HA8Y0.. ... .48 | 25, 288
) T 10, 058 "j FRT Sl ol 13, 153
LR e 2,821 AT oo 11, 550
T S 3,467 || 1874 .- . \ 13, 412
T 51, 130 || 1875 . LR [ 16, 252
e 20, 381 1878, i 27, 378
R s SR 6, 25Tl OBTT . e 29, 934
T e 18,493 11878 o oo 23, 392
e ‘ 6, 2030 IB79.. . oot 16, 737
B - 3 8,700 || 1880.. ... 5, 157
e 82,000 11 E8BL. . - .o 1,734
1867. oo - - - 80,000 || 1882 . .._.. 3, 129
1808 uecunilid | 72, 000 | e oTE D
T I ‘ 175’267'i 686, 357

. Baltie.—In Houghton County. Exploratory work was first
done on the Baltic property in 1882, when the lode was exposed
by test pits. Property was purchased from St. Mary’s Canal
Mineral Land Co. in November, 1897, and Baltic Mining Co.
organized December, 1897; 100,000 shares, $2,500,000. Ab-
sorbed by Copper Range Co. in 1917.

|
[ Refined copper (pounds)

Vv Year | Rock treatedi(tonsyf . . -~
[ ! Total | Perton
e T 2,400 | 42,766 | 17.8
Bmats 35, 411 603,570 | 17.0
1T e 88, 508 | 1, 735, 060 19. 58
T A 114, 703 2, 641, 432 23.0
TSRl 275, 175 6, 285, 819 22 84
I e L s , 490, 237 10, 580, 997 21. 58
e oo 535, 624 12, 177, 729 22. 74
I 604, 709 14, 384, 684 23,78
e 649, 932 14, 397, 557 | 22.15
Wi .. i 761, 288 16, 704, 868 |  21. 94
et i 764, 117 17,724,854 |  23.19
IS e s 814, 260 17,817,836 | 21.88
a1 - B 781, 419 17, 549, 762 | 22. 46
IEeamee - o 696, 795 15, 370, 449 | 22.06
e 652, 433 | 13,873,961 | 20
1&3 .............. 333, 289 7,786, 124 | ..23.21
1m4 .............. 324, 433 7, 001, 945 21. 58
1mg .............. 378, 443 12, 028, 947 31. 79
R, 369, 287 | 12,425, 804 33. 65
T 325,342 | 11,214,861 | 34,47
T 203 601 | 10,406, 097 | 35. 44
T 235, 832 7, 864, 653 33. 35
T 175,357 | 6,613,918 | 37.71
e 195,816 = 7,608,847  38. 86
1 TR 165,804 | 5,329,568 | 32 14
T 137,801 | 4,877,248 |  35.39
1§98 === e 150, 101 4,769,286 | 31.77
______________ 140, 958 } 4,255,069 |  30.18
10, 493, 165 { 263, 523, 711 25. 11
Faaty Cone o I |
18?3“ State.—In Keweenaw County. Organized May,
?). Purchased by Phoenix in 1868.
- | gt
1
R N e e e f 75, 000
i o AT R 1 R e L 210, 000
_______________________________________ ; 114, 115
! 399, 115

First known as Aztec |
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Belt (Bohemian).—In Ontonagon County. The original
company was organized March 27, 1848, and about that time
work was begun. Location was early known as Piscatauqua
and was sold to Bohemian in 1853. Bohemian commenced
mining operations late in 1850 (probably on another tract);
suspended in December, 1851; resumed June, 1852. Reorga-
nized 1862. Worked until 1866, closed to 1870; resumed for
short time after 1870. Bohemian and Great Western passed
into hands of Belt Mining Co. by purchase in 1882 and worked
until 1885. Work resumed on small scale in spring of 1886.
Company wound up its organization, and property was turned
over to bondholders, who foreclosed mortgage and sold. In
1900 a new organization was formed and property acquired
by Arectic Copper Mining Co. Option taken on Belt in 1901
and shafts unwatered in June of that year, but work was
soon suspended. Became Lake Copper Co. in November,
1905; 100,000 shares, $2,500,000.

Refined copper

Year Re!(igg‘(ll!;:((])sx;mr Year (pounds)
Prior to 1855..___ 12000 | A8T5 . wrcnbasies 8, 762
1860 L tafm el e 3,003 4L ABYVB 2 v cnncn 10, 653
A0 _ e Rt ORIy NS 17, 703
B Rl oA L } 32,6631 I8YB - uaschanll 1, 488
804 ) ek, MO 1 22,0691 - 1879 - = - ottt 417
1888 L e R Y 1 63, 602 ] ABB=ec b ol 5, 625
IRB6 . Aok S8y 2 69; 823 -} 1888 e st anans 16, 402
IRTO- Lo bet 1 ‘ R BT TRE T 130, 851
1971 L onis et ‘ 19, 482 |- I8BB . o v s isi -l o 27, 433
87, LA SR 65,100 || 1886 o cscrcniis ; 7, 300
fRys. L MiE gt [ 100, 845 || PESEE
1o ¢ SN ool o _,-E 7, 535 ; 666, 031

& Estimated.

Bohemian.—See Belt.

Caledonia (Nebraska).—In Ontonagon County. Organ-
ized March, 1863; 20,000 shares, $500,000. Property formerly
known as Nebraska. Absorbed by Flint Steel Copper Co. in

1871.
Year R*‘?I',‘o“‘dmﬁg’s‘;pe' - et
305, gt g e a R e puge gl o7 ] e e et
TR LN SR R CE L
SABR i o - ot e A ek e Mehirs e 17000 Ficc ao
T AL N S P T e 40,400 oot
SR o, o PR o b o 7 ra0 fia
ko R 4 e WSS e B P s 28 ARG se o LNt
T R R R AN e ey | "$50.30
Bl Do s T O 104,652 |  57.91
TR e BN 26,243 | ____.___. ;
3 0] 112 IR mimdd St SR e SO L L 300, BbINemns s b
T ol SR 87, 508 |- ...
BT - cptos ot R e S o] 3; 377 ‘ ..........
Tl e

Calumet & Hecla.—In Houghton County. Calumet Min-
ing Co. organized 1865. Hecla Mining Co. organized 1866.
Portland Copper Co. and Scott Copper Co. were purchased
and on May 1, 1871, were consolidated with the Calumet Min-

' ing Co. and the Hecla Mining Co., forming the Calumet &

| ing the Calumet & Hecla Consolidated Copper Co.

Hecla Mining Co. Allouez, Ahmeek, Centennial, Calumet &
Heela, and Osceola were consolidated September 1, 1923, form-
The lands

of the company include the following tracts:

Ahmeek. Frontenac. Northwestern.
Allouez. Hecla. Opechee.
Amygdaloid. Iroquois. Osceola.
Calumet. Lac La Belle. Pawnee.
Centennial. Laurium. Portland.
Central. Madison. Scott.
Conglomerate. Manice Lands. St. Louis.

Dana. Manitou. South Kearsarge.
Delaware. Mendota. Tamarack.

Eagle Harbor. Montreal. Tamarack Jr.

Eagle River.
Florida.

North Kearsarge.

Northwest.
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Production from all lodes

[Does not include copper reclaimed from sands]

S g 5 Refined copper (pounds) ' e
4 Year ¢ oc(tm:;’w e _— i ———— Remarks
9 | Total 1 Per ton \
< ‘ , 1 S a
%ggg-lsn __________________________ | 1, 116, 601 | 61,683, 174 | 55.24 |
e | 194, 770 | 18, 853,736 | 96.8 |
R e e 238, 709 20,147,040 | 84.4 |
e 249, 583 | 21, 364,305 | 85.6 |
TBos s thede Lol Lt S 259, 971 | 21,577,593 | 83.0 |
18771l 249, 164 | 22, 574,258 | 90. 6
1 576,123 | 25,237,642 | 9L 4 |
R 284, 026 | 26, 300, 808 | 92.6 |
e 325, 074 31,272,119 | 96.2 |
I881- oD ! 334 011 | 31 347,670 | 93.6 |
183 T IIIE 1 341, 905 32,070,680 | 93.8 |
e , 396, 378 34,881,264 | 88.0 |
L R R e G AR e S e
i e b b e R
S R AN s Y 3,940,351 | 72.6 | Mine fire in July and Nove
| e e 53738 008 | 0010 | Mo oo Now. B0,
L AR B o | 936, 465 60, 495, 639 | 64 6
1892_:::::::::j- ------------------ ’ 1, 008, 249 66, 746, 084 | 66.2
e S s AR e S0 | 1,008, 481 71, 803, 847 | 71.2
1898 oo | 1,114 133 77, 320,830 | 69. 4
R A i [ ietE e o 76 0 e g
}§3$ ______________________________ ’ I 271 334 gg, (7532, g;g 5 ggg Started exploratory work on Osceola.
e —— 1, 276, 866 85,039, 276 | 66. 6
1898 ol 1, 404, 506 89,045, 680 | 63, 4
e — | 1620416 |  89.097.026 | 54,95
e — 1, 454, 694 75,865,202 | 52 15 i
B e 1 65, 634 el R e 5 Qollglonlcrate mine fire May 27.
o A S A S 167 010 e i ZQ' 24 | Stopped work on Osceola lode.
1908 ... AR e e R | 1,873 221 83,224 042 | 49, ':'2
R RN | 1,717, 645 86, 180, 541 | 50,17 ;
L A — ! 1,939 588 | e Qi s o Work on Osceola resumed in July.
A R A s | 2,253,672 | 92594, 167 | 41 09
RGN T R e e | 2, 503, 117 | 86. 528 000 | 34 57
L T T g L LR | 2,699 019 | 81,178,326 | 30. o
T e o | 1,927,800 | 53,252,402 | 27. 0
TSR N o o A e [ 2, 795, 514 | 79 059’ 545 ’ 25 %
et I 2,909,972 74130 977 | 25, A
e e T 2, 806, 610 67, 856, 426 ' 2Z 7!
G PRGN T 2, 035, 625 45,016,921 | 22 11
e 2, 592, 462 53, 691, 562 o
A O S e T 3, 188, 583 71, 030, 518 g
R Tt ; 3,166, 274 71, 349, 501 SRl
e —— | 3150 570 o8 419, 89 22.53 | Silver sold, $181,460.36.
g R s | Yhedol 85419826 2165 Silver sold, $238,368.06.
e — 1,830, 760 gt o] 20- 42 | Silver sold, $294,065.12.
%ggl- gl : »: ----------------- ‘ 1, gg(l), §40 43’ 489’ 643 2—?' g; Silver sold, $140,323.58.
Lo R e g , 320 , 865, :
i s o e t 620, 160 28’ ?23' 4538 g
e e R T 1,073, 014 45, 672, 60 -
R o e 1, 463, 245 54 510, A8
------------------- 2, 047, 661 64 25 » 000 | 37. 24
, 250,000 | 31.37
7
4,159,490 | 3,114,389, 356 | 42,0

e Fiscal years beginning A
pr. 1, 1873-1908;
» Includes production of consolidated 33‘;1'6: g:'gilng}[gegégtl' 11909: calendar years 1910-1925
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Reclamation from old tailings (Calumet & Hecla conglomerate)

Refined copper per ton of rock treated (pounds)
//,-—'A—»f——' e EEES T R T e T
2&}!{1&% Osceola’ o ' 2“11‘11;1?: Osesola, CALUMET & HECLA RECLAMATION PLANT
Year conglom- | amygdaloid || conglom- amygdaloid T
erate | erate
e ’—i’l‘sg’g PR AN = ‘ Refined copper (pounds)
1865-1872- 55.24 |- -------- Ll vo o SRE I Fho 5 it~ Sl Year | Rock treated (tons) —
(7 A R A X {ARO9 2t ] Ok Db 1. ..o w
18;2: ---- 84- S AP ‘ 1900, 202 O 1F (oo .. 782 \/eﬂ i Total Per ton
s |l 1901 - 5094 Lo e |
1876~ -~ 83.0 |--------- | 1902 49.75 | .- 17 7 I e : 181, 732 1, 582, 802 8 71
W 90,6 |----o---- | 4908, 5.~ 40.74 | .- 1 A S | 545, 727 5 412,649 | 992
1878, - 9.4 | .- 1904 ___ 51.53 | 2138 | 1907 ____________._ | 730, 543 9 075 457 | 1242
809 oe-| 926 |- | 1905 48. 41 | 19:GLLIRIRIRIe > o el bl , 715, 007 9 245 388 | 12.93
1880~ - 96.2 |---------| 1906______ 46. 19 hec TR T ST SO 915, 659 9, 082, 952 0. 92
j8loe-.| 986 |- | 1907, 39.76 | 1852 | 1920 _____________ 1,378,500 | 14,138,240 | 10.26
1880, .- 93.8 |- | 1908 35. 04 LG0T T02L i s iont 367,000 5,301,736 14. 45
T 88.0 |.--o----- 1909 32. 38 L0 GRS 1,378,250 11,362, 500 8. 24
T S 92.4 | oo 1910. .. - 30.12 Crog ot TN R el AP S 1,743,100 | 16, 901, 200 9. 70
1885.-.--| 88.2 | - 1911 _____| 30. 38 LoROy | QR T PR i, - o {10887 4700 18, 627, 000 11. 04
188625 - 8L.6 | ooo-oo-- | 1912 ___ 29.73 15508 lsmgn 4, TS ALIGAE 2,125, 000 | 20, 278, 000 9. 54
1887 s T e Faras Jie] 27. 85 14. 31
1888...--| 66.0 | .- - 1914; u2e. 26. 38 13. 62 | 11,768,218 | 121, 007, 924 10. 32
1889.-- - 802 | tE T80 19154 204 29. 74 13. 32 _ |
1890, - -~ BB, | NSNS ! 1916 222 29, 97 13. 60
1891 - 00: 2 ol s ik NS LT B, 28. 78 12. 79
1892 L 71 0 e T S 0 0w 1918 ______ 28 00 11 58 TAMARACK RECLAMATION PLANT
- asa R TN 1919 pet. 29. 61 15. 12
e THaU RS [Rap s e 1820 5. 35. 10 15. 74 “ '
o e - o (R (SR R £ FEO2T. = - SLAD 117 e S e 606, 605 6, 679, 000 | 11. 01
1896, o R L 999% to " 4708 | L i . 1 g
Igﬁ";":ljﬁ'ﬁ S St el Gl 4 TR (X T esaid a 734 months.
Summary
: K | ' Refined copper (pounds)
Period | Rock treated (tons) I
i i Total Per ton
e K g I 4 e — ot Yo VR . S
(smet & Hecla conglomerate._ ... | 1865-1925 | 57,229,052 |=2,958,779,077 | 5170
Kesrsarge wiypaaloft. | . o= 9 il o A5e ik sl L bl oL O Sl sy S S0 | 1904-1925 2,331,524 | 67, 351, 569 | 28. 89
g R S TN N 6 BT L e 1, - o el e S 19281995 e L. e 2198 D50 = Lok S
ool stypdalotfe g, o oo bl i et S S e o et | 1904-1925 14, 598, 914 | 213, 817, 584 14. 65
| 74, 159, 490 l 3, 242, 076, 280 43,72
+ Includes 127,686,924 pound; ;oclnlmed from tailings.
Carp Lake.—In Ontonagon County. Organizéd in 1858.
Mining begun in 1859 and suspended in 1862. Resumed Sep- 2 o ek D e v R
tember 25, 1897, and worked a few months. Work resumed for oy oSO, o L
¢ short period in summer of 1898. In 1901 the property was / 5
owted by the Poreupine Copper Co.; 500,000 shares at $5. e
T s R vy ] o o 426,366 |________
il of o —
P T T S S € 0 T e Wi T 300, 785 |- _.___
S e S +-1 e
L N e e T ol SR, D ' 976 ’ 531,983 |  18.64
- ST T W R 10, 546 106, 801 |-
_______________________________________ 13, 185 oneist s vl iy
1?7, 28% 27. 58
871, 4 15. 55
e 722, 486 9. 27
e =i 7 R e S L T Y 1] 1 052, 814 15 gs
. Centennial.— Iy Houghton County. Schooleraft organized 97(15: 458 ig Sé
W'_LLSG& Work commenced in small way in 1866. Worked 641, 294 9. 23
" out profit 1868-1875 and abandoned. Leased about 1873. 1, 446, 584 17. 04
Abompa"y went into bankruptey and Centennial organized 1907 200, 040 3: %gg' g%g ﬁ’ gg
by 1878; 40,000 shares at $25. In 1880 work was begun | jgqg 77TTTTTTTTT 169, 693 2,196,377 | 12,94
{;unew company on Osceola amygdaloid. Work suspended in | 1900. _____________ ‘ 196, 525 2 583, 793 1315
of 1883 because of lack of funds. Resumed December, | 1910 ... _--_--_- | 102, 133 1,572,566 |  15.40
- Very little work done to 1897. Reorganized as Centen- | 1911 - | 86, 543 1,493,834 | 17.26

g Pper Mining Co. in 1896, Absorbed by Calumet &
Consolidated Copper Co. September 1, 1923.

s No production after January.
b Julyl'J 4 to Dec. 31. Includes 9,043 tons from stock pile.
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Refined copper (pounds)
y Year Rock treated (tons) s = 1 2
/s = IR0 Total ; Per ton
1 3 2 22 T SR 106, 517 1,742,338 | 16.36 |
1R E T 85, 443 1,612,262 | 18 87
TOTIENER . .o 138, 136 2,287,130 | 16.56
TONS MG . 150, 191 | 2,347,500 | 15.63
TOIBE e A0 8 150,617 | 2,367,400 | 15.72
T e 148 332 | 2,002,857 | 13.50
T e o R T 159, 040 2,492, 857 | 1567
POt o S, 87, 688 1, 365, 148 = 15.57
(L IS TS, 41, 418 561,284 | 13.55
TIORGOS oo ] M s S T Notiew . —ossbet
‘ 37, 675, 633 |
|

= January to July.

The figures given above for 1869-1874 and 1882 represent
production from the Calumet & Hecla conglomerate; the esti-
mated quantity derived from the conglomerate in 1897 (1,285
tons) was 35,440 pounds (27.58 pounds per ton) and in 1898
(5,000 tons) 83,750 pounds (16.75 pounds per ton), making a
total from the conglomerate of 2,085,273 pounds. The pro-
duction from the Osceola lode was as follows:

Refined copper (pounds)
Year VRock treated (tons) S T
v Total Per ton
z |

Diceyt B LEECal e N S e M 28, 531 531,983 | 18. 64
it Pt L) (L BN . Bl 100, SO0 tmr )
TROS=IRO6M = » | o] v n s OGS, T
LSO, - S E i g A @ 3,327 | 291 762 | 227 58
ERAST. (s T e ] a 51,032 | ° 787,653 | 15 43
15401 I R R 77,903 722, 486 | 9. 27
) 370, 0 e S A a 21, 400 @ 316, 000 | 2 14. 00
_______________ 2, 556, 685 i

. -Estimate;. R 0 R .

The figures given in the first table above for 1901-1920 rep-
-resent production from the Kearsarge lode; the estimated out-

put from this lode in 1900 (43,582 tons of rock treated) was
696,314 pounds or 15.93 pounds per ton, making the total out-
put from the Kearsarge lode (2,261,890 tons treated) 33,033,675
pounds, or 14.60 pounds per ton.

Central.—In Keweenaw County. Organized November 15,
1854. During 1855 net earnings $7,000; first mine in Michigan
district to produce and sell during its first year enough copper
to more than pay expenses for the year. Cost to stockholders
for Central $100,000. Started stamping in March, 1865:
closed July, 1898. Sold to Frontenac Copper Co. in 1905'.;
and later absorbed by Calumet & Hecla Mining Co.

s a i Refined copper (pounds)

ol reate:

Year (tons) @ T T P e 0 Silver sold
oy Total ® Per ton

ERRER S MEE Wil | 83

LT TR ' e e

L A R T ) I

SEBOSRENRE R D s AL TS ANEIS 5~

LT LT, | e A1 1 ) e e

13 DR Y EU ST ST o e e

18608 i . T R s b

1T IR vk IR BYO dRE e o ael e

1864 ... S W Lt b T Ny

@ Includes tons stamped plus heavy copper.
® Smelter production 1855-1886; mine propguction 1887-1808.

THE COPPER DEPOSITS OF MICHIGAN

Refined copper (pounds)
Year Roc(lfot,:g Wl i R TR oy 30
Total Per ton

IREDL e = 5 18, 107 <1, 131, 998 68 |55
150BE S0 20,141 | <1, 393, 036 69 $1 22105
1l NS 17, q%f; 1,244, 441 71 891,76
18(}8 ______ 15, 58- 1, 800, 943 113 | 1,16847
1880 = o IS, 3()1 i :‘427, 891 98 | 1,142 7
IRTO S = ‘lb, (7%1 1, 3....7, l_(?b 7} 50477
) 727 ) B R 21, _.).::7 | :1.32_, ()(32 65 691 74
IR L 19, z.)j 1 24‘(), 061 64 824, 8§
1873 - 16, 537 1, 503, 117 91 724, 60)
1874 ... . 16,456 | 1,740,603 | 106 G e
1886 - 17, \S_t:() .1, 4(3(), 952 82 | 412, 06
188 13, ()b_l_ 2, 161, 400 158 | 362, 52
ISTeE_ - 15, 187 1, 995, 609 131 | 166, 25
IRTR . = 1?, 030 ‘ 1, 891, ()1§ 126 522, 45
8TV 13, -j5g ‘ 1, 7‘9Q, 495 134 672.03
1880 .= 15, 535 2, ()2(3, 078 130 835.12
15530 | SN 21, 2§9 1, 418, gﬁé 67 | 1,10962
1882 .. . 19, 158 1, 353, 597 gt 1, 126. 02
18888 - = 18, 817 i 2(‘)8, §56 67 | 1,023.17
FRAdIM o ! 18, 789 1, 446, 747 77 4859
1 ohorou S 18, 689 2, 157, 408 116 390. 90
18RO . ¢ 21, 106 2, 512, 886 ¢ 120 432.70
|31 S e 21, 737 1, 923, 279 | « 89 437. 77
T8RBE ¢ 22, 286 | 1, 817, 023 ; « 82 300, 40
ABREEL o ¢ 21, 527 | 1, 270, 592 | 59 |.. .o 08
I8RO . & ¢ 53, 330 i, él:;, 391 | v60 | . A0
jitsh 1 SN 4, 316 , 313, 197 | 64 | .ot
180%m.. - ¢ 21, 931 1, 625, 982 | ¥ T4 | i
IRO8: . ¢ 22, 750 1, 180, 040 | (18 RN
1894 __.__ ¢ 15,710 549, 871 R R
Vot et A (N Sy A ) ) RS IR
Gt e S [ R . 469,243 | ____.
LD e B (O S 0 R0y T G WO RN R
IROSIS Gl } 201830 b confii oo

........... ! 3 Bl s 8 ORI W

¢ Includes 32,756 pounds of ingot lost in lake.
4 Includes 60,000 pounds of ingot (estimated) lost in lake.
« Estimate.

Champion.—In Houghton County. Organized December,
1899. One-half of capital stock owned by Copper Range Co.
and other half by St. Mary’s Mineral Land Co. Under Copper
Range Co. management.

| [
| i

Refined copper (pounds)

Year Rock treated (tons) |—
: ] Total | Perton
3 w ——
iy 1 LA v 121,478 | 4,165,784 | 342
P P SIS 389,082 | 10,564,147 @ 27.15
e 142, 061 12,212,954 | 21.63
SPHaE ‘ 604, 483 | 15,707,426 | 2598
00BN e | 671,785 | 16, 954,986 | 2524
MRy 708, 685 | 16, 489, 436 | 23.26
B 794, 703 17,786,763 | 2238
e R S 753,908 = 18, 005,071 | 2388
Ay s e 722,051 | 19,224, 174 | 26.62
T A i 734,392 15,639,426 2130
0805 | 765,306 | 17,225,508 | 2251
R ‘ 421,849 | 12,080,594 | 2864
TOTIM P (o S T ‘ 614, 854 | 15,807,206 | 25.71
IREE b T 923,743 | 33,407,599 | 36.17
109g A T T 936,656 33,601,136 3357
SO 776,036 27,550,343 | 3300
1938E gl i, | 504, 235 | 21,748,514 | 36 5
1010 iy, e o 503,030 | 19, 886, 917 | 39'02
R 321,664 13,610,324 | 4242
YR T TR 531,780 | 20,719, 307 | 39'09
Lo ol S TE 503,593 19, 583,806 | 3% 33
10880 T e 449,130 | 18,412,630 410
igg‘t .............. 457,160 = 20, 061, 630 | ﬁ 31
L e 414,645 | 17,057,605 | %7
14,156,300 | 435, 403, 286 | 309
PR T | i i,
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k—In Keweenaw County. Mine was opened in 1858 Concord.—In Houghton County. Organized May, 1864.
e h Copper Mining Co. and passed through various In 1868 Concord and Pewabic consolidated. Concord set off as
by the F}enigoo after 15 years of idleness, work was resumed. separate organizution in 1879. Absorbed by Arcadian in 1898.
Boml e:optio;l to Calumet & Hecla Mining Co. in 1905 and | ———

|
wséugdSmelting, Refining & Mining Co. in 1910. An unsuec- Year Re?ﬁﬁﬂn"&’gm | Year i R“?{’Eﬁ,ﬁ‘;’g}”“
:i\,ful ;;ttempt was also made to mine a manganese deposit on e e ———“""""i
5 ¢ 1888 L o 9, 980 Jj 1874t x 22, 518
ihis property - T 522020 | RTEIIE S ovle ; 440
e S I T R R R T T [ 2] e e 171, 186 ff 18762 e tus 900, 146
Refined copper || Year Refined copper | 1870__________ 9. 815 IINRSEISS I ! 10, 464
Year (pounds) (pounds) (B SR 123606 TRITEE Sae i | 28, 849
P o e = el 7 | IR e 143, 792 || EESA S N
. ! 17,749 | 1878 ..o __ 21,520 | 1873 _______. 122, 168 ﬂ ' 1, 595, 003
e 7,244 || 1879 ________ a0 | sk .
1875 - -= ===~ gé’ ;.;i & 187. 915 Conglomerate.—See Delaware; Pennsylvania.
}gg ek 34; 813 |l ’ Connecticut.—In Keweenaw County. Operated on a fissure
/____ - west of Delaware. Absorbed by Amygdaloid Co. Produced

prior to 1860 116,800 pounds of refined copper, including

(iff.—In Keweenaw County. Pittsburgh & Boston Copper 29,000 pounds in the year ending September 1, 1856, and 37,000

| Harbor Mining Co. organized in 1844. Pittsburgh & Boston pounds in the year ending September 1, 1857.

Mining Co. organized March 18, 1848, .anfi \\'orkeq f,he Cli.ﬂ' Copper Falls.—In Keweenaw County. Copper Falls Co.
fisure to its closing in June, 1870. Paid its first dividend in | oroqanized October 16, 1845. In 1848 reorganized as Copper
189, First dividend-paying property in district. Paid regular | pg)ls Mining Co. In 1855 a reorganization with capital stock
emignnual dividends 1850 to 1857.  The property was sold to | increased to $500,000 divided into 20,000 shares. In 1861 the
(iff Copper Co. in 1871, and operations were resumed in | company set off and organized the Petherick. In 1876 a reor-
April, 1872 Affairs of Pittsburgh & Boston Mining Co. wound | ganization with capital stock increased to $1,000,000 divided
up and corporation dissolved in 1879. Property later sold to | into 20,000 shares. Stamp mill burned in 1878. Worked

Tamarack Mining Co. Cliff Mining Co. organized in 1910. Ashbed and five fissures. All operations suspended in 1893.
’ ALL LODES

. Rock treated Refined copper : I — cmn

o /.i (tons) . (pounds) ety | o ' va(ig:lclincgsr;per I SThLe Ret;xgsﬂn ?Sl;per
A e 19,801 fenlpung. ‘ e 1
i - ’ . B 00 44,800 Il 1872 . __ ‘ 520, 862
e pratisestas b o ; 22,400 || 1873 .. 1, 286, 540
N AR Ty con ibd R L A ‘ 22,400 || 1874 _________ 1, 070, 359
e ! > g b 25 850 - . 4,480 | 1875 _________ © 407, 587
B 792 1,282, 131 a 297 S |
50 : 2 e : L None. || 1876__________ 17, 488
. 5 714, 650 a2, 868 +
i 2 or | §18 ou gl A 12,6504 I8 oo 11. 950
s y Sees ) - 1888 il 01, 737 || I87RL .. .. = 11, 790
| 2, 080 | 820, 300.| $5,040.43 | 1854 144,269 | 1879 None
RN - s e & rld s ol ERai poerasthng S | 200,000 || 1880 __2 - ; 6, 615
. Ty rerd o7 LT |-IBEE. oo an 208,010 || 1881 _. . _____ 669, 121
T e W TN 2920934 |- T8OV e a2l 307,305 || 1882 _________ . 587, 500
T & T OB e i 444,661 | 1883__________ 804, 000
T e ek T Sy S0 0N o i LA NRRG R L 1 576,788 || 1884 ______ 891, 168
14,031 | 2,260,433 | 6,751.07 | jgg 510, 818 | 1885 1, 150, 538
e 16,671 | 1,415,007 | 2,405.17 | ygay ™" TTTTTTC 560, 011 | 1886 . ..- 1 378 679
N 17,676 | 1,843 303 | 1,196.87 | joga~"TTTTIC 258, 200 | 1887 1o 736, 477
e 26, o7 LEa L o Hatiied | Tyneg T T 319, 348 || 1888. . . ____ 1, 199, 950
Bl et Syt e it | MOeioa 2 T 858, 808 | 1880 - zn.._ 869, 136
S i it ) SON LATLES | e Sl 470,000 (| 1890__________ 1, 330, 000
i ] 14, 276 1,351,334 | 2,127.55 | 1ga6 1,137,169 | 1891 1, 427, 000
R 18, 285 1,494,626 | 5 270.17 | jggn " TTTT7C 1,594, 604 || 1892~ """ 7_ 1, 181, 975
186-""""" -] 20: 730 ly 6421 428 41 033. 80 o T 3 479, S84l iggs Jes b Ior A 870’ 005
. = 16, 329 1, A81,725']" 3 827,30 | jagp--=nuor=s Y e S
g T 13,730 | 1,227,746 | 2,388.00 | ygro=="TTTTI 772,990 | 26, 339, 955
L 11, 336 711,861 | 1,082, 48 | jaoy =i 475 883 | o sy
e e onfadies e 444,381 | 1,396.48 | 1Of -=vem=n-m > gt
VB ST e 141, 238 410.08 | —
gy T LTI el B8R S | ASHBED
| «401,606 |__________ . : J
s e L e Pepegete L P | 214,001 | 1875_..__._.. » 50, 000
R et b g o 4 b e T - | 527,540 | 1880 _________ 6, 615
i e EEREEE S B R e WEOE L Lo Wegna Rinl TaRIC @ 649, 121
it aet LR EE WAL LS e i R | »560,011 || 1882 " Z°7 777 586, 000
T e R TR FARGEL s | 458,200 || 1883 ______ .. 804, 000
T naC ST R S [Ee s L T——. L= . &3198dB ARRM suarg 891, 168
e SERTEEE TR N s iy TER s Yea i | 358,808 [l 1885. _________ 1, 150, 538
e e > 4 B e P RRORY s | 354,000 | 1886__________ 1, 378, 679
e e R AR * 376,169 | 1887__________ | 736,477
IR e e o s e R e e i e g LS S gan aoIRaR. "0 1, 199, 950
T i et At SHE0 [ oS ans TR, > 01 o] 280,000 | 1889_________ 869, 136
it ot e 18690 L1 2k i | 100,000 | 1890__________ 1, 330, 000
Rt LT EEEEE 5T YI0 oo S | 100,000 | 1891__________ 1, 427, 000

B e o Yo et it | 100,000 | 1892_________ 1, 181, 975

R L Wt 38,206,906 | . e R 0 Ml
e el - [ T » 100, 000 . 17, 706, 352
'lwﬂﬂ&nﬁao U —
'R‘“mmd.' pounds from accumulated slags. ST akmated. Vi gaiod,
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FISSURES
= Refined copper (pounds)
Year 7 ; O, T eew) ot
| OwlCreek | Copper Falls I mm | 0d.o0epen cnid
e e = T JERE 0 | ———————
| |
R T e iy, P o | 44,800 |--_-.--
e e a0 [
T ) N e Tl 4. PN R 11,200 | 11,
17 R e S P A Lotz “cul o 4, 480
51207 i) B e 2 ©6,325 | 6,326 | .o-—l------
R S R R a 45,868 | 245869 | |-
1854 ___| 2,000 | °71,134 | 71,135 | .ol _--e--
R e s a 100, 000 | # 100,000 |- - ~|---—---
10881 s @104, 000 | igg gég ...............
I8BT e bl e a 153, 655 | @ 153,650 | .- OON
1838_--1 ____________ 4210,230 | =5 620 | °8 000 @6, 720
1859 __| 7,277 9, 694
1860 ot i e gis 10001 el Q00N 2ol S oo s
VBB Sr-br e R8s 000kA . e isedn polluv svee Al 36 SRl ML SRNIE
el A (1 RO ANCONT ) TR 4 L
1867__.| = 1, 356, 000 "
BRI a ahe e I o b ot
i R i S s AR e
A B RN A TR A e
1871 350 A8T8L8R8 00 EL T g [l el sl e, S0 e e
1879t @30 B2 e ref L d s dlbatimse sulion . s Loninics
1873___| ® 1,186, 540 e e
1874___| * 970, 359 T e
e W ) VU S o TR oA
T ST SRR T AN BT BReED
L IR g Ty T T 07PN (S
TG R T R s AR LR At s S
L ToE WS ORI O SR i Res ee R
1882 1 L IO Bt s E ST
7,283,010 | 731,212 | 500,887 | 86,400 | 32, 094
WS 20 7¢ Es;i;r;ated. - > Assumed. o
SUMMARY
Lode Period | Refined copper
Child fissure_ - ____________._._ 18491859 | 32, 094
Copper Falls fissure_ - - ___________ 1852-1860 | 731,212
Bill feammer el o0 TG o am 1852-1860 | 500, 887
0Old Copper Falls fissure__________| 1847-1858 86, 400
Owl Creek fisgure. - .. ac_cn._o i 18541882 7,283, 010
Total production from fis-
U@ - - o oo | 8,633,603
L, SRR T TR 1858-1893 | 17, 706, 352
Grand Setal A2 covuigrib S o 58 | 26, 339, 955

Delaware (see also Pennsylvania).—In Keweenaw County.
In 1847 Northwest Copper Mining Association formed. In
1849 reorganized as Northwest Mining Co. with increased
capital stock. About 1850-1860, $939,000 expended, exhaust-
ing capital. Reorganized in 1861 as Pennsylvania Mining Co.
In June, 1863, estate divided and Delaware Mining Co. organ-
ized. Idle 1865-1872. In 1866-67 property in hands of bond-
holders for two years, when bonds were purchased by E. M,
Davis, of Philadelphia, who perfected a fourth organization
in 1876—the Delaware Copper Mining Co. In January, 1881,
Conglomerate Mining Co. took possession; articles of associ-
ation dated January 5, 1880; 50,000 shares of $25 each; in-
cluded Northwest, Delaware, Pennsylvania, Maryland, and
Wyoming properties. In 1888 property reorganized as Lac
La Belle Mining Co. but no effort made to resume operations.
Oneida Copper Co. incorporated in November, 1899, and did
some exploratory work. Operations were on fissures, Allouez

conglomerate, and various amygdaloids. Later acquired by
Calumet & Hecla Mining Co.

THE COPPER DEPOSITS OF MICHIGAN

yielded 671,681 pounds refined copper.

| ™ e,
| Refined copper (poundy)

Year | Rock treated (tons) [— Kol 7
l Total ;
——— et { | LY \]‘} Per ton
|
1T e R B s il Eas N
i it 58,700 |
1865 - - -oomeeoo-- [Fmmmmm e s 102 492 |
1872 o oeeemem e frommmmm i, ———— 168, 161 |2
1873 oo b v 280,743 |
1874 .- oo ommmmm e SLo7l e
1875 - oo it 26,220 1.0 =3
1876 --------------------------- 177, 7]() --------
IR R ol S e e i ety g 84 4
1878. - oo e 280, 345 |
1879 el 140, 012 |
1880. . o -oeomeefoooao A 933, 814 | o
1881 . oo 2 386,001
1882 . oo m e <734,249 | .
1 {ob RN S o 20, 295 d 222, 117 10,94
1884 . oo 120, 868 41, 140, 173 043
188B. - e e b 441,155 ...
§ ] ) e e44 505 .. ..
1887 T e | e R Q18] 2
4, 154, 088

« For production prior to organization of Delaware see Pennsylvania,
® Mineral Statistics, 1882, gives 340,743 pounds.
¢ One-half from Allouez conglomerate; one-half from fissure; 41,104 tons stamped

4 From Allouez conglomerate.
« From Northwest vein; no work on conglomerate, 1886-1801.

Derby.—In Ontonagon County. 20,000 shares of $5 each.
Work was begun in 1852 and continued for three years. In
1853 produced 2,934 pounds of refined copper.

Douglass.—In Houghton County. Organized January,
1863, and worked until 1868. Sunk four shafts, probably on
Arcadian amygdaloid. Later acquired by Arcadian.

s e e R o
18607___.______ o7, 2402 1868 T o . 50, 100
T R 8,800 |- 1877 St ad 3,258
e " 16, 209 | e
e pa e T 85, 877 | 169, 502

|

Douglass Houghton.—In Ontonagon County. Operations
commenced on small scale in 1846, but work not vigorously
pushed until 1850. Sold out in February, 1864, to Henwood
Mines Corporation, which recommenced mining operations it
May, 1865. To the end of 1856 the mine had produced 143217
pounds of refined copper.

Eagle River.—In Kewcenaw County. Organized Februar,
1853; 20,000 shares, $500,000. Did considerable work on
Babbitt vein. In 1855 small stamp mill put up.

copper
Year D e pounis

185864, 1 o 500 | 1860 - 0.8
RS = L 1,500 1 1862 .. .~ o
T AP 2,611 || 1866 - --nm- o 350
1857 DR v T g o ‘ .
T S 6, 637 || MERREY
153153 SR Rl ft 12, 000 ‘ r o

Evergreen Bluff.—In Ontonagon County. Organized Sep-
tember, 1853; 20,000 shares of $25 each. Mining suspend cdslsn
fall of 1857; resumed June, 1858, until 1863. 1In March, 180

new directors, continued to 1870; after 1878 little work o
tribute.




PRODUCTION

0
[ Year

—
0
~
©

Pk ek
[0 o0o o R0 o]
G0 00 00
)

ot
[0}
(0]
(=2}

bt ok
0 00 00
o0 0 ™
OO

| Refined copper
Year (pounds)

2,599 |

14, 007

25, 110

46, 942

6, 665
38, 811 |
14
99, 1 |

}géfﬁﬁ ...... 119, 257

o A 141, 446
B i 2413, 765 |
R 5281, 142 |
T m e 413,100 |

T ¢ 435, 700
R S 322, 609 |

T N 147, 662

+Jan. 1, 1864, to May 1, 1865, estimated.

+May 1 to Dec. 31, 1865, estimated.
« Estimated.

Flint Steel River.—In Ontonagon County.
April, 1853, but property had been worked in 1850. Suspended
sork in summer of 1858, and from that time until middle of
July, 1863, nothing was done on the property, except some small
eplorations made in 1860 and 1861. Worked Caledonia also-
(aledonia formerly known as Nebraska; changed to Caledonia
i11863. Consolidated in 1871 as Flint Steel Copper Co.
1873 mines shut down and leased for eight years.

} Refined copper

Year

’ (pounds)
hmnolsss___| 8, 651
IS e 4, 000
IS 2, 106
T | 29, 657
M0 216,959
s ] +110, 054
e 30, 889
T 92, 500
T e T 45 874
1 76, 698

-
(00}
~1
w0

*Includes the product of 40,506 pounds of mineral from 1865.

Forest.—See Victoria.

Franklin.—In Houghton County.
Fommenced work in July, 1857, on Pewabic amygdaloid.
Stamp mill completed in 1861.
G.resumed work in July, 1874. In 1894 purchased Franklin
It mine. In 1908 Franklin mine sold to Quincy. In 1909
;'\Houez conglomerate abandoned.
i made profits for first time in 20 years. Operations dis-
K An exploratory shaft begun on
Atarsarge amygdaloid at Franklin Jr. in 1923 and discontinued
fspring of 1926, Franklin Jr. mine once known as Albany &

ontined in May, 1919.

ton, and next as Peninsula.

2, 915, 730

869, 164

Organized April, 1857.

Leased 1870-1874.

In September, 1915, Frank-

Refined copper
(pounds)

111, 420
45, 048
71, 873
30, 405
10, 651

968
955

6, 736
1, 006
1,077
26, 888
21, 580
15, 304

Organized

In

Refined copper
(pounds)
48 772
33, 054
30, 115
26, 067
38, 356
43, 192
28, 080

4, 140

Franklin

Refined copper (pounds)
T f s , | silver sold
\/ Total ! Per ton

i 6, 699
1%3 ------------------ 118,201 L. Semamlaionis e ot
T R 284, 211 {ooivepasli i ment ana
T T B15,800 |. o e o
T 42, 434 1, 566, 043 | 37.0 $610. 71
gy~ 40, 474 1, 466, 645 | 36. 3 105. 00 |
Y 36, 610 Tovs 884 | Bl e !
1o | 28, 134 1, 211, 335 43. 1 1, 065. 12 |
T 40, 136 | 1, 559, 481 38.9 349. 89 |
T | 57, 196 1, 638, 994 YT [
T | 51, 356 1, 402, 455 208 ISt
T i 43, 028 1, 467, 476 SR e e 2
i 67154 1,550,940 | 28.2 oo

----- 5O, 088 |- 1, INE ITR {7 98T N '

5854029 7

Refined copper (pounds)

Year W “"Q‘{J,{g““’ S - ————— Silver sold
Total | Per ton

TR 1L st S0 g | S B 2RE TR, etk & SR
1872, - - 2 VPSR ez Bodeeat Il o
Ty e B T T LT PR P
IR0 2. T T T U S, j G N SR N R L
TS5 R d s B Fpe T P . 1067 asd R e T
1876 15-.. 100, 582 1,928°8814 10,3 LD il
T s s T e TR DL s s e PSR 0T
IR7S. i 96, 358 2 59073 2698 455 oo T Ue
1879 - ( 112, 590 2,829 703 | 25.13  $563.21
T RS e T 0 S3ATARE" | vt sl o
198 113, 328 2 BESATGT AL 98 it (LSS
1889V 6 e 8 118, 370 3,264,120 | 27.7 880. 04
I8RT.. . 125, 775 3,489,308 | 27.8 850. 40
IRithe e ; 128,878 | 3,748,652 | 25.44 | 2,399. 83
1885° " o C 137,276 | 3,999,172 | 29.2 | 1,511.81
1880 i | 138,385 4, 264,297 = 30.81 | 2,001.20
o ; 137, 137 3,915,838 = 28.55 | 4,046. 59
1SRN | 143, 347 3,655,751 | 25.50 | 2,727.28
T A | 141, 579 4,346, 062 = 30.68 | 3,143.10
18907 . ‘ 144, 393 5,638 112 | 39.05 | 3,700.34
1891______ : 135, 578 4,319,840 | 31.13 | 2,371.34
18691 -9 ! 123, 236 3,769,605  30.59 | 1,592 55
13080 s | 124,890 3,504,244 | 28.06 819. 76
IRoa e 138, 163 3, BEGAST A 26 Bt - ol
fosh il : 126, 990 g8 0B ot Bt
180652 e 122, 079 9 Y4B 076 | w20497] S BA R
1807 - =% | 132,026 2. 008, 'SRATIFODNOS | BNk R
18082 ) 116, 696 2893 702 |- 0D 48 TR AN
iRBods: iv 89, 789 1,230,000 | 13.70 | ..
100055 - i, - 268 571 3 863 710 | 136401 = e
0T et | 313,552 3,757,419 | 11.98 700. 86
190932 | 315,687 | * 5,259,140 | 16.59 949. 11
1003 = 5.2 | 347,458 | 5,309,030 | 15.25 566. 00
T 389, 470 4,771,050 | 12.3 258. 71
1005 374, 130 4,208,085 | 1125 | ooncasl
1906______ 372, 378 4 571,570 | 12.28
1007 ..cu 383, 290 4,401,248 = 11
TO0R, i 342, 596 3, 703, 421 |
1909 ___ 170, 546 1, 615, 556
191000 113, 859 | 966, 353
i e 86, 300 820, 203 |
193onx - .4 176, 462 1, 710, 651 |
T L . 123, 179 1, 021, 440 |
U el 7, 324 93, 283
10Th 05k 122, 018 1, 314, 969
10180, Ly 267, 286 3, 116, 566
L1 by AT 303, 625 3, 155, 574 |
107 S 273, 964 2, 827, 313
1Ok 109, 565 1, 062, 879 |
: L7 5o ey S RS S N None. |

____________ 154, 316, 451

a Includes 1,558 pounds from sands.

b Includes 21,680 pounds from sands.
« Includes 3,879 pounds from sands.

Fulton.

pounds of refined copper.

Garden City.

In Keweenaw County.
work in 1853, on Forsyth mine.

In "}

Fulton Mining Co. began

853 produced 1,255

Total production probably larger,
but no definite data available.

In Keweenaw County. Organized October

24, 1855; 20,000 shares, $500,000. Two shafts sunk in Ashbed
in 1856, and large stamp mill built.

resumed 1859.

No work done since 1866.

Work ceased 1858,
In 1879 reorganized

as Caton Mining Co. but no work done on property.

: r
Year Re(zggﬁnc:sx;per i Year
IBOY i Sraes 4,000 || 1866__-_
13 5 R I Sl 14, 000 |
S i o e 36, 000
T 10, 000 |
|

Refined copper
(pounds)

11, 397
75, 397
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Grand Portage.—In Houghton County. Portage Mimngi
Co. organized 1852. Reorganized in May, 186q, as Gmn(l
Portage Mining Co. and some work done. Sol.d in 1879 an:i
organized anew in 1880; capital $500,000. Operations snhxs‘pende
in 1884. In 1897 sold to Isle Royale Consolidated Mining Co.

Refined copper Refined copper

Year (pounds) Year (pounds)

: > 0
IRAg T n 4033219101280 “ous a2 77, 86(
T e T 480104 HEIRRI = s 26, 263
IRAE SR 483,592 | 18825 .. . 757, 080
188RExac . 159,282 | 1883 __.__.._- 735, 598
TRA0E L S ror BV G (ISR | 255, 860
Q7RI 34,124 | s
18705 S 35, 423 | 3,529,822

i

s Mineral Statistics, 1880, gives product for the year (all tribute work) as 80,320
pounds refined copper. :

b Rock treated, 18,959 tons; yield, 39.93 pounds per ton.

Gratiot.—In Keweenaw
1906. Lately operated by Seneca.
to stock pile.

County. Organized February,
In 1923 22,051 tons hoisted

Refined copper (pounds)
Rock treated

Year

i Total Per ton
TOLOEL . =5 R ialitle o 28, 522 265, 869 9. 32
1103 13 b OO T - & ) £ L 1, 347 14, 275 10. 60
19208 oo 0 okdh. SR b 446 | 33, 704 75. 56
30,315 | 313, 848 10. 35
| |

@ 13,158 tons hoisted, 35 per cent of which was placed on stock pile.
& Mill test (taken from stock pile).

Great Western.—Sece Belt.

Hancock (Sumner).—In Houghton County. Organized in

April, 1859, as Hancock Mining Co. Company continued
work until capital was exhausted and then leased the mine on
tribute until 1872, when it was sold; in 1873 name changed to
Sumner Mining Co., but little work was done; in winter of
1879 or 1880 it was sold and Hancock Copper Mining Co.
organized; 40,000 shares of $25 each. Work started July,
1880, and discontinued in summer of 1885. Hancock Con-
solidated Mining Co. organized June, 1906. Tdle in 1922-1925.
(Sumner organized November, 1867.)

, Refined copper (pounds)
k trea }
Year -

/ | Total Per ton
TRGIMEL D - e ‘/2, 548 98,662 | 38.72
LRGeS L JTE 4, 139 111, 432 26. 92
i R AR e TN TR S ST (NI i, 103,822 . .= 5.,
18840l “ il o oo dlse il s 1L Bly0ddful T
L R R T R R R S N o 76,000 . . -
1808 Sy i e S O et R A B P
1867870 Tt R I e 854,000 |--____ :
1868t oDt iR sl DETRS 160,000
180D2L “rags o umite T ooin, (0TS 78,5000 4 .~
18903 semiiamlinaebiy - PR Vs Sty i 1 el
18710 A T e i Sl e e
.y AR R T T T S A I 7 BT I e

¢ April to December.

THE COPPER DEPOSITS OF MICHIGAN

| operations on this property in 1850.

Refined copper (
: Rock treated il
Year

(tons) t e
7 4 ‘ Total Per tog
1873 - oo 89,132 |__
1874 e 61,365
1875 - o o e 28,229 |
A PREFAG RO o\ i 7,904 [ ~
1880 - oo - g 8,08 L %
1881 . o e e 571,897 [
1882 o oeeeee- & 540, 575 |
L 484, 906 |_
1884 . .- - 562,636 |
IBBHL . Ll T * A P 203, 037 |
1886, - oo A 150,000 |____
il damsaL e v 41, 499 754, 749 | 183
1913 S i i 12, 612 212,080 169
0 CERE SR P, S e 488,678 | ...
BOLE = - C o e it S 120 S
1916 _ £ 203,112 | 2,824,934 | 1301
1917 B 302,725 | 4,005,882 139
1918 - 227,049 3,041,514 134

17, 559, 557 |._.....

& Mill test.
¢ Operations suspended from July 13, 1013, to Jan. 2, 1914

Hilton (Ohio).—In Ontonagon County. First mining
Location abandoned from
1853 until May, 1863, when Hilton Mining Co. was organized,

Sunk a few trial shafts. A few tributers worked since 1365,

Refined copper Refined copper

Year (pounds) Year ([\(lllzl\h!
Prior to 1855___ 4,000 | 1879___ 2,00
IR06 At Sl ZO5 18RE. L4V . .. 10,34
IRG4SEEE Hal 5 1L, 17910888 o0 o 19,13
11 i LY 6,411 || 1887 . __. 2 17, 135
(R B USTIBER 0 - - L 14, 631
TR0t 3,345 || 1890 - .. .. 18,642
b i S 3, 555 o e
RN e 6, 807 123,74

Houghton.—See Huron.
Houghton Copper.—In Houghton County. Incorpo-
rated January, 1910.

Refined copper (pounds)

Year Rock treated

(tons) Total Per ton

¢ = — X
BT - LGP R 14, 657 | 156, 766 10.%9
T o ee: oy 8 ot Aol 19, 444 204, 274 l(l)' i:
BT A | 15, 628 | 179, 012 s
ke T R ey dole s et iy Gt i
| 49,729 | 540,052 | 108

\
Huron.—In Houghton County. Organized December. =

Huron mine opened in 1855 on Isle Royale lode. Called ;\2‘:'
wam from 1868 to 1871, when name was changed t0 H“”ghwc;'.'
In 1880 reorganized as Huron Copper Mining Co. In I8
included in Isle Royale Consolidated Mining Co.
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PRODUCTION

R

Rock treated

Refined copper (pounds)

(tons)

112, 723
101, 384

Total [

6, 000
24, 000
70, 000
48 000
45, 387 |

9, 000
98, 000
139, 305

a 138, 206
101, 745
476, 011

1, 367, 169
1, 480, 080
1, 682, 863

Silver sold

Per ton
77200 $148 67
23. 7 315. 73 |
22.0 160. 10
L 155. 51
T 2

25, 309, 270

________ !-_____-__-

:me Feb. 1 to Oct. 31, 85,345 pounds of refined copper produced.
. Annual report dated 1880 says, ** The year 1868 is of
“atement of amount mined can not be obtained from any record in possession of

freseat company.”

fait

because an accurate

lm!lana.—Jn Ontonagon County. Indiana Copper Co.
mganized in 1862 and worked steadily for three years, then
sopped; recommenced in July, 1863. Stamp mill sold to

Petherick (o,
tock milled.

Indiana Mining Co. organized in 1909.

No

‘Island.—()n Isle Royal. Organized 1874 as Island Mining
(o 40,000 shares of $25 each. Operated three years. Stamp

uill built in 1875 and burned in 1876. Leased on tribute.

Year

*By Bsland Tribute Co,

Refined copper
(pounds)

S8, 867
a76, 038

213, 245

Bsle Royate. 1y, Houghton County. Old Isle Royale mine

Mened in May, 1852.

g} The work on this property was the first
g done in the Portage Lake district.

Company stopped

Brothers.

Mining Co. property.
leasing the mine once more to Mabbs Brothers, who worked

it for some years.

87

| work in 1857, and the mine was leased on tribute to Mabbs
In 1862 purchased what was known as the Webster
Company worked again 18631870,

Isle Royale Copper Co. incorporated 1899

and in April of that year took over Isle Royale Consolidated
Mining Co., organized in 1897, and Miners’ Copper Co.,

organized in 1898.

Present Isle Royale includes old Isle

Royale, Grand Portage, Huron, which comprised original Isle
Royale consolidation in 1897, and also Frue and Dodge, which
were taken into Miners’ consolidation in 1898.

l‘v J

Refined copper |
Year (pounds) | Year e
b3S e e 1873800 T8l e o e 0 181, 217
17 e S | < 07.262 | d872_ 21702 250, 164
IR68 - o S 186, 0O0RIEISTae s = S8 s 240, 100
1866 o e 5398 BIOMSIRTE & <o gt 180, 876
IR AT e oo <! 360, STONMEYE” MR Tas 96, 682
FRESHIC Lk, e 386,000 || 1876_<._ 1 __ - 28, 199
1850, iyt 416, 056 || 1877 . _______. 31, 985
18602 o o ras 336,98 18IS -~ - oo - 31, 933
Tt e S c896,139| IR0 2 26, 880
] e A | G5 a3 el 77, 469
18B3 L Laririe <588, 130 || 1881 ______ - 47, 308
1864 Lausl e 582, 386/ 1882 5. jcuw o 35, 447
IROEH.. o i 787, 547 1884 cuunicn 16, 874
1866~ = - 532,793 ([ 1886 L 5L 30, 164
1887 e S 762, 852 || ———
18681 Thail 295, 033 | 8, 818, 104

(T A W 150, 672 |

I

@ Estimated.

b [ncludes 11,125 pounds of refined copper estimated in mineral lost in lake.

¢ Smelter production.

4 14,000 tons stamped from Mabbs vein, yielding about 2.5 per cent.

| Rock treated

Refined copper (pounds)

Total Per ton
8,818,194 | _______
2, 171, 9565 1 B
3, 569, 748 13. 5
3, 134, 601 15.

2, 442, 905 15. 8

2, 973,761 15. 2

2, 937, 098 15. 3

2, 667, 608 15. 2

3, 011, 664 13. 8

5, 719, 056 14. 3

7, 567, 399 14. 5

7, 490, 120 16. 37
-8, 186, 957 15. 41
4, 158, 548 13. 21
6, 601, 235 13. 91
9, 342, 106 13. 73
12, 412, 111 13. 41
13, 480, 921 14. 6

15, 442, 508 15. 9

13, 007, 647 | 17. 95
10, 621,801 | 17. 94
2,491, 000 | 21.37
6, 639, 970 26. 92
8, 002, 244 25, 90
8, 103, 000 25. 68
9, 543, 000 | 25. 22

Year (tons)
oGt ® B & 4 h
1858~1B8D o b s es
1901 <. < .=} 185, 175
1902 .. e 263, 672
Folsy = 199, 493
1008, o . | 154, 830
TS 2 szt { 195, 160
19062 1. 192, 210
AT et | 175, 450
7L 1) | 218, 940
1009 = 1 401, 280
1910 - 520, 860
p 52 (B SN 457, 440
¥QIR I oo 531, 105
EOLS A o 314, 679
i S 474, 349
100 s S 680, 270
1918 et 925, 419
T AT | 922, 160
1918, o . - | 974, 508
1988 .. =2 724, 667
LOR0 . sde. 591, 971
1412 RN 116, 576
1922 - - . 246, 641
1983 - _. 308, 940
1924 _ . ... 315, 507
1926 o s 378, 459

e 18,523 ounces.

180, 537, 157
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Kearsarge.—In Houghton County. Organized as Kearsar]ge
Mining Co.; 50,000 shares of $25 each. Absorbed by Osceola
Consolidated Mining Co. in December, 1897.

‘7 | Refined copper (pounds)

\
| Rock treated | | Silver sold

Yoor | ions) Total | Perton | ot

| 77 iE ey
T8R7 st A e Y ST v s RSN
i eed B | 24,250 820 1858l 33205 IS Ll
18895, 1oL 56, 104 1,018,849 | 34.2 | $400.7;
18908 iz | 60,619 1,598, 525 | 26.37 | 275. 5
1801 .| - 81-424 | 1,727,300 121,21} 706. 73
1RooIer 60, 986 1,467,758 | 24.07 | 749. 90
18985 - coe | 75,450 1. 6270801 (91, 56 Lolne. . oo
T894 [ 64,287 1, GUSSAINAE ST QO = €5
1805, | 64,000 1, G20 TE S 9. b o
18960 o [ 34, 587 1,377,226 | 39.82 | o------

’ ;
Saw MR R feraesaatoce
el o) T I A el D
Keweenaw Copper.—In Keweenaw County. Organized

March 13, 1905. Work was started in summer of 1905 by
diamond drilling on Medora and Mandan properties. In-
cludes Aetna, Empire, Girard, Hanover, Copper Harbor,
Washington, Keweenaw, Mandan, Medora, Vulean, Resolute,
Boston, and Phoenix (Penn?). Resolute was sold to Kewee-
naw Copper Co. late in 1905 or early in 1906. 7,500 tons
of stamp rock on stock pile in 1906.

Refined copper

(pounds)
§ 43111 R VR SR O St £ s i 122, 474
T T | 57, 091
{ 179, 565

King Philip.—See Winona.

Knowlton.—In Ontonagon County. Organized August 6,
1860. Mine opened in 1862; discontinued on company account
1866-1867, then worked on tribute. Absorbed by Adventure
Consolidated Copper Co. O. Ashley says (Copper mines of
Lake Superior, 1873): 1,086,000 pounds ingot copper taken
out from 1863 to 1869.”

Refined copper

Refined copper
(pounds)

Yoy (pounds)

Year

__________ ‘ 5,975

;10 e 37, 040 | 1877

1SR g W 7 85,451 | 1878__ 1 "’ » 8, 629
IEBE ot T 102827 [r1884. T o , 21, 368
T 196,724 || 1885 " 21, 976
1Rt e | 197 @21 18t . C T 18, 806
L AT 306977 {1887 38, 870
e R 17,559 | 1890_____ "~ 23,145
AL T | 70,442 {1891 " 7 7,120
1876 0 il : 6,215

U R, | 6,562 | | 992,757

Lac La Belle.—In Keweenaw County. Prior to 1850 the
Lac La Belle Co. had driven a tunnel into the hill 400 feet
and found a vein 18 inches wide. No further work was done
until 1866. The following statement is taken from Eng. and
Min. Jour., October 18, 1890, p. 448: “Mendota Mining Co.
commenced operations in 1866 on property formerly worked
by the Lac La Belle Mining Co., secs. 29 and 32, T. 58, R.
29, Keweenaw County. Three hundred feet of sinking and
700 feet of drifting were done and operations were sus-
pended. Later the lands of the company were sold for taxes.
Company owned 4,320 acres surrounding Lac La Belle. In
fall of 1866 this company completed a canal from Lac La
Belle to Bete Gris at cost of $100,000, receiving from the
Government in consideration therefor 100,000 acres of land
in Schooleraft County, Mich. About the time of the comple-

| 1905. Property formerly Belt.

THE COPPER DEPOSITS OF MICHIGAN

tion of this canal mining operations in the vieinity of Lac I,
Belle were suspended, and the canal was allowed to f) up*
The production was 3,499 pounds of refined copper prior iy 1850
Lake.—In Ontonagon County. Organized in Noxmbﬂ'
First work on Knowlte 10de‘.

Shut down from July 1, 1913, to April, 1915. Work Supendeq

| January 31, 1919.

Refined copper (pundy)
Rock treated x i

Vo (tons) —
= o % Total Yer ton

1909 . oo 10, 125 170,801 2144
1910 oo 14, 485 318,050 214
1912 e 83,109 | 1,300,562 | 154
1918 ¢ e 19, 211 | 287, 200 15,30
11308 TS 59,848 | 1, 581, 071 26,49
R 70,440 1,489,247 9Ly
1 i i SRRy R 63, 191 1, 461, 893 28.13
1918 e 717,408 | >
e e R N SRt Wotn: |

a Fiscal year April, 1909, to April, 1910,

b 12,141 tons from stock pile.

¢ May 1toJuly 1. |

¢ Nine months ending Apr. 30, 1916,

Lake Superior.—In Ontonagon County. Lake Superior
Copper Co. organized in 1859 by Minesota Co. to worka

portion of its estate. Worked by tributers from time to time

after 1874.
e (o | e | e
: - ) (e B Sl L .
T T l WL R e 2,106
e 1 T T T A 1, 086
T 2, 018
1 T 5, 228 14, 821
Lake Superior Copper.—In Keweenaw County. Se

Phoenix.

La Salle.—In Houghton County. Organized December,
1906. Includes Caldwell and other lands. Purchased Te
cumseh in May, 1910. Mined on Kearsarge amygdaloid and
drove crosscut from Osceola amygdaloid to Allouez conglom-
erate. All production is from Kearsarge amygdaloid.

j Refined copper (pounds) ;

Rock treated Silver sold
S (tons) / Total Per ton |

PO o 49, 274 633, 778 | * 12.86 |- -eoe-om-
P 18, 970 280, 598 | 14.79 |---o---o-o-
12 %7 RN i el s O [ 1) s A e s
19130 . . _ 0991 43,906 | 19.76 | . .-
fopE 45, 509 540,731 | 11.88 | $§,nﬁ~®
TOT5 = 80, 959 782, 493 9. 67 b’m§80
pie 144,820 | 1,380,352 | 9.53 | 13,885
505 185,014 | 1,919,775 10.38 | 12,4080
TOIRTEE LR 178,498 1,832,665 | 1089 |- -as-c-en
TOTAR | g 32,995 | 340,719 | 10.33 |-------—--

1920555 " | 3, 430 | 89,713 | 17.41 |-occoemem-
LA A P e { None. |- —~---- 1_—;__,
{ 730,624 | 7,814,780 | 10.57 |-
Madison (Summit).—In Keweenaw County. Summit

organized 1852-53. Mining work continued until 1856 (I)l(;
August, 1859, reorganized as Madison Mining Cﬂ'.v 20
shares of $25 each. Work resumed in 1863. Some tnbme,;}:
to 1876, when company began again. Property sold at Rast d
sale in 1878 but redeemed by company in September, ge s ﬂ'}n
reorganized with 40,000 shares of $25 each. Work 1 esumedll)v
1880 and continued until May, 1882. Property bought 1!
Central about 1885.
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PRODUCTION
o T T SR | | N, i B K - F
ban Re?gggncgs;;per f Yoar [ Ref(lgggnogsr;per A S Refined copper (pounds)
) e | N = v i Year c(m;:;x = R LT T T Silver sold
e e JecT f 1 - = Total } Per ton
A P [ oo o SOPSEEE R y R e < 2
{ﬁ@-"jjj ____ 16,000 || 1881________ - 1, 534 v=
A 14, 881 e R 204,599 | 2,078,677 | 10.16 |._________
R 34, 000 72,001 | 1908__ " 7~ 171,268 | 1,766,930 | 10.32 | $347. 56
= ' (BAP09L. . 139, 404 1, 723, 436 12. 36 681. 82
e A & = ST T 90,747 | 1,321,885 | 14.59 | _________
Manhattan (0ld Alblon).—Tn Keweenaw County. Al- | 1915™""""7"| 13800 | 3045008 1538 | . ...
ion commenced operations in 1848; suspended 1857-1862; | 1913__________ 78,250 | 1,213,545 | 15.51 |- 1 _
wumed operations as Manhattan Mining Co. in January, | }g%g ---------- ggg, 334 2,055,952 | 14.07 [.-..._____-
I 0 shares of $25 each. Abandoned in 1865. 5 t [ e e e , 335 4,638,452 | 14.35 |-
i 200? k::nﬂ:)it ;n sinking shaft (about 1863). ey s 231,900 o 16. 514 <1, 24857
of copper ta B o o 244, 671 3, 984, 616 16. 27 | 4 1, 290. 95
Mass.—In Ontonagon County. Mass Mining Co. organ- | 1918__________| 196,456 |- 73:403,'827") 1783 | =" St
| ied in May, 1856, worked until 1860, idle 1860-1864, when | 1919__________ : 123, 780 1, 963, 178 15.86 | ¢ 1, 655. 40
work was begun on Evergreen lode; totally suspended again | 1920-1925..._ | _________ None. |- e o i
in1868. A little work on tribute. Company resumed in 1874 | 50 816, 877 i o I __________

and continued to 1884,

I Tribute Co.,
ceased. Mass Consolidated Mining Co. organized February,

when property was leased to Mass |
which worked it until 1888, when operations |

1809; made up of Ridge, Mass, Ogima, Merrimac, and Hazard |

mines; capital $2,500,000. Ridge began 1850. Ogima opened
1860; closed 1868. Merrimac organized in 1863. Hazard did
little work on North Range, or Minesota Belt. A few old test
pits and shafts. Purchased Evergreen Bluff Mining Co. in
1911 (7).

z ; :
1 Refined copper (pounds) |
| Rock treated 2
tons)

Year
Total

7,779 |
7 761 |

152, 562
122, 611
105, 614
143, 430
185, 789

lncludes 6,73 O 874.
o 2 pounds produced b; trlbuters ri
00 pou, : v p or to October, 1

873 297
2, 345, 805
2,576,447
2, 182, 931
2, 007, 950
2 106 739

14. 00 |
19 DT A

| Superior.

¢ 1,813 ounces.
41,572 ounces. Sale of silver from date of organization to end of 1917, $15,280.37.

« 1,264 ounces.

Mesnard.—In Houghton County. Organized in May, 1859;
20,000 shares of $25 each. Tributers worked after company
ceased. In 1876 taken over by Pewabic interests. Sold to
Quiney in 1897.

| Refined copper | Refined copper

Year (pounds) Year (pounds)
{27 43 127 H IS8T siadomee s 9, 269
5 b 4 0008 S ot 6, 589
1] Oy 15, 600 ‘
IBOR. ¢ Tovuoo o 5, 510 84, 095
Michigan.—In Ontonagon County. Organized June, 1898,

and began work in September. Reorganized January, 1899.
Owns properties formerly known as Minesota, Rockland, and
Rockland set off from Minesota in 1853 and closed
in 1870. Little work on tribute. Minesota mine discovered
1847, opened 1848, closed 1870. Little work on tribute after
1870. Michigan discontinued work on company account at
end of 1910 and mine let on tribute until May, 1913, when all
work stopped and mine was idle until July, 1915. Work was
again suspended October 1, 1920. Consolidated with Mohawk
Mining Co. in 1923. Silver sold, $294 (in 1921).

Badktraitea | Refined copper (pounds)
. / (tons) | Total Per ton

TOa0RE. ol i St o [ il : SR60TE]. T e
70,17 IR e S T b oota e (8 R T T I
e o R i B e ol S b 4 FIEI0T8 oo
e R i) o 125,055 | 2, 746, 127 21. 9
TRlFEEE et O ‘ 152,200 | 2,891,796 @ 19.0
IO e o T | 140,225 | 2,875,341 | 20.5
Ty i ICE RN 150, 407 | 2, 665, 404 17. 7
R A sl | 190,331 | 3,000, 206 15. 8
(7 S T B : 148,172 | 1,979, 305 13. 4
JRYRIrn R T T T e e ; BB GRO T RIET
e ot o O e B ) e R e e | W ey 238
i SR SR TN I A < EBAGE00RE Sl ¥
5 R T I T RO ST TS
HOTREL aearamiEs T B 1o Sobil JER O 1 5805000 |
B N R 2,091 | 35, 400 16. 9
JOPRE AN e E s 40,865 | 1,177, 176 28. 8
e e e i (N Ol 62,373 | 1,697, 107 7. 21
SOOI G o 10 46,289 1,075, 492 23. 23
EOITETODE AT, ol Lo f daee o s R el g ot ah

............ D2 ds OB Ea T

a Mill test ol 1,100 tons of rock treamd yielded 14, 670 pounds of refined copper,

or 13.33 pounds per ton,
Estimated from 90, 000 pounds of mass copper shipped.
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gl | . .
d
Year Ret(ill)lguncgsl;per Year } Ret(\goegnegs

T 48,344 || 1881_____. ’ BT
o Loty a4, ey || 18882 T 0 , oy
Ty A [ 104,802 | 1888 . oi.. . i
i) N 90, 596 -
L AR 72, 515 9500
L 27, 407 |

e )

Mohawk.—In Keweenaw County. Mohawk Mining (o,

| organized November, 1898, and took over part of lands of

90
PRODUCTION BY LODES
Refined copper (pounds)
Year | ] nd

1 Eranch vein Calico lode sfg&ﬁ: l?)dcs
FP00=00 Uy Ba-AAD Sl SR 88, 601 Lo s
190250 Lot a 50, 000 8116, 898 | -c-can-----
1903 - e " a 75, 000 200, 078 |- mmeeoa- o |
o7 117 T 5 7 S o W | @ 1,373,000 | ¢1,373, 127 e e
POOS .  ER | o 1,445,000 [°1,446,796 | ____---
100 RSN O { a1, 875 341 {21,000, 000 |- —---
T R T X | a1, 665,404 | 1,000,000 |__________._
Lons. ) Aein a1, 500,000 1,500,206 .. _____
10090 La,. 1Z +700, 000 | 21,279,305 |-
FOH0WS 2k, e owiiog ST R e 38682l o AL
11318 BRI s L 3ty ek I B ST L BRGNS
B0 L T S TR A T
i 0 b RO S| o5 19, 727 |- o
L6 v st s it s A i | a 80, 000
(10 by e e Wl S = Eke. oW ol 1 ol 35, 400
) i) s SN AR e BRI e e RS 1,177, 176
Tl siames T SR % T i 1, 697, 107
19200 Sle Soirng et 1, 075, 492

9,174,108 8, 006, 420 |

o Estimated.

Minesota.—In Ontonagon County. Incorporated in 1848,
3,000 shares; reorganized in 1855, 20,000 shares of $50 each,
Mine worked by tributers after 1870. Later became part of
Michigan, which was consolidated with Mohawk in 1923.

Refined copper

Year (pounds) s

Silver sold ®

Prior to 1855_ _ ... 3, 020, 000

IBBDL: - St | 2,080, 000

TELE T ey MR I Ry 3,490, 714 | $986.95 (112 pounds).
i1y G e 3,952, 000 = $654.44 (78 pounds).
TRo St 3,802, 914 | $606.83 (70 pounds).
TRRAY. s it Ftses 3, 344, 587 = $644.61 (S8 pounds).
s 2, 680, 500

1 T N 3,016, 824 | $1,039.92 (185 pounds).
PRAY; PIEIRgL ¥ o 42,520,000 | $912.71.

JRBIIR ARG Cal 1,677, 500 | $757.68.

18045 o o ifei eniver o 1, 446, 000

18055 aambenee 403, 000

TRAG. oI N 391, 500

TR T Vi 376, 500

TR6R=HT STLE 230, 900

1200 R0 L RIGE 227, 500

ISZ0%: Jua LS 401, 500

Ly R 368, 000

R0 b oy A 252, 000 |

R e 148, 171

07 O TR 186, 338 |

RS ooe L S5 133, 419

IRJaE. " < el 88, 954

L s 113, 148 |

IS8T o=t L. 175, 027

i1 RN T i 92, 762

T R W 32,033

TEBLIE, - RIS 24, 227

US98 = AT I 10, 672

1883005 - i i 6, 226

TRSAVE - - (e s 1, 144

I8RENE . L TIEE i ] 12, 608

| 34,706, 668

s Smelter production 1848-1868, 27,307,893 pounds.
b Silver sold in 1852 amounted to $261 .69, and in 1854 to $186.46.
¢ Smelter production given as 3,212,426 pounds.
4 Smelter production given as 2,135,936 pounds.
* Smelter production given as 1,634,885 pounds.

Minong.—On Isle Royal. Minong Mining Co. organized
December 16, 1874; 40,000 shares of $25 each. Built stamp
mill in 1876. Reorganized in 1879 as Minong Copper Co.;
20,000 shares of $25 each. Company stopped work in 1881

but tributers worked for two seasons. Since the fall of 1883
no work has been done.

4, 065, 175 |

. Worked until 1871.
| until May, 1880. Rechartered in 1878 and in 1908.

Year Rock treated (tons) i —

‘ Total | Per ton
213 ST s f U ‘ 8, 613 | 226,824 | 26,34
908 RERES SORET IO | o 288,441 6,284,327 | 2179
19040 s, Aupglanl 459,162 | 8,149,515 | 17.75
190 ude sl o 586, 305 9, 387, 614 16,01
IO0RERE ST T ; 618,543 | 9,352,252 | 1512
2 L s o U 640, 777 10, 107, 266 15,77
2 U110 s o o P LN | 685, 823 | 10, 295, 881 15.01
190008 seeigils cTioyd 819,019 | 11, 248, 474 13.73
T R 802,537 | 11,412,066 | 1422
1101 1 B SR 802, 548 12, 091, 056 | 1507
T v e e g 787, 941 11, 995, 598 |  15.22
JQLBaC IS e S ‘ 366, 458 5,778,235 | 15.176
OIS el B o \ 649, 649 11, 094, 859 | 17.08
TQEbRE=S . e e 829, 789 15,882,914 | 10.15
Jgla e s 664, 547 13,834,034 | 20.82
TOLVINES U e 605, 202 12,313,887 | 20.35
(O S s e l  £ 5 454, 293 10,781,041 | 23.73
100 b e S sl 560, 734 12,857,392 | 2298
1017 RS e 434, 988 10, 269, 824 | 23,61
i1V bl R e e 688, 273 14,054,235 @ 20.42
TO20E T8 T ol 512, 393 11, 209, 396 |  21.88
12525 4 Tl it R 405, 412 | 9,452,539 | 23.32
RO e 702, 534 15,215,197 | 21.66
BR2ba e e L 640,069 | 15,819,922 | 2472
14, 014, 050 = 259, 114, 348 18.49

Fulton Mining Co. Started stamping in December, 190
Wolverine and Michigan consolidated with Mohawk on August
15, 1923. In 1900 produced 70,000 pounds mohawkite; i
1901, 160,897 pounds.

I Refined copper (pounds)

@ Stamp mill idle July 14 to Deec. 18.

National.—In Ontonagon County. Chartered April, 1848
Remained idle except for tribute work
Active
mining ceased August, 1893; since then a little tributing has
been done.

|
Year | Refined copper

| | g
| (pounds) !} Silversold | Year | Re%,oegnogsr;per s
| i =) T A

1888 s7 631l . .. | 1874, 142,052 ..
1854__| 100,000 |.__ 1 - 1875._| 08,878 |.....----
1865249, 3094|22 a T 1876__| 166, 647 | .-----—
18561 176,483 {20 * 4 1877 1 - 168,737 |-msisem-
1857 1 - 316, 987 .. 1] | 18787 22736 LI
1858 | 264,804 | .. 1 - 1879 17,508 |.-----c-
1859 | 488 176 (.-  ~ { 1882 17, 060 . . -------
1860. 1,078,609 | $776.96 | 1883..| 26,006 ._------
1861__| 1,383,760 | 547.82 | 1884..| 87,368 __-------
1862._| 865, 752 }2 | 1885 | 162,252 |---------
1863 561, 179 |f2 051. 88 | 1886, 184,708 |.--------
18641 - @88 5IG L . A0 | 1887__| 25,187 |-
1865._| 695,027 |1, 011.41 | 1889 454, 134 [------—
1866..| 647,371 | 5916. 71 | 1890.., 123,879 |_-------
1867.| 475 633 | 49566 | 1891 _| s M e
1868 .| 443 048 | <178 74 || 1892 < i A8 aBa
18694, 256,947 |  336.40 || 1893__| 63,433 __------
IR0l 260,650 1.oiin. L 1894 _| 36,390 |_.----—
1871l AT S080 " pT T 1895 il e
1872:85a8330 7oA o an it PRy T

1873._| - 167,870 |-~ .0 " 11, 612, 952 |-------

° Estimated, 5679 ounces. <198 ounces, 8,750 tons of rock treated
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New Arcadian.—See Arcadian. i

New York and Michigan.—In Keweenaw County. Opened
. 1846; closed in 1847; reopened 1852-53. Four small
b w:eighing about 1,800 pounds were shipped in 1852.
o __In Ontonagon County. Organized in June,

Nonesuch.
1867 Worked at intervals for several years. In 1875 stock

rased to 40,000 shares. Idle 1875-1877, and stamp mill
::;med son afterward. Leased for seven years by Capt.
Thomas Hooper. Over $£500,000 spent.

Refined copper Refined copper

91

Norwich.—In Ontonagon County. Vein discovered on
Norwich and Windsor properties in July, 1846. Operations at
Norwich mine began May, 1850, but not worked with any con-
siderable force until 1852. In February, 1855, American Mining
Co. of Vermont organized Norwich Mining Co.; 20,000 shares
of $25 each. Operations suspended in 1858 because of financial
difficulties. Some work done on tribute 1858-1863. In May,
1863, Norwich reorganized and formed a consolidation with
Windsor mine, and work recommenced immediately. Consoli-
dation with Hamilton Co. was decided on, April 14, 1864, fol-
lowed immediately by a division of the property, exchange of
stock and the formation of two companies, the Norwich ceding
the property known as the Windsor mine and receiving the
north part of the Hamilton. Mine was shut down in 1865.
Some work was done in 1899-1900 under the name of Essex
Copper Co.

Year (pounds) % (pounds)
F |
ol . 8,502l E88 s v i LT 119, 061
THORS S 3, 261 J et P w8 46, 450
e 267 A8B 4 . 23, 867
RS- U7, 460 IARBHTL T E T 28, 484
L 49, 667 |
Bt 31, 973 || 389, 556
TEROBRS L 55, 584 ||

North American.—In Keweenaw County. Organized in

1848; 6,000 shares, $300,000. Shares increased to 10,000 with |

wme capital about 1851.  Opened old North American mine in
1846 and worked until 1853. In 1852 opened South Cliff mine.
In 1860 sold entire property to Pittsburgh & Boston Mining Co.
[t was then let on tribute for three years. In 1864 North Ameri-

can mine set aside by the Pittsburgh & Boston to be operated by |

mewly organized American Mining Co. The North American
fisure, during the four years it was worked, yielded 445,000
pounds of copper. Remainder of production by North American
Mining Co. came from CIliff fissure.

Refined copper

Y Refined copper ||

(pounds) ix (pounds)

Il 51,296 || 1856 .. ... ' 408, 252 |
R 170,888 1REY ... . ot 275, 958 |
e s, 171, SADTHSIBERR . oo e 38, 919 |
JREEE. 51,296 || 1850___.__...___ 22, 852
Bt . 251, 597 | e L
TR 203, 763 | 1, 953, 803
L 307, 822 |

* Estimated. LY

North Cliff.-Tn Keweenaw County. Organized September
0, 1858, by setting off 1,002.25 acres from lands of Pittsburgh &
Boston Mining Co. Reorganized March 22, 1859, under special
tharter whieh had originally been granted to the ‘“Swamscott

Mining Co. of Michigan” and the name changed to North |

Ch.ﬂ Mining Co. of Michigan. Operations suspended at end of
1860; resumed in 1863. In 1859 produced 2,435 pounds of
ied copper (from openings); in 1864, 3,222 pounds; total,
3,657 pounds,

North Lake.—Tn Ontonagon County. Organized August,
190?- No rock milled.

N'l)rthwest.~See Pennsylvania.
lg?;rthW(fstern.—In Keweenaw County. Organized April,
wméras“{\qrtlm:estern Mining Co. Reorganized as North-
ey ﬂn;'];mng Co. .of Detroit, March 16, 1848; capital $300,000.
i Pmill erected in 1852. Work suspended in 1857, resumed
*Pring of 1863, again suspended in January, 1865. Later
thed by Central.

$108.54

Toe | | Refied copper | | Refined copper
— 2 | oy | e e ounds
182 e el ARty iy
T 8,622 || 1864._______.. ! 6, 651
T 44, 166 || 1880_______ . 961
18557~~~ - 154,900 : bt anse
L 80, 830 | r 313, 005
B 16, 875 i

| Refined copper | Refined copper

Year

| (pounds) (pounds)
L 25 b e Bt 6,339 1 18h8.._ ... 39, 000
1853 __ == 3 0 I oo S B 9, 730
186dC o a293,210 | 1865______._ 53, 330
L1215 T e 218 0001889 . oo o 5, 300
Lol e B 220, 000 e
IRbTE ot [ 993, 360

116, 000

e Estimated.

Ogima.—In Ontonagon County. Property worked under
tribute 1857-1860. Purchased in fall of 1860 and Ogima Mining
Co. organized in December of that vear; 20,000 shares of $25
each. Stopped work in 1868. Ground above adit level worked
at intervals by tributers. In 1888 leased for three years to A.

Meads. Later absorbed by Mass.
Your metiagpuon s - 00 1| efuel g
R  CETE { . __!
1857-1860¢°__ __ | 114,650 /| 1878 - ___-__ f 2, 800
o4 i e S e oy ‘ 14 186 | 1879 oo e | 17, 937
11 el 40, 957 J 18805 e 5, 885
0 T = 328, 700 11881 oo oo ¢ ; 16, 776
186 . i b 35, 000 , 1 BL 2y e S S | 4, 207
7 e s 167, 436 | 1883 oo e . 3, 000
173 PR R 27310 11884 . < - } 1, 106
4TS 4 A B e 168,480 || 1885__ . ______ ‘ 12, 291
1868 . a2 199,360 || 1887 ... ____ | 952
28] TN R ¢ 18, 045 | e e
{54 L N 9, 839 | | 1,138,897
T« Summer of 1857 to Oct. 1, 1860. b Estimated.
Ohio.—See Hilton.

Ohio Trap Rock.—In Ontonagon County. Special charter
granted 1849; 6,000 shares, $25 each. Company commenced
operations in 1846 and up to September, 1853, had expended
about $90,000 with but little returns of copper. Capital
exhausted in 1855, and company reorganized with capital
stock $300,000. No work done since 1857. In 1853 produced
2,755 pounds of refined copper; in 1858, 38,685 pounds; total,

| 41,440 pounds.

In 1863 silver sold amounting to |

Ojibway.—In Keweenaw County. Organized June, 1907;
100,000 shares of $25 each. Worked Kearsarge amygdaloid.
In 1911 treated 7,448 tons of rock and produced 49,662 pounds
of refined copper, or 6.65 pounds per ton. Mass copper re-
tained at mine amounted to 0.7 pound per ton stamped, bringing
total produet up to 7.35 pounds per ton, with tailings losses of
about 3 pounds. \

Osceola.—In Houghton County. Organized September 25,
1873. In 1879 consolidated with Opechee, forming Osceola
Consolidated Mining Co. Reincorporated 1903. First worked
on Calumet & Hecla conglomerate. In 1877 Osceola amygda-
loid located. Kearsarge and South Kearsarge mines operated
on Kearsarge amygdaloid, and Tamarack Jr. on Calumet &
Hecla conglomerate. Reorganized 1897 including three
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< Tamarack Jr.
mines—Osceola, Tamarack Jr., and Kearsarge. 1
set off from Tamarack about 1890. Soutl'l Kearsarge nt:me [‘))p:nsd
by Osceola Consolidated Mining Co. in 1899. Absorl 8192 3y
Calumet & Hecla Consolidated Copper Co. September 1, a

ALL LODES
- ’;gﬁd { Reﬁnfd o e f;{ound87) Silver sold
Lo (tons) F Total | Per ton
25,763 | 036,002 |- 36.88 |oo--=--o=
33,848 | 1,330,313 39.30 .-~
43,075 | 1,693,737 | 39.32 |-
78:830 | ST V] S5 ARl
79,439 | 22,705,998 341 | 85, 525. 61
1879 . 95,055 3,197,387 = 33.64 | 4,808 36
1880% =z 107,386 | 3,381,061 | 31.48 | 1,294.07
L e, 5 160,880 | 4,176,976  26.0 | 2 694.25
R 172,529 | 4,179,782 | 24.2 | 8,476.91
1883 - 175,320 | 4,256,409  24.3 | 3,757.78
18847 " 181,608 | 4,247,630 23.4 | 2 383.99
1885 e 72, 923 1,939,169 | 26.6 | . ...
IRS6 -0t 137,725 | 3,560,786  25.85 1, 308. 93
IR87a0 s 20 145,200 | 3,583,723 | 2468 |-—cc--onn-
188851 1 1) 183036 | 4 1343201 92550 [ L Eo0h
18R9: .. 175,587 | 4,534,127 | 25.82 |  827.91
LROQRE =41 183,825 | 5,294,792 | 28.80 | 1,238.74
T80 234,325 | 6,543,358 | 27.92 | 1,249.10
18920 S 0 247,575 | 7,098, 656 | 28.67 155. 27
1893 il e 2365875 |- 0 pLE- 8707 2R Bh G T &) =
HSoR; e o 264,050 | 6,918 502 | 26.20 |._________
TROPN. Bl 3 233: 238 | 76 270,373 [P 2888 S n -
1808 4 e DAR: (82 | e s TEs AR g s HECRI T
1897200 443,086 | 11, 201,703 1" 2L 4 it Do
IR0RAosin 505,008 | 12,682,297 | 251 |._________
1800: =aa 4 546,326 | 11,258,049 | 20.6 |._________
18005 8831066 [ 12-506 @71 du lgna it o L
19017 =i 793207 [ 13 703 AR IS Tt g I Seas oy
90D 2 S 836,400 | 13,416,396 | 16.0 |..._______
fgpa. o8 924,400 | 16,059,636 | 17.4 |.___..____
1O0€e =it 1,095,520 | 20,472/429°F 187 | oo ..
1905 i 1,.007, 200 | 182933 00Tl 1geg e leivas " =
Tigt ] e 1,016,240 | 18,588,451 | 18.3 | _________
T ) 811,603 | 14134 758 | 17.4 -l ..
7 g 1, 2415 400 F 220 280 704 | 17, T b = 0L
BHOO 1,494,845 | 25,296,657 | 16.9 |._________
TO0 =0 1,217,720 | 19, 346, A6 169 1 e L
1T S 1,246,506 | 18,388 103 [ 148 ool i
173 5 S 1,246,557 | 18,413,387 | 14.8 |__________
PO il 735,044 | 11,325,010 | 15.4 |__________
1014 L3 10 1,108 447 1 (070787 36 Lo o
1015, SN 1;361,089°| 10,731,472 | 145 | - -
e 1,284,681 | 19,586,501 | 1525 __ . __
e A R | 1,287,805 | 16,084, 058 18,0 | - . -
1918 1,194,967 | 15,919,647 | 13.3 | . "=
739,364 | 10,824 331 | ‘1484 T C
455,982 | 7,465,773 | 16,37 |__________
............... Nonsy 8 s idec g IICE -
| 26,742,216 | 477,371,115 | 17.85 _.________
@ Includes 79,878 pounds from sands.
b Includes 58,555 pounds from sands,
¢ No. 5 Osceola closed in August,
OSCEOLA MINE (CALUMET & HECLA CONGLOMERATE)

Year Rock treated | Ivefined copper (pounds)
¥, (tons) { Total Per ton
1878 2 il s it S T
1T PN 35763 036 003 | 36 33
1875, oo santon i 33,848 1,330,313 | 39, 30
1878 s asicnns s 43,075 | 1,693,737 | 39 32
BT s s Shons - 78,339 | 2774777 | 35 4
i I s BRI 79,439 | <2 705 998 341
L 28,600 | *1,971,140( 336

---------------- ) | 1,240, 061 315
i P SRR SRS i o SR oner | s
358,450 12,652,028 | 35.30

* Includes 79,878 pounds from sands, & Includes 58,555 pounds from sands.

THE COPPER DEPOSITS OF MICHIGAN

TAMARACK JUNIOR MINE (CALUMET & HECLA CONOLOMIBATD

[See Tamarack Jr. Mining Co. for production 1802-1806)

‘ = R

‘ Refined co

‘; Rock treated p?“ (pounds)

i Year (tons) ——

| Total Per ta

([ Y & L ———

i e ) L M e 64,857 | 1,655 000
e 100,764 | =2, 620,000 | <500
e NSRS 105,742 | 22,511,000 «937

D00 T oo il 121,744 | 22,276 000 o187

SRTOOTRSE - Dreads 121, 652 1,879,000 o154
T R S e 100, 959 @ 1,413,000 ¢4
R 3, 760 250,000 *143

619, 478

s Estimated.

12,404,000 2.0

NORTH KEARSARGE MINE (KEARSARGE AMYGDALOID)

[See Kearsarge Mining Co. for production 1887-1895)

e

@ 68,194 | 1,305 000 <191
ke 1o SRR 1 70,534 | 22 186,000 | <310
I TR Y e ‘ 77,368 | e 1,544, 000 0.0
T b e S i i 88, 578 e}, 639,000 =185
T e L et T | 104,162 | 1,800,000 | ¢17.3
iy e T LF T 197,601 | 3,149,000 =159
TO0RE T i Tt | 347,600 | ¢6,046,000 @ <17.4
TODAMSE " S Toacimit % 456,960 | <8 446,000 <185
JOOBEE o o sy e | 381,520 | 6,993,000 | <183
TR AT . - 345,200 | 6,023,000 <1745
TONTRES: D0 [ e D | 256,314 | a4, 306000 <168
OO e Ll | 465,870 | ©8 155000 °17.5
EON0EETEES 3 e i [ 605055 | 10,212,628 168

RTOTOSARE - E o R B | 701,315 | 10,154,790 1448
ESEDhaae s s i 767, 272 9, 654,053 | 1238
e S T TN 672, 248 8 611,720 | 1281
O e 300, 903 4,369,000 | 145
TR B S T S | 458, 609 5,695,737 | 124
T ARG | 612, 831 7,886,579 | 12.87
I LSRR T 651, 079 9,267,738 | 143
INTO ORI e 1 691, 263 8, 667,441 | 12.5
T S AN | 745,722 9,305,968 | 120
ol 48 e T S S 465, 034 6, 380, 660 | 13.72
WGORmET I 7 e ey 291, 508 4,483,129 | 15638
RA921-1028 .0 Ll Al e e Nq_nf.— --------
’ 9,822, 740 = 146,371,443 | 149
| ¢ Estimated,
\ SOUTH KEARSARGE MINE (KEARSARGE AMYGDALOID)
‘ ¥
TODORIEN 8 e il Yo -5, 670 93,000 °16.
1301 ________________ ; 59, 979 | 995, 000 | ° 16-‘75
L MRS e 160,320 | 2,839,000 110
o A R i 275,440 |« 4,840,000 | 7.0,
B0 com SR e 348,440 |« 6,737,000 | “io0
e 350, 560 | 6, 986,000  * 18y
19086 2 - it o 392,520 | 7,789,000 | " 0o
B e | 310,925 | @ 5,969,000 | ,}8- :
BHOB 0 L e 392,627 | 7,273,000 | * 00
IS S R 456, 380 8, 609, 666 18,15
) T 450, 103 8, 168, 794 182
Kl T RS 479, 324 8, 734, 140 1815
1 T E N 458, 745 8323, 028 | o8
ROTSER eSSy e 256, 233 5, 004, 16,23
B 388, 402 6,303, 000 | o
1 A LR 476, 185 7,962,824 | oy
(P 408, 572 6, 968, 749 | i o
LTI ST T 343, 254 4,900,781 | g
3% P e L 218, 728 3, 271, 44g 16.75
L R R T e 124,107 | 2, 078,44 18 45
HOINR AN T8, e e 71, 091 | 1,311, 381
L e e G IR S G s R , None. --—-7 -
| 51 1%
6, 427, 605 | 115, 156, L [
° Estimated,
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PRODUCTION
OSCEOLA MINE (OSCEOLA AMYGDALOID) OSCEOLA MINE (OSCEOLA AMYGDALOID)—continued
Rock treated | Repmd Sy £2ed (p(iqqu? Year Rock treated 4 i 52 (,pom,],d s
Year (tons) Total | Per ton (tons) [ Total | Per ton
- 36,455 | 1,226,247 | 33.6 |l 1902.. ... _ .. _____ | 377,520 | 6,015 396 | °15.9
}séo": ............. 68, 000 2,141,000 | 7 3L 5. | 19080 7. oot 297,600 | @5, 123,636 < 17.2
L 160, 880 4,176, 976 260105l 190N Lo Ry ol 200,120 | 5,280,429 | = 18.2
1882-:------—-----—- 172, 529 4, 1791 782 24521 300D S & o n BT | 275, 120 1 a4 959, 965 a18. 0
R 175, 320 | 4, 256, 409 28584 B0 -t e LN 278, 520 | 24,776,451 | °17.1
R - 181, 608 | 4, 247, 630 2845 Glie 007 MR T £ ussi 244,364 | =3 859 753 | a15.8
I885mnnmmmmm oo .y 12,923 1,939,169 | 26.6 | 1908 _______________ | 382,903 | 5 822 794 | @15 2
T T 137, 725 | 3, 560, 786 25, 9- [N A900 Snn iy it g L | 433,410 | 6,474,363 | 14.04
i A 145, 200 3, 583, 723 24: 68 "W IO habrr 3 i dth e s ‘ 66, 302 | 1,022,982 | 15.43
e 183, 036 4, 134, 320 09959 {1 Lo SRR EED i T P A AT e
iy T N 175, 587 4, 534, 127 ObHRZ M IO e e | 115, 564 | 1,479,642 | 12.80
o R 183, 825 5, 294, 792 280 S0/ DTN R R e | 177, 908 | 1,952,010 |  10.97
R 234, 325 6, 543, 358 21.192" [I° FO1 - O Gt eei, S | 261, 436 | 2, 972, 000 11. 37
T - 247, 575 Ty 0035068« kS IBH0T Il 01 B 0o Sty | o 272, 073 | 3,882,069 | 14.27
s o . o 236, 875 AU R o | i 7 N R L ey 225, 030 | 3,350, 014 | 14. 89
B 264,050 0,18, 800 98,20, || 1807 . CTo L 5T 203,288 | 2,516,736 | 12.38
BRHEEe —o | 233,238 6,210,874 | -26.9 N 1018 .. ____ .. .. 230,517 8,252,283 | ' 1411
|l e A ; 248, 062 6,261,304 T 26, Ze L JOIG - o s i 150, 223 2,365,226 | 15 74
[ R 310,085 | - 8,241,103 26,6, |l 1020_ . . ______._.__. 93,383 | 1,671,263 | 17.90
B ™ L. | 883,710 | 7,876,207 | «<28.6 || 1021-1928 = ce f L oo _ooac | o o [
B | 363,216 | ©7,203,049 | ¢19.8 |
| e R S 467, 074 ¢8, 558,471 | 218.4 | 9, 513,943 = 190, 787, 393 20. 05
TR T 507,414 29,049,487 | 2 17.8 ‘ I
+ Estimated. e Estimated.
SUMMARY

(alumet'& Hecla conglomerate. .o . c.ooiicmcdinicaaodnasan

Jepparpenayraaloid SO R el R g L s e e
Lo iy 2 b IS T Tt R e N+ 1

-_— |

Refined copper (pounds)

Period I‘ Rock treated (tons)

gy : 5% Total ’d*lier ton
_____ {{gg;:{ggg}} 977, 928 25, 056, 028 f 25. 62
_____ 1897-1020 | 16, 250, 345 261, 527, 694 16. 09
_____ | 1879-1920 | 9,513, 943 190, 787, 393 20. 05
i | 26,742,216 477,371,116 | 17.85

Peninsula.—In Houghton County. Was Albany & Boston
up to 1882, when it became Peninsula. Mine closed in 1892.
Purchased by Franklin Mining Co. in 1894, after which known
& Franklin Jr. mine. Output all derived from Allouez con-
glomerate.

Refind | 1 Refined copper
s D (pouggig)pet f Year E (poundzspe
T 849,400? 18000 ST | 1,108, 660
TR 1,225,081 |1891e ________| 1,599, 670
i885 __________ One. || TBOZL suit: v f 973, 217
l&m ___________ 131, 556 | BTG T 0
s o 736, 507 | 6, 624, 991

*%,301 tons stamped, yielding 16.06 pounds to the ton.

!'enlnsulp.~—1n Ontonagon County. Organized July 30,
:)300. A vein was worked to some extent in 1851. Abandoned
4-v 1854, as there was little encouragement to go on. Produced
480 pounds of refined copper in 1851,

Pennsylvania (Northwest).—In Keweenaw County. Or- |

Hnized in 1861; 20,000 shares of $25 each. See Delaware.

oy A LR

Refined ver || | )

\_‘Yfr (pm:n(;)sr;l i !i Year \ Ref(lgggncgsp)l >
- 34,322 11889 ... _....|  148/144.
B e 195, 020 || 1860 __ .. _.__. ! 242, 097
e el 293,199 | 1861 ... ... .. ! 109, 920
17 e 269, 174 || 1864 .. . __._. | 163, 960
e hahat 229, 07T || 1865 5L Lot ‘ 379, 369
e e 892081 1866 Lo Lol | 128, 090
- 1985080 4 180T e B0 326, 660
T 3, 348 SRR o it
7 s A 58, 543 [ 8,034,311

---------- 166, 100 i
*Estimateq,

::therlck.~8ee Ashbed.
Tribuwt:ble.-__ln Houghton County. Organized April, 1853.
B, sotme Work beginning 1855. In 1868 Concord

1 y
1 Pewahyic were consolidated. Mine leased from June, 1870,

58540298

to July, 1874. Concord set off as a separate organization in
1879. Purchased by Quincy in 1891.

o
g
:
a

1,917, 426
1, 849, 192
1, 571, 281
1, 691, 724
1, 429, 857
1, 731, 394
1, 346, 140
1, 646, 458
1, 043, 523

960, 409

1880__| 33, 982 970, 509 | 28. 6

i

1

| 1881__| 60, 427 | 1,872, 878 | 81.05
| 188200 63,592 | 1,482, 664 | 23.31

I yBRa. L L 117184 |
A 227,834 |._____

Rock Refined copper (pounds)

(tons) : Total Per ton

546, 616 |______
444,600 |-
467,000 |._____
572,400 |- __
294, 607 |-__.__
625, 271 |- __
-7 R 568,995 |______
T O R R 698797 1Ak
T N BE Lk T T T T
1879__| 7,200 | 336,519 | 46. 10

Silver sold

$1,406.86 (1,382 ounces).
$1,032.93 (919 ounces).
$593.35 (428 ounces).

$397.10 (270 ounces).
$195.82 (116 ounces;.

$94.33.

________ 27,823,416 |...__.

s Includes 21,879 pounds lost by shipwreck.
s Tncludes 2,138 pounds lost by shipwreck.

« Stamped 23,912 tons during 7 months and 22 days

W R s R A

o .

o

\

S —
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Phoenix.—In Keweenaw County. Phoenix Consolidated 1
Copper Co., organized April, 1899; 100,000 shares of $25 ea.ch.
Comprised old Phoenix, Bay State, St. Clair, Garden City, |
and 80 acres of the old Atlas purchased in 1900. Successor of
Lake Superior Copper Co., which was organized February 22,
1844; 1,200 shares of $100. Mining commenced October 22,
1844; abandoned in 1847; recommenced in 1850 and continued |
to February, 1853. A stamp mill was built in 1845, the first in
the district, but proved a failure. In August, 1849, reorganized
and Phoenix Copper Co. took over assets. Started work on
Ashbed in 1855. In 1863 worked Phoenix and Robbins fis-
sures. In 1871 Bay State property acquired. Worked on 1
company account to 1883 and on tribute July, 1883, to 1886 |
Garden City worked 1859-1868. St. Clair operated 1865
1874 and 1880-1885. Work discontinued June 15, 1905. Re-
sumed work on Ashbed October, 1913, and continued to
December, 1917. Property sold to Keweenaw Copper Co. in
1923 and Phoenix Co. dissolved.

Refined

copper
(pounds)

Year

Silver sold

8, 960
11, 200
15, 630

3, 427
6, 000
16, 000
34, 000
a 45, 000
56, 590
40, 062 | ;
68, 790
63, 590
144, 118
332, 775
b 244, 158
202, 000
196, 000
260, 000
796, 630
999, 000
1,219, 862
728, 470
521, 081

1, 398, 440

1, 404, 276

1, 396, 530

1, 022, 493

301, 172
543, 426
436, 010
409, 357
537, 177
512, 201
621, 004
361, 108
101, 804
11, 000
88, 206
93, 643
100, 000
202, 823

1, 162, 201
273, 214
63, 830

380, 536
l\fone.

17, 438, 984 |

$1,147.08 (878 ounces).

$898.09 (681 ounces).

$2,950.49 (2,250 ounces).
$6,204.69 (4,732 ounces).
$2,120.42 (1,841 ounces).
$1,267.03 (1,100 ounces). '
$777.12 (727 ounces). '

| $7,428.60 (13,375 ounces).

o Estimated to October 29.
® Includes 33,000 pounds from Ashbed.
: 18.%0% to!;s 061 stocl:) pile.
ctober to December. Rock treated, 6,915 ;i
© Rock treated, 41,148 tons; yield, 9.25 poundst‘;gxs' t?)ixe.]d' e,

Pittsburgh & Boston.

THE COPPER DEPOSITS OF MICHIGAN

See CIiff.

Pittsburgh & Isle Royale.—On Isle Royal.

Portage.—In Houghton County. Organized in 185 and
mining commenced in November of that year.

Portage.
Quincy.
1848. In

shares.

Year

@ Estimated.

Year

Rock treated
(tons)

958, 935

New
Reincorporated in 1908,

——

| Refined opper

(pounds)

[T

3, 380

Su 960

12,410
o

24,730

See Grang

Produced 6,608 pounds of refined copper in 1853,
In Houghton County.
1856 Pewabic lode
formed under same name in 1878,
Absorbed Pewabic in 1891.

Incorporated March 3,
discovered.

company

In 1897 purchased Mesnard ang
Pontiac properties and increased their capital stock to 100,000

Refined copper (pounds)

Total

2, 564, 852
2, 125, 000

, 420, 000
, 400, 000

a
a
a
a
a
a
a

800, 000

O Ot
NSO
A A=N=
OO
WO
oo

0D w2
~1
>
W
(=
@0

00 DD 10 1O 1O 1D 1= 1= 1O DO B0 1D

2 - - )
_4*}03\7
SO
SOoOO
SS8S
oo
SO
oo

5, 923, 519
5, 609, 762
6, 367, 809
6, 405, 636
8, 064, 253

10, 542, 519

11, 103, 926

14, 398, 477

15, 484, 014

16, 304, 721

16, 863, 477

16, 924, 618

16, 354, 061

14, 301, 182

14, 116, 551

20, 540, 720

18, 988, 491

18, 498, 288

200, 000 |
300, 000 |

| Per ton

o

WO NNOTINO~I=WSID

(=2 |
(s73]

=0 O oW
O~1wWW

OO
N O

oo
-

©2 00 =
DO

O -
oo

Purchased old Franklin mine December 1, 1908,

- Silversold

$517. 16
369. 04
364. 37

280. 45
605. 59
588. 71
T17.75
287.76
535. 56
562. 34
990. 55
770.22
930. 74
407.79

3, 08186
3, 745.58
22, 080. 42
18, 024.95
29, 405. 60
24, 490. 64
25, 474. 00
17, 170.85
16, 300. 00
21, 000.00
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el | Refined copper (pounds)
1 ock treated | == | Silyersold
< / $ne) ’ Total Per ton
Wi 1018873 | 18343160 18 00 $25 758.89
1005 1,135, 162 | 18, 827, 557 16. 59 27, 077. 20
106~ 1,012, 178 16, 194, 838 16. 0 25, 358. 00
L B 10 796, 068 | L0l o o[ s
| SR o 20, B00; 361" |t - S e S
Mo [ TTTIIIT) eze1Lose o
1010 —-| s A 2%, 51;, Oil} ‘ __________ smmaoeoe
| 1382, 524 | 22,252,943 | 16.10 | 23, 005. 28
T 1300, 253 = 20,634,800 | 15.76 | 30, 227. 51
T 804, 645 | 12,184,128 | 15.2 | 20,832, 79
D) e S 1, 016, 666 ‘ 15, 356, 380 15. 1 12, 630. 00
T 1,269,000 | 22,054,813  17.4 | 11,829 08
1016, .- , 204, 026 21, 065,612 | 17.5 26, 159. 19
s 1, 277, 873 22,195,577 | 17.3 [Pt e
1115, o 1,174, 147 19, 948, 965 : 16. 9 54, 680. 06
1909~ 960,393 19, 476,320 | 20.3 | © 89, 163.30
1002~ 809, 263 19, 216, 070 23. 8 84, 379. 33
1{!7) 767, 100 16, 960, 265 | 22. 12 | © 60, 744. 46
e 674,499 15,402,726 | 22.83 473,751 34
A e 546, 670 13, 000, 733 | 23. 78 | ¢ 76, 701. 81
. 588, 100 14, 838,633 | 25.24 | /43, 074. 65
(098 2 ‘ 586, 913 14, 357, 523 J 24. 46 | ¢ 53, 600. 38
A . 726, 000,319 |__..__._ DR e
133,050 ounces. 4 150,139 ounces. /118,478 ounces.

« 146,774 ounces. « 115,137 ounces. ¢ 139,498 ounces.

Rhode Island.—In Houghton County. Rhode Island
Mining Co. organized about 1860 and worked Allouez con-
gomerate. Rhode Island Copper Co. organized 1898. First
eploratory work done by Rhode Island Mining Co. 1864-65,
afending a trench from a point west of highway east to Allouez
wnglomerate, which exposed all the lodes for that distance.
Yo. 1 shaft started on Pewabic lode in 1898.

Refined copper

Year (pounds)
e i e 24,000
DT o e ot Lt e S e 57,000

31, 000

:Est!mted from 31,611 pounds mass and barrel for the year.
Estimated from 9,892 pounds mass and barrel for the year.

Ridge.—In Ontonagon County. Organized April, 1850.
Worked five years; leased 1855-1863. In October, 1863, new
ompany organized. Some work at intervals by tributers.
Title lost in 1896 by failure of owners to pay tax. Later
!)ecame part of Mass Consolidated Mining Co. Silver amount-
ing 10 $254.55 sold in 1876.

| Rock 1 [ Roa |
Year | Refined copper | |Refined copper
| '{f:,‘,‘;;‘ (pound:sr;pe : Year J t{f:;g;’ (poundg,)pe
- o | Tt B~ T O SR T
}gu- eeee| 22,400 || 1876..__| 2,178 | 290,018
g5 [-=--=--| 37,600 || 1877 ___| 2,017 206, 815
1353"' 70,631 || 1878_.._.| 2,565 251, 837
T R 78584 I IRTOL. culialane sifi - 216,469
lsss"""'““" 58,700 || 1880____| 3,925 | 223,353
gy, 78,690 |[ 1881_._.; 2,800 | 235, 606
i At e 40, 000 || 1882.__.| 1,448 102, 936
gy ~f----=--| *60,000 || 1883 ___| ... 60, 155
155" 16, O BB C g TR 74, 030
g 170; 488 HAREE SO Sl i L ‘ 63, 390
7 140 AP IRESRAT SN Ein § | 158,272
T R e | A [ 84,902
gy l--------| 162,087 | 1888 | _____._. | 50,924
1870"“i""'- ¥4} K1oB8" A4 IPIRRO whalol bl | 28,000
o ------| 245,400 || 1890_.__| . ... 17, 645
T SE0EB0 80T 2r a2t Ly 43, 049
N R 257, 000" [[$1Bg2E M IERRLT S 23, 611
7 A N 9B 40 RTROT | Gy 64, 363
1375:'"‘ -------- 374,113
] T SO A7 || | et o 5,443,195

Rockland.—In Ontonagon County. Organized September
27, 1853; 20,000 shares of $25 each. Stamp mill erected in

1855-56. In 1870 company shut down. Passed into hands of
National interests. Worked by tributers more or less to 1880.
T PR v —
Year sRe(t;l)l;?l(}lta(;;))?er Silver sold ” Year ;Rp(t;%%ifg?fcr Silver sold
= ! o]
}ggg----l T 1‘; 1869,__,‘ 119,000 | ...
el 30 80 Loas oy | bt [ Sl
1856 223,’ ool I 18707 (95(5)1 g
1857____| 568,264 |<$143. 08 || 1872----; g1 e 31 0 R
1858____| 372,647 | ¢116.14 ‘1 is7a 9% 400§ . .-
1859.._ | 515,788 | ¢72.84 (| 1874____| 45,260 |-._.___.
1BAacL . BElx9diwiis_ J0eat [ 875 ~—| Tt 440 -] Soattnes
1861 ___| B8R 446-| -£90.66 || 1876-_-_| 57,6004 ~c-=-—7
18620 _ . 4bb;B82 oot AL o5y d 38 T00 b= Lot T A%
1863 LT 2089,,048  face .~ V1878 L Py G| PSR 5 |
TRBATS Lo L B2-624 [l e HARIPOL = 1924 - =20
1865, . 232078 e oo {| 1880.__. 33;-800 ). pnteaed
1866____| E A D I s
 lh21 337 W [ (1 4 ) R TR l 15,890, 1381 .o Seel
1868: 22} .98, 600 | wolazal f \

| [ If |

a 1854-1863 and 1865-1867 are smelter returns.
1,700 tons of rock treated.

¢ 18 pounds.

4 16 pounds.

« 7 pounds.

710 pounds.

Saginaw.—On Isle Royal. Worked from 1875 to 1879. In
1877 produced 1,800 pounds of refined copper; in 1879, 49,464
pounds; total, 51,264 pounds.

Schooleraft.—See Centennial.

St. Clair.—In Keweenaw County. Organized in 1863 and
operated on fissure. Stamp mill erected in 1872 but not used,
as work was suspended during panic of 1873, and property went
into hands of ereditors until 1879, when company was reor-
ganized. Later became part of Phoenix Consolidated Copper

Co.

v: ' fined ¢ r
Year Rel(”ngggncgs};per { Year E Re(pgungsgpe

IRBEL =i 8,815 Il 1880 ___-___-. ! 13, 195

T T SR 62,200 || 1881 _________- 125, 493

1861 St s e SAires | LA SR e l 87, 126

FRORE = O 130, 665 |[ 1883 -c - -—--—- l 125, 225

TREOL ..o, L 48197 || 1884 ... ... 4 139, 407

!y R 18,072 | 1885 _..-.-- ‘ 79, 686

TRTE oL i oot 81, 867 | —

BT, Lo B 5, 400 [ | 1,011,071
il |

Seneca.—In Keweenaw County. Seneca Mining Co.,

organized March, 1860; dissolved October 10, 1918, all of its
stock being conveyed to the Seneca Copper Corporation, which
was incorporated in 1916 in New York. Mine closed in April,
1924. Seneca Copper Mining Co. incorporated February 27,
1925, and work resumed in November of that year.

I . 1 : oy
| Refined copper (pounds)

Rock treated

Year ‘ (tons) # :

f Total Per ton
et sy s s
o R A P R T / ...... L
TRTT . rl Bl eantiie 2o e M L B S OE i L L
TRTR Al SN S S A ST ‘ 809 lan s nae -
QDN ser Mo o e [ 21, 395 497, 680 ‘ 23. 26
O [ S S R e 14, 397 | 466, 323 ‘ 32. 39
1 D S e YR R 8, 617 | 272,482 | 31. 58
3 f o)k iR o SRR T 21, 644 | 529,189 | 24.45
1§ 0 SeeTR - R NS 82, 477 “ 1,796,548 | 21.78
1 T el S I ST ; 17, 313 | 284,241 | 16.4

BT '

[

3, 863, 385 |-acouaa-
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Shelden & Columbian.—In Houghton County. Shelden
Mining Co., organized in 1853. Albion Mining Co. coxllducted
operations on this property in 1853. Work suspended in 1857,
In 1860 the property was sold and the Columbian was organ-
ized; began work in June of that year; operations suspended
in January, 1861, and resumed in November, 1862. In June,
1864, changed name to Shelden & Columbian Copper Co. Idle
since 1870 except for some tributing.

Refined copper

Il y
Tur | Belmigpw | e ot

1RG4, REVE T 5,496 { 1880 _cccaco-- ‘ 46, 931
! e (o) S T Y] 114 20011 1881 20l o500 10, 031
i 203 e o S, 188,497 | 1882 02 _~zace 3, 299
1807 LU Sl 618,946 || 1884_______..- 9, 828
TR R 333, 118 | -
1869, 2as o 186, 368 | 1, 463, 336

y B2 eI (00 50 “ 1,622 ||
| | oy
Siskowit.—On Isle Royal. Work began on this location as

early as 1845. Siskowit Mining Association commenced ope ra
tions in summer of 1847. Siskowit Mining Co. of Michigan
organized May, 1849, and resumed the mining operations which
had been suspended by the association. Mine closed in 1855.

Refined cogmper

Year (pounds
1849 S o B N T SRS T ORI R el 31, 360
E8501 il B sl bl AE S Gt SIAE gt g 30, 912
180T - o 2l BBl S8 s LSRRI, S e G U S 37, 363
802 .t & vl oe ot b, St 62, 272
808 o L et SR I N I R S ) 28, 829
190, 736

South Lake.—In Ontonagon County. Formerly known as
Aztec; reorganized in August, 1909, as South Lake Mining Co.
and capital stock increased to $2,500,000. Production ceased
in July, 1918.

g Refined copper (pounds)
treated
Year °°( {:;‘
Total Per ton
13 5 6 TV Wt R S o T 3,993 | 61, 637 15. 40
1820 3 7 AR, SR R 68, 388 | 754, 433 11. 03
HORRUL o e e 2 S 7,694 | 226, 141 28. 09
1919-9926 et s o i KIS T B i Nahéo 10 e
80,075 1,042 211 13. 02
Star.—In Keweenaw County. Began work in 1851 and |

worked until 1857. Resumed in 1864.

Refined i 3

Year (E:uncg.sper I Year Re?ggglfgsp"

ARGE &tk =iy ' 1,000 | 1872 535

) 4085y GBI e { - e irif PRV B b1 [N 758

IRET eI , 9, 107 e

i §297 35 R e et 1, 760 | 17, 938
| ]

Summit.—See Madison.

Sumner.—See Hancock.

Superior.—In Houghton County. Organized July 23, 1904;
100,000 shares of $25 each. Mine closed Novem'ber, 1920i

Property purchased by Calumet & Hecla and company dis-
solved in 1925.

THE COPPER DEPOSITS OF MICHIGAN

I ——
| Refined copper (pounds) )
Year R“}{.},ﬁg? - | ‘ Silver sol
Total Per ton
e v B e ] X
1908 Lic, Y o2 21,244 | 22,08 |
1909 81,641 | 1,781,315 | 2183 | [T
11 R 140, 514 | 3,181,041 | 22.64 [ ..
T R 162, 599 | 3,236,233 | 19.90 |_____ 7
1110 NSRS 172,322 | 3,921,974 | 22.76 [
PO G 130, 826 | 2,992, 765 | 22. 87 | $20, 478 %
TOBRE Lo 191,628 | 3,217,635 | 16.79 | 16 247 (3
TOLEer S | 212,051 | 3,866,484 | 1823 | 19 447
1910 e | 185,315 | 3,034,656 | 16.38 |
A e | 129,587 | 2,201,672 | 16.99 | 1§
7018 o 106,213 | 1,676,446 | 1578 |
o0 ‘ 27, 267 563,935 | 20.68 |-
1090 .. ... 9, 549 822, 871 | 88.81 L.
T PN 1 ] (e Lo TS AR LS N
] 1,550,474 | 30,018,271 | 19.36 .

Superior.—In Ontonagon County.
1855; 20,000 shares of $25 each.

Organized in October,
Sold to Michigan in Decem-

ber, 1899.
Year RM(]SSS,; cgsx;per " Vear | Ret(igoeg[mw
1868 e hT 635 || 1867 . ... 36, 400
S iy S A BOESARE 4. Lo 56, 000
1EEH, et Sl e 30, O0OSIEEROD. Z0 oL L { 4,521
1881 et 54,642 || 1876 _____ 3,936
BROD et o 0000 HA8TT. ot o ool 5, 810
RBRpel vy 66, 600 || 1878 _ ... 1, 965
s Ao HER e A a0 D2e N ERTO . oo ] 1,476
1880 S 89, 673 | f—————
10 T 66, 000 | i 525, 830
Tamarack.—In Houghton County. Organized January,
1882. Declared first dividend in 1888. Property sold to Calu-

met & Hecla Mining Co. on April 1, 1917, and company dis
solved.

Refined copper (pounds)
- Rock treated S I —
G e (tons) Total Per ton

18R S o - AL 5363 |-ooonnn
7 TR RN e PR 5.7, 485 |-onies.
THEY. = T T , 36, 129 1,979,400 | 5476
RGN e 0 BT T \ 90, 587 4, 636,521 | 5L1S
Ly A TR W 144, 412 | 10,389,867 | T7L%
PERBLG &8 oy T | 169, 250 11,036,469 | 65.21
il Rt E e S ARG | 185,250 8,928,249 | 473l
o S R | 282,087 | 14,076,957 | 4074
IROPG A R T | 338 700 16, 805, 360 | 49.62
[ R R | 345925 | 16,061,106 | 464
LR T VR N | 393, 862 15, 580, 214 |  39.4
o e 410, 250 13, 472,818 | 323
PROB i, e | 220,174 8, 022,213 | 350
18967777 490,625 | 16,045,039 [ 8270
- W I e S | 611,539 | 20,222,550 | 3 01
T NN AR b i | 670,832 | 19, 662,545 | 20 32
R | 631,000 | 18,565,602 | 208
WO oo | 625,422 | 19,181,605 | 347
Wolae 626,905 | 18,000,852 | 287
T RS A 658,720 | 15,961,528 | 212
M T 657,920 | 15,286,003 | 2
TR ey 642,320 | 14, 961, 885 23'1
R R 750,120 | 15,824,008 | 21}
o T R R 389, 680 9,832, 644 | 208
EDBEET Cu i W T 533, 600 11, 078, 604 28 6
B0 on TaRiA T 654 897 | 12, 806, 127 19'6
T R G T 689,000 | 13,533,207 | 1h]
e 525,554 | 11,063,606 | 2L

18;49?}181‘;'(1? % D, ;fsﬁ?s:} and 1896-1916; fiscal years (July 1 to June 30 1885
; ec, 5: Jan, ;
ooy e oes, 31 1805; Jan. 1 to June 80, 1017




sk biatad | Refined copper (pounds)

(tons) v/1 Total | Per ton

392,338 | 7,494,077 | 191

421, 385 | 7,908, 745 | - 7188

227, 563 ’ 4,168,743 | 18.3

57, 410 1, 074, 808 18.7

217, 027 | 3, 888, 150 17. 9

363, 649 | 6, 618,505 | 18.2
156, 920 | 5,039,995 | 13.25
____________ 389, 215,899 | _______

Tamarack Junior.—In Houghton County. Organized in
1888, Absorbed by Osceola Consolidated Mining Co. in 1897.

| Refined copper
Year : (pounds)

e

796, 769
2, 372, 302
2, 547, 861
2, 135, 000

9, 462, 191

Tecumseh.—In Houghton County.
. organized in March, 1880. Consolidated with La Salle Copper
- (o. the later part of 1906. Produced 59,874 pounds of refined
~ topper in 1906.

- Toltee.—In Ontonagon County. Organized in 1850. Be-
- gn mining in July, 1851. In 1855 consolidated with Farm
Mining Co. and became Toltec Consolidated Mining Co.

Year Ret(igggncgsx;per i Yoar Rc!(igggncgspcr
S 6,720 || 1869 .. .. .. 32, 186
£ ety | 213,000 | 1860_ _.______ 7, 140
| T S | 106,000 || 1866 ... ... 12, 670
& AR 118, 401 e
R s 83,036 | 379, 153
.M.__'—_ SRILS TR e e

Trimountain.—In Houghton County Organized Janu-

iry, 1899, Dissalved in 1923, mine being acquired by Copper
Range Co.

e

| Rock treated |
(tons)

Refined copper (pounds)
Total

Per ton
---------------- 207, 956 5,730,633 |  27. 55
---------------- 507, 877 9,237,051 | 18.20

Aol 534, 640 10,211,230 | 19.1
2l 570, 843 10, 476, 462 18. 36
-------------- 506, 924 9, 507, 933 18. 76
---------------- 444, 358 8,190, 711 | 18.43
i e ! 334, 929 6, 034, 908 18. 00
Fteicioeo..o...| 828,408 5,282, 404 |  16.33
-------------- 317, 299 5, 694, 868 17. 95
---------------- | 347,885 6, 120, 417 | 17. 59
-------------- i 366, 663 6, 980, 713 19. 04
------------- 229,149 4,990, 938 | 21.78
--------------- | 277,281 5, 048, 306 | 18. 21
---------------- . 340 684 8 302,806 | 23.75
L  Devoss | qarsoor | oam

“““ il ] il i

g, e e 201, 433 5, 343, 586 26, 52
L 171, 995 5, 274, 387 30. 66
111 i ek e Y 116, 768 3, 532, 025 30. 24
T 143, 172 4, 341, 584 |  30.32
i 130, 913 4,116,100 | 31. 44
A 6, 273 281,482 |  44. 87
T b e 8, 159 278,259 | 34. 10
Aok Wl T T 35, 465 1, 065, 044 30. 03
R N 6, 746, 703 141, 040, 592 20. 90

PRODUCTION

1, 610, 259 |

Tecumseh Copper Co. |
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Victoria.—In Ontonagon County. Mine first opened in
1849 as Cushin. Forest Mining Co. organized 1850. Glenn
set off from Forest in 1852. Reorganized April, 1858, as
Victoria Mining Co. Operated regularly 1850-1855, then at
intervals until present compapy assumed control. Victoria
Copper Mining Co. organized January, 1899, and work com-
menced in March of that year. Includes old Vietoria, Glenn,
Shirley, Sylvan, Oneida, and Arctic properties. Operations
suspended July, 1904; resumed early in 1906. Idle since end
of April, 1921.

\
Year ' R“&f{ﬁf’md [- e i
) | Total Per ton
¥ M e 1 e b Sl
T N Y SN I e Bastiad } s i N o
L M S T P Sl N ‘ T R
. e ot 8 il ges Yot 8960 | .....
PORD S o o L iy i i A
TRR s eita Teien B e kil ¢ ‘ 293, 000
R T I T e 178,606 |_____._.
T A s N L e ol T I e
R L T o o, L T B LR
T SN N T TPl CH 8980 1o
TS £ R [ L R
L TR N N R L A e
T 1 ARl C o 8 NS
T AR W R N e 1,800 b o
R e i PR e ‘ s
g o T ML Y t T
o e SRR e . | &Y Lot s
IR KRS by IR A ' v83, 442
N AN (I 39,185 546,334 | 13.94
0 A - —— 95, 035 1,207,337 | 12.7
TR N U 109, 015 1,290,040 | 11.8
T R K 118, 605 1,062, 218 8. 96
T 122, 497 1, 164, 564 9. 51
ARSI SR i 126, 894 1, 303, 331 10. 28
DTN AT N 131, 955 1,224, 911 9. 28
TR U e 137, 163 1,428 693 = 10. 42
T e TR A 124, 842 1,486,242 | 11.9
T R R TN 133, 984 1,499,695  11.1
TRIB et S A 146, 690 1,661,832  11.33
TS RS R iy 137, 286 1,612,640 = 11.75
TOIRT ol T | 106, 730 1,533,536 | 14.3
10103 cacse s SRR 89, 206 1,245 590  14.0
T TRy 61, 031 1,060,829  17.38
OB E e 20, 400 240,000  11.75
1929-1985. .. oono None. None. |- .- _-..
.............. 20,024, 513 |._.__...
! |

a Estimated.
» Sold in June. Represents mass and barrel taken out in running the drifts.
Vulcan.—In Keweenaw County. Operations commenced
in 1864; 613 pounds of refined copper taken from openings.
' White Pine.—In Ontonagon County. Organized in 1909;
150,000 common and 50,000 preferred shares; capital $5,000,000.
Operations ceased in November, 1920.

i 'A~\7/ (12 E ¥ X

Refined copper (pounds)

A Silver sol
Year Roe(l;:;g;ated (%L‘ifcis)?
Total Per ton
T LD e, s 114, 039 2, 824, 145 .7 Sl Y M
il - S 8RS 188, 890 4, 207, 449 22. 27 573, 866
; ! ) iy e e RS 212, 889 4, 067, 529 19. 11 <66, 933
21 - SR P 194, 568 | 3, 273, 680 16. 83 46, 188
TOLYE oo as it 84, 008 1, 979, 268 23. 56 30, 877
211 TS S Y 93, 260 1, 850, 787 19, 85 438, 107
o TR R ety 90, 813 e LRy 4,710
192271025 ____ None Not et hoiiars
887, 654 | 18, 233, 169 20. 54 ' 260, 681
|
a 95 per cent of production. 4 $39,356.16.
® $62,131.83. « Smelter clean-up.
« $28,037.46.
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Windsor.—In Ontonagon County. Worked in 1854-55
as a separate and distinct interest of the American Mining Co.
of Vermont. Absorbed by Norwich in 1863. Prior to 1856
produced 68,000 pounds of refined copper.

Winona.—In Houghton County. Organized in April, 1864.
Few shipments. In 1870 mine was let to tributers. Reor-
ganized as Winona Copper Co. November 3, 1898. In 1911
absorbed King Philip Copper Co. Closed in May, 1920.

Refined copper (pounds)
Rock treated &

Year

o) [ Total | Per ton

L902EI 1 b (s L N3 72 101,188 | = 26:82
ERORS cC L L W 51,435 | 1, 036, 944 20. 16
Y R RN R 34, 030 | 646, 025 18. 98
1908 s Sl 19, 399 | 278, 182 14. 34
12010 LTI R B N 102, 100 1, 285, 863 12. 59
P08V 02 mrv IS Tl i o { None: izl
i 10 B S SN N S AT 97, 445 1, 275, 675 13. 09
TOU25 o e e A ] 181, 148 | 2, 307, 237 12. 74
TOTR - DR AT i 120, 806 1, 448, 737 11. 99
Lo T S e 123, 339 1, 352, 085 10. 96
1 Lo [l S S Gl L L 102, 594 1, 722, 638 16. 79
fhe I SR R 161, 829 2, 167, 255 13. 39
(5 SRR S e e 112, 083 1, 494, 472 13. 33
IBE e e g oy 1= I S 8,750,826 < ool

------------ 1\ 57,837 819, 857 14. 15
160216 SES SR s ¢ 39, 654 561, 238 14. 15
1920 a0 u o il mp T e e 430,-012 b coalei . o
19211925 . .o None INODOw |t L

e Produced by lessees.

Wolverine.—In Houghton County. Operated from Janu-
ary, 1882, to November, 1884. Reorganized as Wolverine
Copper Mining Co. in August, 1890. Consolidated with
Mohawk Mining Co. August 16, 1923. Mine closed April,

1925.
| Refined copper (pounds)
Year s Roc(l:ot;:? ted L. AT A
Total l Per ton
RS T SR e o e e i

1 St SR R e o v 2
T RIS IR RPN 699,622 | .~
1oL R Y 1T T T TR 800,000 |________
11 RCERERERIT SWa hfs Gatiaig S

FO8AS .. ST SR G 83, 208 |___
(1) S B T ' 31, 524 500,074 | 15. 86
5 TSN T ’ 10, 491 218,855 |  20. 86
1998 1P alinraRs | 76, 440 1,611,857 |  21.08
180850 4o o loe ey , 90, 195 1,744,070 19,33
1BOH: 2 bt o tal ; 85, 155 2,011,638 23 62
18080 oo e e , 82, 270 2,237,608 | 27.20
1807050 (ERRee | 130, 089 3,470,927 |  26. 68
IROR i e | 184,799 4,700,373 | 25,43
1RGN .20 SN | 184,594 4,756,646 |  25.77
10007 crs L 190, 104 4,907,646 | 25 81
1001 s LA 187, 482 4,984,367 | 26,59
1382"""'"""""’ 279, 011 8, 260, 386 | 29, 60
%903 ________________ | 314,001 9,300,605 | 29, 61
100470 | 321,813 9,729,971 | 30,23
QOB 1k SN | 341,820 | 9,681,706 | 28 39
1906 Lot 28 LI e | 344,062 | 9 372 982 27. 24
1T A SN | 348,860 9,356,123 | 26, 82
T DM wean | 373,694 | 9,995 748 | 2675
100097 1. o SRR | 390,837 9,757,101 | 24 06
}3i? ................ | 388,476 9,617,168 | 24 75
................ i 401, 308 9, 408, 960 23. 45
AR e | 888 502 8,850,312 | 2149
101 8ol s B 5. 182, 127 3,435,459 | 18, 86
T e el | 397,614 | 7,250,866 | 18 23
171 ORI S [, 388,808 | 6,641,492 | 17 o7

o Calendar years, 1882-1888 t;nd 1924; 1891 includes Sept. 1
1892 includes May 10 to June 80, 1803. fiscal Vi to T SoAprl, 180g;
July 1o Dec. 31, 1923; Jaaiaty to April, 196, - 0 0 ¥ bo June 30), 189¢-1025;

THE COPPER DEPOSITS OF MICHIGAN
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; Refined copper (
Rock treated e

Year (tongy A
Total Perty |
OGS EME UL 352, 845 5,856,880 | 5 0
PO e L = 303, 498 4, 608, 865 15 1
il Sl R S B (R A 298, 089 4,562, 617 | 153
1919 - 257, 294 3,982,225 | 15m
1920 oo 263, 053 3,640,303 | 1y
1921 o e 290, 419 3,924,270 | 135
1922, o ool 244, 310 3,544,879 | 143
1923 oo 95, 408 1,605,121 | 168
1924__ oo 205, 428 3,265,356 | 150
AP o A P 43, 663 574’ 084 | 13,55

188, 797,107 |__

Wyandot.—In Houghton County. Organized February 23,
1899; 100,000 shares of $25 each. Idle from September, 1914
to April, 1915. Closed late in 1917 or early in 1918.

1

Refined copper (pounds)

Year Rock treated

(tons)
Total Per ton
1121 PG R A Pl U W 1, 605 19, 973 | 1%
Y2 by e N 1, 322 ©20, 000 ' *1448
 E1E LT LD R None. None, |....28
2,927 39,073 | 1368

o Tailings assay 5.26 pounds, b Estimated.

OPERATING PRACTICE

An adequate discussion of the prevailing mining
and metallurgical practice in the district at the present
time by competent authority would make a very con-
siderable report. Here it is intended only to give the
reader a general idea of the methods used.

MINING
DEVELOPMENT

The ore bodies are tabular in form, average from
5 to 30 feet or more in thickness, and dip at angles
of 30° to 72°.

All the lodes have been opened from the outerops
by inclined shafts sunk in or close under the lode ant
spaced, in modern operations, at intervals of 2,500
feet or more along the strike. In early operations
the spacing was closer. The deepest of these shafls
which is on the Calumet & Hecla conglomerate, l.msﬂ
length along the incline of 9,065 feet and attains
vertical depth of 5,459 feet—that is, 4,815 feet belo¥
Lake Superior, or 4,213 feet below sea level. Th“
Michigan copper properties are bounded on all sid&
by vertical planes. This has undoubtedly avoid
many of the legal difficulties that have plagued weste”
mining operations, but it has in places been a handicap
to the most effective development.

To open the deeper portion of the Calumet & Hedls

conglomerate ore hody the old Tamarack Co. sunk |

five vertical shafts to depths of 3,409 to 5,308 feet ﬂ!id
connected them on several levels by crosscuts: ';
the meantime the Calumet & Hecla Co. put dowh




OPERATING PRACTICE

deep vertical shaft, the Red Jacket, to serve its deeper
lovels. The vertical shafts are connected by crosscuts
with the drifts on the lode. To reach deep parts of
the Kearsarge amygdaloid, where the outerop was
owmed by others, the Allouez and Ahmeek companies
qunk four shafts at an angle of 10° from the vertical,
wrving the shafts into or parallel to the lode where
this was reached. The Seneca Co. sunk a vertical
shaft to the Kearsarge lode and curved it parallel to
the lode. On account of low capacity and expensive
naintenance the inclined shafts are less effective
for very deep mining, and the Calumet & Hecla
Consolidated Copper Co. is abandoning one after
another of its deep inclined shafts on the conglomer-
ate lode and is preparing to work at greater depth
by subinclines from a main haulageway on the eighty-
first level, which is tributary to the Red Jacket vertical
shaft. ;

In the early days the distance between levels,
measured down the dip, was usually 60 feet (10
fathoms); now the interval is 100 to 150 or even 200
feet.

An effective method of sampling the native copper |

deposits has not been developed. The choice of
ground to be mined is made by the mining captains
on the basis of visual inspection, aided by feeling, for

the small rough particles of metal may be felt where |

they are not easily seen. The standards for judgment
are empirical, subject to such checks as are afforded
by the weekly or monthly mill returns on the ore from
ill stopes of a given shaft or of the entire mine. In

general, any rock in which copper is detected by sight |

or touch goes as ore, and that in which none is so @ shaft.

detected is not intentionally mined.

STOPING

Open stope—Where the dip is between 35° and 45°, |

81t is in the mines near Calumet, the open stope 1is
©mmonly used. A raise is put up to the level above,
sfter which stoping proceeds, leaving a floor pillar
under t:he level above and a sufficient number of round
pillars in the stope to support the hanging wall. The
“mmonest practice has been to advance these stopes

outward from the shaft pillar to the limit of the ground |
tributary to the shaft, and before abandoning the level |
t‘{recover as many of the pillars as can be taken out |
th safety; later still the floor pillars are removed |

w1

Provided tl}ey are rich enough to justify this independ-
@t operation. The more recent practice, however,

carries the drifts to the limit farthest from the shaft

id stopes on the retreat. In this way only enough

Pars are left to give temporary protection to the

si?l?t of the- stope, and as the stope retreats, all pos-

o s;Ope.plllars and the' floor pillars also are mined

o 1 either case no timber is used except in the
struction of loading chutes.

. separate the drift from the stope.

99

In mining the deeper parts of the Calumet & Hecla
conglomerate lode stope pillars are not used. In-
stead, timber stulls are used in sufficient number to
afford a zone of protection near the breast of the stope,
but as this zone moves along with the progress of the
stope the timbers are removed, and caving of the hang-
ing wall follows.

Room and pillar—In the deeper levels of the
Quincy mine, where the dip is less than 40° and the
lode narrow, a modification of the open-stope method
has been adopted to meet the condition of great rock
pressure. The interval between levels is 200 feet;
stopes 100 feet long are supported temporarily by
short stulls and later are partly or completely filled
with waste rock from development operations. Be-
tween the stopes pillars 100 feet wide are left extend-
ing through from level to level, as round stope pillars
have been found inadequate. On the advance, there-
fore, something over 50 per cent of the lode is mined,
the remainder being left for support to be recovered
so far as may be possible on the retreat.

Shrinkage stope.—At the Isle Royale mine the dip
ranges from 50° to 56° and is thus too steep to permit
work in an open stope without timber. A timber bulk-
head with numerous loading chutes is erected to
Extraction is
accomplished by inclined cuts; usually poor ore left
unbroken affords sufficient support. The ore is
allowed to accumulate to a convenient height, and the
surplus is drawn off through the chutes. Upon com-
pletion of the stope all ore is drawn off and the stope
is abandoned, beginning at the limits farthest from the

Horizontal cut and fill—At the Baltic, Champion,
and Trimountain mines the dip approximates 70° and
the lode is unusually wide. Two dry walls with open-
ings for loading chutes are constructed of waste rock
and covered with timber, forming a haulage way along
the center of the lode on the level. As waste from
mining operations accumulates behind and above these
haulage ways circular dry-walled mill holes are
extended upward from the loading chutes and kept
even with the top of the fill. Stoping is carried on
by horizontal cuts worked from the top of the fill. As
each round is blasted down the broken rock is sorted
by handling and visual inspection, the ore is thrown
into the mill holes, and the reject is left to constitute
the filling. Where the lode is rich and the amount of
reject therefore inadequate to maintain the fill at a
proper height additional filling material is obtained
by exploratory stoping along the footwall and by
blowing in wet mill tailings shot down from the surface.
Floor pillars below the fill of sthe overlymg lavel are
supported by large timber cribs and are then stoped
by inclined cuts from under the pillar.

The size of shaft pillars varies with the depth. In
some of the old inclined shafts no shaft pillars were left,
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in the upper levels of the early days. -
were deepened pillars were left, say, 50 feet wide or
sometimes less, on each side. At still greater depths
the shaft pillars were made 100 feet wide on each side,
and now, in certain shafts at the deepest levels, 200
feet is left for each pillar, or a total block of 400 feet
for the shaft.
footwall of the lode shaft pillars are not necessary,
and by some it is regarded as better not to leave
pillars in the lode over the shaft.

TRANSPORTATION

The ore is drawn from the stopes through chutes of
varying design and construction into cars, which are
commonly of several tons capacity. In the flatter
stopes drag-line scrapers are used for moving the ore
down the footwall. By the use of long platforms
erected over the track scrapers are also used to some
extent for loading cars where no chutes are provided,
as in the deep levels of the Calumet & Hecla con-
glomerate, and for mucking in drifts. The so-called
mucking machines and other forms of mechanical
shovels have gained little foothold in this district.

Power has largely displaced handwork for tramming.
At most mines the cars are dumped directly into the
skip, but at the Quincy and Seneca mines skip pockets
are used. Hoisting is, of course, in balance, except
in some of the old inclines. Each shaft is equipped
with a rock house containing grizzlies and crusher, so

that about 4 inches is the maximum size of material |

delivered to the railway cars for transportation to the
stamp mills.

UNDERGROUND CONDITIONS

The mines of the district are notably clean and
comfortable. Natural ventilation commonly suffices,
even in the deepest workings, to maintain the air
clear, fresh, and cooler than the adjacent rocks.
The rock temperature is low. A compilation of
existing data on rock temperature by C. E. Van
Orstrand, of the United States Geological Survey,
gives the following gradients of increase with depth:

From 60 to 1,080 feet 1° F. to every 99.1 feet.
From 60 to 1,915 feet 1° F. to every 105.6 feet.

From 60 to 3,090 feet 1° F. to every 119.3 feet.
From 60 to 5,367 feet 1° F. to every 117.4 feet.

The rock temperature on the eighty-first level of
the Red Jacket shaft in the Kearsarge lode, at a depth
of approximately 4,900 feet, as determined by Mr.
Van Orstrand, is 86.?° F. It seems evident that, so
far as temperature is concerned, mining may be
extended much deeper without any such serious
inconvenience as has heen encountered, for example
in the deep St. John del Rey mine, in Brazil. :

Except in the upper levels, where water is plentiful,
?he mines are strikingly dry. So far as possible water
is caught and pumped from shallow depths, but some

Where the shafts are carried in the |
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As the shafts | escapes and flows down the shafts and accounts fy;

the greater part of the water encountered at dep,

" Away from the shafts the workings are dusty, ayg

water has to be piped from the surface for use in the
Leyner drills; otherwise the air of the stopes woulg
be filled with dust. Occasional drops accumulate oy
the roofs of drifts, but rarely is there enough water t

| drip. Even in newly opened ground only a littl
. water is encountered, and that quickly drains oy,

The expense of pumping, then, is relatively low. I
the Calumet & Hecla mine, with over 200 miles of
drifts and shafts and practically continuous stopes
covering between 2 and 3 square miles on the plane of
the lode, the total pumping duty amounts to only
1,200 gallons a minute, notwithstanding the fact that
removal of so much ore during 60 years of operation
has caused much fracturing, crushing, and caving of
the hanging wall and thus has made the rocks much
more permeable than they were before mining began.
The drift cover of the district may contain much
water, and if the mine workings break through to the
drift a considerable flow of water may result, as
occurred in the Champion mine in 1924.

MILLING

Nearly all the ore mined from the district is sent to
the stamp mills. The exceptions are the “masses”
encountered in the lodes and commonly in the cross
fissures; these are sent direct to the smelter.

In all the mills the ore is first crushed by steam
stamps of large capacity. Then follow successive
concentrations and crushings, involving ball milk,
rod mills, and jigs and tables. Flotation follows
gravity concentration in the Calumet & Hecla and
Quincy mills, and ammonia leaching is the final stage
in the former. By the best practice a recovery of %
per cent is obtained. The copper content of the
mill concentrates or ‘“mineral” ranges from 50 10
75 per cent and averages about 60 per cent. .

A recent development of technical and economi
interest is the reworking of the great tonnage of old
conglomerate mill tailings accumulated in Torch Lake
near the Calumet & Hecla and Tamarack mils
The mill records of tonnage and copper content of the
tailings produced yearly for over half a century gav
a basis for computing the copper contained in the
entire mass. Both tonnage and metal content were
checked by elaborate sampling, and the figures t'hUS
obtained were in striking agreement with those derived
from the mill records. The winning of copper fron?

by Jocal
fissures

@ Several types of material produced at the mines and mills are known
terms. “‘Mass” copper consists of the large bodies of copper found in the {
and in some of the lodes, ranging in weight from 100 pounds or less to hU“d“dsf
tons. Smaller bodies of copper that were separated from the rock were roumrg
stored and shipped in barrels and were consequently known as barrel” works an'or
this term is still used. Rock containing small bodies of copper sent to mevmﬂls 0
separation is known as “mill” rock. The concentrate from the mill rock a5 kuwd
as “mineral.” “Ore” as used locally in the district refers to the sulphide &0
arsenide minerals, but this use of the term is not followed in the present pat
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(hese tailings will require many years at the present
mte of production. The tailings are elevated by
qction dredge and pumped to a plant on shore, where
crushing, concentration, ﬁot_:atvlon, and leaching are
enployed, with a very satisfactory recovery. T}.,e
wst per pound of producmg. copper from these tail-
ings is the lowest in the district.

As the copper is coarser and the rock softer in the
mygdaloid than in the conglomerate lodes, the
former have always yielded a larger proportion of
their copper to initial treatment.
aygdaloid tailings is therefore not yet feasible.

SMELTING

The copper in the product delivered to the smelters
isalready almost wholly in the metallic state and forms
from 50 to nearly 100 per cent of the product, the pro-
portion depending on whether it is mill concentrate
or mass copper of the lower grades. The smelting
process is therefore simple in principle, but, as most
of the product is furnace-refined, and the standard
of quality for Lake copper is high, much care is
exercised in the smelting operations. Copper that
carries a sufficient amount of silver to make the sepa-
ration and recovery of this metal profitable is refined
electrolytically. Electrolytic refining has been used

small amounts of arsenic, but in recent years nearly all
of the arsenical copper is furnace-refined and sold for
special uses. Lake copper has long been regarded by
some consumers as excelling in certain qualities and
has commanded a premium over electrolytic copper.

COPPER DEPOSITS
PRINCIPAL TYPES

101

' carry copper-rich arsenides, and many of the smaller

ones carry the copper-rich sulphide chalcocite. Cop-
per arsenides and sulphides are rarely and sparingly
present in the lodes independent of fissures.
Although great masses of metallic copper, as much
as hundreds of tons in weight, have been encountered

| in some of the fissures and in certain of the amygdaloid

Re-treatment of |

lodes, the deposits as a whole are of low grade; the high-
est average yield for a year ever attained by the dis-
trict as a whole was about 414 per cent; for the last
10 or 15 years the average recovery for all the mines

' has been about 20 pounds to the ton, or 1 per cent, and

that for certain individual mines as low as 11 to 15

. pounds.

DISTRIBUTION IN THE KEWEENAWAN SERIES

The economically important known deposits with a
single exception are confined to the portion of the

- Keweenawan series that is composed predominantly
| of lava flows, but they have a wide stratigraphic

range within that portion. The principal productive
lodes from the base upward are the Baltic amygdaloid,
Isle Royale amygdaloid, Kearsarge amygdaloid,
Osceola amygdaloid, Calumet & Hecla conglomerate,
Allouez conglomerate, Pewabic amygdaloid, and Ash-

: ] used | hed amygdaloid.
also in order to purify some of the copper containing |

The copper deposits of Keweenaw Point are com- |

monly divided into two broad groups—lode deposits
and fissure deposits. The lode deposits comprise
conglomerate lodes,* mineralized beds of felsite con-

glfbmcmte interstratified with the lavas, and amygda- |
bid lodes, the mineralized vesicular, brecciated, or |

“scoriaceous” tops of the lava flows.

The fissure deposits are veins along fractures that
parallel or cross the beds. A subtype of the con-
glqmerate lodes is represented in the Porcupine Moun-
tzlli region by mineralized beds of sandstone and of
shale,

All the deposits are thus of tabular form. There
¢ no irregular bodies, large in all dimensions, like
t'h“se' of the well-known low-grade disseminated
deposits of copper in other regions.

In the lode deposits and most of the larger fissure
d?Posns the copper is in the metallic state, some of it
?}ligﬁtly arsenical. A few of the larger fissure deposits

" o - - e — — - —— —— —

m: : term “lode’” as thus used in the region denotes an ore zone parallel to the

ot dding and made up largely ‘of the rock itself—a restriction of the general
Wra) significance of the term as applied to an ore deposit of tabular form.

The fissure deposits are confined to the same strati-
graphic portion of the series, though in the main the
valuable fissure deposits and the lode deposits occur in
different areas along the strike of the formation.

The exception to the distribution indicated above
is the Nonesuch lode, in the formation of that name,
well up in the sedimentary portion of the series. The
mineralization at this horizon occurred mainly in
sandstone, and to a less extent in shale. The abnor-
mally high position of the lode in the Keweenawan
rocks is probably due to the presence of intrusive
rocks in the near-by Porcupine Mountains.

CONGLOMERATE LODES
PHYSICAL CHARACTER

Much of what is said below regarding the conglom-
erate lodes is based on observation of the Calumet &
Hecla conglomerate, which has been the most closely
studied. Most of the other conglomerates, though they
have been less thoroughly explored, appear to resem-
ble it in their essential characters.

The conglomerates are composed mainly of siliceous
material, chiefly felsite and quartz porphyry. They
contain few boulders more than a foot in diameter, and
for most of the Calumet & Hecla conglomerate the larg-
est pebbles are considerably less than a foot in diame-
ter. The matrix consists of fine material of the same
general composition as the pebbles. Where the Calu-
met & Hecla conglomerate thins to 5 feet or less it is
not a true conglomerate but a rock of finer texture
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ranging from coarse grit to sandstone. The horizon of
this conglomerate, recognized for many miles along the
strike, is marked chiefly by red or brown basic shaly to
sandy sediment with some felsitic sand. Near Calumet
it opens out rather abruptly into a lens of typical felsite
conglomerate, pitching to the north at an angle of about
35° and broadening and thickening down the dip.
Where truncated by the erosion surface the lens has a
hovizontal extent of about 10,000 feet. On the
seventy-fifth level a similar section measures 17,000
feet, and it apparently continues to broaden as it
goes deeper; the lowest workings, at the ninety-
third level, have not yet been extended to its lateral
limits. Within the limits of exploration the thickness
of the conglomerate ranges from 5 feet or less near

the margins and 10 or 15 feet where the axis reaches

the surface to 30 feet and more along the axis of the
lens on the lower levels. In other words, the area of
a given section of the lode increases from the surface
downward to the present depth of development.

Explorations along the horizon of the Calumet &
Hecla conglomerate both north and south of the lens
at Calumet have failed to disclose either another
thick body of felsite conglomerate or any encouraging
evidence of mineralization.

The Allouez conglomerate is very similar in charac-
ter to the felsitic portion of the Calumet & Hecla
conglomerate, though much more persistent and over
considerable areas much thicker. It is lenticular,

however, in places pinching out completely or repre- |
| by bars of ilmenite.

sented only by a thin clay seam. Such clay seams
have been called ‘“‘slides” and interpreted as faults,
parallel or nearly parallel to the bedding, which locally
have cut out the conglomerate. Similar clay seams
are found where the conglomerate is present, and
although they undoubtedly represent slipping, there
seems to be no reason for believing that they have
faulted out the conglomerate. It seems more likely,
unless other evidence of important faulting is found,
that the so-called “slides” represent areas where the
conglomerate was not deposited.

The Kearsarge conglomerate in places closely re-
sembles the Calumet & Hecla, but at several points
where it has been opened, even though much thicker
than the Calumet & Hecla, it is composed mainly of
relatively fine material and ranges from a fine con-
glomerate to grit and sandstone. No. 8 conglomerate
is in general similar to the others. Where cut in the
Arcadian workings it is somewhat mineralized.

The great conglomerate formations in the upper
part of the Keweenawan series are in general similar
in character to the lower beds, though in places, at

least, they contain a larger proportion of basic material,
IRON CONTENT

The felsite conglomerates throughout the series are
of strong dark-red color, This redness is a property
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both of the pebbles and of the finer matrix i which
they are inclosed. The red color of the felsite and
porphyry pebbles, like that of the massive hodies
felsite and porphyry in the district, is due to the
presence of small crystals of hematite, which mie.
scopic study of thin and polished sections shoys to
be an original constituent of the rocks. The availghls
data indicate that these siliceous rocks of the Keye.
nawan series are relatively rich in ferric compared wit
ferrous iron, as is shown by the following determins.
tions:

Iron in Mount Houghton felsite and in a felsite pebble from fhe
Allouez conglomerate

Fe; 0y Fe0
Mount Houghton felsite ... -« oo e e 2.27 0.15
) DI, | R e R N SNT 172 18
o, e VTR LAl s R POEV OLLIER SO 1. 44 .66
Felsite pebble from Allouez conglomerate. 4. 88 .58

The iron oxide in the finer part of the conglomerats
and in the sandy bands is of two kinds—included
plates of hematite in the grains of felsite, as just
described, and irregular clastic grains of iron oxide
that once were titaniferous magnetite. In the sand-
stone lenses the grains of oxide are in large part con-
centrated in layers of “black sand,” giving the rock
a banded appearance; some of these grains, as seel
under the microscope, are made up of limonite crossed
In the thin conglomerate beds
that mark the lower part of the series these grains
consist mainly of hematite with similar ilmenite bars;
very few of the grains are attracted by an ordinary
magnet. Some of the iron oxide grains in the Great
conglomerate, however, are distinctly magnetic and
under the microscope are found to consist mainly of
magnetite with bars of ilmenite; the magnetite is
partly oxidized, but the ilmenite is unattacked
These facts suggest that the clastic grains of iron
oxide were derived from the erosion of areas of baslt
and that although the amygdaloid and trap were
largely destroyed and dissipated (though perhaps
represented in part by the red basic mud rock under
neath the felsite conglomerates) the compact iron
oxide grains, because heavy and chemically stable,
were preserved and were accumulated with the fe-
sitic débris.

Hematite, the prevailing oxide in the conglomert}t%_'
is not a by-product of copper mineralization; it
present in all the beds whether mineralized or 1o
and mineralization instead of producing it b
destroyed it. (See p. 103.) The conglomerat®
indeed, though not as rich in hematite as the amygd
loids, contained before mineralization a notable
amount of ferric iron but, except for a few amygds-
loid pebbles, very little ferrous iron.
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The average amount of iron in the conglomerates |

has not been closely determined. A felsite pebble

from the Allouez conglomerate was found to contain |

4,88 per cent of Fe,0; and 0.6 per cent of FeO. The
ion content of the conglomerate is probably very
dose to 5 per cent of Fe,0; and 0.6 per cent of FeO.
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and partly converted to copper, crystals of barite
may be present.

The most conspicuous alteration associated with
the copper was a pronounced bleaching of the con-

~ glomerate from a rich brownish red to a light pink or

Certain porphyry pebbles and boulders much higher |

in ferric oxide are of interest because of their especial
suseeptibility to copper replacement; those that have
been peripherally or entirely replaced by copper
form, respectively, the copper “skulls” and “boul-
ders” so often described. One of these iron-rich
pebbles gave 12.68 per cent of Fe,O; and 1.30 per
cent of FeO.
MINERALIZATION
KINBRAITOGY

The minerals that have been introduced into the
conglomerate since its consolidation are few and of
simple character as compared with the corresponding
minerals of the amygdaloids. They all belong to the
same general period of mineralization as the copper.
The more abundant minerals, named in the order of
their deposition, are red alkali feldspar, early; epidote
and pumpellyite, mainly earlier than copper; calcite
and quartz, throughout; copper; chlorite, associated
with the alteration accompanying copper, especially
in the iron-rich pebbles.

The zeolites and the allied minerals like prehnite
are strikingly absent from the conglomerate; laumon-
tite, though present in fissures in the adjacent trap,
almost never persists where these fissures continue
into the conglomerate. It is evident, therefore, that
the zeolites were not a characteristic and nécessary

product of the mineralizing solutions but that their |

formation was primarily dependent on the nature of
the rock through which the solutions passed.
ROCK ALTERATION

The copper occurs chiefly in the finer cementing
material of the medium to coarse grained conglom-
trate. Undoubtedly in part it filled pore spaces
in the sandy matrix of the pebbles, but mainly it
replaced the cement.

The pebbles, especially those of dense felsite, are
generally unreplaced, though here and there bleach-
g may affect their borders or extend through them
along planes of permeability. A few pebbles of
quartz porphyry were attacked by copper, but even
where advanced replacement has occurred the pheno-
aysts of quartz and of feldspar remain. In some
pebbles the feldspar crystals contain minute copper
flakes, and the feldspars may have been attacked
Fhus before the groundmass was replaced. Where
IPOI{-rich pebbles were partly replaced by copper, the
ferric oxide was in part removed and in part reduced
ind recombined into chlorite, which is a conspicuous
ilteration product of such pebbles, as described by
Pumpelly and Lane. In these pebbles, chloritized

salmon color. This change is recognized by all
those working on the lode as an accompaniment of
good ore and is so intimately and faithfully associated
with copper from the largest masses down to micro-

~scopic particles as to leave no doubt that an intimate

causal relation exists between the two. It resulted
from the removal of a part, commonly a large part,
of the hematite of the conglomerate with no very
pronounced change in the other minerals. In the
mineralized portions of the rock the fine material
and the small pebbles are generally bleached entirely,
but the larger pebbles may be bléached only at their
margins, the centers remaining dark. This bleach-
ing, as exemplified in the Calumet & Hecla lode, is
somewhat more conspicuous in the lower part of the
mine than in the upper part but is to be seen practically
everywhere.

Alteration of another type, whose effects are most
conspicuous in certain lenses of sandstone, converted
a large part of the rock into pale yellowish-green epi-
dote. This change resulted from a recombination of
the materials originally present, together with a con-
siderable addition of ferric iron. Evidence of altera-
tion of this kind is to be seen especially in the sandy
margins of the Calumet & Hecla conglomerate where
it is thinning down.

DISTRIBUTION OF COPPER IN THE LODE
GENERAL CONTROLS

The following discussion applies directly to the Cal-
umet & Heela conglomerate, but in its general fea-
tures it relates to the other conglomerate lodes in so
far as they are known.

The copper occurs chiefly in the sandy matrix of
the medium and coarser conglomerate. It may be
present as small isolated grains, but more commonly
it forms a spongy mass through the matrix; and in
especially rich places the matrix has been largely
replaced, so that the ore consists of abundant felsite
pebbles in a cement of metallic copper. Deposition of
the copper in the matrix, more than in the pebbles,
probably was due to physical causes rather than to
differences in composition. The contacts between the
sand grains of the matrix and the smooth surfaces of
the pebbles are much more permeable than the pebbles
themselves and notably more so than the masses of
closely packed grains in the midst of the sandy matrix
or in the larger sandy lenses. Higher permeability
means greater facility for the passage of solutions, and
all the evidence indicates that the intensity of miner-
alization varied in proportion to the quantity of solu-
tion that passed through a given volume of rock.
The rate at which copper was deposited by replace-
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ment of rock was proportionate to the rock surface
exposed to replacement, and the ratio of surface to
mass is higher in the sandy matrix than in the pebbles.
These two controls, then, were favorable to deposition
of copper in the sand mixed with abundant pebbles
but unfavorable to deposition where sand occurred
alone.

Not only in detail but in a larger way the copper is

distributed irregularly through the lode. The con- |
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FIGURE 15.—Variation in copper content per foot of depth, Calumet & Hecla mine

glomerate is distinctly a banded rock, made up of
layers or thin lenses that differ in texture. Certain of
these bands are well charged with copper; others near
by and apparently similar may contain little. This
difference in intensity of mineralization from place to
place is again not due to variation in composition but
is an evident consequence of difference in permeability;
the more permeable layers were channelways for the
solutions, and in these channelways more copper was
precipitated.

In a given cross section of the lode, however, the
most permeable layer may not always be the one most

THE COPPER DEPOSITS OF MICHIGAN

| largely replaced. This may be the result of Joy
" causes. For example, solution that has entereq 4
“ fairly permeable layer lying near the middle of th,
' lode and bounded on each side by less permeabl,
i bands may continue along this channelway for som
| distance to a place where other layers are more per.
| meable but are dammed off by less permeable bangs
| Farther along these more permeable beds may b
reached by the solution and may eventually become
the principal channelways in a given stretch of
the lode. The consequence is that the copper i
found in overlapping streaks or lenses through the
conglomerate bed.

The well-mineralized streak may occupy any posi-
tion in the lode from footwall to hanging wall, and at
places two or more good streaks may be present with
lean conglomerate between. These well-mineralized
layers may persist for long distances or they may be
of relatively short extent.

RICHNESS IN RELATION TO DEPTH

In the deeper parts of the Calumet & Hecla mine,
where the Calumet & Hecla conglomerate lens is broad
and thick, the mineralized streaks and lenses consti-
tute a smaller proportion of the conglomerate and the
poor lenses a larger proportion. Higher up, where the
conglomerate body is smaller and thinner, the richer
streaks predominate over the poor ones. In conse
quence, the conglomerate as a whole is distinetly
richer in the upper than in the lower part of the mine.

. The difference in grade, however, is due mainly to the

fact that in the lower part a smaller portion of the lode

| has been mineralized rather than to any material
. difference in intensity of mineralization or abundance

of copper in the part that has been mineralized. That
is, if the mineralized lenses of the lower levels could be
mined without inclusion of material from the unminer-
alized parts of the lode, the ore so obtained would com-
pare favorably in copper content with that from higher
levels, where the lode as a whole is much richer.

The richest rock in the Calumet & Hecla conglom-
erate, averaging about 80 pounds to the ton for yearly
yield, was essentially at the present surface (see pl. 38),
and there has been a fairly steady decrease in richness
of the rock mined till at the present depth of operé-
tions the yield is 35 to 40 pounds. The axis of max-
mum mineralization occupies a position about parallel
with and a little above the axis of greatest thickness
of the conglomerate lens. (See pl. 38.)

There is no considerable change in total quantity of
copper at any given horizontal section from the top
to the bottom of the mine—that is, horizontal sheets
of unit thickness at the twenty-fifth, fiftieth, and sev-
enty-fifth levels would each contain about the sam
quantity of copper. (See fig. 15.) But as depth ¥

attaim‘ed and the conglomerate lens increases in SIZ°
essentially the same quantity of copper is distributed
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through & greater volume of rock, with resulting lower
grade for the lode as a whole at the deeper levels.

In the upper levels, where the lode was relatively
thin and the ore rich, the entire wid'th of the_ lode was
stoped, and all the copper that it cpntmned was
recovered, even though part of the thickness of the
lode was too lean to pay provided it could conveniently
pave been left unmined. As the lode thickened and
decreased in average grade lower down, streaks that
were barren or too poor in copper to pay for handling
were left unmined wherever they were thick enough
or so related to the good ore as to make this possible.
Because of the copper thus left the recovery from the
lode at depth has been less than the recovery at higher
levels, where all the lode was mined.

The actual decline in richness from top to bottom,
viewed geologically, results apparently from the fact
that as the solution rese through the conglomerate
mass that contracted upward it encountered a con-
stantly decreasing volume of conglomerate and con-
sequently traveled through and mineralized a larger
and larger proportion of it, until, near the present
surface, the cross section was so reduced that nearly
all the conglomerate was traversed and converted
into ore. The inference is that had the Calumet &
Hecla conglomerate maintained to the surface the
same cross section as it has at depth, the ore near the
surface would be of essentially the same grade as
that at the deep levels. 'The inverted-funnel structure
afforded by the conglomerate lens is a special case of
the barrier condition, which is considered in more
detail on page 115.

The Allouez is the only other conglomerate that
has been explored to any great extent. It has been
opened and mined at three localities—at the Franklin
Jr, Allouez, and Delaware mines. The mineraliza-
tion is very similar to that of the Calumet & Hecla
conglomerate, but in all three places the conglomerate
s rather thick, and only portions of it are mineralized.
}t has yielded on the whole a low-grade ore, though
It contains lenses of good grade. A notable feature
of the Allouez conglomerate is the unusual amount
of chalcocite in it wherever it has been opened. This
SU!Phide oceurs characteristically intergrown with
talcite in veinlets along joints; the calcite is dark
because of its chalcocite content, and the metallic
lustgr and streak of the sulphide are obscured by the
tleite. Chalcocite occurs similarly though in lesser
fmount in the Kearsarge conglomerate and, indeed,
all others examined, including the Calumet &
Hecla. Tn the latter it is apparently most abundant
tear the margins of the ore shoot, for it is relatively
thundant on the dumps of the Centennial shafts and,

t0 & less extent, on those of the Osceola shafts, at the
| so clear that the layer immediately under the shale

1orth and south ends of the shoot, respectively.
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SANDSTONE AND SHALE LODES

GENERAL RELATIONS

Sandstone and shale become increasingly abundant
in the upper part of the Keweenawan sediments.
They are plentiful in the Copper Harbor group and
become dominant in the overlying Nonesuch, Freda,
and Jacobsville formations.

The only formation that needs special considera-
tion as a copper bearer is the Nonesuch. It consists
prevailingly of red sandstone and shale, but in the
Porcupine Mountain region it includes a considerable
thickness of black, fine-textured shale that covers a
considerable area. Immediately beneath this black
shale the sandstone, in several localities at least, is
gray instead of red. This gray sandstone and the
black shale are the principal copper-bearing rocks of
the Porcupine Mountain region. The old Carp Lake
mine is high up on the north side of the uplift and at
a lower horizon—namely, in red sandstone just below
the Lake Shore trap.

Most of the exploration at the Nonesuch horizon
has been done at the White Pine, Nonesuch, and
White Pine Extension mines. These mines are several
miles apart, south and southeast of the Porcupine
Mountain uplift. The three deposits are near pro-
nounced faults, and the ore bodies at White Pine, at
least, are associated with minor cross faults and
fissures.

The Porcupine Mountain uplift is probably due to
a laccolithic intrusion either of the felsite that forms
most of the range, which, however, is commonly
regarded as a lava flow, or of coarser porphyry, of
which small exposures are known. The fracturing and
faulting in the surrounding rocks was, like the doming,
a result of this intrusive action. Along the openings
so produced the ore solutions probably ascended, and
they may be regarded as having come from the same
source as the igneous rock.

MINERALIZATION AND ROCK ALTERATION

In the sandstone, which is arkosic, copper occurs
in the more permeable layers, especially those immedi-
ately under impermeable covers of shale. It has
filled the pore spaces and partly replaced the less
resistant grains and is present also along small joints
and fractures. The proportion of silver to copper is
higher than in most other deposits of the district,
and, in exceptional patches a few inches across, silver
may quite displace copper and make up a considerable
fraction of the rock.

Part of the gray sandstone of the Nonesuch forma-
tion has clearly been derived from the red by bleach-
ing, as it repeatedly grades into the red. It is not
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was once red and has been bleached. This alterat.ion
can not be as definitely ascribed to copper mineraliza-
tion as the bleaching in the conglomerates and amyg-
daloids lower in the series. It is believed, however,
that the bleaching of the sandstone has been accom-
plished by sulphur-bearing solutions that deposited
the copper. The sandstone that lies immediately
below the shale is persistently gray wherever exposed,
whether mineralized or not, though sandstones at
other horizons are characteristically red except near
mineralized rock, where they are bleached gray. The
cause for this change of color can not be definitely
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ably resulted from mistaking hydrocarbon for ghy.
cocite. Samples of all grades of concentrates fy,
the White Pine mill in December, 1918, as reporteq
Mr. George L. Heath, indicate that about 98 per cent
of the copper is native and about 2 per cent oceurs g
sulphide. This proportion of sulphide, however, i
much more than is shown in the conglomerate g
amygdaloid lodes.

At the Carp Lake mine the red sandstone immed;.
ately below the Lake Shore trap has been mineralizeq
locally from a few inches to a few feet below the b

" of the trap, and in these places it has been bleached to

assigned, but three possible causes have been recog- |

nized—namely, the action of bituminous matter

from the overlying shales, of hydrocarbon entering |

the sandstone through the fault fissures, and of the
solutions that deposited copper and chalcocite.

In the White Pine mine, where the gray rocks were
most thoroughly examined, they contain a consider-
able amount of black asphaltic hydrocarbon, as well
as of copper and of chalcocite. The hydrocarbon or
the agencies that deposited it may have exerted a
bleaching effect on the rocks.
both hydrocarbon and copper seems to be controlled

The distribution of |

by fissuring and by the permeability of the beds, so |

that in this small area wherever copper is present
hydrocarbon is present also, and the influence of each
on the iron oxide has not been clearly distinguished.
The hydrocarbon appears to be earlier than the copper,
for some of it has been partly replaced by chlorite,
and some of the chlorite has been in turn replaced
by copper. There is also the possibility that the
black shale itself, which at the White Pine mine is
bituminous, reduced the iron of the sandstone immedi-
ately underneath it and thus accounted for the bleach-
ing in that layer. Hydrocarbon in the shale so far

as known is confined to the White Pine area, where |

T6'is posssble ' first; the other types will then be contrasted with it.

the fractures extend into the shale.

that the hydrocarbon may have been distilled from

the shale by the igneous intrusion, but it may have

been introduced into both shale and sandstone from |

some outside source.
: I?ving ® speaks of having observed cores of magnet-
ite in the copper of the Nonesuch formation, and this

statement has been frequently repeated. Nishio® |

examined specimens from this formation and failed
to find magnetite. He did, however, find hydro-
carbon with the relations that Irving had attributed
to magnetite. Observations of the present writers

confirm those of Nishio as to both the absence of’

magnetite and the presence of hydrocarbon.

Another erroneous impression that may be gained
from the literature is that the copper in the Nonesuch
formation occurs mainly as chalcocite; this belief prob-

8 Irving, R. D., Copper-bearing rocks of Lake Superior: U. 8. Geol

MEsirn s | . Survey Mon,
¢ Nishio, Keijiro, Native copper and silver in the Nonesuch formation, Michigan:

Econ. Geology, vol. 14, pp. 124-134, 1919, g i

a gray color. The copper in the bleached sandstone
is metallic copper, at least in large part. The bleach-
ing of the red sandstone seems clearly related to the
copper. On the dump of the tunnel is fissure materisl
consisting of ankerite or some mixed carbonate con-
taining plentiful chalcocite. In the Carp Lake occur-
rence no hydrocarbon was noted.

AMYGDALOID LODES

TYPES OF AMYGDALOID

Three types of amygdaloidal tops of flows have been
recognized—banded cellular; brecciated, including
some that combine both brecciated and nonbrecciated
amygdaloid; and scoriaceous amygdaloid. These
types differ from one another in those physical and
chemical characters, especially in degree of permes-
bility and hematite content, that determine the extent
to which they are likely to be impregnated with copper.
The banded cellular amygdaloid is common in the
flows of the district, but it is not important as a copper
producer except in the coalescing type. Scoriaceous
amygdaloids have been still less productive. The
brecciated amygdaloid is the dominating type as
regards copper production, and it will be described

BRECCIATED AMYGDALOID LODES
PHYSICAL CHARACTER

The structural and textural characteristics of the
lava tops that were brecciated during solidification
are described on page 29. Their chief features
that concern ore deposition are variation from place
to place in degree of fragmentation—they range from
layers of nearly massive material 3 or 4 feet thick
thoroughly brecciated layers 6, 10, 20, and even 50
or 60 feet thick; chilled or finer-grained. borders for
many of the fragments, especially near the top of the
flow; and a high degree of vesiculation of most of the
fragments. As a rule, the thick parts of these tops
are well brecciated and therefore highly permeable;
the thin parts are relatively dense and impermeuble;
the change from one to the other type may be gradual
or abrupt. Commonly the thick breccia tops bulge
up mto the overlying trap and down into the under-
lying flow; the thin lode breccia, on the contrary,
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pinched between a sag of the overlying trap and an
upward bulge of the underlying trap. The presence
of bars or slabs of trappy rock in the midst of the
preccia gives in places the effect of a double lode.

The brecciated amygdaloid type is well represented
by the Osceola, Isle Royale, and Baltic lodes. The
Kearsarge lode, which represents a transition to the
panded cellular type (see p. 30), has been sub-
jivided into brecciated amygdaloid, intermediate
omewhat broken cellular amygdaloid, and unbroken

cellular foot amygdaloid.
IRON CONTENT
The red color shown by the tops of all the flows is
especially conspicuous in those of the brecciated type.
It is believed (see p. 34) that the countless tiny
plates of hematite to which this red color is due were
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silicate, saponite, is common in some of the rich
ground, especially in the Kearsarge lode.
Analcite is rather widespread but rarely plentiful

- and as a rule not closely connected with the copper.

| Phoenix mine on the Ashbed lode.

' and apparently justly so.

formed before the copper mineralization, having been |

produced while each flow was solidifying, whereas the
cwpper was introduced after all the flows and sedi-
ments of the series had accumulated and had been

tlted. In the amygdaloids, as in the conglomerates, |

the red color is present throughout the known extent
of the lodes, continuing far beyond those relatively
small parts of the lodes where copper has been deposited
inimportant amount.

The percentage of ferric iron as hematite in these

Apophyllite is found sparingly with copper in the
Laumontite is
the most abundant of the zeolites. It occurs mainly in
fissures with little or no copper, and where it is locally
abundant in amygdules the lode is generally poor;
the mineral is regarded by the miners as a bad sign
All told, the zeolites play a
distinctly subordinate and inconsequential part in
the mineralogy of the deposits. Prehnite and datolite,
hydrous silicates transitional in character toward the
zeolites, are far more intimately connected with the
copper.

Sulphides and arsenides of copper are present in
veins that cut the lodes at various angles. So also is
native copper. The copper of some of the lodes is
somewhat arsenical, but in a lode of low arsenic

| content the proportion of arsenic may rise perceptibly

in the lode copper close to an arsenide vein. Native

- silver is present along with the copper in all the lodes,

generally in amount too small to pay for separation,

 but in some of the lodes or parts of them, especially

brecciated amygdaloids exceeds the total percentage |

of iron in deeper parts of the corresponding flows—in
some places by as much as 40 per cent.

MINERALIZATION

Mineralogy.—The mineral composition of the top
rock before it was acted on by the ore solutions was
simple. Feldspar, hematite, and glass or its devitri-
fied equivalent were the chief constituents. After
the action by the ore solutions, however, the mineral-
gy was varied and complex. By far the greater
number of the long list of mineral species found in this
district were produced in these permeable lava tops
by heated solutions. Most of these minerals are
ither present in small amount or are not intimately
ud significantly associated with the copper. Some
tharacteristically fill vesicles, others oceur chiefly in
tracks and fissures, still others have replaced the rock
Material, and most varieties occur in all these ways.

The minerals most intimately associated with the
“pper are quartz, calcite, epidote, pumpellyite (a
greenish fibrous or prismatic mineral which resembles
“site and which was called zoisite in making the
tords of drill cores), chlorite, red feldspar, and
Prehnite.  Datolite accompanies the copper in parts
?f the Pewabic, Osceola, Isle Royale, and Evergreen
odes.  Sericite is present plentifully in the Isle

oyale lode but is not intimately associated with the
:Pln’;illm' It i§ locally abundant in the Baltic lode with
i ﬁr Itelatlons. Ankerite is abundant in parts of
- e Baltic lode. The hydrous magnesium-aluminum

the Pewabic, it adds in appreciable degree to the value
of the product.

Rock alteration.—Alteration of the lava tops, the
filling of the vesicles to form amygdules, and the
cementation of the breccias were effected at the same
time and by the same solutions. The vesicles were
still unfilled when mineralization began, for pebbles
of amygdaloid included in the felsite conglomerates
contain clastic sand grains in their peripheral vesicles,
and this sand has been partly replaced by the same
minerals that filled the interior vesicles. Each of the
minerals in the amygdules is present between frag-
ments and replaces rock material; conversely all the
minerals that replaced the rock after the magmatic
stage are found also as breccia cement and as amyg-
dule fillings; and all the minerals of the fissures have
also replaced rock, cemented breccia, and filled vesicles.
Very commonly the material of the amygdule con-
tinues beyond the original vesicle boundary, having
partly or completely replaced portions of the rock.
The cementing of the breccia has also been accom-
plished largely by replacement of much of the finer
material between the larger fragments, though there
has been some filling of open spaces.

The most common and abundant minerals of the
amygdules are calcite, quartz, epidote, pumpellyite,
chlorite, and copper. Epidote and copper favor the
upper parts of the lode, or those which were richest in
ferric iron; chlorite and pumpellyite are more abun-
dant in the lower parts of the lode, near the horizon
where it grades into trap. The same minerals, with
the addition of sericite in the Isle Royale lode, are the
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chief constituents of the breccia cement and of the
replacement products. Thus it is evident that .the
three processes of vesicle filling, breccia cement:}tmn,
and rock replacement were inseparable and inter-
related and were associated with the deposition of
copper.

In all the amygdaloid lodes, as in the conglomerate
lodes, the most conspicuous alteration of the country
rock accompanying the deposition of copper was &
pronounced bleaching of the red color. Along with
this destruction of the red color, which was due to
removal of hematite, the rock suffered an even more
profound alteration. This occurred around the cop-
per in all the amygdaloid lodes, and in general the
same minerals have resulted in all, though there is a
marked difference in the proportion of the several
alteration minerals in the different lodes and even in
different parts of the same lode. Two general types
of bleaching are recognized and have been called, from
lodes in which each is characteristically shown, the
Kearsarge "type and the Isle Royale type, or, in
descriptive terms, the iron-removal type and the
quartz-pumpellyite type. Only here and there was
copper deposited in red rock without attendant
alteration and bleaching of one or the other of these
types, but the deposition of copper occurred at places
in the dark part of the lode near the underlying trap
without bleaching, though accompanied by rock
alteration.

The alteration typical of the red, brecciated upper

portion of the Kearsarge and other highly oxidized |

lodes effected a destruction of hematite and the
formation of epidote, calcite, pumpellyite, chlorite,
and quartz. The rock around the copper was bleached
to a light-gray color of greenish or pinkish cast and
commonly somewhat softened; areas rich in copper are
thus conspicuous. The copper has been formed
largely by replacement of the rock, and apparently
having once started to form at a given place, it con-
tinued growing till considerable lumps were accumu-
lated. The copper has clearly replaced the altered
rock in the bleached zone around it.

diameter of the copper which it surrounds, but both
. the copper and the bleached zone are very irregular.

In the Isle Royale lode and in many of the lodes in
the south end of the district the alteration has resulted
in a characteristic grayish-green rock of hard, compact
texture composed mainly of pumpellyite, epidote,
calcite, and quartz. The pumpellyite is the most
abundant mineral and gives the color to the rock.
The copper occurs in the midst of the bleached rock
into which it grew, as in the Kearsarge type. Bleached
rock of this type is conspicuous in the Baltic lode and
l\m;ith more quartz and less pumpellyite, in the Pewabié
ode.

Alteration of a third type occurred in the dark-
colored basal portion of the Kearsarge lode and more
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or less commonly in the other lodes. In the rock thug
altered chlorite is abundant and intimately associated
with the copper, which occurs mainly in amyeduls
producing “shot copper,” but also forms films or'
plates along joints. Red feldspar may be plentiful i,
places. There has been no conspicuous bleaching
mainly because the rock near the foot of the lode y
never very red, and because chlorite, the predoming
alteration product, is dark like the trap, and epidot
is far less common than in the upper red parts of the
lodes, where it seems to have been formed through
a recombination of part of the ferric iron. The lower
few inches of the overlying trap generally shows alters-
tion of this chloritic type, and in places a very little
copper is present.

CELLULAR AMYGDALOID LODES

The only lodes of the cellular type that have been
extensively mined are the Pewabic amygdaloid lodes.
These lodes belong to the “coalescing’ variety of the
cellular type; they are composed of layers in which
amygdules are relatively scarce, alternating with
layers in which the gas bubbles were so abundant that
they coalesced so as to form irregular flat cavities.
These cavities are filled with vein minerals, and the
lode has the appearance of a banded vein. In places
these cavities extend continuously in a cross section
of the lode for as much as 10 to 15 feet, though their
average extent is much less. (See pl. 58.) In theplane
of the lode some of these openings must have been
continuous for tens and perhaps for hundreds of feet.
The Pewabic lodes are characterized by this type of
top, but they contain large areas of fragmental top
and some of the more ordinary type of cellular top.
This “coalescing” type of flow is commonly flat-

- surfaced. The drifts in the Quincy mine that follow

the narrow lodes are essentially straight for hundrgds
of feet and contrast strikingly with drifts following

. the tops of fragmental lodes.

It is evident that the coalescing top, with its long

continuous openings, would be relatively permeable

Roughly, the |

diameter of a bleached zone is three to four times the | izing solutions.

and permit the passage of large quantities of mineral-

The coalescing Pewabic lodes are of a brownish
color where least mineralized but distinctly less red
than most of the fragmental lodes, including the
fragmental areas of the Pewabic lodes. They &
probably less completely oxidized than these other
lodes, though some of the difference in the color may
be due to the coarser grains of the hematite.

In the coalescing Pewabic lodes quartz and pump'el-
lyite are the characteristic minerals, though calci®
and epidote are not rare. The rock alteration is of the
quartz-pumpellyite type, and the lode is consequently
hard. Bleaching is not as pronounced as in most?
the other lodes. An unusual amount of the coPP*
occurs in masses, some weighing many tons, that
characteristically lie parallel with the lode and 81
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sssociated with strongly developed amygdular bands.
Most of the copper, however, occurs in small grains

. geattered throughout the amygdaloid, much of it |

' having replaced the rock. The fine copper is also
-~ commonly associated with strong amygdular bands.

In the fragmental Pewabic lodes bleaching is more
pmuounced and is in part of the iron-removal type.
In the upper levels of the Quincy mine, probably in
the fragmental lode, nodular masses of porcelanic
datolite were present. No datolite was noted in the

deeper levels.
SCORIACEOUS AMYGDALOID LODES

The Ashbed lode, which has been most productive
in the Atlantic mine but has also yielded copper in the
Phoenix mine, near Eagle River, and in the Copper
Falls mine, farther north, is the principal representa-
tive of the amygdaloid lodes of scoriaceous type.
(Other examples of this type are numerous but so far
s known contain little copper.

As none of the mines on the Ashbed lode are active
there has been but meager opportunity to examine the
lode. Apparently it varies much from place to place.

In the Atlantic mine its character is apparently
rather typically ‘‘scoriaceous,”’ as described on page 176.
[tis composed of amygdular fragments cemented with
brown to red sediment and is distinctly soft. The
wpper was distributed rather uniformly through the
nck, and its deposition was accompanied by rather
feeble bleaching.

In the Phoenix mine the upper or “gray” lode
wppears to be similar in character but the lower or
“red” lode is possibly less scoriaceous.

At Copper Falls much of the amygdaloid is appar-
antly rather typically fragmental, though containing
some sediment. It is well oxidized, and bleached rock

of the iron-removal type is conspicuous in association |

with the copper.

DISTRIBUTION OF COPPER IN AMYGDALOID LODES
DISTRIBUTION OF SHOOTS IN THE LODES

N_one of the important amygdaloid lodes are min-
#ilized over more than a small part of their known
ttent. The Kearsarge lode has been traced for 40
3_1]88 or more but is known to be commercially miner-
n;zteil for only about 5 miles, though it contains
Th: 00 amounts of copper for double that distance.
e f;]ceola loc!e has been developed for but little
™ tht‘m 3 miles along the outerop, although its
congdi t'ls kno.wn.to be several times 3 miles. Similar
N lons exist in the other lodes. The copper, then,

%‘;{lcentrated in shoots within the lodes.
glomleth the possible exception of the Allouez con-
’ 'chr}:te and the Ashbed amygdaloid, neither of
e as been shown to be rich at any point, no lode
. OWI t0 be commercially mineralized in two

Wl &
ely Separated parts. This probably does not result
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i from any fundamental cause but is the outcome of
generalization from a small number of cases. It is
frequently stated in the district that but one miner-
alized lode is to be found in any one section across the
series. This statement, however, is by no means true,
as is indicated by the overlapping of the Calumet &
Hecla conglomerate and Osceola ore shoots. More-
over, in the closely spaced series of lodes, like the
Pewabic amygdaloid lodes and the Evergreen and
succeeding lodes, several ore shoots have been de-
veloped in the same cross section. Immediately above
the main Baltic lode is an ore shoot in the Baltic West
lode, and above the main Superior lode is an ore shoot
in the Superior West lode. The distribution of ore
bodies in each lode appears to be independent of the
adjacent lodes and to be governed by local causes,
which are discussed under ‘‘Causes of ore shoots”

(p. 115).

|
|
|
|
|

DISTRIBUTION OF COPPER IN THE SHOOTS

Within the mineralized portion of a lode or what may
be regarded as a major ore shoot, the copper shows
considerable inequality of distribution, both in the
plane of the lode and across the lode.

In drifting along the lode through a major ore shoot
patches or zones of lean ground, in part too lean to be
worked, are generally encountered. Some of these
are areas in which the lode is thin; some occur along
fractures or shatter zones. The areas of profitable
ground between such lean areas may be regarded as
shoots of a second order. An example is afforded by
the rich South Kearsarge-Wolverine shoot, which lies
within the main shoot that extends from Centennial
to Gratiot on the Kearsarge lode. These better shoots
differ greatly in size, but all are large as measured by

- the standards of the usual mining district. Their
. size, indeed, is generally so great that, although they
have been developed to depths and lengths of several
thousand feet, neither their shape nor the pattern of
their distribution is satisfactorily known. There is
strong indication, however, that many of the better
shoots are of elongated shape and that some of them
pitch rather steeply within the plane of the lode.

Variations across the plane of the lode permit closer
investigation. The amygdaloid lodes are generally
richest near the hanging wall and decrease in value
toward the footwall. This is notably true of the
Kearsarge lode. It is also true of. the Osceola lode,
though in the Osceola and Baltic lodes there are well-
mineralized areas near the footwall.

The Pewabic amygdaloid lodes are narrow, and the
variation in distribution of copper within them is not
so noticeable. No definite information is available
for the Ashbed lode. In the Isle Royale lode, in con-
trast to the others, the richest ground is pretty con-
sistently along the footwall.

Permeability seems to have been a controlling factor
in determining the place of deposition of copper in the
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lode. In general the top of an amygdaloid was .the
more permeable, and the greatest volume of solution
passed through that part of the lode. In highly frag-
mental lodes some of the deeper parts are loose and
permeable and therefore were well mineralized. .

The reason for the reversal of the usual relation in
the Isle Royale lode is not entirely clear.
that seems most likely is the presence of joints or shear-
ing planes parallel to the lode near its base. These
joints did not develop in the friable most thoroughly
brecciated portion of the lode, and the presence of the
mineralized zone in and near the joints along the foot-
wall suggests that these fractures, which are contin-
uous for long distances, made this the most permeable
portion of the lode.

RICHNESS IN RELATION TO DEPTH

Several ore bodies in the district have given indi-
cation of decreasing copper content with increase in
the depth to which they have been mined. The
main Superior lode and the Superior West lode were
found too poor in depth to justify continued opera-
tions, and the Calumet & Hecla conglomerate is
known to have decreased rather steadily downward
in grade of rock. The Baltic mine is of low grade in
the bottom levels, though the Champion mine, on the
same lode, has rich ground in its lower levels; the
North Winona shafts went into poorer ground in the
lowest levels, though there is indication that the
southern shafts encountered the ore shoot pitching
downward.

Are such changes in grade due to increase in depth,
or are they due to local conditions peculiar to each
case? This subject is more fully discussed under
“Cause of ore shoots,” but it may be said here that
where the ore bodies are best known the decrease
can be accounted for by conditions peculiar to the
particular deposit.

Thus the Calumet & Hecla conglomerate shoot |

increases in size down the dip and decreases in grade
in about the same ratio. The amygdaloid in the lower
levels of the Baltic is relatively thin, cellular, and un-

favorable and has the same effect on copper content |

that similar rock does higher in the shoot, even where
surrounded by rich ore. The bottom of the Superior
West lode is also relatively thin and cellular. The
condition of the bottom of the main Superior shoot is
not known. It thus appears that in the amygdaloid
deposits the decrease in tenor with depth is due to
changes in rock texture that result in simil
along the strike as well7as in"depth.

The Quincy mine has been opened for 8,000 feet
down the dip. In this mine one lode was found most
productive in the upper levels, another in the deeper
levels, also one in the north end of the mine, another in
the south end. On the whole there is no evidence that
there is a notable decrease in the grade of rock to the

ar changes

The cause |
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present depth. In the deep levels, as in the upper
levels, favorable lode rock is usually well mineralizeg
and unfavorable rock is poorly mineralized.

In the Kearsarge lode, which has been opened cop.
tinuously for 4 to 5 miles along the strike, sop,
stretches in the top levels were poor, such as parts of
the North Kearsarge and Wolverine ground, but othe
stretches were rich, such as the South Kearsarge part
of the Wolverine, the Ahmeek, and the South Mohayk
These differences are pretty clearly due to differences
in character of the amygdaloid. Similar differences
occur in the lower workings on the lode and g
apparently due to the same cause, and not to chang
in depth.

No change in the character of minerals or the type
of rock alteration has been noted even in the deepest
workings, such as those of the Quincy mine.

There is little doubt that for a lode of uniform size
and character a depth exists at which the degree of
mineralization would change—probably for the worse—

' because of factors correlated with increase in depth;

if, for example, the lode were fed by fissures, it might
be expected that a change would occur where such
feeding fissures were passed. The fissure deposits,
with the single exception of that on the Ahmeek Mass
fissure, have decreased in richness downward to such
an extent that they have been abandoned, and in this
fact there is certainly a suggestion that depth is influ-
ential. There is no clear evidence, however, that the
changes of grade observed in the lode mines up to the
present time are primarily due to increase in depth.

FISSURE DEPOSITS
GENERAL FEATURES

Fissure deposits or veins have been of relatively
slight importance in the Michigan copper district &
compared with the lode deposits, though a number
of mines, notably the Cliff, the Central, and the
Minesota, were operated profitably on fissures, and
the Ahmeek Mass fissure is being worked by the Cnhl-
met & Hecla Co. in conjunction with its amygdaloid
mine. Many other fissures have been developed .“"d
have yielded considerable copper. But the combined
production from fissure mines has been less than 3 pef
cent of the total production of the district, and thf
dividends from these mines have been only about 22
per cent of the total dividends. h

The fissures in the north end of the district strike
across the beds and dip steeply. They are appar ently
tension cracks that developed during the folding Of'tlle
beds transverse to the Lake Superior syncline. Lhe
fissures in the south end of the district strike nealy
parallel with the beds and dip somewhat more steeply:
They may possibly be related in origin to the Keweena?
fault.

The principal fissures, in the miner’s sense, 8¢ t
single breaks through the rock but rather zones %

not
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arallel or interbranching fractures. The widt}? of
the fissures or fissure zones ranges from that of a tlgbt
crack up to 10 feet or more. A.t many places there is
«me brecciation of the rock within the fissure walls,
put little gouge is present.

In respect to mineral content, the fissures may be
separated into thrge types—.those in which copper is
predominantly native, to which all the commercially
important fissures belong; those that carry copper
asenides; and those that contain copper sulphides.
There is no sharp line between the types, but com-
monly the copper in & single fissure occurs chiefly
in one of these conditions.

The gangue minerals of the fissures are the same as
those associated with the copper in the amygadaloid
lodes. In some, like the Mass fissure, the mineralogy
is simple, the copper being accompanied chiefly by
calcite, quartz, epidote, and chlorite, with only minor
quantities of other minerals. In other fissures, like
the Copper Falls (Owl Creek), prehnite, datolite,
malcite, and some rarer zeolites are plentifully asso-
cated with the commoner minerals. Apophyllite is
present in some, and laumontite is common in many.
Certain fissures carry copper that is distinctly arseni-
cal. Some of the arsenide fissure deposits are essen-
tially quartz-arsenide veins, though most of them
contain carbonate, which is in part iron bearing.
Many of the sulphide veins contain dolomite and sider-
ite or ankerite, together with a little specularite.
The minerals of the fissure veins are similar to those
of the lodes, though there is perhaps more extreme
variation among the fissures than among the lode
deposits.

Rock alteration along the fissures is not extensive
where they cut through the dense traps. Chlorite
i the most abundant alteration product in these
n.»cks, but pumpellyite, epidote, laumontite, and cal-
fte are common, and sericite is formed plentifully
dlong some of the sulphide and arsenide veins. Altera-
tion of the amygdaloids where they are cut by the
fissures is more difficult of recognition because of their
omplex mineralogy. The most noteworthy change
54 darkening of the red amygdaloid lodes for dis-
tinces in some places as much as 100 feet on each
SI(!e of the fissures. This darkening is occasioned
chiefly by the development of chlorite but in part from
ttmoval of hematite, especially that of finest grain.

DISTRIBUTION OF COPPER IN VEINS

The distribution of copper in the fissure veins is
en more irregular than that in the amygdaloid
rOdes. In some of the fissure veins most of the copper
med large masses weighing a ton or more, finely
‘SSen}mated copper occurring in but relatively small
{Uantity, Tn others small masses were commonest;

d in g fow “stamp copper” (copper disseminated
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through the vein material in small grains) predomi-
nated. Several masses estimated at nearly 500 tons
each have been encountered in fissure veins.

It is now impossible to study the underground rela-
tions in the more extensively developed old fissure
mines, which have been closed for some years, but
certain deductions may be drawn from the deserip-
tions and reports concerning them and from examina-
tion of the fissures that cross the Kearsarge lode.

In the fissures that cross the Kearsarge lode, both
those that contain native copper and those that con-
tain arsenides, the copper was deposited in greater
part at and near, mainly above, the crossing of the
lode. Few if any masses worth the cost of getting
them have been found more than 400 feet from the
lode.

Descriptions of the old mines strongly suggest that
the fissures in them likewise were more productive
where they crossed a series of thick, well-oxidized
amygdaloids below the Greenstone flow and at the
Ashbed horizon, above the Greenstone flow. A simi-
lar relation is suggested in the Minesota fissure, at
the south end of the district. This fissure and the
associated Branch fissure have been found to be
mineralized at and above but not below their inter-
sections with the Minesota conglomerate. Likewise,
in the fissures carrying chalcocite, which are rather
abundant in the Baltic lode and less so in the Isle
Royale lode, the chalcocite seems to be most abundant
where the fissures are within the lode or near the
points where they cut the lode.

Thus the general rule for copper occurrence in fis-
sures of all types seems to be that it is most abundant
at and near the intersections of the fissures with thick,
well-oxidized amygdaloids. This concentration of
copper at such intersections suggests that hematite
is needed for precipitation of copper in fissures as
well as in conglomerates and amygdaloids. Accord-
ing to descriptions of old fissure mines, the amygda-
loids and conglomerates were commonly mineralized
for a short distance from the fissures. In a few places
this lode mineralization formed commercial ore.
What happened to the Kearsarge lode near the in-
tersecting fissures is not so clear, because of the
mineralization of the entire lode for several miles
along the strike by solutions that ascended along the
lode apparently independently of the fissures. The
net result of the mineralization of fissures and lode
is that the lode is darkened near the fissures because
of chloritization and the removal of hematite and
its copper content is somewhat lower than away from
the fissures. The reasons for the abundant precipi-
tation of copper at the intersections of some of the

" fissures with the lodes and the impoverishment of

lodes near intersections of other fissures are discussed
in the section on genesis (p. 135).
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HAS THERE BEEN ENRICHMENT OF THE DEPOSITS? | from the surface downward. In the Wolverine g

In either prospecting for or developing ore bodies

it is important to know the general behavior of the |

type that is under consideration. It is well e§tat3-
lished that the richness of some types of deposits 15
greatest near the surface and decreases downward.
Some types have a barren zone at the surface fol-
lowed by a rich zone, which in turn gives place to
ore of lower grade. Many copper deposits are of
the latter type, and it has been clearly shown that
the barren zone near the surface and the underlying
rich zone have resulted from a leaching of metal from
the former and its deposition in the latter—a process
known as enrichment.

In the following paragraphs the data relative to
the behavior of the Lake Superior copper deposits
with increase in distance from the outerop are set
forth, and the conclusion is reached that in these
deposits enrichment has been unimportant.

NO EVIDENCE THAT THE LODES ARE POOR AT THE
SURFACE AND RICHER BELOW

In either prospecting or developing sulphide de-
posits, it is of fundamental importance to recognize
that an outcrop that is nearly barren of copper may
give place at depth to a zone of rich ore, which may
grade off into material of lower grade.

In the Lake Superior district there seems to be a

general though far from definite feeling that the best |

ore is some hundreds of feet below the outcrop—that
is, that there is a gradual increase of copper for some
distance below the outcrop to a maximum depth,
below which there is a decrease. Lane” has implied

his acceptance of this idea by suggesting the explana- = gverage as rich as at any greater depth. South of

tion that copper is leached in the fresh-water zone and
that it attains its maximum richness at about the
boundary between the fresh-water and salt-water
zones or at the calcium chloride zone, below which it
gradually falls off. This influence of water is dis-
cussed on page 122.

If it is true that there is comniuaty a leached zone
near the surface, prospecting of a lode should be car-
ried on at considerable depth, despite the heavy
expense entailed by so doing; if it is not true, a given
sum of money may be better expended in examining
a greater stretch of lode near the outecrop. The loca-
tion of property boundaries of course must affect any
scheme that calls for extended exploration of a lode
along the strike, but even so the presence or absence
of surface leaching and downward enrichment will
materially affect the planning of explorations.

Kearsarge lode.—At the South Kearsarge mine good
ore was present practically at the outerop, and
although the ground varied in grade in different parts
of the mine, there is no record of a consistent change

7 Lane, A. C., Lake Superior Min. Inst. Proe., vol. 17, p. 134, 1912,

| North Kearsarge mines and at least a part of g,

. Ahmeek mine the upper levels were relatively poor

" and the intermediate and lower levels decidedly rich
In the south end of the Mohawk mine there was veﬁ
good ground in the upper levels, notably south o
No. 5 shaft, and apparently the rock in the uppe
levels of this part of the mine was as good as deepe
in the mine or as in the North Ahmeek mine, which
is opened below it. In the north end of the Mohayk
mine surface pits encountered good rock, and so fir
as known the upper levels of that part of the mine
averaged as good as the deeper levels, though this end
averages poorer than the south end. It appear,
then, that a part of the productive portion of the
Kearsarge lode was as rich at or very near the outerop
as at greater depth, but that the remainder of the lode
was relatively poor near the surface. A study of al
available facts regarding the character of rock in rels-
tion to tenor of ore has shown, however, that the aress
of low-grade ore near the surface are coincident with
areas of relatively thin or cellular, impermeable lode
rock. Areas of rock of similar character deeper in the
mines are similarly low in copper, a fact which, together
with the lack of evidence that these portions ever con-
tained more copper, has led to the belief that the lower
copper content is due to the character of the rock, and
that depth below the present outcrop of the lode is
not causally related to it.

Osceola lode.—The outerop of the Osceola lode wis
richest at the north end of the Osceola mine, where,
to judge from reports, the rock was as good 8s any
found at depth on the lode. Throughout the Calumet
& Hecla workings on the Osceola lode the top levels

No. 3 shaft, in the Osceola mine, the top levels wer
poor. The ground was also poor in No. 6 shaft to the
twenty-fifth level and farther south to greater depth.
It is thus apparent that for the Osceola lode, s wel
as for the Kearsarge, the upper portion was good over
part of the area and poor over the remainder. There s
a bar of thin lode rock along the south boundary of the
shoot, and this, rather than any leaching of the lode,
is thought to be the cause for the poor ground t‘o.the
south. This relation is discussed under ‘‘Conditions
determining position of ore shoots” (p. 115).
Calumet & Hecla conglomerate—The Calumet &
Hecla conglomerate lode was rich at the surface
between No. 3 Calumet and No. 5 Hecla, and g’
from a point 400 feet south of No. 10 Hecla to “n,d
beyond No. 1 Osceola. In the Osceola mine and 1D
No. 12 shaft of the Hecla the shafts went from good
ore into poor ground with depth. Nos. 6, 7, ““dg
Hecla went through poor ground into rich ore. N‘o. s
Hecla to No. 3 Calumet went from rich ore into
lower-grade ground with increase in depth. Nos. 9
and 6 Calumet went through poor ground to the thir

tieth level before they entered good ore. The Qutcl‘OP
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of the Calumet & Hecla conglomerate lode was, in |

short, rich in some places and poor in others. A study
of the character of the lode rock has shown' tha.l? the
fifferences in copper content are correlated with differ-
onees in the original character of the rock; where t}}e
ore was poor, the felsite conglomerate was very thin
or was represented by a thin bed of sandstone; where
conglomerate was present at the outerop in consider-
sble thickness it was well mineralized. There is no
indication that the poor areas were ever mineralized
and subsequently leached or that the rich areas have
peen subsequently enriched. It is therefore logical to
conclude that the variation in richness is dependent
on the character of the rock rather than on position
relative to the outcrop.

Pewabic amygdaloid lodes.—Some of the Pewabic
amygdaloid lodes were richest near the surface, and
some at greater depth. In general, it may be said
that commercial ore was found in the upper levels in
the central and southern parts of the Quincy property,
whereas to the north, in No. 8 shaft, a long stretch of
lode was passed through before commercial ore was

encountered, and farther north the profitable ore is |

still deeper. It appears, then, that the conditions in
the Pewabic lodes are similar to those in the other
lodes discussed.

Atlantic lode.—The maps of the Atlantic mine indi-
cate that in places stoping was carried close to the
outcrop. The grade of the ore in these places is not
known, but as the ore in the deeper parts of the lode
was of Jow grade it is reasonable to suppose that the
ore near the surface was not much poorer, else it
would not have been mined.

[sle Royale lode.—Stoping was carried close to the
ouferop in the Isle Royale lode, and although a larger

percentage of the lode has probably been mined at the

bwer than at the higher levels, this fact is apparently
more the result of change of mining methods than of
ifference in character of the lode.

Baltic Tode.—At all three mines on the Baltic lode
the ground appears to have been good at the outcrop
ud to have shown no zone of decided enrichment at
lower levels.

Evergreen and succeeding lodes.—The mines on the
EVergreen and succeeding lodes in the south end of
the district have practically all stoped close to the

surface with apparently as good ground as at any |

Zreater depth.
Nonesuch, lode.—In the Nonesuch lode as developed

% the White Pine mine there seems to be no evidence |

0 connect grade of the rock with its position relative

' the outerop of the lode.

n I;“t”\‘{ijWil:hout; follqwing out each important vein

Vein: Zl: 1t may be said that in a general way the

ol Show the.same relation as the lodes. Most of the
Uctive veins that have been developed have had

%0d copper near the surface in places, though not
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necessarily or usually throughout their productive
extent. For example, the Cliff fissure was apparently
rich in copper at the outcrop east of the Greenstone
flow, but No. 4 shaft, which was sunk through the
Greenstone flow, did not encounter ore till it had
passed through that bed. It is evident that the rich
and poor parts of the vein are related to the character
of the fissure and of the adjacent rocks rather than to
position relative to the present surface. Similar
_relations might be cited for many of the veins through
the district.

NO EVIDENCE OF LEACHING AND REMOVAL OF COPPER
NEAR THE SURFACE

Statistics of production indicate that the lodes at
the outcrop have beer as rich as at greater depths.
The question may be asked, however, if there is
physical evidence of leaching of copper near the
surface or precipitation at depth. The first point to

. determine in answering this question is, What consti-
tutes evidence of leaching of copper? At first sight
the alterations of the rock associated with the copper
might be taken for such evidence. The most striking
of these alterations is the bleaching of the rock around
. the copper. In places there has been considerable
bleaching of the pumpellyitization type, with which
little deposition of copper was associated, and it might
be inferred that this bleaching is of the same origin as
that seen in rich copper ore and has persisted after the
copper was removed. This barren bleached rock,
' however, seems as abundant on the deeper as on the
higher levels. In rock affected by bleaching of the
iron-removal type, copper seems always to be present.
In the conglomerate there has been some bleaching
- associated with epidotization and accompanied by
little deposition of copper, but this again seems to be
- no more abundant near the surface than deep in the
mine. The amount of bleached rock associated with
copper seems, indeed, to be rather less in the upper
- than in the deeper parts of the lodes. Nowhere has
bleached barren lode rock that suggested that it had
once been rich in copper been seen near the surface.

Another evidence of leaching might be the passage

| from rich ore at depth to lean rock near the surface

. without change in the character of the lode-forming

- rock. In the mines studied no example of such a
change has been found. On the other hand, in the
conglomerate lodes there is a rather steady increase
in grade of rock from the deeper levels to the surface.

- In the amygdaloid lodes change in grade in the mines
studied has been much more closely associated with
change in character of lode than with increase in
distance from the outecrop.

It is to be expected that the ordinary surface waters
will dissolve some metallic copper, but the metal has
not been so dissolved in sufficient amount to leave
evidence that has been recognized. The deep salt

| waters are also known to contain copper, which will
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be deposited on iron, as has occurred in the waters
from deep drill holes in the Baltic mine. (See
“(Chemistry of ore deposition,” p. 121.) In a .few
places, as at Copper Harbor and the Algomah mine,
oxidized copper minerals have been formed, but
these are near the surface and afford no evidence of
movement of the copper.

NO EVIDENCE OF ENRICHMENT AT THE SALT-WATER
HORIZON

In the mines studied no evidence has been recog-
nized of enrichment at the horizon of the change from
fresh to salt water or to calcium chloride water.
Lane points out that leaching has probably occurred
in some shatter zones and cites particularly the one
in section 16, Atlantic. The main evidence of
leaching, however, seems to be the lack of copper.
If such negative evidence is accepted as valid, the
Allouez shatter zone also must be regarded as leached
near the surface; yet this zone has been opened well
below the top of the salt water without encountering
evidence of enrichment. The shatter zones are
pretty clearly poor in copper, but, all evidence con-
sidered, it seems more likely that copper was not
deposited abundantly than that it was deposited and
later removed.

SUMMARY AND CONCLUSIONS

The foregoing details regarding leaching and en-
richment may be summarized as follows:

Virtually every lode has been as rich at some place
near the surface as in any of its deeper portions.

Where the lode is lean near the surface no evidence
is afforded by the way in which the rock has been
altered to indicate that this portion of the lode was
ever rich in copper.

In every lode examined, where lean ore near the
surface gives place to rich ore at depth, it has been

original character of the lode rock that seecins ade-
quate to account for the change in copper content.

No evidence of enrichment at the zone of change
from fresh to salt water or to calcium chloride water
has been found in any of the mines.

PERSISTENCE WITH DEPTH

All ore deposits must sooner or later show a decrease
in metal content with increase in depth; there is
however, a great difference in the depth at which
such decrease becomes important in different types
of deposits, and it is desirable to have some basis for
judging what may be expected for a given type, with
due allowance for the fact that each deposit has its
own peculiarities.

For example, in the well-known type of disseminated
copper deposit which owes its better portions to down-
ward enrichment, it is reasonably certain that the
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" enriched zone will be but a few hundred fee gy

It is also pretty well established that in the Ter,

type of gold-silver deposits the bulk of the pregy,
metal is likely to be found within 1,000 to 209 foet
of the surface and that many deposits fail befoy ,
depth of 1,000 feet is reached. On the other hang j,
certain gold-quartz deposits, as those of the Mothy
Lode of California, the metal content of the vy
persists at least to 3,000 feet and probably to e
siderably greater depth. In planning the devely.
ment of mines to work deposits so extensive as the
of the Lake Superior copper district, some basis of
judgment as to what is to be expected at depth is of
prime importance.

In appraising the effect of depth, it is necessary to
consider geologic units and not property units. This
a study of the mineralization of the Calumet & Hecls
conglomerate based on the results attained in depth
in the property of the Osceola Mining Co. would lesd
to conclusions quite different from those resched by
considering the ore shoot as a unit.

Developments have been carried to so greata depih
in certain deposits that there is a very considersble
body of fact on which to base judgment as to whats
likely to be found in deposits that have not been s
deeply developed, as well as to what may be expected
at still greater depth. Development has been carried
to a vertical depth of about a mile in the Calumet &
Hecla conglomerate and the Pewabic amygdaloid and
to more than half that depth in other amygdaloids
To this depth there has been recognized no significant
change in the type of minerals in the lode. In the
conglomerate lode there seems to be less bleaching or
removal of the iron in the higher levels; locally at least
this lack of bleaching is rather pronounced. The st
seems to be true for the Osceola lode. That it holds
for the other lodes is less certain. Lane ® states thit

ho _ " sodium minerals, like analcite and natrolite, are (i
found that the change coincides with a change in the |

fined to the upper levels. This statement is not su*
ported by the present investigation of the amygdaloid
lodes, for analcite has been found on the deeper levels
of the Osceola mine. In the Calumet & Hecla o

- glomerate lode zeolites are characteristically absent.

The literature contains numerous statements th!
silver is more abundant on the upper levels. These
statements have not been verified. So far as regands
the recovery of silver from the electrolytic treatment
of copper, there seems to be no basis for the belief that
the ratio of silver to copper decreases With depth-
Shoots relatively rich in silver, for the conglomerit®
lode, are present in the lower levels at the south end o
the Calumet & Hecla conglomerate body- It wmi
pretty certain that vugs rich in silver, which d‘SPlﬂ'\‘
the metal conspicuously, were more abundant 2t th“
higher levels, but it is not certain that gilver W&
actually more abundant at these levels than 1ow(’»r'> :

* Michigan Geol. Survey Pub. 6, p. 871, 1911




[t has also been stated that sulphides are less abun-

" {ant in depth, but this also has not been verified. In

he Isle Royale mine it does not seem to be true, and

sulphides appear to be as abundant in the lower levels
of the Baltic lode as at higher levels.

gome of the lodes lying near the base of the Kewee- |

CONDITIONS DETERMINING POSITION OF ORE SHOOTS

|
|
{
1
J
|
{

nawan series were relatively high in arsenic, and it has |
- glomerate, coalescing amygdaloid, sandstone, “scoria-

heen suggested that this may be so because the solu-
tion that mineralized these lodes had flowed for a rela-

tively short distance in them and therefore had been '

less completely oxidized than the solution that mineral-
ized the higher lodes. If this is true, it would be

expected that there would be, in general, an increase |

in the arsenic content of a given lode with increase
in depth. Such an increase, however, has not been
definitely observed to the present depth of mining.

Mineralogically, therefore, there is no conspicuous
change recognized to the present depth. The avail-
ahle evidence indicates that the native copper of the
Lake Superior region was deposited through a wide
vertical range.  As the content of some of the great
lodes has failed to show any systematic decrease with
depth after having been followed down for thousands
of feet, copper ore may be expected to persist to great
depth—even greater than is now known. It is not
to be expected, however, that all deposits of the type
wil attain the same depth, and the suggestion that
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less permeable cellular amygdaloids. The continuous
breaks in which the fissure deposits occur also permit
the ready flow of solution. Permeable rock, then, is
essential to the formation of such ore deposits as these
copper lodes. Roughly, the rocks of the district may
be grouped in the following order of permeability:
Fissured rock, fragmental amygdaloid, felsite con-

ceous amygdaloid,” ordinary cellular amygdaloid,
trappy fragmental amygdaloid more or less lava-
cemented, trap, shale, fault gouge.

BARRIERS OF RELATIVELY IMPERMEABLE ROCK

The more permeable rocks are a positive factor in

' the formation of ore bodies, but the less permeable
[ rocks may be an important negative factor in directing

some have been commercially bottomed is at least |

varranted by the rather general failure of the fissure
deposits with increased depth.
that some lodes that show strong alteration with little
copper may represent the roots of deposits that were

It 1s also possible |

the movement of ore solutions. This is well shown
in some of the ore shoots of the district.

The Calumet & Hecla conglomerate shoot is a
relatively small lens of felsite conglomerate which
thins in each direction along the strike. The sandy
and shaly beds underlying the felsite conglomerate con-
tinue along the strike in both directions. The con-
glomerate body is thinnest and shortest near the out-
crop and thickens and lengthens with increased depth,
thus giving the effect of an inverted funnel. Solutions
rising along the lode are converged by the less per-
meable rocks at the margins of the felsite conglomerate
and by the relatively impermeable hanging-wall and
footwall rocks into a steadily contracting channel of

' permeable rock, so that more solution passes through

richer in their higher parts, which have been eroded. |
. of the ore at any depth is about in inverse ratio to the
- thickness and extent of the lode at that depth, a fact
- which indicates that copper was deposited in propor-

CONDITIONS DETERMINING POSITION OF ORE
SHOOTS

In general there are two main factors that have

inﬂuencefi the formation of the ore shoots—(a) |
permeability, which influenced the flow of solutions, |

and () the character of the rocks, which may have
bad & chemical influence in precipitating minerals.

mportant effect. The great ore shoots are related
 structural features and peculiarities of the in-
dividual lodes. Chief among these are, on the one
hﬂnd.,_the occurrence of impermeable or barrier
conditions in an otherwise open-textured lode, and,
on the other hand, the local opening up of a prevail-
ugly tight, impermeable lode. The former type is

“emplified by the Osceola lode; the latter by the |

lodeumet & Hecla conglomerate and the Kearsarge

PERMEABILITY OF ROCK

pe;rn}:e ll)ode deposits are formed only in the more
mente? le beds, §uch as the conglomerates, fr.ag-
A ; am)fgdalmds, and coalescing amygdaloids,

¢ consistently lacking in the more abundant but

each unit volume of conglomerate in the upper part
than in the lower part. (See fig. 16.) The richness

tion to the amount of solution passing through the rock.

The funneling effect illustrated in the Calumet &
Hecla conglomerate perhaps gives the most favorable
conditions for the convergence of solutions and the

I o . formation of ore shoots; the Calumet & Hecla shoot, at
1 addition structural relations may have had an |

any rate, is the richest yet opened. A concentrating
effect may, however, result if a barrier of relatively
impermeable rock interrupts a permeable lode. Such
damming may result either from a change in character
of the lode itself, as from fragmental to cellular, or
from the offsetting of the lode by a fault.

In all the amygdaloid lodes there are repeated
examples of cellular impermeable lava in the frag-
mental permeable lava, and consistently the cellular
lode is poor, apparently because it has not permitted
the ready passage of solutions but has diverted them
to the more open rock. The south boundary of the
Osceola shoot is formed by a southward-pitching
inclined bar of cellular amygdaloid in the prevailingly
fragmental amygdaloid. (See pl. 39.) The Osceola
shoot is richest close under this impermeable bar, and
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it gradually decreases
from the bar.

in richness northward and away

THE COPPER DEPOSITS OF MICHIGAN

Z well-developed conglomerate over long stretches but
Above the bar the amygdaloid is frag- |

mental and favorable in character but contains little E

copper. This relation suggests that solutions rising

| mineralized as to encourage extensive developmep

along the lode were diverted by and concentrated |

under the bar and that the most copper was deposited
where the flow was greatest—that is, close under the
bar.

The examples cited above illustrate two general
conditions favorable to concentration of solutions and
the formation of ore bodies—(a), a lode that is gen-

' Jess is known. The Ashbed is a lode that is permeabls

erally impermeable but has areas of permeable rock {

(see fig. 16); (b), a lode that is prevailingly permeable
but has bars or areas of impermeable material so
placed as to cause a diversion and concentration of
solutions rising along the lode.

ORE SHOOT
—

IS
[

A

Ficure 16.—Influence of varying permeability of rock on flow of solu-
tions and formation of ore shoots

In the first class are the Calumet & Hecla conglom-
erate and the Kearsarge lode. The rocks at the Calu-

met & Hecla conglomerate horizon have been exam- | there has been slipping or faulting between the (Grreen-

ined for many miles along the strike, but only at
Calumet has a well-developed felsite conglomerate
been found. The Kearsarge lode for the 4 to 5 miles
in which it is commercially mineralized is in the main
a well-developed fragmental lode, but for miles to
the north and south, so far as known, it is prevailingly
cellular. This class perhaps includes other lodes
about which less is known.

In the second class are the Osceola lode and the
Allouez conglomerate. The Osceola lode is prevail-
ingly fragmental and permeable for miles and is some-
what mineralized at many places, but it is known
to con'tain a commercial ore shoot only at Osceola
where it is interrupted by an inclined bar of cellulax"
amygdaloid. The Allouez conglomerate is a thick,

. Pewabic amygdaloid lodes in the vicinity of the fault

" by faulted zones with heavy gouges, but their attitude,
" so far as known, does not seem particularly favorable

locally is represented by a clay “seam™ or “dlige”
This conglomerate has been found to be so

at the Franklin Jr., Allouez, and Delaware mine
The Arcadian lode should probably be assigned
this class and perhaps the Winona, of whose characte

over long stretches and mineralized at several place
as at the Atlantic, Phoenix, Arnold, and Copper Fall
mines. The details of the character of rock at these
places are not well known. Some of the southem
lodes may also be in this class, but too little was see
of them to warrant a classification. The rock at the
general horizon of the Baltic lode northeast and south-
west of the developed area is fragmental lava, but the
correlation is somewhat uncertain. The principil
developed area of the Baltic lode in the Copper Range
mines is bounded in both directions by strong zones of
fissuring and shattering.

FAULT BARRIER

A fault offsetting a lode and so situated that the
intersection with the lode makes an angle with the
dip of the lode would constitute a barrier similar to a
inclined bar within the lode itself. No example of &
ore shoot under such a fault barrier has been clearly
established; but the Hancock fault forms such an
intersection with the lodes it crosses, and practically
all the ore from the lodes of the Hancock mine and the

has come from the north or lower side of the fault.
The productive portion of the Baltic lode is bounded

to the converging of solutions.
The fissures in the north end of the district have been
most productive for a short distance under the

“Greenstone flow, which has been regarded by Smyth,

Lane, and others as a barrier to rising solutions, but

stone flow and the Allouez conglomerate, which hgs
produced fault gouge or “slide,” and this gouge *
probably the true barrier so far as one exists.
There can be no doubt that the fissures are relatively
rich under the Greenstone flow or “slide,” bub te
cause may be a combination of barrier and chemicsl
effect, as is shown on page 118. In some of the fissures
the copper is said to spread out under the “slide.”

At the White Pine mine the Nonesuch shal.e' 18
thought to have acted as a barrier. Solutions rising
along fissures have spread out when they reached the
shale, forming an ore shoot in the sandstone under the
shale. Lane, who favors the hypothesis of downWw&™

- moving solutions, regards the White Pine fault as 8

barrier, with the ore shoot above it.




CONDITIONS DETERMINING POSITION OF ORE SHOOTS

FOLDS

The broad pitching anticlines, like the Allouez,
Baltic, Winona, and Mass.z%nt-iclines,. might have a
wnverging influence on rising solutions and thus
produce ore shoots. If solutions were rising along a
lde they would have a tendency to concentrate
toward the crests of such anticlines. Several impor-
unt ore shoots, including the Kearsarge, Baltic,
Winona, and Mass, are situated on such anticlines,
hough their richest portions are not consistently near
the crests, and in detail the distribution of rich and
poor ground is far more dependent on character of rock
than on structural position. The Isle Royale shoot,
indeed, has its richest portion near the trough of a
syncline, and here too the character of the lode rock

wems to have a more effective control than position ;
. off in richness.

on the syncline. The effect of the anticlines is there-
fore somewhat uncertain.

STRIKE FISSURES
Both Hubbard and Lane have suggested a relation-

ship between mineralization and fissures parallel to the |

lodes, and they have cited the Baltic lode particularly
& an example.
in the Baltic lode are slightly steeper than the dip of
the lode and cross it at a low angle, so that it seems
wlikely that they were produced by simple slipping
between beds of trap, as suggested by Hubbard.
They may, rather, have been formed by the forces
that produced the Keweenaw fault.
bow the fissures were formed, however, the kinds and
relation of the minerals in the fissures and in the lode

idicate that the mineralization in the lode and that |
| not known.

i the fissures had a common origin. A somewhat
smilar relation between strike veins and lode mineral-
zation exists in the Isle Royale mine.

The Branch fissure, in the Minesota mine, crossed
the Calico lode at a low angle. The Calico lode was
mined profitably above the intersection but was found
poor below. In the Pewabic, Osceola, Calumet &
Hepla conglomerate, and Kearsarge lodes, however,
srike fissures are not conspicuous, and there is no
tidence to suggest that the mineralization of these

Iodes is dependent on strike fissures. It seems, on the

Whole, .tyhat strike fissures may well be a cause for ore
shoots in lodes, but they do not appear to be present

0 all the lodes nor to be a necessary condition of |

mineralization ,
CROSS FISSURES

Fissures crossing the strike of the lodes have also

‘D regarded for a long time as a possible cause of

?;: shoots, and such fissures and their relation to

: fusive felsite bodies have been emphasized par-

“larly by T. S. Woods.?

"Woods 3
d Mip, J, X

8., The porphyry intrusives of the Michigan copper district: Eng.
our., vol. 107, pp. 200-302, 1919,

58540299

Most of the numerous strike fissures |

Regardless of |
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| striking generally across the lodes are numerous on all

the anticlines, and practically all the lodes in the dis-
trict are crossed by such fissures. They are abundant
in the Kearsarge lode north of the North Kearsarge
mine, in the Isle Royale mine, in the mines on the
Baltic lode, and in the Evergreen and succeeding
lodes on the Mass anticline; they are present but not
abundant in the Quincy mine, the Osceola lode, and
the Calumet & Hecla conglomerate.

Cross fissures are especially abundant in the north
end of the district on the Keweenaw anticline. The
available descriptions of the fissure deposits in this
end of the district indicate that in many places the
lodes were mineralized near the fissures and that some
were mined for a short distance from the intersections
but were soon abandoned because of marked falling
This relation suggests that the lode
rock was mineralized by solutions leaking from the
fissures, and so does the fact that in the Kearsarge
lode the ore near the arsenic fissures is distinctly
arsenical. Here, however, the lode is consistently
poorer near the fissures than away from them, and
the general relations do not indicate that these fissures
served as feeders for the main mineralization. One
prominent fissure crosses the Calumet & Hecla con-
glomerate, but the mineralization does not seem to have
been related to it; in general, the lode is perhaps poorer
near the fissure. There is also a prominent fissure
crossing the Pewabic lodes, and the lodes were dis-
tinctly poorer near it in the upper levels and apparently
also, though to a less marked degree, in the lower
levels. A prominent fissure is also present in the
Atlantic mine, but its relation to mineralization is
On the whole there seems to be no close
relation between the mineralization and the cross
fissure.

It is, then, fairly clear that there was some mineral-
ization of lodes where crossed by well-mineralized
fissures; and it is shown on page 110 that the lodes
also affected mineralization in the fissure. It does
not seem likely, however, that the main mineraliza-
tion of the larger lode deposits extended outward from
cross fissures.

In suggesting a relation to felsite intrusives, Woods
has called attention to the felsite bodies, including
that of Mount Bohemia, under the Keweenaw anti-
cline; that under the Kearsarge mines, below the
Allouez anticline; that, east of Calumet; and that at
the Indiana mine. He believes that the cross fissures
reached the intrusive bodies and that the ore solutions
passed outward from these bodies along the fissures.

The presence of felsite under some of the anticlines
and the suggestion that intrusive bodies may underlie

- other anticlines, where not exposed, is discussed
Steeply dipping fissures |

under “Structure” (p. 50). On page 124 it is shown
to be possible that the ore solutions originated from

| the same source as the small intrusive bodies and that
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some of the sulphide veins may bear a close relation
to certain exposed intrusive bodies such as the one at

Mount Bohemia. With due consideration of all these

suggestive relations, the evidence does not seem s_ufﬁ- ‘
cient to prove that the main lodes were mineralized |

by solutions conducted into them, by way of cross |

fissures, from the small exposed intrusive bodies, or
from unexposed bodies of the same type. The ]llf)St
serious objection seems to be the lack of mineralization
in many favorable lodes crossed by the fissures. If
the solutions passed along such fissures and from them
into the permeable lodes, it would be expected that

every lode that was physically and chemically favor- |

able would be mineralized, at least to some extent,
where crossed by a mineralized fissure. For instance,

two fragmental well-oxidized amygdaloids have been |

opened in many places between the mineralized por-
tions of the Calumet & Hecla conglomerate and the
Osceola amygdaloid, but nowhere have they been found
to contain much copper. This fact is difficult to
reconcile with the hypothesis of mineralization by
cross fissures, but it may be explained if the solutions
found entrance deeper in the lode.

It seems clear that the lodes have influenced the
mineralization in cross fissures and that there has

- deposits.

been some mineralization of the lodes outward from |
cross fissures, but it also seems unlikely that the |

chief mineralization of the great lodes has been effected
through the cross fissures. The helpfulness for pros-
pecting in recognizing a relation of ore shoots to cross
fissures, to anticlines, or to felsite bodies is apparent,
but this fact makes it all the more necessary to beware
of exaggerating the closeness of such relations.

INFLUENCE OF THICK FLOWS

Lane has pointed out that some of the ore shoots
may lie below unusually thick flows. This relation
has long been recognized for the fissure deposits
beneath the Greenstone flow, but, as already suggested,
its real cause may be the “slide’” at the Allouez con-
glomerate. An examination of the geologic map does
not seem to give strong support to this idea for other
known deposits.

The Kearsarge lode is a long distance below the
Greenstone flow, which, moreover, is not very thick
over the southern part of the productive area of the
Kearsarge lode, and the “Big” trap above No. 8
conglomerate is a heavy flow below this lode. There
are no particularly thick beds above the Calumet &
Hecla and Osceola lodes at Calumet. The beds above
the Pewabic amygdaloid lodes at Quincy are rather
thin.. The flow above the Isle Royale lode is thick
but not exceptionally so; the thickest and most
massive flow in the section at the Isle Royale mine is
the Mabb ophite, which lies below the Isle Royale
lode but above the Baltic lode. Farther south, at the
Copper Range mines on the Baltic lode, the thickness
of the Mabb ophite has decreased to ordinary size
and the thickest bed lies near No. 8 conglomerate
at a considerable distance above the Baltic. Alto:

THE COPPER DEPOSITS OF MICHIGAN

gether, thercefore, there seems to be no clear indicatigy
of a relation between known ore deposits ang thick
overlying beds.

CHEMICAL COMPOSITION

The ferric iron of the rocks is believed to he a con-
trolling factor in the precipitation of metallic copper,
Ferric iron is abundant in all the amygdaloids and cgp.
glomerates that have a physical character favorahle
to ore deposition and was therefore present in all f}
beds through which large volumes of solution passd,
and because of this wide distribution it may not haye
greatly influenced the localization of the ore shoots i
the lodes.

Ferric iron may, however, have had a much mon
active part in forming the ore shoots in the fissur
Developments show that in the arsenide
fissures and in the Mass fissure, crossing the Kearsarge
lode, most of the copper and arsenide was precipitated
near the lode, chiefly above it. Descriptions of the
fissure depositsin the north end of the district indicate
that a similar relation between copper and a group of
well-oxidized fragmental amygdaloids was recognized
by those who explored the fissures. 1In the south end

| of the district the fissures worked by the Minesota

and adjoining mines carried their copper at and above
their intersection with the Minesota conglomerate, s
typical felsite conglomerate. A similar relation i
shown in some of the fissures crossing the Baltic lode.
Ore shoots in fissures, then, appear to occur most com-
monly at the intersection of the fissure with a thick,
well-oxidized bed.

The foregoing statements regarding the conditions
favorable to the formation of ore shoots imply, of
course, that mineralizing solutions rose along the lodes
and fissures. That even under the most favorable
conditions solutions in sufficient volume to form ore
bodies traversed all the favorable lodes and all the fi-
sures is not probable.

How the solutions may have gained access to the
lodes and fissures is discussed on page 125. It maybe
stated here that the answer to this question would be
very helpful in the search for ore bodies, but at present
the problem is obscure, little recognized evidence
being available on which to base conclusions. It
seems certain, however, that many favorable lodes—
in fact, most favorable lodes over long stretches—Wer
not traversed by ore-bearing solutions in large volume
and therefore do not have ore shoots.

GENESIS OF THE DEPOSITS
SIMILAR ORIGIN OF ALL TYPES

The outstanding trait that is common to 3.“ the
copper deposits of Michigan—to fissure deposits Bq
well as to lode deposits in widely differing rocks
the fact that the copper is mainly present as nai'
metal. In copper deposits the world over the oceur
rence of native copper, except as an alteration P
uct of other minerals, is unusual and has evident]
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resulted from conditions that are not widespread.

Native copper 3 :
;)\faa“ types in this district—a fact which points to

common ¢ o )
«onditions of deposition for all the deposits.

FEATURES COMMON TO ALL TYPES

A common result in the deposits of different types
nicht come either from a similar solution regardless
ofbthe kind of rock in which it acted or from some

fature common to all the rocks that produced the | .06 from the solutions and not from the rock.

is abundant, however, in the deposits |
- cally absent from the conglomerates.
onditions or at least a close similarity in |
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allied minerals, which range from rare to abundant in
the amygdaloids and the fissure deposits, are practi-
There can be
little doubt that they have resulted mainly from a

' recombination of elements in the amygdaloid lodes,

' palt. The idea of the copper being carried in solu- |

| tion as native metal and precipitated as such is re- | 14 the fissures, whether filling vesicles or fractures

If the features |

gurded as unlikely. (See p. 129.)
common to all the types can be separated from the
nmerous features that are not common to all, the
causes of copper precipitation and the nature of the
mineralizing solutions are more likely to appear.
Such a comparison may  be first made between the
conglomerate and amygdaloid lodes and extended to
the others.

All the rocks that have been mineralized to form
lodes were originally relatively permeable. The lode
deposits are in the conglomerates, in fragmental and
coaleseing amygdaloids, and in sandstone, which, how-
ever carries ore only near fissures. They are consist-
ently lacking in the relatively impermeable shales,
traps, and cellular amygdaloids. The fissures were
of course permeable regardless of the type of rock
through which they passed.

In original mineral composition the conglomerates
e much simpler than the amygdaloids, yet as the
cwpper in the lodes of both types is native, all the
conditions essential to the deposition of native copper
must have been present in both.

The outstanding feature that seems to have been
tmmon to the two types of rock before the copper
mineralization was the presence of abundant ferric
oide in the form of hematite. The sandstone lodes
ilso are red and hematite bearing, and the fissures
em to be productive only near the points where
they cross red conglomerate or amygdaloid.

The minerals of the ore-depositing period that are
“mmon to the conglomerate and the amygdaloid
odes are comparatively few. A red potash-soda
fel(.lspar was formed early in lodes of both types.
ThIS feldspar is not conspicuous in all the amygda-
bids, but in some of those in which it is lacking a
Potash mica, sericite, is present, though in the Isle
Royalg lode, where the sericite is particularly abun-
?&nt,‘ 1t seems to have been formed, in part at least,
I;tl? I the mineralizing period. Epidote and pum-
loft}z;ds. Chlorite is abundant in the amygdaloid

> and much less plentiful in the conglomerates.
C;;llclt? and qqartz are abundant in both. These
. tw()pt“se the minerals that are at all common in the
ypes of lodes. The whole series of zeolites and

vite are present in both conglomerates and amyg- |

which, in contrast with the conglomerates, were
chemically unstable in contact with the ore-forming
solutions. The boron of datolite, the fluorine of
apophyllite, the potash of feldspar and sericite, and
perhaps other elements besides the copper doubtless

Most of the minerals introduced into the amygdaloids

or replacing the rocks, can not be regarded as essential
to the formation of the native copper, but as some-
thing is known of their conditions of occurrence else-
where and, from experimental work, something of

| their range of stability, these minerals indicate the

physical conditions under which the native copper
was formed.

The striking alteration that is common to the lodes
in conglomerate, in sandstone, and in amygdaloid is
the bleaching of the red rock in the immediate vicinity
of copper and as a rule nowhere else. This bleaching
has resulted in different minerals in different lodes,
but the chemical change in all lodes is in the same
direction—namely, toward a removal or recombina-
tion of the ferric iron. In the fissure deposits a
similar tendency is shown by the alteration of part of
the hematite and the formation of chlorite in the red
lodes near the fissure intersections.

The essential features shown by all the types of
deposits are therefore permeability and presence of
ferric iron originally and removal or recombination
of the iron close to the introduced copper.

SINGLE PERIOD OF MINERALIZATION

The mineralization has been assigned by various
writers to different times according to their conception
of the origin of the ores.

Pumpelly, believing that the copper was leached
from the sandstones overlying the trap series, supposed
that the ore was deposited later than the traps and
the overlying sandstone. The general abandonment
of the idea of derivation of the copper from the upper
sandstones removes that basis for the dating of the
ores.

Van Hise and Leith'® regarded the main mineraliza-
tion as confined to middle Keweenawan time and
therefore as of essentially the same age as the min-
eralized rocks. They state, however, that mineralized
boulders derived from underlying beds are present in
some barren conglomerates and thus indicate an
earlier period of mineralization, before the conglom-
erates were laid down. They do not mention where
or by whom this observation was made. In the work

10 U, 8, Geol. Survey Mon. 52, p. 581, 1911,
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boulders that had been mineralized before be:lng in.cor-
porated in a conglomerate were seen. Mineralized
amygdaloid boulders in conglomerate were found, but

on which the present report is based no pebbles or | of all types from a single source and during 8 sing

there was good reason to believe that the mineraliza- |

tion occurred long after the conglomerate was depos-
ited. The hypothesis of a preconglomerate period of
mineralization needs verification before it is entitled
to credit.

" of the same age as the deposits of metallic copper.

Lane believes that the ores were deposited while the |

basalts were still hot and therefore, presumably,

| is not closely connected with the other structures of

fairly soon after their formation, but his conceptions |

of imbibition of surface waters and of the dependence
of copper deposition on the present position of water
zomes appear to imply mineralization after tilting had
been accomplished. He regards the arsenide and sul-
phide veins as possibly of later and independent origin.

The conclusion reached in this work is that the
major mineralization was effected during a single
period of somewhat complex activities that followed
the completion of all the essential deformation that
the rocks reveal. This deformation, it is thought,
began during the outpouring of the Keweenawan lavas
and the deposition of the associated sediments and
was completed shortly after their accumulation was
finished; the mineralization probably followed imme-
diately” afterward, perhaps overlapping the last struc-
tural adjustments. The evidence upon which this
conclusion is based is summarized below.

The Keweenaw fault bends with the cross folds,

such as the Keweenaw anticline, the Allouez anticline, |

and the Isle Royale syncline, and its changes in direc-
tion are too great to be reasonably explained in any
other way than to assume that the fault itself was
folded. It is therefore probably older than at least
the last of this folding. The cross fissures from
Allouez northward are tension cracks radial to the
cross folds and produced at the same time. The
countless minor fractures that cut the rocks are also
most plausibly ascribed to the stresses that produced
the faulting and cross folding, because these minor
breaks are more conspicuous and numerous near the
places of major deformation and are disposed con-
formably to them.

Copper mineralization did not oceur in the Kewee-
naw fault itself, so far as known, but it affected the
highly fractured zone adjacent to the fault and there-
fore was undoubtedly later than the fault and this
attendant shattering. The mincralization in the
cross fissures was of course later than the fissures.
The mineralization of the lodes was similar in char-
acter to that of the fissures, and the presence of arse-
nides and sulphides in the lodes adjacent to fissures
containing these minerals is a further indication of
their close relation.

The same mineral association in all these types and
the interrelation of the types indicate mineralization

. copper fissures themselves, and the arsenide vejg

period. The sulphide veins contain intergrown mey.
lic copper or merge into native copper veins, Ty
same is true of the arsenide veins, with the modif.
tion that the copper is arsenical, as are some of

carry some chalcocite. The sulphide and arsenj
fissures are thus apparently of the same source ayg

The domical uplift of the Porcupine Mountsix

Keweenaw Point and is probably due to intrusi,
Faults of varying magnitude are associated with thy
uplift. The age relation of the dome to the oth
structural features of Keweenaw Point is not know,
though the latest rocks of the region are involvedin
all of them. The precipitation of native copper s
subordinate chalcocite along and near the faults o
the Porcupine Mountain region may therefore har
occurred in a different period from that of the ma
mineralization farther northeast, though there is m
evidence that it did. Similarly the sulphide fissurs
that extend out from the intrusive mass of Mou
Bohemia may belong to an independent period, but
it seems more reasonable and in accord with the
known facts to assume that all the mineralization vis
accomplished in a single period.

Such a period doubtless was of considerable length.
Some of the minerals were formed earlier and sont
later in the period, and the same minerals were de-
posited at different times in different places. Some
veins apparently were slightly earlier than the minerdl-
ization of the lodes they cut, and some were later
There was, however, no cessation of mineralization
from the beginning to the end.

As all the rocks of Keweenawan age known 0
Koweenaw Point were affected by the structu
deformation already described, it is evident that the
mineralization was later than the Keweenawil
rocks of the district. It is believed, however, fron
evidence given on page 124, to have been accomplished
within the limits of Keweenawan time.

HYPOTHESES OF ORIGIN

It is clear that the copper is later than the rocks It
which it is found and was therefore introduced I
them. The important elements of genesis of such
epigenetic deposits are the source of the coppeh .the
method of transportation, and the cause of precipit
tion. Two contrasting views of the origin ghde
Michigan deposits are presented in the literature and
may be designated as that of descending origin &
that of ascending origin.

DEPOSITION BY DESCENDING SOLUTIONS
SOURCE OF COPPER

Pumpelly, who first formulated the hypothesis of
descending origin, supposed the copper o have bee!
derived from the sandstones that originally overlsy




| aba
| the copper.
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the traps.  The failure to find copper in the sandstone
heds where they are still present has led to the
ndonment of the idea that they were a source of

Lane, whose views are presented in detail in his

" report on the Keweenawan series, suggests different

sources, all directly connected with the basic lava
fows. He suggests that the copper was dissolved in
the waters of desert lakes or playas that collected on
the surface of the lavas. The copper in the waters
was either derived from the weathering of the lavas

or was contained in volcanic emanations given off by |

the lavas and collected in the surface waters.

Lane |

further suggests that the copper may have been |

derived from the solution of the copper that is dis-
eminated in the freshest traps.

MODE OF TRANSPORTATION

from the sandstones by surface waters and to have
been carried into the underlying rocks by gravity.
At the time of Pumpelly’s study the deposits had been
developed only to shallow depth, and the assumption
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ently supposes that the flows remained hot and the
vesicles were filled with hot gases or liquids till the
rocks were tilted to their present positions and were,
in places at least, covered by desert lakes or playas
containing copper in solution. As the rocks cooled
the gases and liquids in the openings contracted and
thus made room for the solutions that covered the
outerops to pass down the lodes. This hypothesis
has the advantage over that of ordinary gravity circu-
lation in that it accounts for the space necessary for
the solution to enter at great depth. It only allows,
however, for sufficient solution to fill the cavities and
necessitates more highly concentrated solutions than
are known as surface solutions in order to produce
the deep ore shoots. Moreover, it encounters most
of the difficulties of ordinary gravity circulation as
to position of ore shoots under barriers and slight cir-

| culation at depth. Lane points out that the tendency

of such & movement of the solutions seemed to offer |

no difficulties.

Since then the deposits have been |

developed to a vertical depth of more than a mile or a |
. ently assumes that the rocks are saturated with essen-

distance down the dip of the lodes of more than 9,000
feet. The presence of strong mineralization far below
present sea level can hardly be attributed to the action
of ordinary gravity circulation under present condi-
tions. Moreover, the deeper levels of all the mines
are essentially dry. Pockets of water encountered
on these levels quickly drain off and remain dry.
Some deep drill holes, however, maintain a small
flow of water for considerable periods at least, and in
the Baltic and other mines the water is under some

Pumpelly supposed the copper to have been leached - to form a vacuum as the gases contract would produce

| a “sucking’ or “imbibition”’ effect.

This, however,
could help but little in overcoming the friction of deep
circulation, as at best it could amount to only one
atmosphere, or the pressure of a 33-foot column of
water.

Lane has also applied the idea of concentration by
diffusion to the Michigan deposits. This idea appar-

tially stagnant water or solution. This solution
would dissolve some of the copper that is disseminated
through the flows, and the copper so dissolved would
tend to become uniformly diffused through the solu-
tion. It is supposed that certain of the rocks had a
precipitating effect on the copper in solution. Where
the copper was being precipitated, the solutions would
contain less than elsewhere, but the diffusion force

i would cause more to come in to equalize the concen-

pressure.  The region is one of moderate precipitation, |

ind the upper levels of the mines contain abundant
water. The failure of the surface water to sink
through the lodes to the deep openings indicates that
the ordinary gravity circulation to great depth is very

sight. This conclusion, of course, corresponds with |

the general experience in other districts.

) The position of the ore shoots beneath relatively

mpermeable barriers, such as that of the Osceola
lode, the White Pine deposits, and the fissure deposit
below the Allouez “slide,” is also hard to reconcile
Vith gravity circulation but suggests solutions rising
from depth under pressure.

The fact should be kept in mind that concentration
of the ores of iron in the neighboring iron country,
where the deposits have been opened to considerable
depths, is attributed to circulation of surface waters,
ut Where the iron is concentrated near impermeable
ocks it is above rather than below them.

The difficulties of attributing the movement of the
Mineralizing solutions to ordinary gravity circulation
h“"e beel} recognized by Lane, who has suggested the
Yoothesis of “imbibition.” This hypothesis appar-

tration. This in turn would be precipitated. By
this process the copper disseminated through the traps
would be concentrated in certain parts of the series.

This idea of concentration does not encounter the
difficulties involved in that of deep gravity circula-
tion. That the present-day deep waters contain
copper is indicated by analyses. Water from a deep
drill hole in the Baltic mine precipitates copper on
scrap tin, and Mr. W. H. Schacht, general manager
of the Copper Range Co., states that the same water
dissolved the copper from fuse caps that chanced to
fall into it.

The hypothesis of diffusion certainly has attractions
in explaining the filling of amygdular cavities with
copper and other minerals. It is difficult, however, to
reconcile this hypothesis with some of the broader
features of copper occurrence. If the hypothesis is
valid, it is not easy to understand why a generally
fragmental well-oxidized lode like the Osceola is not
uniformly mineralized throughout its extent. Under
this hypothesis there would seem to be nothing except
the character of the lode rock that would tend to cause
ore shoots, and there seems to be nothing in the proc-
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ess that would cause the precipitation to occur under
impermeable barriers. In fact, it would be natural
to expect that precipitation would occur throughgut
all amygdaloids and conglomerates, though varying
in amount according to the character of the rock.
The diffusion hypothesis fails to explain why the
Calumet & Hecla conglomerate is rich while, so far as
known, most of the other conglomerates are lean or
barren.

The same difference in richness is shown by |

amygdaloids that appear equally well adapted for |

mineralization. It is difficult to explain the concentra-
tion in sandstone adjacent to fissures under the None-
such shale at a considerable distance from lava flows.

that of gravity circulation or that of “imbibition” it
encounters others that make it equally hard to accept.

CAUSE OF PRECIPITATION

THE COPPER DEPOSITS OF MICHIGAN

precipitation of the metallic copper was brought ghy
by the reducing action of ferrous iron. He coneludeg
that the common association of copper with prehnit;
and datolite and its rarer association with feldspsy
and laumontite are explained by Fernekes’s findings
and he emphasizes the connection between the chlori(fe'
waters of the mines, particularly those contaiyjy,
calcium chloride, which, as he points out, carry gy
quantities of copper, and the solutions from which
copper was precipitated. Lane rearranged and ¢
panded Fernekes’s equations into a single one, whig
he gives as follows:

: | 2FeCl, +2CuCl+3CaSiO, =
It seems, then, that although the hypothesis of |

diffusion avoids some of the difficulties presented by |

Pumpelly considered that the copper was taken |
into solution in the oxidized form as sulphate or |

carbonate, as .would be expected and is known to
occur in the action of surface water. He further sup-
posed that these solutions in passing into the trap
beds encountered abundant ferrous minerals and that
the copper solutions were reduced and the ferrous iron
oxidized to ferric iron, resulting in native copper and
.the ferric minerals hematite, epidote, and chlorite.
The abundance of hematite and other ferric minerals
in the lodes evidently suggested this explanation.
The modifications of Pumpelly’s idea likewise
assume that the copper is in the oxidized state, though
Lane considers it to have been carried as chloride in
the waters of desert lakes that were sucked into the
lodes; he supposes the copper to have been reduced

and the iron oxidized essentially as outlined by
Pumpelly.
CHLORIDE WATER CONCEPTION

At Lane’s suggestion, G. Fernekes undertook what
amounted to a laboratory demonstration of Pumpelly’s
method of copper precipitation. He found that
under certain conditions ferrous chloride acting on
cupric chloride will precipitate metallic copper and
ferric oxide, one of the conditions being the presence
of an alkaline mineral to neutralize the hydrochlorie
acid formed in the reaction. Prehnite and datolite

were found to work satisfactorily as neutralizers, |
whereas with labradorite and laumontite no native |

copper was produced. Fernekes expressed these
reactions by the following equations:

2FeCl, +2CuCl, =2CuCl + 2FeCl,
2FeClL, +2CuCl=2Cu + 2FeCl,
FeCly +2H,0 = Fe(OH),Cl + 2HCL.

These experiments, together with some made by
H. N. Stokes ' slightly earlier, which showed that the
ferrous iron minerals, siderite and hornblende, will
precipitate metallic copper from cupric sulphate’solu-
tions, caused Lane to adopt the hypothesis that the

TR e L

"t Econ. Geology, vol. 2, pp. 580-584, 1907,
12 Econ. Geology, vol. 1, pp. 648-649, 1906.

2Cu + Fey04 + 3810, + 3Ca0l,
MINE WATERS

Further discussion of Lane’s ideas necessitates some
specific consideration of the concentrated brines present
in all the mines except near the surface. As Lane
has discussed the matter fully,' a brief summary wil
suffice.

The character of the water shows progressive
changes from the surface downward. Lane makes the
following classes:

(@) At and near the surface, soft and fresh, with sodium in
quantities more than sufficient to combine with the chlorine
present.

(b) At some distance (generally 500 to 2,000 feet before it
attracts attention unless especially sought) the chlorine is
higher and the water is charged with common salt.

(c) At great depth a strong solution of calcium chloride
containing some copper.

The following analyses illustrate the composition of
each of the three classes:
Analyses of mine waters

[Grams per liter]

‘ ;l;rface

Intermediate Deep

| s = ——

‘ 1 g | 3 4 5
CL..___..________| 7.0 0.357 | 8 172 [176. 027 |175.4
Bi. codlsrplinl v FRRT N e 2.200 | 1.5
.5 R 6.9 .067 | .993  86.478 8.2
VLB DR AN iy | 46| 154 | 914 | 15188 | 138
LS L T wirne [y aphis: ol Al .9
o) R £ e B .110 | None.
Brly oo e R e R An BllAT e 020 |
Fe,0; and AL,O;.____ et gt s bl 6 . 010 | Fe.00
MRS ot T s o e R B 004 Lo .
7 e TR e Nl Sl b . 016 | . 0001
OGS el aa] Bee. aleescd XTI . 006 |-
) TR Lo R T Pyt Dothan¥ s Tr. .3
51 ot Sl e e e [P P P e mupins
ik e 0 R TRl e T U (e SR 'I;i) 2

‘ 0 :

L R S e sl O Noe
ICRUERE LS LY (e pRm B T, 1,05
€00z suadb ey in T e ik None. |-------
FORS o e L 15 Lo o R R AR

| T s e
Total salinity. ___ 43.8 | . 700 | 5.079 280.489 279.3
o,
1. Allouez mi GEmE 7 for Min. Inst. Proc., vol.13,P:
19208.1“311;3;15(;:}:}%lg%mim]:r{&o‘:ks?ﬁ'nlélas‘rg"t.s uper.or l;e:; p.121
i3 mine, No, # , dri A y Pe .
3. Mohawk mine, Ng. } :h:g', E&zti’r}l]lel‘gel(,l:ﬁ)i‘;)l&gng. Idem p. 110,

p. 121,
4. Quincy mine, dripping on 'fifty-fifth level north of No. 2 shaft. Idem, Py
5. Kearsarge lode, Red Jacket croesent eighty-first level, depth 4192]0,5“‘
lected August, 1921, from drip. R. C. Wells, U. 8. Geol. Survey, analyst:

e

' Lane, A. C., Michigan Geol. Survey Pub. 6, vol. 2, pp. 774-846, 1011.
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The explanation proposed by Lane for the different
ypes of waters is that the deep water was connate—
that is, inclosed in the rocks when. they were buried;
that the water near the surface is water that was
ugiecked”” into the beds and dissolved carbonates as
it passed through the rock; and that the intermediate
water resulted from reaction between the other two,
the essential reaction being between Na,COj; of the
upper water and CaCl, of the lower to produce
NaCl and CaCO;. He believes that when the con-
centration of sodium chloride became sufficient in
the middle water zone, sodium zeolites, like analcite,
were precipitated. Lane explains the strongest brines
ss probably the residue left after most of the water
had been absorbed in hydration of the rock.

Van Hise and Leith * regard similar solutions

t

encountered at depth in the iron region, as resulting |
from a condition of “deep stagnancy” in which the |
waters became progressively richer in the most soluble |

slts, and they do not believe that these solutions are |

related to any particular type of rock or to iron
deposition in the region.
in the copper district, however, they suggest !> that
these waters may represent the “residuum or brine”
of the ore-depositing solutions, but why they are so
regarded in the copper district and not in the iron
district is not stated.

The following points may be regarded as facts or
well-founded deductions:

I. The shallow waters are of surface origin and
have derived their character from materials taken
up from the air, the soil, and the rocks.

2. As greater depth is attained the waters become
progressively less in amount.

3. The relative proportion of calcium chloride to
sodium chloride increases with the downward decrease
in the amount of water and increase in concentration.

4 It is probable that in the copper country a very
considerable amount of erosion has taken place, so
that the rocks now in the zone of fresh water were at
one time much farther from the surface and possibly
Were in & zone that bore the same relation to the

In considering the solutions |

surface then existing that the present deep “dry” |

zone bears to the surface of to-day.

5. From the foregoing conclusions it is probably
tme that there has been a progressive downward
migration of the upper zones.

The evidence seems indecisive as to whether these
siong chloride waters are “connate” waters still
furthep concentrated, as Lane supposes; ‘‘deep
stagnant” portions of the general ground water; or
the residual parts of ascending magmatic waters.
Strong brines are found at depth in many parts of
the world. Concentration has been explained as
du\eto hydration, as Lane suggests, and to evaporation

et
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:}‘ 8. Geol, Survey Mon. 52, p. 544, 1911.
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by expanding gases in oil and gas regions.’® Their
particular composition has been explained by reduced
solubility of certain salts in presence of a common
ion, which might cause sodium chloride to pre-
cipitate while calcium chloride remains in solution.
As a matter of fact, stalactites of sodium chloride
have been observed in the Quincy mine and have
been reported to occur in other places where the waters
are mainly calcic. There is, moreover, good reason
to believe that in the deep levels, where the rocks are
essentially dry, both calcium and sodium chlorides
are present as solids. After a specimen of such rock
has been wetted it will on drying accumulate a
considerable crust of salts that have been dissolved
and brought to the surface of the specimen. Speci-
mens from deep levels, essentially dry when collected,
become wet and even drip during damp or rainy
weather, owing to their absorption of water from the
air.

Of more concern in the present study than the
origin and relations of the waters of the district is
their possible connection with copper deposition.
Lane’s ideas in this regard have already been out-
lined. In the investigation here recorded no evidence
indicating a close genetic connection between the salt
waters and the deposition of copper has been recog-
nized.

In general, the salt waters are as abundant and as
concentrated in unmineralized as in mineralized
portions of the lodes. There is practically no evidence
that the mineralizing solutions were acid; a little
calcite has been dissolved, but this result could have
been accomplished as well by alkaline as by acid
solutions, and the whole character of the mineralogy
indicates that the solutions were not acid. No
evidence of sodium zeolite deposition or copper
deposition in zones that correspond to the present
water zones has been found. Zeolites, except lau-
montite, which in places is abundant, are scantily
present in both shallow and deep zones of the amygda-
loid lodes but absent from the conglomerate lodes,
and copper deposition shows no recognizable depend-
ence on depth. The presence of traces of copper in
the strong brines is not surprising when it is realized
that these liquors have digested the copper-bearing
rocks for untold years. Wells found that an artificial
copper-free brine of otherwise the same composition
as the deep waters (sample 5, p. 122), when put in
contact with metallic copper, quickly dissolved
copper in an amount comparable to that contained
in the mine waters.

Pumpelly supposed that the oxidized copper solu-
tions entered rocks rich in ferrous iron and were
reduced, at the same time oxidizing the iron. But
it is now established, as discussed in the oxidation of

18 Mills, R. V. A, and Wells, R. C., U. 8. Geol. Survey Bull. 693, pp. 84-86, 1919.
17 Idem, p. 73.
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lava tops and ferric iron content of conglomerates,
that the mineralized amygdaloids and the congl'omer-
ates were especially rich in ferric iron and low 1n fe?r-
rous iron before they were acted on by the mineraliz-
ing solutions. Furthermore, the ferric iron of the
lodes in the vicinity of copper has been removed or
chemically reduced to ferrous iron. This remov al
or change of iron is pretty clearly connected with the
deposition of the copper. These facts not only cast
grave doubt on any idea of origin that supposes the
copper to have resulted from the reduction of oxidized
copper solutions, as solutions of surface origin probably
would be, and were assumed to be, but they strongly
suggest that the direct opposite was true—namely,
that the copper solutions were reducing in character.

The minerals, moreover, that accompany the
copper and were formed at the same time are of a
class that are believed to originate at moderately
high temperature and certainly are not such as are
formed by cool surface solutions. Altogether both
the chemical changes and the character of the minerals
seem opposed to the idea of formation from surface
solutions.

There appears, however, no such chemical objection
to the idea of concentration by diffusion. A part at
least of the copper in the traps is in the form of
sulphide, and it might be taken into solution and
transported as such. When it entered the highly
oxidized amygdaloids and conglomerates it might
react with the ferric oxide, reducing that to ferrous
oxide and in turn having its sulphur oxidized and the
copper precipitated as metal, essentially in the
manner set forth in the following section for ascend-
ing solutions. However, it is difficult to explain why
so many amygdaloids, all rich in ferric iron and
favorable physically and chemically to the process of
diffusion, are barren.

From the foregoing discussion it appears that there
are serious physical and chemical objections to the
idea that the deposits were formed by descending
surface waters. The hypothesis of concentration by
diffusion avoids some of these difficulties but en-

counters others equally serious in regard to the
distribution of the copper.

DEPOSITION BY ASCENDING SOLUTIONS

To show that the copper was deposited by ascending
solutions would by no means fully account for the
deposits. The hypothesis now to be discussed goes
further and assumes that the copper-bearing solutions
were expelled forcibly, at high temperature, from a
magma chamber in which they originated. The
probability of this assumption must depend largely
upon the degree to which the chemical character of

the solutions, as judged by the work they have done, |
resembles that of ore-forming solutions that have been |

active in other regions where there is virtual proof of
their genetic relationship to igneous magmas.

THE COPPER DEPOSITS OF MICHIGAN

A magmatic origin for the Michigan copper deposis
was first proposed by H. L. Smyth in 1896, )
Wright, Van Hise, Leith, and Steidtman, R, Hore'
T. S. Woods, and J. E. Spurr have since implig ory
asserted a similar origin.

The Coro Coro deposits, in Bolivia, which ghy
many points of resemblance to the Michigan deposis
were ascribed to deep-seated causes as early as 14
by C. A. de la Ribette and definitely to a magma
origin in 1906 by G. Steinmann, and still later by
Singewald and Miller and Singewald and Berry, By
somewhat similar deposits in New Jersey J. Volney
Lewis in 1907 proposed a magmatic source.

SOURCE OF THE COPPER

There is no direct connection between the main or
deposits of the district and the exposed intrusiv
rocks. However, certain associations of small copper
deposits with the known intrusive rocks indicate what
is thought to be true of the large ore bodies.

Copper sulphide veinlets cut the intrusive mass of
Mount Bohemia '* and adjacent rocks and apparently
terminate outward from the intrusive body; copper
sulphides are concentrated also in the miarolitic cavk
ties of the aplitic phase of the intrusive gabbn.
Wright appears to regard the intrusive mass as de-
rived from the magmatic reservoir that furnished the
somewhat older basalts and felsites and to considr
the copper sulphides inclosed in it as related in souree
to the native copper and the copper sulphides and
arsenides of the larger deposits of the region. Su-
phide veins are likewise associated with the intrusive
gabbro near the Michigan-Wisconsin boundary and
the quartz porphyry bodies north of Lake Gogebic.

Native copper, with some sulphide, occurs near tho
Porcupine Mountains, where intrusive rocks that ar
probably of late Keweenawan age are thought
account for the uplift and faulting.

Arsenical copper with some sulphide occurs at the
Indiana mine in felsite, which Lane'® regards &
intrusive. Chalcocite is present also in probably
intrusive felsite east of Allouez.

The Duluth gabbro, thought by most who have
studied it to be of late Keweenawan age, may well
be a part of the same intrusive mass with Moun!
Bohemia, the Porcupine Mountains, and the bodies
of intrusive felsite and quartz porphyry known it
many places throughout the district; this mass woul
thus underlie the whole lava series. Small copp?
sulphide deposits,” with or without nickel, are found
in the gabbro or just outside its contact.

Pegmatitic knots or lenses occur in some of 'the
traps of the district, especially those of greater thick-
ness, and some of these contain copper sulphides and
native copper. These pegmatitic lenses are Presfn,t

18 Wright, F. E., Michigan Geol. Survey Rept. for 1008, pp. 392-304, 1000
¥ Private report to the company.
# Nebel, M. L., Econ. Geology, vol. 14, p. 399, 1019,
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anly well within the thicker flows. They seem to | time the volatile constituents are liberated and made
pave resulted from a differentiation during the process = available for migration. Altogether, the evidences

of crystallization similar to that which produces the

smatitic portion of intrusive bodies, though they
ar: of small extent, and the differentiation has not
progressed far. They do, however, show a differ-

entiation toward increasing copper content that in a |

great intrusive body might well result in abundant
wopper-bearing solutions.

In nearly all these examples of close association of
copper with intrusive bodies copper sulphides are

present, and in most of them, except where the

inclosing rock is red, sulphide predominates over

native copper. Where the veins are within the in-
trusive rocks, only sulphides are usually present,
though copper occurs in felsite at the Indiana mine.

DIRECTION OF MOVEMENT OF THE SOLUTIONS

The concentration of copper on the under sides of
relatively impermeable barriers is perhaps the most
direct indication that the solutions came from below
after the rocks had assumed their present attitude,
but it is not the most convincing evidence of ascend-
ing flow.

If, as most students of the problem now agree, the
ores were deposited from hot solutions, they must
have been hot either because they flowed through hot
rocks or because they came from a heated source; the
first assumption would imply precipitation within so

. short a period that the lavas had not cooled; the

second, indicative also of rapid action, would prob-
ably require & magmatic source for both the solution
ind the heat. From what has been said in connection
with gravity circulation (p. 121) it is clear that the
permeability of the rocks was low when the driving
force on the solutions was only gravity, or gravity
plus one atmosphere. Greater fluidity and greater
driving force would help to overcome low permeability,
ud both these advantages would exist if the solutions
came from a magmatic source.

‘Marked decrease in viscosity of solutions attends
g temperature and undoubtedly continues as
wlutions pass from the liquid to the gaseous state.
The solutions coming from a magma reservoir may
b assumed to be under pressure sufficient to lift
®lumns of molten rock thousands of feet to the sur-
face.' The more mobile constituents, the ore-forming
“lutions, should start out from the magma chamber,
therefore, with pressure at least equal to that on a
wlimn of molten rock from the same source and
Sould be able to maintain that pressure to higher
%els in the crust because of their lesser weight and
"Seosity and their lower solidifying point. Recent
Work at the Carnegie Geophysical Laboratory * sug-
M great pressure may be developed just at the

i Mor
tiom: W,

©%, G, W., The development of pressure in magmas as a result of erystalliza-
ashington Acad. Sei. Jour., vol. 12, p. 219, 1922.
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of enormous forces associated with igneous activity,
such as volcanic explosions, elevation of vast quan-
tities of magma, and penetration of emanations into
dense rocks, as in contact metamorphism, show that
solutions from magmatic sources have a much greater
ability to move through difficultly permeable rocks
than waters impelled only by their own head.

Ascending solutions are never in want of an outlet,
provided their pressure is great enough. The farther
descending solutions penetrate the tighter they find
the rocks; but rising solutions, which are least viscous
and under greatest pressure at depth, where the diffi-
culty of ascent is greatest, are continually reaching
more permeable material above as their ability to flow
becomes diminished through loss of temperature and
pressure, and at the surface there is always a free
outlet.

With great volumes of solution passing any given
point on the upward journey there would tend to arise
a uniformity of temperature for long distances along
the channelway. Hot water starting through a long
cold pipe would warm the near end of the pipe and
emerge cold at the far end, whereas much hot water
flowing continuously through the pipe would in due
time warm it from end to end to about the same tem-
perature. Where the rate of heat conduction is so
low as it is in rocks, this tendency could doubtless
afford essentially uniform temperatures throughout as
great a vertical range as that represented by the mine
workings and thus give the observed constancy to the
character of mineral deposition throughout that range.

MEANS OF ACCESS OF THE SOLUTIONS

If the solutions ascended from some deep-seated
source they must have had means of reaching the
horizons where they are known to have precipitated
copper. Two possible means of access may be con-
sidered—intersection of the productive beds by the
underlying intrusive mass from which the ore solu-
tions came; or ascent along fractures that cut these
beds. More specifically, these hypotheses are that
the solutions reached their horizons of precipitation
from crosscutting contacts of the Duluth gabbro; or
that they were brought to these horizons by the deep
extension of the Keweenaw fault. A third means
would be utilization of whatever avenues presented
themselves in the regions lying near the magmatic
source and the gradual and progressive collection of
the solutions into the more permeable channelways at
the higher levels.

ASCENT FROM CONTACTS OF THE DULUTH GABBRO

There is reason to suppose that the Duluth lacco-
lith extends beneath this region at or near the con-
tact of the Keweenawan and the underlying rocks.
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Grout and Hotchkiss have suggested, further, that
the Lake Superior. basin has resulted from slumping of
the essentially horizontal crustal strata into an und.er-
lying magmatic basin, and that during this slumping
the magma pushed into higher parts of the crust.
Whether this or some other idea as to the cause of the
basin is correct, it is to be expected that a mass of
magma of the size of the Duluth or Lake Superior
laccolith would send offshoots into the overlying rocks
and show an irregular upper surface. That there are
such offshoots may be inferred from the presence of
intrusive rocks suggestive of Duluth gabbro parentage
well above the base of the Keweenawan. That the
main gabbro would actually inject its more mobile
constituents into adjacent openings is indicated by
the analogous occurrence of copper minerals in frac-
tures near these minor intrusive masses.

If the main intrusive body, in working its way up-
ward, intersected a permeable amygdaloid or con-

glomerate bed, the mobile constituents given off by |

the magma would pass upward along such a channel-

way, and where they encountered favorable physical |

and chemical conditions they would deposit certain of
their constituents. This inference supposes that the
beds now mineralized extend for long distances down
the dip—a supposition that seems probable from the
known extent along the outcrop of most of the pro-
ductive beds and also from the less positive correla-
tion of certain beds or groups of beds on Keweenaw
Point and Isle Royal. It is perhaps also worthy of
note that the productive parts of the Kearsarge,
Baltie, and Osceola lodes coincide with the thickest
portions of the flows as shown along the outcrop.

It is not likely, however, that all beds that extend
to great depth will be equally favorable as solution
channels. Tt is known that an amygdaloid or a con-
glomerate may change within a short distance along

the strike from a relatively permeable to relatively |

impermeable bed. To be favorable it must not only
have been permeable at its intersection with the
source of solutions but must have continued as a per-
meable channel to the level of the present surface at
least, and doubtless to the original surface, in order to
have an outlet that would permit the passage of a
large volume of solution. It is obvious that not every
bed that is favorable where cut by the present erosion
surface or mine workings would be equally favorable
for an indefinite distance down the dip any more
than along the strike. Some beds, therefore, might
be well mineralized while others that are of apparently
equal promise where now exposed received only
enough mineralization of the feebler kind to fill vesi-
cles or cause cementation.

Beyond the analogy with the deposits adjacent to
the subordinate intrusive bodies like that of Mount
Bohemia and the intrusive mass which probably
underlies the Porcupine uplift and with ore deposits

THE COPPER DEPOSITS OF MICHIGAN

on the margins of intrusive bodies in many other Parts
of the world, there is little direct evidence in support
of this particular pathway of transfer for the magmati,
solutions to the places where they acted. Perhgp
the most suggestive fact relative to direct ascent glop,
the permeable lodes from their intersection with ch
Duluth gabbro is the presence of the chief copper-
bearing beds in the lower part of the Keweenayy,
series. But even this may be due to the influence of
the Keweenaw fault.

ASCENT FROM THE KEWEENAW FAULT

The Keweenaw fault has long been considered by
Lane and others a possible channel for eruptive rocks,
Attention has been called by Lane to the seven
bodies of intrusive rock close to the fault, with the
implication that the intrusive material may have
risen along it. This implication suggests the fault g
a possible channelway for the ore solutions.

That the copper mineralization followed the main
fault movement seems to be indicated by the mineral-
ization of the breaks in the highly shattered area near
the fault. So far as known, however, no evidence of
mineralization has been found on the fault itself; this
would indicate that it was not particularly permeable
as compared with fractures less filled by gouge or with
open-textured amygdaloid or conglomerate beds.

The great horizontal extent of the fault and the
magnitude of its throw indicate that it persists down-
ward for a great distance—far enough, it is easy o
believe, to tap the magmatic reservoir in which the
mineralizing solutions originated. Although evidently
less permeable than open fractures and porous beds,
its greater accessibility and continuity may have made
it the chief channelway by which the solutions passed
upward in a direction transverse to the rock structure.
The Keweenaw fault is a reverse fault, dipping with
or slightly flatter than the beds, and there are smaller
nearly parallel faults above it which probably branch
from it. If the main fault and its branches truncate
the higher beds down the dip, because the beds dip
more steeply than the fault, solutions rising along the
fault would tend to enter any porous bed and continue
along it as affording a shorter and probably an easier
channelway to the surface than the upper part of the
fault fissure.

Essentially the same conditions would control the
beds selected and mineralized in this ascent of the
solutions in the beds from the Keweenaw fau.lb 8
would control the beds entered directly from inter
section with the Duluth gabbro. ,

It may be supposed that the fractures oceupied by
the fissure deposits reached down to the fault and thus
furnished easy channelways for the upward movement
of solutions. Where fissure deposits are abundant
as along the crest of the Keweenaw anticline in the
north end of the district, no largely productive Jode
deposits have been developed, but in the central arc
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where fissures are less numerous, the copper occurs
mainly in the lodes. This d.lfference suggests that
where plentiful fissuring furmshed easy channels of
escape for the solutions they did not traverse the lodes
i sufficient quantity to form large deposits. Many

of the smaller fissures, however, were fed locally from |

the lodes they cut, and the same thing may be true

of some of the larger ones.
The presence of the copper in the Nonesuch lode

4 White Pine in close association with faults and |

iractures branching from a pronounced reverse fault
which itself is not known to be mineralized, is
siggestive of similar relations between the main
coﬂper deposits of Keweenaw Point and the Kewee-
naw fault.

If the Keneenaw fault down the dip cuts into higher
beds than those which lie against it at the surface,
there probably is some horizon in the folded beds to
which it becomes tangent and below which it cuts
back again to older beds. (See fig. 10.) If this is
w0, any of the favorable beds near the bottom of the
series might receive solutions direct from the fault and
become mineralized, but beds above the horizon of
tangency would not be cut and so would receive only
such solutions as were able to leak out from the major
channelways and therefore would be only feebly min-
eralized. Several beds of the lower part of the series
8s high as the Ashbed lode carry considerable quanti-
ties of copper, but above that horizon there is nothing
of known value save in the Porcupine region, where
local conditions account for the exception.

Sulphides are more abundant in fractures that cut
amygdaloid lodes near the fault than in those that
cut lodes higher in the series. This difference would
be explained if, as suggested under “Causes of precip-

tation” (p. 130), the solutions were originally sulphide

wlutions and were oxidized by long contact with the
hematite of the lodes. At horizons near the fault the
solutions may have followed the lodes for shorter dis-
tances and thus have been less completely oxidized,
vith more abundant sulphides as a result. But the
Allouez conglomerate and some other conglomerates
vell above the fault carry widespread chalcocite, so
that no great significance can be attached to this
Occurrence of sulphide.

The lodes farthest from the fault, the Ashbed,
Pewabic, Calumet & Hecla conglomerate, and Osceola,

trry high-grade copper, exceedingly low in arsenic. |

¢ Kearsarge and Isle Royale lodes, nearer to the
rault,.amd especially the Baltic, which is closest to it,
“ntain more arsenic. This may likewise be an indi-
ttion that the solutions became more highly oxidized
% they travel farther from the Keweenaw fault. The
tke lode, which lies relatively low in the series and
lear the fault, contains nonarsenical copper, and this
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known, may indicate that the generalization is un-
founded. It must be recognized, moreover, that there
is much more fissuring of the rocks near the base of
the series and that arsenical copper in fissures may, in
part at least, account for the higher arsenical content
of the lower lodes.

There is reason to believe that some of the lodes
are fed by fissures that enter or cross them within the
present range of observation. This seems especially
evident in the Calico lode of the Michigan mine,
which was largely mined above the intersection of
the Branch fissure but is poor below the intersection.
The similarity of the minerals in some of the strike
fissures that cross the Baltic lode to the minerals in
the lode and the local merging of fissure mineraliza-
tion into lode mineralization are highly suggestive that
the lodes were at least in part fed by the fissures.

GRADUAL ACCUMULATION IN PERMEABLE CHANNELWAYS

If solutions are forced against a body of rock varying
in permeability from place to place, they will enter
such openings as are first presented but will seek the
avenues easiest to follow and eventually will flow in
greatest volume through the most permeable portions
of the rock. This principle may have governed the
upward movement of the mineralizing solutions in
Michigan. Aside from its plausibility and the cer-
tainty that it works on an important scale in move-
ments of the shallow ground water, there is only one
reason for thinking that it may apply here. It
possibly explains more readily than the other sugges-
tions the fact that the mineralizing solutions appear
to have reached essentially all parts of the rocks of
the lava series.

CAUSES AND CONDITIONS OF PRECIPITATION

Three contrasting views may be considered as to
the nature of the copper-bearing solutions from which
the ores were deposited—(1) that the copper was
transported in an oxidized condition as sulphate,
chloride, carbonate, or silicate and was deposited by
chemical reduction of such compounds; (2) that the
copper was transported actually or potentially in the
metallic state and so deposited; (3) that the copper
was transported actually or potentially as sulphide
and arsenide and was deposited mainly as native metal
as a result of the removal of the sulphur or arsenic by
oxidation. These views may be called respectively
the reduction hypothesis, the saturation hypothesis,
and the oxidation hypothesis.

PRECIPITATION BY REDUCING ACTION OF FERROUS IRON

To Smyth ? belongs the credit of recognizing that
the mineralogy of the deposits and certain structural

- features, such as the occurrence of copper in the

%currence, although it may be an exception to the |

geral rule through some special conditions not

I

fissure deposits on the under side of the Greenstone

2 Smyth, H. L., Science, new ser.. vol 3, pp, 251-252, 1896.
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flow, are not in accord with the view that the solutions
came from above, as Pumpelly had proposed, but
indicated instead that they came from a deep-se‘ated
source, of which boron and fluorine are especially
suggestive. _
amygdaloid lodes had been weathered while exposed
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Smyth concluded that each of the |

at the surface and so had acquired the ferromagnesian |

alteration products which Pumpelly had ascribed to

' The bleaching he explained as resulting from leachjng

the breakdown of the pyroxene and olivine of the

basalts.

The caleium and sodium minerals, however, |

which Pumpelly thought were similarly derived from |
the feldspar, Smyth said had been introduced, along |

with the copper that is found associated with them,
from below, after the rocks had been tilted to their
present attitude. Smyth accepted Pumpelly’s expla-
nation of the cause of precipitation as the one best in

. bility that the solutions as they came from the ma.
' matic source were reducing rather than oxidizing.

accord with known facts—namely, reduction of oxi- |

dized copper compounds by the ferrous iron minerals
of the lodes. It is to be regretted that these ideas
were recorded only in the most summarized form and
therefore failed to receive the recognition that they
deserved.

Smyth’s account of the mineralogy, structure, and
age of the deposits still seems correct. Since that
account was published, however, it has been shown
that chlorite, epidote, pumpellyite, and allied minerals
are hydrothermal minerals rather than products of
weathering, and, as set forth on page 38, weathering

is thought to have been of minor importance in pro-

ducing red lava tops. The mineralization and rock

alteration, therefore, represent a single period and a

single cause rather than two widely separated periods
and different causes. Again, Pumpelly’s idea, accepted
by Smyth, of copper precipitation by reduction is
contradicted by the fact that copper is not closely

accompanied by hematite but is intimately associated
with bleached rock.

- therefore all of it throughout the distriet may be
- magmatic, Wright did not go.

It also fails to account for the |

copper in the conglomerates, particularly in the rich |

Calumet & Hecla conglomerate. It is subject, in
short, to exactly the same objections as the hypothesis

that the solutions were descending. It postulates, |

moreover, the presence in ascending solutions of
oxidized copper compounds, whereas ascending solu-
tions, the world over, are now known to deposit copper
in combination with sulphur or some similar element
of antioxidizing character.

In describing the native copper and chalcocite
deposits of New Jersey, Lewis ® noted the tendency
toward concentration under barriers of low permea-
bility, the bleaching of the red rocks around the
copper, which had also been noted by Weed,”* and the
close association of the copper with igneous masses.
Lewis concluded that the copper had been deposited
from ascending hot solutions, probably derived from
the underlying source of the basic rocks of the region.

# Lewis, J. V., Econ. Geology, vol. 2, pp. 242-257, 1907,
# Weed, W. H., New Jersey Geol. Survey Ann. Rept. for 1902 ,p. 135, 1903.

For the formation of native copper, Lewis cited experi.
ments by Stokes * and suggested that cuprie sulphyty
contained in the ascending solutions had been reduce]
to cuprous sulphate by the action of minergs g
solutions containing ferrous iron, and that Datiye
copper had been deposited from the cuprous sulphaty
where the solutions had become sufficiently cogly

of the hematite by acid sulphate solutions,

In a later paper, read at the meeting of the Scisty
of Economic Geologists in December, 1922, Leyi
further emphasized the structural relations outling
above and the relation of the copper deposits to intr.
sive bodies. In this paper he recognized the probs.

In general, Lewis’s idea of the New Jersey ocour
rences will apply equally well to those of Michigan,

Watson * regards the native copper deposits of the
South Atlantic States as derived from sulphide
disseminated in the basic lavas. The copper ws
collected by circulating hot solutions and precipitated
as metallic copper in areas rich in ferric iron by the
oxidation of the solutions. Watson recognizes the
possibility that the solutions may have been derived
from deep-seated intrusive magmas.

Wright’s reference to the presence of sulphides nes
intrusives and in the lower beds of the series and of
native copper with little sulphide higher up? ind:
cates relations similar to those in New Jersey. He
asserted that any theory of origin would have t
explain these relations. Beyond implying that the
copper near the intrusives is magmatic and tha

Van Hise ® cited the Michigan copper ores &
examples of deposits formed by meteoric waters thit
had first descended, then moved laterally, dissolwpg
copper as they went, and finally ascended and precr
itated the copper as now seen. He adopted the
Pumpelly idea of precipitation by ferrous iron.

Van Hise, Leith, and Steidtmann # concluded thit |
the ores were formed by hot solutions and that the
type of rock alteration is unlike that accomplishel
by meteoric waters. As to the source of the wateh
they said: “On the whole the evidence is taken®
point to a probable original concentration Of.COPper
by hot solutions, largely of juvenile contribution bt
more or less mixed, necessarily, with meteoric waters,
and a later working over of the deposits by walt®
dominantly of meteoric source.” As to whether the
juvenile (that is, magmatic) waters were derived from
the intrusive rocks or from the lava flows they ¥er

 Stokes, H. N., Econ. Geology, vol. 1, p. 645, 1906.

* Watson, T. L., Native copper deposits of South Atlantic States compd
those of Michigan: Econ. Geology, vol. 18, pp. 732-751, 1923.

7 Wright, F. E., Michigan Geol. Survey Rept. for 1008, pp. 392-304, 190%-

* Van Hise, C. R., Am. Inst. Min. Eng. Trans., vol. 30, pp. [§9-98, 1900:

# U. 8. Geol. Survey Mon. 52, pp. 580-501, 1911,

red with
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but they somewhat favored the origin
jom the flows. The heat they thought was partly
supplied by the hot magmatic waters and partly by
the still hot flows. The copper they considered in
part to have come as chloride from the same magmatic
source as the hot juvenile solutions, along with boron,
fuorine, COy, and perhaps other magmatic emana-
ions, but in part to have been derived from leaching
of the basic wall rocks by the mingled hot solutions.
The precipitation of the copper, they concluded, was
sccomplished through reduction of the copper solu-

uneertain,

tions by ferrous iron minerals and by ferrous solutions |

derived from them, in essentially the way Pumpelly
had proposed. Finally, they concluded that the
prines of the deep levels are probably the residues
of the ancient ore-forming solutions, possibly mixed
with meteoric water.

The parts of these views of Van Hise, Leith, and
Steidtmann that have to do with meteoric waters are
discussed on page 120. The parts that deal with
magmatic waters follow Smyth in large measure but
go further in recognizing that the type of rock altera-
tion contrasts entirely with that produced by weather-
g or by meteoric waters. If the magmatic waters
ame from the lava flows, there were presumably
several periods of mineralization, as successive flows
were in the proper condition to yield emanations.
The presence of mineralized boulders of amygdaloid
in what was considered unmineralized conglomerate
was thought to mean mineralization before con-
domerate deposition and apparently strengthened
the belief that the lavas rather than the intrusives
were the source of the mineralizing solutions.

Hore * appended to an excellent summary of pre-
vious literature on the district his own ideas as to
the origin of the deposits. He concluded that the
wpper and the Keweenawan igneous rocks had a
tmmon source; that the copper is essentially a pri-
mary deposit from ascending solutions which followed
the extrusion of lava so closely that the rocks were
il hot, although they had already been fractured;
that tilting and faulting followed copper deposition;
that the copper replaced the rocks and was precipi-
tited from chloride solutions by the reducing action
of ferrous iron. These conclusions were well pre-
“nted and accompanied by shrewd and pertinent
thservations on other features of the copper deposits.
Thevconceptions introduced are discussed above.

Woods * emphasized the possibility that the felsite
d quartz porphyry intrusive masses may have been

¢ sources of the copper, which he thought may have
¢en first deposited by ascending magmatic solutions
nd then enriched by downward-moving waters in
18t the same way that the porphyry deposits of the

West haye been originally formed and later enriched.
\

uy e
% R. E., Michigan Geol. Survey Pub. 19, pp. 157161, 1915.

nw,
Woods, 2. 8., Eng. and Min. Jour., vol. 107, p. 300, 1910,
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PRECIPITATION IN CONSEQUENCE OF SATURATION

It may be supposed that metallic copper was depos-
ited, because that was what the solutions carried, and
that it was precipitated by cooling’ of the solution or
by some other cause, in the same way that calcium
carbonate solutions precipitate calcite. Perhaps Spurr
had some such idea in mind when, in his short article®
arguing for the magmatic origin of these deposits, he
asked if the intercrystallization of copper with chal-
cocite does not indicate a deficiency of sulphur in the
solutions.

The chief objection to this idea of precipitation by
saturation is that in all but a few of the thousands of
copper deposits that have been studied throughout
the world it is apparent that the copper has been
transported either as a sulphur, arsenic, or allied
compound, as in most primary deposits, or as an
oxidized compound, as in the secondary deposits.
The native copper in many secondary deposits has
clearly resulted from the oxidation of sulphides in
place. On the other hand, the conception has certain
attractions. Native gold may possibly be carried as
such in solution and perhaps native silver also. In
general, precipitation that takes place without evident
attack of the solutions on the wall rocks may be
thought to result from the fact that the solutions had
reached the saturation point through decrease of
temperature or other physical causes rather than from
some chemical reaction that rendered the substances
they carried less soluble.

In the Michigan deposits there is characteristically
a pronounced chemical change in the inclosing rock,
but locally copper is present in rock that shows little
change, as in parts of the upper levels of the Calumet
& Hecla conglomerate, locally in the Kearsarge and
Pewabic lodes, and in fissures. Doubtless the chemi-
cal reactions that caused the precipitation of native
copper did not all take place just where the copper
was precipitated. It is entirely probable that the
reactions began as soon as the temperature and other
physical conditions permitted, and they may have
gone on for some time before any copper was precipi-
tated. Once copper started to form, it would act as
nuclei for further precipitation from solution that had
been undergoing chemical reaction some distance
away. In considering the immense masses of copper,
hundreds of tons in weight, it is not reasonable to
suppose that the entire chemical reaction was confined
to the rock replaced by the copper or to that imme-
diately surrounding it, and the supposition would be
no more reasonable for the smaller masses.

PRECIPITATION BY OXIDATION

Most of the copper deposits of the world consist of
sulphides * or have been derived directly from sul-

% Spurr, J. E., The copper ores of Lake Superior: Eng. and Min. Jour., vol. 110,
pp. 355-357, 1920.

8 For brevity in expression the sulphide group is here used to include also the
related compounds with arsenic, antimony, ete.
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phides by superficial oxidation. The relatively sm.all
class of primary deposits of native copper, of which
the Michigan deposits afford the chief example, con-
stitutes the only exception to the rule. ]

Although the transportation of copper in solutions
that deposit it as sulphide or allied minerals is not yet
well understood, the fact that it is so transported &I'Id
deposited in by far the greater number of deposits
must be accepted. It is advisable, therefore, to
inquire whether the Michigan and similar deposits
represent not an entirely different and independent
scheme of copper transportation and deposition but
rather a modification of the ordinary method through
the influence of special conditions. What kind of spe-
cial modifying conditions would serve to precipitate na-
tive copper from solutions that normally would deposit
copper sulphide?
copper sulphide into metallic copper, would answer
that if the copper sulphide solutions could be oxidized
under the right conditions and to the proper degree,
metallic copper would be formed.

Twenty years ago, G. Steinmann ** advanced the
idea that the native copper and chalcocite deposits of
Coro Coro, Bolivia, originated from ascending mag-

The metallurgist, who transforms |

matic solutions that would normally have deposited |
only copper sulphides, but because the solutions |

entered hematite-bearing rocks, part of the sulphur | regions the common unoxidized copper-arsenic miner-

was oxidized by the oxygen of the hematite and there-
fore part of the copper was precipitated as native
metal in the midst of bleached areas of the rock, and

the rest of the copper united with the remaining sul- |

phur to form chalcocite.
How does this idea of precipitation by oxidation

apply to the Michigan deposits? Several conditions |

must be met to make it seem applicable.

1. There should be definite evidence that sulphides
had been present in the ore-forming solutions.

2. If oxidation was the cause of the conversion of
copper sulphide into native copper, the rocks in which
the metallic copper was deposited must have been
oxidizing in their nature.

3. At the places where copper was deposited the

oxidizing power of the rock should have been lessened | called “mohawkite” arsenide veins of the Ahmeek

if not destroyed.

4. Oxidized compounds of sulphur might be ex-
pected.

The extent to which these requirements are met by
the Michigan deposits is discussed below.

PRESENCE OF SULPHIDES

Sulphides and arsenides of copper in the Michigan |

district are subordinate in quantity but are of wide-
spread occurrence. Copper sulphides occur in peg-
matitic knots or lenses in certain of the thicker traps,
and there is a close connection between sulphides and
intrusive masses. Copper sulphide has been found
in several of the lodes, especially in the Baltic and

¥ Festschrift Harry Rosenbusch, p. 360, 1906,
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Isle Royale, and in countless fissures, large and spg
in and near the lodes. Copper arsenides haye been’
observed sparingly in the Isle Royale lode and g
plentiful in several large cross fissures. Copper sy.
phide and metallic copper (see pl. 68) or copper arsy.
ides and metallic copper are in many places intimately
intergrown. There is thus proof that pructical].y
throughout the district at least a part of the COppe‘r
was transported in the manner common to most pr.
mary copper deposits elsewhere, and that the depositioy
of sulphide and arsenide of copper went on at the same
time as the deposition of metallic copper.

If the sulphide and arsenide compounds of copper
represent the minor residues of sulphur and arseni
that escaped oxidation, it might be expected that the
copper sulphides and arsenides formed would be thos
lowest in sulphur and arsenic and highest in copper,
and such is the case. The prevailing copper sulphide
is chalcocite, with a molecular ratio of copper to sul-
phur of 2:1, the highest among all known copper-
sulphur minerals. Bornite, with a ratio of 5:4,1s far
less common; chalcopyrite, with a ratio of 1:2, les
common still; and pyrite, the commonest sulphide in
nature and the one that suggests an abundance of
sulphur, is in the Michigan deposits practically absent.

The arsenides show a similar tendency. In other

als are enargite and tennantite, with proportions of
copper, arsenic, and sulphur of 3:1:4 and 8:2:7, re-
spectively. In Michigan these minerals are absent
and instead the arsenic is combined in the uncommon
minerals domeykite, algodonite, and whitneyite, al
high in copper, low in arsenic, and devoid of sulphur,
with copper arsenic ratios of 3:1, 6:1, and 9:1, respec-
tively.% Moreover, certain of the lodes, notably the
Baltic and Isle Royale and in less degree the Kear
sarge, carry ‘“‘arsenical copper’—that is, metal con-
taining small amounts of arsenic but enough to modify
the mechanical and electrical properties of the copper

Although sulphur doubtless exceeds arsenic Il
total amount in the district, there are no such massiv
and extensive occurrences of chalcocite as the -

and Mohawk mines, and arsenic is more abundﬂ{"
in proportion to sulphur than in other copper dis
tricts. The idea suggests itself that sulphur W&
oxidized with relatively greater ease than arsent
and this idea accords with the behavior of thes
elements in copper smelting.

Finally, the oxidation hypothesis would suggest
that the solutions that had traveled in the most it
mate contact with the oxidizing agent would preci”
tate the least sulphide and arsenide, and vice Vers"
This suggestion likewise is borne out by the fact
as discussed below.

e

of
# The exact composition of these arsenides has not been worked oub, :ﬁl::l s
the intimate intergrowths that prevent isolation of any single variety.
given are those recorded in the textbooks.
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PRESENCE OF AN OXIDIZING AGENT

The conglomerate layers and the lava tops contained
o noteworthy proportion of ferric iron, chiefly as
pematite. This hematite was present in the rocks
from the time of their formation and therefore long
atedated the deposition of copper, which came only
ofter the entire series had been accumulated and the
flting and faulting had been accomplished.

Ferric compounds can part with one-third of their
oxygen in the presence of a reducing agent. Hematite,
therefore, may be regarded as a potential oxidizing
agent toward a solution of reducing nature. The
question then arises, Did hematite actually oxidize
ore solutions bearing copper sulphide and thus cause
the precipitation of metallic copper?

That rocks of normal composition contain copper |

sulphide ores, whereas red rocks rich in ferric oxide

re likely to contain native copper, is shown by the ; e
- 4 o 4 | Intimate contact with the oxidizing agent, the largest

following figures:

Ferric and ferrous iron content of inclosing rock of some copper
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formed by reaction between copper sulphide in solu-
tion and ferric iron in the solid state. Inasmuch
as the first reaction certainly takes place, it would
seem that the second might do so under the proper
conditions; and it has actually been produced experi-
mentally.?® The results of experiments relating to this
problem and conclusions drawn from them are pre-
sented by R. C. Wells on pages 137-141.

Another indication that hematite acted as an
oxidizing agent to precipitate metallic copper is seen
in the field relations. The field evidence may be con-
sidered under two heads—the relation of native copper
and copper sulphide to the proximity of hematite-
bearing rocks, and the effect upon hematite where
metallic copper has been precipitated. The first of
these topics is considered here; the second in the
succeeding section on bleaching.

Where the ore solutions evidently traveled in most

. proportion of metallic copper and the smallest pro-

deposils
Feas | Feas ‘ Total
Fes03 | FeO ' Fe
Sulphide: J
Butte, Mont., monzonite___._______| 1. 47 | 2. 01 3.48 |
Bingham, Utah, monzonite_________ 2.27 | 1.97 | 4.24
Ely, Nev., monzonite..________.____ 2.38 12.69 | 5. 07
Bisbee, Ariz., limestone (Fe,03;+ FeO) 12-.24 . 36
Native copper: \
Kearsarge lode, Michigan._________ 11.38 | -33 | 11.71
Osceola lode, Michigan._ ____._______ Vo35 1423 8. 38
Isle Royale lode, Michigan_________ 3.66 | 5.30 | 8. 96
Sandstone, Calumet & Hecla con- ‘
glomerate, Michigan_ ____________ 3.3 04 3. 34
Iron-rich boulder, Calumet & Hecla | "
conglomerate, Michigan_________ {8.881.01; 9 89
Allouez conglomerate, felsite pebble, {
NHOBIGAN oty ot o o auii e S 3.42 | .47 | 3.89
Puca sandstone, Coro Coro, Bolivia }
mbhoit) LA L L U N SR 8.3 ‘ ______ 6.3
Sandstone, New Jersey: f
13015903 S O o7 MR o et s 17 I M 6.21 |
ShAlBL e iiue OB . o 961 |*1.54 | 11. 15 |

~ Not only is the ferric iron higher in the rocks that
iclose native copper but it is present as the oxide,

sulphides is combined as silicate and thus probably is
less available for reaction.

Native copper is common in the upper levels of
deposits that have undergone sulphide enrichment.
The conditions of oceurrence and method of formation
of this native copper are well understood; it is plainly
i oxidation product of chalcocite. The oxidation is
Probably accomplished by atmospheric oxygen, but
many believe % that it is accomplished also by ferric sul-
Phate, well known as an oxidizing agent. In the
Production of native copper by the action of ferric
Sulphate on chalcocite, the iron compound would be
I solution and the copper compound solid, whereas
the Michigan native copper is inferred to have been
\_

"
Lindgren, Waldemar, Mineral deposits, pp. 789-792, 1913,

portion of sulphide or arsenide are found; and con-
versely where the solutions appear to have moved
mainly through rock of nonoxidizing character, the
proportion of sulphide or arsenide to metallic copper is
highest.

The first requirement for ore formation on a
commercial scale was the presence of extensive
through-going channels of relatively high permeability
through which the ore solutions could pass. These
permeable channels were of three sorts—the con-
glomerate layers; the vesicular lava tops, especially
the brecciated tops; and large fractures relatively
free from gouge, such as the cross fractures due to the
tension on the anticlines, as the Allouez and Keweenaw
anticlines, and strike fissures near the base of the
series, as near the Baltic lode. Innumerable smaller
fractures present throughout the district but especially
abundantin theregions of major disturbances also acted
as minor channels for the ore-forming solution.

The channels afforded by the conglomerate layers
and the lava tops were relatively rich in hematite.

- If hematite exerted an oxidizing effect on the solu-
whereas most of the iron in the rocks that contain |

tions that came into contact with it, then those that
moved for the longest distances through the small open-
ings of these hematite-bearing lodes had the greatest
opportunity to become oxidized. The channels of
the third type—the major cross fissures—cut mainly
through the dark, unoxidized traps; only small parts
of their walls consist of the hematite-bearing conglom-
erates or amygdaloids. Moreover, these fissures
probably afforded readier and more direct passageways
for the solutions than the more interrupted, more
circuitous,:and probably smaller openings of the lodes.
The solutions in the fissures were therefore not in such

s If it is assumed that the copper was carried in solution as some compound—
sulphide, for example—a condition in which it must have been carried in nature,
then the action of ferric oxide was to prevent its deposition as sulphide through
selective oxidation of the sulphur. The copper under these conditions could still
deposit as native metal, whereas the more common process in the formation of ores

18 the change of native metal to sulphide.
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close contact with the adjacent rock as the solutions in
the conglomerates and the lava tops, and consequently
it might be expected that the solutions moving through
the conglomerate and amygdaloid lodes would be more
thoroughly oxidized than the solutions passing along the
fissures. This in general is true; very little sulphide
occurs in the amygdaloid lodes independent of fissures.

In the conglomerate lode practically no sulphide
occurs in the cement in the way common for the
metallic copper. The Allouez conglomerate in par-
ticular and some of the other conglomerates in less
degree contain widespread chalcocite in notable
though noncommercial amount. But this chalcocite
is not chiefly within the conglomerate rock itself,
like the metallic copper, but is intergrown with
calcite (see pl. 68) in fractures that cut the con-
glomerate at close intervals in all directions. The
abundance of sulphide veins in the conglomerates may
be due to the greater brittleness of the conglomerate,
which made small-scale fracturing more easy, the
lower hematite content of the conglomerate, and the
greater chemical stability of the rock, which rendered
its hematite less available.

Very little sulphide is present in the main ore shoot
of the Calumet & Hecla conglomerate, but sulphide is
relatively abundant along the margins of the main ore
shoot at Centennial and Osceola.

In the sandstone lodes of the Nonesuch formation
and in the overlying shale a little chalcocite is present.
Here the ore solutions probably did not move for long
distances in the red sandstones but gained access to
the beds from the White Pine fault and the related
minor fractures, and so opportunity was not afforded
for complete oxidation of the solutions by the hema-
tite of the red rocks. The ratio of chalcocite to metal-
lic copper, in the shales, which appears to be higher
than in the sandstones, would be due to lack of hema-
tite in the black shales. The amount of copper
occurring as sulphide is relatively small: Samples in
the White Pine mine indicated that only 2 per cent
of the total copper is combined as sulphide, and by
far the largest part of this is present in fissures and
minor faults, where the opportunity for oxidation by
the rocks was low.

Some of the amygdaloid lodes contain ““arsenical
copper,” but in this the ratio of arsenic to copper is
exceedingly low—a small fraction of 1 per cent.
Definite copper-arsenide minerals are practically un-
known as constituents of any of ths lodes except in
the immediate vicinity of some of the arsenide fissures.

Many fissures contain pure metallic copper, but
many also carry arsenical copper, and the fissures are
the chief source of the sulphides and almost the sole
source of the arsenides of the district.

Moreover, the cross fissures of the Cliff-Central
type have been found to carry notable quantities of

THE COPPER DEPOSITS OF MICHIGAN

copper only near their intersections with hematite-ri
amygdaloid or conglomerate lodes. For the old fs
sure veins of Keweenaw County, one such horig,
occurs under the Greenstone flow and another in th
vicinity of the Ashbed amygdaloid. The relation of
copper in the cross fissures to the intersection of 4
hematite-rich lode is well shown by the Mass fissuy
and the Kearsarge lode in the Ahmeek mine: The cop-
per in the fissure is very distinetly concentrated in the
neighborhood of its intersection with the lode, esp.
cially on the hanging-wall side of the lode; at many
levels the Kearsarge lode is cut across by a solid wl
of copper in the fissure. This suggests that the solu-
tions that moved along the fissure would not have
deposited copper in abundance in any form at this
point had it not been for the effect of the amygdaloid.

The many small seams of copper that extend fron
the Kearsarge lode into the trap of the footwall or
hanging wall as a rule contain copper for only short
distances away from the main lode. It appears evi
dent that they were fed by the solutions that flowed
along the lode and that the reactions that caused the
precipitation of copper occurred in the lode rather
than in the fissures.

One further relation suggests the influence of long
contact with red rock on the condition in which the
copper was deposited. The copper of the lodes high-
est in the series, the Ashbed, Pewabic, Calumet &
Hecla conglomerate, and Osceola, is notably pure.
In the Kearsarge, Isle Royale, and Baltic lodes, which
are low in the series, the copper becomes increasingly
arsenical. The two lowest lodes, the Isle Royale and
particularly the Baltic, contain more sulphide-bearng
fissures than any other lode.

If the solutions gained access to the beds that are
now the lodes from the Keweenaw fault as the man
feeding channel, it would follow that the lodes highest
in the series are at the present surface farther from
their intersection with the Keweenaw fault than the
lodes that lie deeper in the series and crop out closer
to the fault. On the assumption that the fault co-
tinues downward at a dip 5° flatter than that of the
beds, it is found that the distance down the lode from
the present surface to the intersection with the Kewee
naw fault is about six times as great for the Ashbed,
five times for the Pewabic, four times for the Calumet &
Hecla conglomerate, and between four and thre
times for the Osceola, Kearsarge, and Isle Royalo 151
is for the Baltic. This would mean that the solutio™
traveled six times as far from the connection with
fault in the oxidizing environment of the red Jode of
the Ashbed (and corresponding distances in the other
lodes) as they did in the Baltic.

The result might be that in lodes in which the solu-
tions traveled long distances nearly all the sulphur
and arsenic was oxidized, but where the distance V*




U, S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 144 PLATE 69

SULPHIDE VEINS

4, Vein of native copper (light) and chalcocite (dark), Baltic mine; b, chalcocite (light) and bornite (dark), gangue quartz and
ankerite, Baltic mine; ¢, chalcocite (darkest areas) in amygdaloid, light areas iron-bearing carbonate, Trimountain mine
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ARSENIDES OF COPPER

a, Domeykite etched with NHOH, at le
etched with NHyOH, whitneyite
etched with NH,OH, X250; e,

ast four components present,
between grains of algodonite,
cuprite altering to tenorite,

): ¢, algodonite

y §4 e T Gavoma 25( ‘
X242: b, the two varieties of algodonite intergrown, X ay mineral,

¢ m KT
X250; d, algodonite (two constituents) H!ld unknown g
Algoma mine, X120, All enlargements approximate
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U. S. GEOLOGICAL SURVEY

TEXTURE AND ALTERATION OF CALUMET HECLA CONGLOMERATE LODE
long; b, bleaching of pebble, X 115 ¢
¥ copper (dark bands); f, underg

a, Bleaching of pebbles on side toward copper, scale about 10 inches

ground view of lode; e, conglomerate pebble partly replaced b

, under-
copper, light bands copper bearing

ace ¢ COpPer; d P
, conglomerate pebble partly rq)l.u € i_l ",uyk “':,.,,(mh‘d with
round view of lode showing bleaching of r
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BLEACHING OF AMYGDALOID LODES

a, Bleaching of amygdaloid associated with copper, Osceola lode; b, bleaching of rock adjacent to sulphide
vein, Baltic lode; ¢, bleaching of amygdaloid associated with copper, Kearsarge lode

PAPER 144
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shorter some of the sulphur and arsenic x'vou'ld remgin ;
moxidized. It n}ight be expected that with increasing |
fepth down & given lode—that is, toward the 'mter-
qetion with the Keweenaw fault—the proportion of
arsenic and of sulphur would increase. There is a sug-
gestion that this is true as related to arsenic, for it
jgs long been believed that the arsenic content
pereases with depth; this relation, however, has not
been proved. The Keweenaw fault is of course not
proved to be the channelway for the ore solutions,
hut the relations outlined suggest that it was the
dunnelway quite as much as they explain the dis-
gibution of sulphur and arsenic. They support
the general hypothesis but without proving any part
of it.

* The copper contained in the pegmatitic streaks in
tap occurs partly as sulphide; is this because the
liquors that deposited it were never in contact with
the oxidizing influence of red rock? Hematite is abun-
dant in the pegmatite lenses, and it seems probable
that as the rocks cooled these lenses went through
much the same history as the copper deposits. At
the proper temperature this hematite tended to oxi-
dize the sulphur of the solutions but evidently was not
afficiently active to cause all of the copper to deposit
s metal. Why the sulphur was not all oxidized is
wt clear. The copper occurring in fissures closely
woclated  with intrusive masses, as at Mount
Bohemia, and therefore deposited before having
nigrated far from its point of issue, is likewise chiefly |
o wholly in the form of sulphide, and the same lack
of opportunity for oxidation may be the reason why
it s not native.

Taken as a whole, the field evidence seems to indi- |
ute that metallic copper was deposited in abundance
mly in hematite-rich rocks or in close proximity to
wch rocks, Most of the sulphide and arsenide com-
wunds of copper are confined to fractures that allowed
thosolutions to ascend either for long distances through |
mp or at any rate with less intimate contact with the
lematite of the lodes. Further evidence of oxidation
of the copper-bearing solutions is recorded in the
bllowing section.

DESTRUCTION OF OXIDIZING AGENT-—BLEACHING

The amygdaloid and conglomerate layers have a red
“or because of their content of minute crystalline |
ﬂ_akes of hematite that was formed before the deposi-
;‘On of copper. When copper was deposited the |
‘Matite was in part destroyed.

The following sets of analyses show the content of

fori f ’ ‘
‘Me and ferrous iron in the unaltered red rock and |

in the adjacent bleached equivalent close to metallic
copper and the chemical change that has taken place
in the rock during mineralization. This change is
shown diagrammatically in Figures 17 and 18.

6 8 10 Per cent

Kearsarge , ////// //7/// ///‘ N L!nbleached

amygdaloid / @ Bleached

Osceola 5 % //'/ // /%3 Unbleached
amygdaloid k\\\\ Bleached
[

|
Isle Royale g AN Unbleached
amygdaloid ~ [/ A\\\\\\\\Qﬁ Bleached

| |
| |

g:"'iuerZIeatT ;i 4 X Unbleached
ciﬁégcg%ie % Bleached
'lxl;esr;g:o?f 12 /////// / Q\\Q Unbleached
analyses m Bleachgd ‘
v XY B
Fe' Fe" Total Fe

F1GURE 17.—Change in iron content of bleached rock associated with copper
Numbers at left refer to table below.

Change in iron content produced by bleaching of rock associated
with copper

[Specimens in collection of Calumet & Hecla Consolidated Copper Co.]

I 2 | 7
| Original rock | Altered rock

i
Spe{'_imcn fo e e i} ’f
7% | Foas Fex0s | Feas FeO | Feas FesOy | Fe as FeO |
1 1093 j 342 | 047 | 057 | 0.46
2 | 1489 | 88 | 101 | .00 | 2.32
3 | 1893 | 11.38 | .33 .98 . 60
VIR SR e e T 1.65 | 150 |
5 1086 | 10.30 .85 | N 5.;2 }.ig
6 | 2141 8.8 | 3.31 B 265 | 222
: ! o e
7 | 1497 | <715 | 123 | .00 | 3.08
8 | 1507 | 356 | 460 | 174 | 403
9 | 2165 | 3.66 | 580 | 1.66 | 4.92
o R T NI g O
i ohrIBer ] 908 Eole R e R R TR
A P Sl | 718 | 2,03 | 1.46 | 2.30
| | ' 4

1. Pebble from Allouez conglomerate, Allouez mine, T. M. Broderick, analyst.

2, Iron-rich pebble, Calumet & Hecla conglomerate, T. M. Broderick, analyst.

:;.l Amygdaloidal boulder in Calumet & Hecla conglomerate, G. L. Heath,
analyst.

4. Top of Kearsarge lode, Ahmeek mine, G. L. Heath, analyst.

5. Top of Kearsarge lode, South Kearsarge mine, G. L. Heath, analyst.

6. Kearsarge lode, Ahmeek mine, A, B, C, progressive stages of bleaching, G. L.
Heath, analyst.

7. Osceola lode, Centennial mine, G. I.. Heath, analyst.

8. Isle Royale, Isle Royale mine, H. C. Kenny, analyst.

9. Composite sample of Isle Royale lode and bleached equivalent, G. L. Heath,

! analyst.

10. Sandstone from lens partly mineralized, Calumet & Hecla conglomerate,
H. C. Kenny, analyst. &

11. lrou-ricfl boulder, Calumet & Hecla conglomerate, H. C. Kenny, analyst.

12. Average of 10 specimens representing lodes of different types.
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Figure 17 illustrates the change in iron accompany- |

ing mineralization for a number of typical examples.
The principal constituents of the unaltered and
bleached rock are shown in the following analyses:

Analyses of unaltered and bleached rock

[Specimens in collection of Calumet & Hecla Consolidated Copper Co. H. C
Kenny, analyst

A —-——7‘52.—18 'ﬂ‘ 1b 23 2b 3a 3b
SO o 577 |e28 631 531 5L4 553
AL Oy 142 |16.6 | 147 (127 [20.0 [21.0
F‘Czo _________ ‘ 11. 2 21 | < 2.3
s il e Ty ok o }10.2 (2.1 129
L0, sahasieh. | 67 | 7.5 | 52 |64 |34 | 438
L IR [“audivesiy Shaig 128 88
AR i T G 6 e e el 1.2
OB s : i U .5
Cu (native) .| .06 | .05| 1.56(e9.75| .48| .38
PN o T G M R

4 15.0 per cent of copper removed before analysis.
1a, Dark, hard, oxidized rock from Kearsarge lode,
.equivalent associated with copper.

Ahmeek mine; 1b, bleached

THE COPPER DEPOSITS OF MICHIGAN

a somewhat less marked conversion of ferric to ferroys
iron. The fact that there has been some redyggy,

' of ferric to ferrous iron points to the probability hy;

2a, Red sandstone, Calumet & Hecla conglomerate; 2b, mineralized portion of |

same stratum.
3a, Iron-rich boulder, Calumet & Hecla conglomerate; 3b, bleached equivalent
associated with copper.

It is apparent from these chemical results, as well
as from the microscopic study of the rocks, that the
copper-depositing solutions first attacked the hematite
and that the iron was largely removed or recombined

the iron that has been removed was also first reduced
to the ferrous state, because under the conditions that
probably existed ferrous compounds are more solyh
than ferric.

If ferric iron was reduced to ferrous iron, there myg
have been an oxidation of the agent that accomplishe
the reduction, and it is of interest to know what thyt
agent was.

Among the reducing agents that might have bee
present are carbon, carbon monoxide, hydrocarbon,
hydrogen, and sulphur or some incompletely oxidized
form of sulphur. As calcite is plentiful, it is possible
that some less oxidized carbon-bearing material acted
as the reducing agent and was itself oxidized to the
carbonate condition. Lane has, indeed, suggested
that the hydrocarbon which R. T. Chamberlin found
in rocks of this district acted as a reducing agent,
though Lane assumes that it acted on oxidized
copper compounds. Hydrocarbons are, however,
no more plentiful in the rocks here than in many
other regions where no such peculiar results as deposi-
tion of native copper and destruction of hematite are
found; there is no significant connection between the
occurrence of calcite and either deposition of native

copper or bleaching, and a

5i0,-2 = R 3 g 3 3 Qo 2% Zolais §§ égg the »\'\"'hite Pine mine, \\'h@{é

2 3l T . \ i \ a solid hydr(.)cnrbon, most

3 probably derived from the

A 1 adjacent carbonaceous shale

\\‘:-:Q is present in fair abundance,

iy o the amount of bleaching is

T not conspicuously greater

Fe,0, than where hydrocarbon

% occurs only in mere traces

5 4 or not at all, but sulphides

e /'/ are more plentiful there

/ proportion to copper than

i N e at any other place in red
W rocks in the district.

e \\.7'\ \ Tt has been suggested that

———"”’f; the bleaching around cepper

H:0 P / resulted from t!le r.eﬁct'lon

H,0~00:\;}_<4 """""" between the ferric oxide &

"""""""" - o the metallic copper Af

S - = therefore occurred after the

— Samples la, 1b

Samples 2a, 2b

F16Urg 18.—Composition of bleached and unbleached rock. (For explanation of manner of constructing the diagram

see fig. 5, p. 40.)

before there was any conspicuous change in the other |

constituents. Th'e copper replaced the rock substance
as a whole, but in advance of this replacement the

llematlite was destroyed and the iron removed either ' “the surface shows a thin film of green copper carbon
entirely or in part, and whatever remained was com- | ate or of red oxide of copper surrounding

- and this has been suggested as the oxidized copp¥!

bined into other minerals. (See pls. 72, 73.)
The.genfaral tendency in the alteration that produces
-bleaching is a removal of considerable ferric iron and

|

|
|
{

|
!

Samples 3a, 3b : ’
copper was deposited. Sugh

a reduction of ferric oxide.ls
readily accomplished and i,
indeed, a difficulty in chemical analyses when ferri¢
oxide is determined in the presence of metallic copper-
Moreover, some of the copper ore when brought to

the mebal

compound produced in the reaction cited. Exam;
nation and inquiry show, however, that the el
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shen the rock is first broken is not green but bright |

ad metallic or at most covered by a mere ﬁ!m of
quprite. Moreover, the removal of hematite is not
ihe only offect in the bleached areas. In the amygda-
1id lodes in particular, the destruction of hematite
yas accompanied by an intense mineralogic, chemi-
wl, and textural breakdown of the rock surrounding

the copper—an alteration that would not be likely to |

| wsult from the mere action of the metallic copper on
| the rock.

| There is no doubt that the metallic copper was
| replacing the bleached rock—that is, that the removal
ofiron, although everywhere going on at the same time
& the deposition of copper near by, was accomplished
st any given point in advance of the precipitation of
wpper; bleaching was the front of the alteration
wave; replacement by copper was the end.

The practical absence of bleached spots without
sccompanying copper further indicates that deposition
of copper and bleaching of rock were intimately asso-
dated and that copper has not been removed since its
deposition. The exceedingly low copper and iron
wntent of the mine waters likewise proves that reac-

tion between iron and copper is not now in progress, or, |

ifat all, to only a very slight extent.
The hypothesis that copper sulphide solutions acted
w the reducing agent that destroyed the hematite

sppears to fit the facts in a satisfactory way and at |

once explains both the bleaching of the rock and the
deposition of copper in the native state. The power
of the metallic sulphides as reducing agents is shown
by the ease with which they take up oxygen to form
sphates—far more readily, for instance, than the
ferrous iron minerals succumb to oxidation. In the
oidation of the “sulphide solution” the process has
gne so far as to oxidize the sulphur, but the copper
was deposited as metal.

The copper occurs generally in irregular masses

ratlhe‘r than uniformly distributed through the lode, |
ltis impossible to assume that the replaced rock itself |

wild supply enough reactive agent of any kind to
wuse the precipitation of three times its own weight
ol copper, either in the small particles or in the great
lisses tons and even hundreds of tons in weight.
Itis more likely, as suggested in connection with the
Satl.lration hypothesis (p. 129), that the reaction was
fiking place as the solution passed through the lode
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that causes the precipitation but rather grows out into
the free solution, often not in contact at all with the
precipitant. The laboratory experiments thus appear
to be in harmony with the natural occurrence.

Copper was deposited in the cross fissures chiefly at
and near their intersections with thick hematite-rich
lodes. Where in the Ahmeek and Mohawk mines
some of these fissures, notably the Mass fissure, cross
the Kearsarge lode, the destruction of hematite is of
a different type from that seen in the bleached rock
that so commonly surrounds the copper. Along these
copper-bearing cross fissures for a width of 10 to
several tens of feet the Kearsarge lode is darker and
leaner than usual. Along the Mass fissure in the
Ahmeek mine the dark lean zone extends for 80 to 100
feet on each side of the fissure. Determination of iron
oxides shows the following contrast between the dark
material and the normal red material near by:

Alteration of Kearsarge lode near Mass fissure

Feas Fe:O;! Fe as FeO

Al <3t S

I Normalired 1oda s o e e n T 8 11 0. 68
Alterett durlclodel (48 T2 Loty Siesiiain 7. 49 6. 45

The changes indicated by these analyses suggest
that the solutions moving generally along the fissure
but soaking into the Kearsarge lode were at that time
and place able to destroy but little of the ferric iron
but were, on the contrary, relatively highly charged
with ferrous iron, which they precipitated. Micro-
scopic examination of the dark material reveals a
difference in two respects from the normal rock of
the Kearsarge lode—(a) n.luch chlorite has been intro-

. duced throughout and accounts for about all the

added ferrous iron; (b) all the finer flakes and par-
ticles of hematite have been removed and with them
the red color, but the larger grains of hematite, which
make up the greatest part, by weight, are still present
and account for the small decline in ferric iron content
notwithstanding the marked change in color.

It seems probable that the solutions moved along
the intersection of the fissure with the Kearsarge lode;

' the main avenue of flow was through the fissure, but

until such g degree of concentration was reached that |

“pper precipitation had to begin.

I“_ places copper is accompanied by only slight if
‘I immediately local bleaching. This is the case, for
;Kample, in parts of the Pewabic lode, in the upper
0"9]? of the Calumet & Hecla conglomerate mine,
id in the copper-hearing fissures that cut the Kear-
sirge lode,

Wells has found in his experiments that the metallic
“Pber commonly does not replace the solid reagent

there was always local penetration into the permeable
lode, and in consequence the solutions, before reach-
ing the levels now exposed in the mine, were oxidized
at the expense of the hematite of the lode and became
charged with ferrous iron and uncombined copper.
Having undergone these reactions, the solutions de-
posited the constituents with which they had become
saturated, but the copper was deposited mainly in the
fissure itself as masses of native metal while the fer-
rous iron, which could not be precipitated alone, was
deposited as chlorite partly along the fissure and
partly in the lode. The lode rock, because of its
glassy condition, was probably more susceptible to
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reaction than the trap that in the main bounds the
fissure. :

The channel afforded by the fissure and the imme-
diately adjacent parts of the lode probably con-
stituted an easier avenue for ascent than that
offered by the lode alone.

which moved up the lode and accomplished the normal
mineralization characteristic of the Kearsarge. If so,
the alterations just described had been accomplished,
in part at least, near the fissure by the time the normal
lode solutions reached that point.
finely divided and hence the most reactive of the
hematite already gone, the lode near the fissure was

less favorable for precipitating copper from the later |

solutions than the lode away from the fissure.

It is not definitely known whether such copper as
occurs in the darkened zone along the fissure was
deposited by the fissure solutions, by the lode solutions,
or by both. The deseriptions of certain of the fissure
veins of Keweenaw County mined in earlier days,
notably the Cliff and the Central, indicate that some
lodes contained sufficient copper to warrant explo-
ration of them outside the limits of the fissures or
fissure zone; and as a rule the exploration of these
“floors,” as they were called, was abandoned not far
from the fissures. The natural inference is that
certain of the lodes close to the cross fissures had
been mineralized by the solutions, which in the main
were traveling along the fissures themselves.

The arsenide fissures that cross the Kearsarge
lode carry iron carbonate in considerable abundance,

and an iron carbonate is characteristically present in |
the sulphide fissures in a®d near the Baltic lode. |
It is evident, therefore, that the solutions that tra- |

versed the fissures were also relatively rich in ferrous
iron.

PRESENCE OF SULPHATES

If copper sulphides were oxidized and in consequence
precipitated native copper, the oxidation would
obviously affect the sulphur. What condition or
combination of sulphur might actually be expected?

Elemental sulphur is known to be formed from the
oxidation of sulphide and from the oxidation of cer-
tain sulphur-bearing hot-spring waters, but these
occurrences do not justify the inference that sulphur
should have been formed in the Michigan copper
deposits. Sulphur dioxide, which is present in
volcanic emanations, may be produced in part by
the oxidation of sulphides, directly or indirectly, and
it is known to be formed in small quantity from the
artificial oxidation of pyrite under certain conditions.
The sulphite salts derived from it (or from sulphurous
acid—H;0 +S0,) are either easily soluble or unstable
and so it could not be expected that any of thesé

The solutions flowing |
along the fissure, therefore, should have reached the |
altitude of the present mine workings before those |

With the most |
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“ sulphur compounds would now be present, no Imattey
" how much SO, may have formed.

‘ In nature oxidized sulphur occurs by far the most
' commonly as sulphate, and when solid sulphides 0Xi-
dize, sulphates and sulphuric acid are formed from
all or nearly all the sulphur of the sulphides; mp.
over, as has been indicated elsewhere,” the sulphgtes
present as gangue minerals in primary ore deposis
have probably been derived by hypogene oxidatio
of sulphur-bearing solutions. Sulphates are the oply
oxidized compounds of sulphur that are likely to fory -
minerals and be found in the deposits, but, as only 4
few of the sulphates are notably insoluble, it is not
' to be expected that even the sulphates will be found
in abundance.

Sulphuric acid, if formed, would undoubtedly unite
with one or more bases; so only sulphate salts would
be expected. If copper sulphide were oxidized by
' hematite, one probable product of the reaction would
| be ferrous sulphate. It is certain, however, that if
. the solutions contained bases that form relatively

insoluble sulphates such sulphates would form and
be precipitated in accordance with their abundance
and solubility. The sulphates of most of the common
elements in the Michigan rocks are highly soluble.
This is true of sodium, potassium, magnesium, and
aluminum, and it is true of ferrous iron except when
.in contact with an oxidizing agent of stronger power
than hematite. The present mine waters contain
only slight and occasional traces of sulphates, though
gypsum is being precipitated from mine waters in the
Victoria mine; but unless it is shown that the present
mine waters are part of those that deposited the ores,
the presence or absence of sulphates in these waters
- is of no particular significance.

The barium and calcium sulphates barite, anhy-
drite, and gypsum occur in the Michigan deposits
and are the only sulphates sufficiently insoluble to be
expected. Barite accounts for all of the barium, so
far as known, but the two calcium sulphates account
for only a very small fraction of the total calcium
present in the lodes. The total quantity of sulphate
represented by these three minerals is far too littl
to account for all the sulphur of the solutions if the
native copper came from sulphide. In explanation of
this discrepancy, reference may be made to the
behavior of the sulphate radicle in regions where
 sulphide ores undergo superficial oxidation. In camp
 like Bisbee and Globe, in Arizona, great quantitics of
- sulphide ore contained in limestone have been oi-
\ dized near the surface, with the production of cor®
|
!
!
|

spondingly great quantities of soluble sulphates it
sulphuric acid; these have plainly enough react
with the adjacent limestone and must have forme
caleium sulphate on an enormous scale, Yet the

. Thae 0
¥ Butler, B. 8,, Primary (hypogene) sulphate minerals in ore deposits 7
Geology, vol, 14, p. 581, 1919,
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pineral gypsum is present only sparsely in and near

| these oxidized ore bodies. This is due in part to the

nther ready solubility of calcium sulphate in water.
A comparison with other districts where sulphate
glutions are known to have formed in large quantity

" i doubtless the most reliable source of an explanation

of the conditions in the Michigan district. Sufficient
s and experimental data are not available to afford

s relisble interpretation of conditions so complex as |

those that affected the ore solutions in this distriet,
though certain experimental facts may be pointed out.
These are taken mainly from a paperby Stieglitz.*® Ina
gturated water solution of caleium carbonate and cal-
«um sulphate, at 18° C., the concentration of sulphate
insis five thousand times greater than that of carbonate
ims.  CO, increases the solubility of calcium carbonate

in solution as bicarbonate, and this effect continues |
| yith increase in pressure of CO,.

The presence of
other sulphates decreases the solubility of calcium sul-
phates. The solubility of calcium sulphate and calcium
warbonate is increased by the presence of sodium chlo-
rideup to & certain concentration, above which that of
both decreases. Increase in temperature reduces the

wlubility of calcium sulphate, which is but slightly |

wlible at 200° C.* Increase in temperature also

rduces the solubility of CO, and in consequence |

probably that of calcium carbonate.
Too little is known of the influence of these several

fitors to warrant any definite conclusions, but per- |

laps the relatively high temperature of formation
acounts for the fact that any calcium sulphate was
precipitated. The argument with respect to oxida-
fon products of sulphides may be summarized as
bllows.  Such oxidation products were probably

wrried away for the most part in the form of gas or ;

of soluble salt, either of which would be dissipated
vith relative ease soon after the mineralizing process
tad ceased. The only sulphates produced by sulphide
uidation that could be expected to remain are the
sphates of barium and caleium. Barite in fact is
prsent perhaps as plentifully as the general scarcity
of the element barium would permit, and anhydrite
“}fi gypsum are present as plentifully as the solu-
blity of caleium sulphate would permit and as plenti-
fully as they are found in other regions where calcium
Uphate must have been produced in great quantity.
Al three sulphate minerals have been found only in
tie immediate vicinity of copper—a fact which may
well be regarded as evidence that they are products
?sn;hii reaction by which the metallic copper was
ed,
.The gypsum which is abundantly present, together
"th some barite and celestite, in and near the Coro

n

2 S“"hgml, Julius, The relations of equilibrium between carbon dioxide of the
ere and the caleium sulphate, calcium carbonate, and caleium bicarbonate

g zolutlon in contact with it: Carnegie Inst, Washington Pub., 107, 1009.

¢ier, A. F., Am. Chem. Soc. Jour., vol. 32, pp. 50-66, 1910,
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| Coro deposits of Bolivia was likewise explained by

- Steinmann as formed from the sulphate radicle pro-

- duced by the oxidation of the sulphur of the copper
sulphide solutions. Carbonates are not abundantly
associated with the Coro Coro deposits.

CHEMISTRY OF THE DEPOSITION OF NATIVE COPPER

FROM ASCENDING SOLUTIONS
By R. C. WELLS

As a very considerable weight of evidence indicates
that the native copper in the Lake Superior district
- was deposited from solutions that may be charac-
terized in a broad way as ascending, the chemical
problem of accounting for the deposition of the copper
as native metal is thereby delimited to a certain
extent. Many of the conditions attendant on its
deposition are unknown, as the solvents with all their
- more soluble dissolved matter have presumably dis-
appeared, and the solids remaining are relatively few
in number and simple in chemical character. But,
on the other hand, the idea of ascending solutions,
especially on the large scale exemplified in the Michi-
. gan district, implies certain general conditions, partly
physical, partly chemical, which suggest a simple
classification of the possibilities. The conditions, or
rather the changes in conditions, that would naturally
be expected to exist in association with ascending
solutions, are, in the order of their probable impor-
tance, cooling, relief of pressure, oxidation, dilution,
and reduction of acidity. Chemical suggestions based
on old or new experimental evidence are offered here-
with under each of these heads. The details of most
- of the new experiments are given in a separate publica-
tion,* and what is presented here is largely a sum-
mary unencumbered with the chemical details. Need-
less to say, the experimental field is still far from
covered, as neither melts, vapors, alkaline solutions,
nor solutions above 300° C. have been studied to
any great extent. The results are such as could be
obtained with workable solutions and the apparatus
available. They are sufficient, however, both to
supplement and to modify previous knowledge.

DEPOSITION BY COOLING

Hot solutions carrying cuprous sulphate deposit
metallic copper on cooling. This action is believed
to occur as the result of the change

CUQSO4 == Cu i CU.S04

so that only part of the copper can be thus removed
from solution. Cuprous sulphate may be formed in
a number of ways—for instance, by the action of
copper on cupric sulphate, by the action of various
sulphides on cupric sulphate, or by partial oxidation
of copper sulphides.

1 Woells, R. C., Chemistry of the deposition of native copper from ascending
solutions: U. S. Geol. Survey Bull. 778, 1925.
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As metallic silver accompanies copper i.l% a.few
deposits it is of interest to note that metal.hc silver
is likewise deposited when certain SOluthI}S are
cooled, as indicated by th» t wo following reactions:

Ag,S0;+ Cu,S0, =2Ag +2CuSO,
Ag,S0,+2FeSO, =2Ag + Fey(SOy)s

Gold behaves similarly, as shown by Stokes:
AuCl; +3CuCl= Au +3CuCl;

All these equations represent reversible reactions that

THE COPPER DEPOSITS OF MICHIGAN

' salts, are cited in the literature. The action of acid.

proceed toward the right with falling temperature

and in the opposite direction with rising temperature.

Vapors and melts would become more or less fixed
by cooling also, but they can not be adequately di§-
cussed at present. Nor is it purposed to discuss in
this place whether the theory here set forth or any of

the other theories proposed would apply to a relatively |

local movement of the fluids from the interior of a lava
flow to its cool top as well as to movement on a much
larger scale.

DEPOSITION BY RELIEF OF PRESSURE

The solubility of most salts changes very slightly
with pressure. For example, that of copper sulphate
is known to increase with pressure some 3.2 per cent
for 60 atmospheres, but that such a change could be
significant in the problem under discussion seems
doubtful. The solubility of gases, on the other hand,
is affected to an enormous extent by changes in
pressure, and, as gases like CO, and H,S increase the
solubility of the carbonates and sulphides to a marked
extent, it is evident that relief of pressure would favor
the deposition of such compounds—that is, if the
gases escape from solution. Carbonates are present
in the copper lodes—in fact, copper and calcite are
beautifully intergrown in some specimens. The escape

ified ferric salts on the sulphides of copper undey
ordinary conditions appears to result in the formation
of ferrous and cupric salts, so that the problem resolyes
itself in part into a study of the oxidation of copper
sulphide by cupric salts.

Considerable study has been given to these various
possibilities. -The theory here proposed implies chep.
ical reaction. There are other grounds in the fig
relations for thinking that the solutions were aseeng.
ing, and such solutions would be logical sources of
copper sulphide. In the experimental work, however,
it has not yet been possible to produce metallic copper
merely by chemical reaction unaccompanied by cool-
ing. In so far as cooling has been an essential part of
the verification of the theory, the idea of ascending
solutions receives support. The experimental evidence
indicates, however, that at a still higher temperature
than could be conveniently attained with the appa-
ratus available, copper might be deposited by reaction
alone and thus the theory rendered independent of
the feature of cooling.

The steps by which ferric oxide may act on a solu-
tion of copper sulphide are as follows: Hot acid
solutions containing copper and sulphur, assumed for
the sake of simplicity to be equivalent in their chemi-
cal potentialities to acid solutions carrying cuprous
sulphide, meet ferric oxide. The acid is decreased by
solution of some ferric oxide. The ferric salt thus
formed exerts an oxidizing influence, which is, how-
ever, at once balanced by the reducing action o
cuprous sulphide, with the production of ferrous
sulphate and cupric sulphate, as indicated by the
following reaction :

. CusS+ 5Fe,0;+ 11H,S0, = 10FeSO, + 2CuS0,+ 11H:0

of carbon dioxide through relief of pressure is a possible |

explanation for the formation of the calcite. Nothing
is known as to the solution or precipitation of copper
itself through changes in pressure, except that in-

directly the reducing action of hydrogen and sulphur |

dioxide on copper compounds is increased by moderate
increases in pressure, as much more of these gases is
thereby held in solution. This fact would not account
for precipitation through relief of pressure, however,

and it probably has no application to the problem of
the deposition of copper.

DEPOSITION BY FRACTIONAL OXIDATION OF COPPER SULPHIDE

The theory that native copper was formed by the
oxidation of copper sulphide in solution by ferric
oxide in the rocks of the lodes has been advocated with
confidence by the authors of this report, largely on the
basis of field evidence. The formation of metallic
copper by oxidation of the sulphide is g familiar
operation in smelting practice. Analogous reactions
based on the oxidizing action of cupric salts and ferric’

The oxidizing action of the ferric salt seems to carry
the copper to the cupric stage at first and ratl.ler
rapidly. Further work is needed to see if the reaction
can be sufficiently slowed down through the use of
less acid to yield chiefly cuprous sulphate. However

. experiment shows that when further cuprous sulphide

is available, its presence, as well as the decx'ease of
acidity and the formation of water and cupric sulphate,
favors the reactions

Cu,S + 8CuS0, + 4H,;0 = 5Cu,S0, + 4H,S0;
Cu,S+3CuS0, +4H,0 = 5Cu +4H,50,

The second of this pair of reactions may possibly
occur at a very high temperature but has not e
been realized experimentally. However, the ﬁﬁt
reaction yields cuprous sulphate, which dep‘”“f
copper on cooling. The consumption of Cllpr‘m‘}
sulphide in these ways would obviously leave less o
it to be deposited as the solutions cooled, wheriiﬂ‘f
copper would still be deposited on cooling. Cond!
tions favoring the deposition of copper would be &
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itial high temperature; the reduction of acidity to ‘

e point where no more ferric oxide w.ould l.)e attacked
o the local exhaustion of the ferric oxide by the
Jution and reduction as outlined; and, lastly, cooling
o dilution of the initially heated solutions. In
" 4is way the sulphur would make its exit as ferrous
alphate. A reaction that embraces all the steps
pentioned would be

CuS+3Fe;03+ 5H,S0, =2Cu + 6FeSO, + 5H,0

Metallic copper has been obtained experimentally
ium the substances indicated in this equation after
heating them with water in sealed tubes to 300° and
coling.

It would be highly desirable to show that solutions
of less acidity, such as those containing carbon dioxide

mder high pressure, would yield similar results, but |

the writer has not yet been able to do so. Some acid
wms necessary to give the ferric iron sufficient
wtivity to initiate the action, and the proper range
ippears to be one in which some ferric oxide dissolves
oo give a definite oxidizing action, likewise insuring
that a large excess of ferrous salt will not precipitate

wpper, so that only the sulphur and neither the ferrous |

mn nor the copper shall be oxidized. Experiments at
mlnary temperatures, at which the activities of the
wreral reagents could be better regulated, would also
be desirable, but the reactions involved occur too
dowly at such temperatures for observation within the
time available.

Inview of the difficulties of reproducing the natural
onditions exactly the writer feels that the experi-
uental evidence makes this theory of the origin of
tie Lake Superior copper a tenable one aside from the
drong field evidence in its favor.

DEPOSITION BY DILUTION

Solutions carrying considerable cuprous chloride,
which is largely soluble in certain brines and other
“icentrated solutions, deposit copper on being

Mdually diluted. This mode of origin may account |

ff{f ome of the “mass” copper in the Lake Superior
s where cross fissures have permitted the inter-
ml'\g!hlg of the concentrated brines with more dilute
“lutions, although it is evident that such a view
h?nfiers the deposition of the mass copper not neces-
wrily contemporaneous with the deposition in the
i lodes. The reaction for this change is

2Na,CuCl;=4Na++ Cu+ Cutt+6Cl-

COTh“ is, a complex or double salt that