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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.
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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 |

THE COPPER DEPOSITS OF MICHIGAN

. 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

21

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
POyt - 3.19 2.87 {-3.58 3. 84 2. 41 5. 37
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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&




STRATIGRAPHY

29

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 |

THE COPPER DEPOSITS OF MICHIGAN

| 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
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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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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”
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U. 8. GEOLOGICAL SURVEY
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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
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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
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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
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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
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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
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TEXTURE OF FLOW TOPS AS SEEN IN THIN SECTIONS
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