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CHAPTER L.
GEOGRAPHICAL LIMITS AND
PHYSIOGRAPHY.
INTRODUCTION.

The territory to be described in this and the four following
chapters is situated in the Upper Peninsula of Michigan,
between the Marquette and Menominee iron ranges, and
is all embraced within T. 42 N., Rs. 28-30 W., and Ts.
42-47 N., Rs. 30-31 W. The area of about 300 square
miles included within these townships had for the most
part been covered hastily by previous reconnaissances
of the Lake Superior Division of the United States
Geological Survey, the results of which were placed at
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my disposal. Our task was to go over with especial care
those portions in which outcrops had been found by our
predecessors, or which seemed likely to contain the iron-
bearing formations. At the same time much of the rest
was examined more hurriedly.

The tract surveyed in detail comprises a continuous belt
about 30 miles in length, and of width varying from 2 to 5
miles, lying wholly within the drainage basin of the
Michigamme River and its principal upper tributary, the
Fence River, arid extending southward from the northern
end of the Republic tongue, where it was connected with
rocks of well-determined Marquette types, as far as the
south line of T. 43 N., R. 31 W. From this line we
passed southeast (leaving a gap of 5 miles) across the
low divide between the Michigamme and the headwaters
of the Sturgeon, to the Felch Mountain range, which was
then carefully studied for a distance extending 13 miles
to the east.

Until within the last few years the larger part of this area
had been very difficult of access, and much of it is
difficult still. The rock surface is almost wholly
concealed by a cover of glacial deposits of various kinds;
dense forest and great swamps also obscure the rocks,
and make traveling difficult and slow. It is therefore not
a field to invite geological study. While exploration for
iron ore has here and there passed the frontiers of the
productive ranges on either side, the general ill-success
which attended the early enterprises has discouraged
the active search that would at least have resulted in
important additions to geological knowledge. For these
reasons the area as a whole, with the exception of the
Felch Mountain range, has remained almost unknown
geologically, until our work in 1892. The references to it
in geological literature are consequently but few in
number, and are for the most part merely the records of
the unrelated observations of casual visitors.

The district, nevertheless, deserves attention from both
the economic and the geological standpoint. The iron-
bearing formations of the Marquette range extend into it
from the north, those of the Menominee range from the
south. On the west the ore deposits of the Crystal Falls
area are connected geographically at least with the
western extension of the Menominee range. Between
these boundaries the area stands as the largest one
remaining in Michigan in which iron-bearing formations
are known to occur, but as yet not yielding important
bodies of ore. Here, too, if anywhere, the questions of
the equivalence or nonequivalence of the individual
formations of the Marquette and Menominee iron-
bearing series are to be answered.

It is proper to state that the field study, in consequence
of the conditions under which this work was done, was
almost wholly directed to economic questions, and that it
was not originally anticipated that the results were to be
published as a monograph on the district. This will
explain the very brief space devoted to the Archean in
the following pages. The field work was begun and
ended in 1892. Since that time there has been no
opportunity to revisit localities, and the conclusions now

stand essentially as they were reached in the field.
Considering both the obscurity and complexity of the
area, it is very probable that further study of important
localities would clear away many of the difficulties, as
well as modify certain of the opinions now held.

The writer was efficiently aided in the field work by
Messrs. Samuel Sanford and Charles N. Fairchild for
nearly the whole period, and E. B. Mathews and H. F.
Phillips for part of it, as assistant geologists, and by
Messrs. Lewis and Forbes as skilled woodsmen.

PRELIMINARY SKETCH OF THE GEOLOGY.

The rocks of the Michigamme and Felch Mountain areas
range in age from Archean to early Paleozoic. North
and west of the Michigamme River, where geological
boundaries are most susceptible of determination, the
granites and gneisses of the Archean come to the
surface in three oval areas of great regularity of outline,
from 10 to 12 miles long by 2 to 6 miles wide, while the
intervals between the Archean ovals are occupied by
highly tilted sedimentary and igneous rocks of Algonkian
age. The lower member of the Algonkian has derived its
materials from the wasting of rocks lithologically similar
to the underlying granites and gneisses. In the southern
and eastern portions of the district the edges of the tilted
older rocks are partially covered by a blanket of gently
dipping sandstones of Cambrian age, very soft and
easily disintegrating. These rocks first appear near the
Michigamme River as detached outliers. In going south
and east from that river the separated patches become
larger and more abundant, until finally a few miles
beyond the eastern limit of our work in the Felch
Mountain range they unite and entirely cover the pre-
Cambrian formations.

CHARACTER OF THE SURFACE.

In its most general aspect the surface throughout this
area is a plain, somewhat rolling indeed, which slopes
gently upward from the southeast toward the northwest.
The surface is formed partly by the soft and gently
inclined Upper Cambrian sandstones and partly by the
much harder and highly tilted pre-Cambrian rocks of
diverse physical and mineralogical characters, and yet
over all it maintains a very uniform slope. On the
southeast, in the Felch Mountain range, the plain has an
average elevation above the sea of 1,200 to 1,300 feet.
In the northwest, in the southern sections of T. 47 N., R.
31 W., the average elevation is 1,800 to 1,900 feet.
Since the intervening distance is somewhat more than
30 miles, the general slope is therefore less than 20 feet
to the mile.

The minor topographical features based upon this plain
are multitudinous in variety and detail, but generally
quite insignificant in relief. The maximum difference of
elevation between the top of the highest hill and the
bottom of the neighboring valley is less than 300 feet,
and this is reached in but two cases. The country
possesses no commanding eminences, and in the
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widest panoramas now and then obtainable from the
summits of glaciated knobs the background is restricted
to a radius of a few miles. In these the general
evenness of the sky line is usually broken only by the
remnants of the old forest, which have not yet
succumbed to fire and the lumberman.

These lesser features have been shaped mainly by the
work of the continental ice-sheet, both through the
materials which it brought in and through those which it
carried away. In the areas underlain by relatively
massive rocks, particularly the Archean crystallines, the
surface has been left mammillated with rocky knobs,
which doubtless were the unattacked cores rising into
the pre-Glacial zone of disintegration. These are
separated by the similar inverse forms, now for the most
part occupied by swamps. In the Archean borders of the
Felch Mountain area, where the glacial cover was
originally thin, the periodical fires that have followed
lumbering operations have burned out the organic matter
from the soil and so loosened it that, on the steeper
slopes, it has been entirely washed away and the rock
surface laid bare. The hummocks and bowls are
generally elongated east and west, which is the direction
both of the gneissic foliation and of the ice movement.
The elevations rise, often with steep, smooth walls, for 5,
10, 20, or even in some cases 60 feet, above the
intervening depressions. The latter hold muskeg to the
rims. In the wet season they fill with water, which
overflows to the next bowl below, but permanent lines of
minor drainage, here as elsewhere in the Archean areas,
are very infrequent.

Over most of the area, however, the ice has spread a
sheet of till, and has here and there deposited the
materials swept along in the subglacial streams in
characteristic complexity of form and grouping. The
more prominent elevations are, in fact, deposits of
modified drift, although occasionally small rock masses
like Michigamme Mountain, which is composed of
material that offers a most stubborn resistance to all
degrading agents, reach an elevation of 100 to 200 feet
above the general level of the surrounding country. The
fact that the name “mountain” has been applied to
hillocks of this order by the surveyors and woodsmen,
who have the widest knowledge of the Upper Peninsula,
conveys perhaps the clearest idea of the generally level
character of the surface.

While the details of the topography are thus mainly
glacial in origin, the broader features of the next order of
importance have often clearly been determined by the
presence of the more resistant rocks. The large
structural domes of the Archean, which are such
characteristic geological features, are also indicated by a
general upward swell of the surface of the areas which
they occupy. The topographical transitions at the
margins of these swells are frequently abrupt, and
sometimes for considerable distances are marked by
scarp-like slopes in the granites, caused by the almost
vertical contacts with the softer Algonkian formations.
Considerable portions of all three of the Archean ovals in

the northern part of the district display this slight
topographical prominence. Marginal scarps are
particularly well shown in the oval west of Republic, in
secs. 19 and 30, T. 47 N., R 30 W., and along the south
side of the oval which lies between the Fence and Deer
rivers, near their junctions with the Michigamme. The
more important bodies of greenstone also are generally
expressed by a noticeable degree of elevation. Thus the
great intruded sheets folded in with the Lower Marquette
series in secs. 24, 25, and 36, T. 47 N., R. 31 W., give
rise to long broad ridges that closely follow the changes
in the strike. But in all these cases the topographical
emphasis is very slight, and the plain as a whole may
truly be said to maintain its general slope with practical
indifference to the weather-resisting differences in the
.underlying rocks.

These broader swells of the harder rocks are separated
by broad, slightly lower-lying plains, in many of which a
valley character is still distinctly recognizable in spite of
the fact that they especially have been favored with
deposits of modified drift. The present drainage, in its
main lines, largely follows these older valleys, although
much confusion, which is especially noticeable in the
details, has of course resulted from their partial choking
by the drift.

DRAINAGE.

Nearly all the surface water of this district finds its way to
Lake Michigan through the Michigamme and the
Sturgeon rivers, which are independent branches of the
Menominee—the largest river flowing into Lake Michigan
from the west. A few square miles along the eastern
boundary, however, are tributary to the Ford, which flows
into Green Bay north of the Menominee. Of these the
Michigamme drains by far the largest part of the district.
This river heads in Lake Michigamme, which it leaves in
sec. 9, T. 47 N., R. 30 W., near the northeast corner of
the area shown on the general map (PI. Il), at an
elevation above the sea of 1,580 feet. Thence it flows
for 8 miles southeast to Republic, in a synclinal valley
cut out of the soft schists of the Michigamme formation.
This valley, which is nearly a mile wide at the northern
end and less than half as wide at the southern, is
bordered on both sides by the harder Archean granites,
which rise with rather steep slopes to the general level of
the plain. Throughout the length of the valley the river
flows over glacial drift, but at Republic, where the soft
rocks come to an end, it breaks across rocky barriers in
a succession of rapids, and continues first nearly due
south (leaving the district covered by our map), and then
flows southwest over glacial deposits, which completely
mask the bed rock for 10 miles. South of the Archean
oval, which occupies the western part of T. 44 N., R. 31
W., and the eastern part of T. 44 N., R. 32 W, the
limestones and slates of the pre-Cambrian are again
exposed, and over these the Michigamme flows in close
conformity to the general strike as far as the range line.

In the southern sections of T. 44 N, R. 31 W, the
Michigamme receives two tributaries from the north—the
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Fence River, which comes from the eastern side of the
Archean mass just mentioned, and the Deer River,
which comes from its western side. The headwaters of
the Deer and of the western branch of the Fence flow
through the same section (21)in T. 46 N., R. 32 W,
north of the Archean oval, but farther south they diverge
to an extreme distance of 10 miles, and afterwards
converge so that their points of junction with the
Michigamme are but 4 miles apart. The area thus
inclosed is broadly concentric with the Archean oval. In
the case of the Fence, at least, the river is placed within
a wide depression coincident with the softer stratified
rocks of the Algonkian, and follows very faithfully their
general strike. Deposits of glacial sand and gravels are
very abundant within this valley, and for these the river
often swings aside across the strike for a mile or more.
Insecs.21and 29, T.45N., R. 31 W., and in sec. 10, T.
44 N., R. 31 W., excellent rock sections are afforded by
such digressions.

The old valley between the two Archean ovals west of
the Republic tongue (see PI. 1ll) is on the south entirely
filled with glacial gravels to the level of the old divides,
and the large brook known as the east branch of the
Fence is diverted to the till-covered western of the two
Archean ovals. The valley is clearly indicated, however,
by an interesting series of lakes, of which Squaw, Trout,
and Sundog, each about 1 mile in length, are the most
considerable.

The area drained by the Sturgeon lies in the extreme
southeastern part of the district, wholly within the
marginal fringe of sandstone. The relation of its course
to the geology is known in detail only within portions of
the Felch Mountain range. This it first enters in the
northern portions of secs. 35 and 36, T.42 N.,, R30 W.,
in a loop into the Algonkian, from the northern Archean
margin, to which it again returns. Five miles farther east
it crosses the trough from north to south, transverse to
the strike of the Algonkian formations, to the contact with
the southern Archean mass. It follows this contact
eastward for 2 miles, and then strikes southward across
the Archean to the Menominee River, not again returning
to the Felch Mountain range. The river valley in the
Felch Mountain range is very distinct, and where
bordered by Potsdam outliers is rather deep, with
precipitous banks. It is but slightly affected by drift
deposits. Its course shows an almost complete
disregard of the structure of the Algonkian and Archean
rocks, and so has the usual characters of a
superimposed stream.

The Michigamme River, as was early noted by Pumpelly,
has practically no eastern branches within this district.
The Escanaba and Ford rivers, which reach Lake
Michigan directly, and the Sturgeon, which joins the
Menominee below the mouth of the Michigamme, all
head within 2 or 3 miles of the latter, the course of which
is transverse to their general direction. The Michigamme
thus flows along the eastern edge of its drainage basin.
This fact—the most striking in the general distribution of
the streams of the district—is the result of causes which,

in part at least, go back to very remote geological
periods.

CHAPTER I1.!
MAGNETIC OBSERVATIONS IN
GEOLOGICAL MAPPING.

SECTION I. INTRODUCTION.

As has been said already, the area in which our work
was done is largely drift covered, to somewhat varying
but usually considerable depths; the mantle on the whole
is so evenly spread that outcrops of any rocks except
those belonging to the Archean are in many sections few
and scattered and sometimes are almost entirely lacking
over whole townships.

Under these circumstances, and since also the pre-
Cambrian rock structure is complex, even a general
outlining of the old formations would be impossible by
the usual geological methods, and if we were restricted
to these there would be no alternative but to map most
of the territory as Pleistocene. It happens, however, that
the Algonkian rocks of Michigan contain a large amount
of magnetite, which is known from observation in the
developed ranges to be characteristic of certain
geological formations. It undoubtedly occurs in more or
less amount in all the sedimentary rocks and is also
present, sometimes in considerable quantities, in rocks
that are not sedimentary, as, for example, around the
margins of the old intrusive diorite bosses. But generally
speaking, its occurrence in large quantities is confined
so closely to definite geological formations, in which it is
found in characteristic association with certain other
minerals, or to horizons within those formations, that it
can be guardedly used in identifying them, and in tracing
them from localities where they outcrop through areas in
which they are buried. This use is not only justified, from
an empirical standpoint, by the presumption in favor of
analogies to which no exceptions are known, but it has a
rational basis, in the view of the late Professor Irving,2
which is steadily gaining ground, that at least much of
the iron of this magnetite was originally buried in the
same formations in which it now occurs, through the
agency of organic life. From this point of view the
magnetite is in a certain sense a fossil, but with the
important practical advantage over other organic
remains, that it need not be dug up in order to prove its
existence.

"This chapter is abridged from a paper of the same title presented at
the Colorado meeting of the American Institute of Mining Engineers in
September, 1896,

*Classification of early Cambrian and pre-Cambrian formations, by R.
D. Irving: Seventh Ann. Rept. U. S. Geol. Survey, 1888, pp. 451-452.

These magnetite-bearing rocks always produce
disturbances in the compass-needles held in their
neighborhood. By a systematic location and comparison
of these disturbances the position of the rocks which
produce them can be determined with a considerable
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degree of precision, even when they are deeply buried.
Besides their position on the map, the magnetic
observations may, and often do, indicate certain other
geologically important facts, such as whether the rocks
are flat lying or highly tilted, the direction of strike and
dip, and, in some cases, the depth to which they are
buried. The methods employed in the field work were
based on those described by Maj. T. B. Brooks,' who
perfected the dial compass and predicted the importance
of magnetic methods in geological mapping; but the
results reached in interpretation were gradually
developed in the progress of this work, as we were daily
brought face to face with phenomena which called for
explanation.

It must be clearly understood at the outset that in the
iron ranges of the south shore of Lake Superior
magnetite is rarely concentrated in large bodies, and
that, in fact, its known occurrence as such is restricted to
a small part of the western Marquette district, where in
one producing mine it now forms practically the whole
product and in another a variable but usually important
part of the whole. It is therefore well understood in the
Upper Peninsula that disturbances of the magnetic
needle, however great, do not mean workable deposits
of magnetite. Whatever significance such disturbances
possess is stratigraphical, and properly interpreted may
lead to discoveries of rich ore, other than magnetite, in
formations to the position and attitude of which the
attractions may furnish a clew. But it may be asserted
as a general proposition, the essential truth of which has
been established by the experience of many years, that
in the region referred to magnetic disturbances usually
mean that magnetic iron ore in a workable deposit does
not exist in the area of disturbance.

magnetite. In the Negaunee formation, as exposed at
Republic, the magnetite therefore occurs, concentrated
in some of the parallel bands and disseminated through
the others.

In the same district there is another much less prominent
locus of magnetite at and near the base of the Upper
Marquette or “hanging-wall” quartzite. Along the strike of
this zone, which is of small thickness, the distribution of
magnetite is very irregular; and for this and the additional
reason that when the magnetic portion of the Negaunee
formation comes up to it the disturbances which it
produces can not be discriminated from those produced
by the latter, the position of the plane usually can not be
inferred.

In the Menominee district and its extensions there are
two horizons in the lower series, characterized by the
presence of magnetite. The lower of these is not known
to outcrop, but it occurs somewhere near the junction of
the dolomite and the underlying quartzite. The magnetic
disturbances due to this formation are feeble, but they
are quite persistent in the Felch Mountain area, and
have thrown some light on the geological structure.

'"The Marquette iron-bearing district of Michigan, by C. R. Van Hise and
W. S. Bayley, with a chapter on the Republic trough, by H. L. Smyth:
Mon. U. S. Geol. Survey, No. XXVIII, 1897, pp. 531, 537.

'Geological Survey of Michigan, Vol. |, Part I, 1873, Chapter VII.

SECTION II. DESCRIPTION OF THE
MAGNETIC ROCKS.

The magnetic rock of the Lower Huronian series of the
western portion of the Marquette area, which is of
special importance to notice, since it forms one of the
chief horizons of reference to which our work is tied, is
the Negaunee iron formation. It is finely exposed at the
south end of the Republic trough; but farther north has
been greatly reduced in thickness, or locally cut out
altogether,1 by the Upper Marquette denudation, and,
where present at all, is usually drift covered.

This rock often possesses a very distinct banding,
caused by the alternation of layers, in which one of the
constituent minerals predominates over the others,
sometimes, indeed, to their total exclusion. In the lower
part of the formation, quartz and griinerite constitute the
bulk of the rock, with magnetite scattered somewhat
indiscriminately through them. Higher up, the magnetite
and quartz relatively increase, until near the top, but
below the jasper, the griinerite goes out almost entirely,
and the rock consists of quartz bands, heavily charged
with magnetite, in alternation with bands of nearly pure

The other formation which produces disturbances is that
which | have correlated with the Negaunee formation
and named in a former paper1 the Michigamme jasper,
but which is here renamed the Groveland formation.
This rock, while varying a great deal in character, is
generally much like that magnetic phase of the
Negaunee formation in which the grinerite is rare or
absent. From the fact that it now survives for the most
part only in shallow and shattered synclines, it often
lacks the regular banding; and hematite is always
present in greater or less amount. The relative
proportions of the two iron minerals vary along the strike
also. The rock as a whole, however, is very magnetic,
but not so strongly so as the Negaunee formation in the
Republic trough.

In the Felch Mountain range there is still a third magnetic
formation, which seems to overlie unconformably the
lower series, and is therefore provisionally assigned to
the Upper Huronian. This formation consists of
ferruginous schists, interstratified with layers of
ferruginous fragmental quartzite. It is generally much
less highly inclined than the magnetic rocks of the lower
series as well as less rich in iron, and the disturbances
produced by it are correspondingly small.

Besides these rocks of sedimentary origin, with which
this paper properly deals, it may be mentioned that along
the Fence River there is a considerable area of
metamorphic eruptives, which are often exceedingly
magnetic. These are restricted to a definite geological
horizon, within which the magnetic disturbances are
remarkable for their complexity and irregularity, no doubt
as the result of a very irregular distribution of magnetite
and of the formations which chiefly contain it. The rocks
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in portions of this belt outcrop freely, and the
disturbances can therefore easily be assigned to the
proper causes.

'Relations of the Lower Menominee and Lower Marquette series of
Michigan (Preliminary), by H. L. Smyth: Am. Jour. Sci., Vol. XLVII,
1894, pp. 217, 218, 223.

SECTION Ill. THE DISTRIBUTION OF
MAGNETISM IN THE MAGNETIC ROCKS.

Magnetite occurs, therefore, in these Algonkian rocks in
different ways. In some instances it is mainly
concentrated in nearly pure parallel layers; in others, it is
more or less evenly disseminated through nonmagnetic
material; and still again it is present in both forms.
Moreover, these rocks have all been folded, more or less
strongly, at more than one period; and wherever they are
exposed, they are seen to be inclined to the horizon,
often at high angles, and to be traversed by intersecting
sets of joint-planes and cleavage-planes, some of which
always cut the bedding, and often have been the seat of
the development of secondary minerals. By the crossing
of these various surfaces, the rocks are divided into
small unit masses, at the boundaries of which there is
either an actual physical parting or a break in the
continuity of the magnetite.

It is well known that when a bar magnet is broken and
the severed ends are again joined, the two pieces do not
unite to form one magnet, but remain as two. It may be
conceived, therefore, from the manner of distribution of
the magnetite, and the secondary partings existing in
these rocks, that their magnetism is seated in an
enormous number of small separate magnets, at least
one for each of the physically distinct unit volumes.

It is a fact of observation, as will appear hereafter, that
the upper surfaces of these magnetic rocks invariably
attract the north end of the compass needles and, of
course, repel the south end. From this it must be
inferred that the small magnets are generally similarly
oriented, and have their north ends, which would repel
the north end of the compass needle, pointing
downward, and their south ends, which attract it, pointing
upward. As this is the arrangement that would result
from induction from the earth/s magnetism, it can be
concluded further (as, of course, might be assumed) that
these rocks are magnetic from the earth’s induction.

It is also well known that when several bar magnets are
joined in line at opposite poles, the effect upon a
compass needle within the range of influence is nearly
the same as if the joined magnets were replaced by a
single magnet of the combined length. For each
member of the pairs of intermediate poles, one attracting
and the other repelling, is about the same distance
away, and their effects so balance each other. The
result, therefore, is to leave one pole unchanged in
position and to remove the other to the end of the last
magnet added. If enough magnets are added, the final
result is to carry the moving pole so far away that it has
no appreciable influence upon the needle. Thisis a

condition which, from the distribution of the magnetite
and the parting surfaces which run through the magnetic
rocks, must always be realized more or less completely.
It is a necessary consequence of such an arrangement
of the small magnets that, in the case of a thin sheet of
magnetic rock lying at a low angle of dip, the buried
north poles would not be much farther removed than the
upper south poles, and consequently the compass
needle should be relatively only slightly disturbed. This
is precisely what is found to be the case.

Thus there is firm ground for the conception of the
magnetic rocks as made up of sheaves of small
magnets, all similarly oriented in a general way and all
having their south poles upward at or near the rock
surface, while the effective north poles, by the continual
addition of similarly oriented sheaves below, are carried
down, when the rocks are vertical or nearly so, to such
depths that their influence is greatly diminished or
altogether imperceptible. In equal small areas the
individual magnets are no doubt of very unequal number
or strength. This can be proved by holding a swinging
needle close to the surface of a magnetic rock, shifting
its position without moving it out of the parallel plane and
observing the changes in the pointing. These are almost
always large and are undoubtedly due to the variations
in strength of small areas of the upper poles. In
consequence of the law of magnetism, by which the
attraction (or repulsion) varies inversely as the square of
the distance, the areas immediately surrounding the
needle are very much more important factors in the
resultant than those farther removed. When the needle
is held higher up, or, what is the same thing, the
magnetic rock is buried, the effects are much more
regular, since a larger number of the unit areas enter
into the resultant with equal weight due to equal
distance, and the extremes of individual variation are lost
in the general mean. Since successive magnetic cross
sections over buried rocks show on the whole a great
degree of regularity, we can finally conclude that the
magnetic force of these rocks is seated in an immense,
practically an infinite, number of small magnets, which
furnish free magnetism at the upper and lower bounding
surfaces of the magnetic formation, and that on the
average there is about the same number, of about the
same aggregate length, or, in other words, equal
intensity in equal areas of these surfaces, if the areas
are taken large enough.

SECTION IV. THE INSTRUMENTS AND
METHODS OF WORK.

The instruments used in this work are simple and well
known. The dial compass is an ordinary compass,
carrying a 2%2-inch needle swinging inside a circle
graduated to degrees, which is further supplied with a
graduated hour circle. It is therefore a portable sundial.
The gnomon is a thread, which is attached at one end to
the center of graduation of the hour circle near the rear
sight and at the other to a point in the forward sight so
taken that the angle made by the thread with the plane
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of the hour circle is equal to the latitude of the place.
When this instrument is leveled and set up in the
meridian on a sunny day, the thread will cast a shadow
on the hour circle at the correct apparent solar time, from
which mean time may be determined by applying the
equation of time. Conversely, if it is so set up that the
shadow of the thread falls on the correct apparent time,
the sights of the instrument are in the true meridian. In
this position the declination of the horizontal needle may
be read off from the graduated circle. At work, this
instrument is mounted on a light Jacob’s staff, or it may
be held in the hand. The Jacob’s staff, although often
inconvenient to carry, is preferable, as with it the
readings are all taken at the same height above the
ground and the leveling is more exact and steady. Ina
correctly constructed instrument, with good time, the
readings may be made to half a degree. Correctness in
the time, however, is indispensable to good work, and
this is best secured by keeping a standard watch in
camp and referring the working watches to it daily.

The dip needle needs no description. In geological work
that form known as the Norwegian, in which the needle
is pivoted on a universal joint, is not so useful as the
type in which the needle is rigidly confined to one plane.
In taking the readings, this plane in which the needle is
free to swing is made to coincide with the vertical plane
determined by the pointing of the horizontal needle. The
circle is graduated to single degrees, and with skillful
work the readings are reliable to one or two degrees. It
may be added that the south end is weighted, in order,
either partly or completely, to balance the vertical
component of the earth’s force. It was found better not
to balance it completely, but only to such an extent that
the north, end of the needle would dip about 10° (the
graduation zero being horizontal) in an area removed
from local disturbances. It is no doubt desirable that all
the dip needles used in the same work should be
brought to approximately the same index error, in order
that the readings may be most directly comparable. In
practice, however, it was found quite impossible to keep
our three needles in unison, on account of the rough
usage to which they were unavoidably subjected. As,
however, the form of the dip curves is really the subject
sought, and since these, in the presence of considerable
disturbances, are sensibly independent of small
differences in the index error, it is not indispensable that
the needles should be exactly together.

These instruments are simple, and, of course, do not
give precise results. But the observations are rapidly
and cheaply made, and to a sufficient degree of
accuracy for the end in view. It may be stated again that
the object is to detect and compare relative magnetic
disturbances, and to find out the bearing of these
disturbances on the distribution and attitude of the rocks
which produce them. For this purpose the instruments
are exceedingly well adapted.

The field work was carried out by parties of two men
each, one of whom, a skilled woodsman, carried along
the line and observed the horizontal needle, while the

other read the dip needle, kept the notes, and attended
to the geology. According to the general plan of the field
work, a series of parallel lines was run either north and
south or east and west across each section. The
direction of the lines of travel was chosen so as to cut
the strike of the rocks at the largest angle. The probable
direction of strike for each day’s work could be inferred
in advance from what had gone before. If it were more
nearly north and south than east and west, the traverse
Hues were run east and west, and vice versa. These
directions were in many cases not the most desirable for
the magnetic work alone, but the choice was practically
limited by the lines of the United States Land Survey,
which give for each square mile eight points of departure
(at the four corners and four quarter posts of each
section), which are generally identifiable on the ground.
On these lines of travel the instruments were read at
various intervals, from 5 to 10 or 100 paces, depending
upon the local complications. The intervals between the
lines varied from one-sixteenth to one-fourth of a mile,
and were determined not only by the magnetic
complications, but by the character of the surface, it
being especially desirable that the ground should be so
closely covered that no outcrop could escape detection.
The distances along and off the lines of travel were
measured by pacing. The general accuracy of the
pacing is remarkable, and is essentially within the
platting error of the scale of the maps. The average
closing error for August, 1892, during which about 100
miles of traverse lines were run, was 20 paces per mile,
or 1 per cent. Two-thirds of the errors averaged 10
paces per mile, or 1 in 200, while the maximum was 1 in
30. But this was better than the average for the season.

The observations at each station consisted in a reading
of the horizontal and dip needles. When there was no
local magnetic disturbance, the horizontal needle would
come to rest in the magnetic meridian, which in this
region is about N. 2° to 3° E., or almost coinciding with
the true meridian. The dip needle, when held in the
same meridian, would indicate the index error. When,
however, disturbing material was present, the horizontal
needle would point to the east or west of the magnetic
meridian, at an angle determined by the direction of the
resultant of the horizontal components of the earth’s and
the local forces. The dip needle would come to rest in
the same vertical plane, at an angle with the horizon
determined by the amount and direction of the three
forces, the whole pull of the earth’s force, the whole pull
of the local forces, and the balancing weight, and in
general would show a downward deflection. After
making and recording the set of observations at a
station, the party proceeded to the next, and so on to the
end of the day. Atthe end of each day, or as soon as
possible afterwards, the day’s work was platted on a
large-scale map, on which the readings of the horizontal
needle were represented by short arrows drawn through
lie stations, turned east or west of the true meridian, as
the case might be, and carrying the amount of
declination written at the arrow point. The dip
observations were laid off to scale immediately below
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the stations, measuring all from the same horizontal line,
and the points thus established were connected by a
free-hand curve.

SECTION V. FACTS OF OBSERVATION
AND GENERAL PRINCIPLES.

1. OBSERVED DEFLECTIONS WHEN THE
STRIKE IS NORTH AND SOUTH AND THE DIP
VERTICAL.

If a magnetic rock, striking north and south and dipping
vertically, is crossed by an east-and-west traverse, it is
found, as the disturbing belt is approached, say from the
western side, that the horizontal needle points toward
the east of north, and that this easterly pointing gradually
increases to a maximum. Continuing east from the
maximum point the eastward declination decreases, and
soon a station is reached at which the needle points due
north. Still farther east the declination changes to
westward, and soon thereafter reaches a westward
maximum, beyond which again the westward pointing in
its turn gradually decreases, until finally the needle
readies its normal eastward declination, after passing
through a second zero. The dip-needle readings at the
same stations generally increase slowly at first, and then
rapidly, and soon reach a maximum at the first zero point
between the converging arrows; beyond this to the east
they decrease correspondingly, so that the dip curve is
symmetrical east and west of the maximum. These
statements will he made clear by a reference to fig. 15,
which represents an actual traverse in T. 45 N., R. 31 W.
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FiG. 15.—Magnetic cross section in T. 45 N., R. 31 W.

2. DEFLECTIONS OF THE HORIZONTAL
NEEDLE.

It is evident that in crossing a rock belt which stretches
away indefinitely in both directions, only a limited part of
it will affect the readings on a given cross section. Since
the pull of the poles of a magnet on a compass needle
diminishes with the square of the distance of separation,
it follows that the limits to the material that would
noticeably disturb comparatively insensitive instruments
would soon be reached. If we consider for the moment
only the horizontal components, and call the distance a
(fig. 16) at which the needle would respond to the
attraction of material possessing the magnetic force of
that with which we are dealing, then at any station, P,
the material inside a circle drawn with P as a center and
radius a (shaded in the figure) would exert force on P,
the material outside would not. If the circle drawn from a

station, P’, does not reach to the magnetic belt, the
needles at P’ will not be disturbed.”

'The actual distances at which disturbances of the needles can be
detected are exceedingly variable, since they depend (as will be shown
hereafter) not only upon the lithological character of the magnetic
formation, but also upon its strike, dip, thickness, extent, and nearness
to the surface. One formation in which all the conditions are
exceptionally favorable distinctly deflects the dial-compass needle at a
distance of 3%z miles.

For reasons of symmetry, it is seen that the attraction of
the magnetic belt would act along the line P N, drawn
through P perpendicular to the strike of the rock. Since
there is as much material on one side of this line as on
the other, the components perpendicular to it will
balance each other, and the instruments at P will be
affected exactly as if all the attracting material were
concentrated along this line. The horizontal needle will
take a position in the line of the resultant of the two
forces which act upon it, namely, the horizontal
component of the earth’s magnetism (which acts in the
line of the magnetic meridian) and the horizontal
component of the material within the circle of attraction
(which acts along the line P N). The force which deflects
the needle from its general local direction is the
component along P N, and it is evident that the greater
this component the greater will be the deflection of the
needle, since the direction in which it acts always
remains the same at all stations for any given direction
of strike of the rock. For if 8 is the strike of the rock
measured from the north, and H and H’ are the
horizontal components of the earth’s and the rock force
respectively, it is readily shown that S, the angle of
deflection of the horizontal needle at any station, P, is
given by the equation:

sté" R ¢}
H,:{:sm/)’

tan 6 =

From this equation it is easily seen that, no matter how
great may be the horizontal component of the force of
the magnetic rock, the horizontal needle can not be
deflected past the normal.

As P moves toward the magnetic belt the horizontal
component at first increases, and with it the westward
deflection of the needle. Finally, the maximum westward
deflection is reached, beyond which the needle begins to
return; it is evident, therefore, that at this point the
horizontal component has reached a maximum value.

3. DEFLECTIONS OF THE DIP NEEDLE.

The balanced dip needle (i. e., without index error), in an
area of no local disturbance, is in equilibrium under the
action of two couples, namely, the vertical component of
the earth’s magnetism and the added weight. When
displaced from the position of equilibrium, the horizontal
couple restores it.
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FiG. 17.—The forces acting on the dip needle.

In fig. 17 let PP be a balanced dip needle which has
been displaced through the angle a. At the two poles
the attraction and repulsion of the earth’s magnetism
may be resolved into horizontal and vertical
components, H and V.

Taking moments about C, we have, if a=0, the needle in
equilibrium under the couples,

V. 2b-mg . a=0,

where 2b = PP, mg=the added weight, and a its distance
from the center.

If this needle, so balanced, is carried to a station within
the influence of a magnetic rock, its dip will be
determined by the composition of the new forces with
the old. The vertical plane will be that in which the
horizontal needle points at the same station. The
equations above give us a ready means of determining
the angle of dip in terms of all the forces.

Suppose the needle finally comes to rest at the angle a
with the horizontal (the north pole being depressed).
Then

V,.2b. cos a—mga cos a—H, . 20 . sin a=0, . . . (2)

where H, and V, signify the resultants of the horizontal
and vertical components of the earth’s and the local
force.

Equation (2) is easily reduced to

20 .V, —mgu,
tan q—=22 Y Mg (3

20 . H, N

If, however, the dip needle is not balanced, but has,
where there is no local disturbance, a constant index
error 6 (measured from the horizontal), it is readily seen
that

20 . N —wmiga
L o 1 )

In an area of local disturbance the angle of dip a is given
by equation (3). Since V and V’ always act in the same
line,

V,=VLV.
Substituting this and the value of mga from equation (4),
equation (3) becomes
4+ V' 4 I tan 6,

tan a =- H. . (D)
If the index error is &, and the corresponding deflection
a’, we have

tana LV 1 tan 8
tan o' T L V' I tan ©

Therefore at the same station, the greater the index error
the greater is the angle of dip in the same or two similar
instruments. Itis also evident that the greater the
vertical component of the pull of the rock, the less will be
the difference between the deflections in the two cases.

From an inspection of equation (5) it is seen that a=«, or
a=90° only when H,=0. H.,is, in general, given by the
equation

H,—H+H?4-2 H I’ sin 4,

where $ is the strike of the rock measured from the
north. H, can therefore equal zero only when 8 ="/,, or
the rock strikes east and west, and at the same time H’
is numerically equal to H, and acting in the opposite
direction. Dips of 90° can not occur in other cases, no
matter how strong the magnetic force of the rock may
be. Itis also evident that in general H, has its minimum
value when H’=-H sin 8. When the rock strikes north
and south or =0, H; is a minimum when H’=0.

4. HORIZONTAL AND VERTICAL COMPONENTS
WHEN THE MAGNETIC ROCK DIPS
VERTICALLY.

If we assume that the magnetic rock has a uniform strike
in any direction, a vertical dip and a surface width or
thickness equal to 2a, it is easy to show that the
horizontal and vertical components of the rock force are
given by the following equations, where x is the
horizontal distance of the station of observation from the
middle plane of the formation, h is the depth of surface
covering, assumed to be uniform, and w is a constant.
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H’
In equation (6) i O when x = 0; therefore a point of
no deflection of the horizontal needle is found vertically
over the middle point of the magnetic rock. Itis also
evident that at corresponding stations on opposite sides
of the middle point, the horizontal components are equal,

but act in opposite directions.

To obtain the points of maximum or minimum values of
the horizontal component, we differentiate the right-hand
side of equation (6) with respect to x, and place the
result equal to zero. This gives

g=aNtat - - - - - o o . (8)

which determines two points, at equal distances from 0
on opposite sides of the rock, at which the horizontal
component has maximum values. Writing for x the
measurable distance d, and squaring, we have

ey A )

The thickness of the magnetic formation is therefore
always less than the distance between the points of
maximum horizontal deflection, except when h=0, or the
rock is uncovered, in which case the thickness and
separation of the maxima are the same.

By differentiating the right-hand side of (7), with respect
to x, it is easy to show that V' has a maximum value
when x = 0. When the rock strikes north and south, this
also corresponds to a minimum value of H,, as has
already been shown; and, therefore, by a reference to
equation (5) it is readily seen that a point of maximum
dip coinciding with a point of no horizontal deflection is in
that case found over the middle plane of the buried
magnetic rock.

Where the strike is inclined to the meridian, the points of
maximum dip and zero deflection will not coincide, since
the maximum value of V does not occur at the same
station as the minimum value of H,. As has already
been shown, H, is a minimum when H’-H sin § (8 being
the angle of the strike), and this is in general on the side
of the rock on which the angle made with an east and
west traverse is obtuse. The point of maximum dip will
be situated on the same side of the rock between this
station and the point of no horizontal deflection, and will
approach the latter as the strike approached the
meridian, and also as V'’ increases relatively to H'. With
strongly magnetic rocks the points of no deflection and
maximum dip practically coincide on maps platted to the
scale of 4 inches to the mile, except where the strike is
nearly east and west.

5. HORIZONTAL AND VERTICAL COMPONENTS
WHEN THE MAGNETIC ROCK DIPS AT AN
ANGLE.

Under the last heading it was assumed that the magnetic
rock dips vertically, and that it continues indefinitely
downward at this angle. In consequence of this
assumption, and also of the conception of the manner in
which magnetism is distributed through magnetic rocks,
it has been concluded that the north poles of the rock,
which repel the north end of the compass needle, are
situated so far below the surface that their effect may be
neglected. Therefore we have taken into account only
the south poles, which are situated at the rock surface.

In the case of rocks which do not dip at high angles this
assumption can not safely be made, and the influence of
the bottom poles must be taken into account. Since the
force of these poles acts in opposite directions from that
of the upper poles, and since they are more deeply
buried, it would seem that their influence in general must
be to diminish the total force which acts upon the
needles at any station, and therefore that the deflections
both of the horizontal and dip needles caused by the
same rock should be less in amount, ceteris paribus,
where that rock dips at a low angle than where it dips at
a high angle.

In the course of the field work certain peculiar deflections
of the needles were encountered in traverses across
rocks dipping at moderate or low angles. These were
not thoroughly understood at the time, but the cause was
believed to be connected with the angle of dip of the
rock. For example, it was found along traverses
crossing certain north-and-south-striking rocks, which
were known to have a westward dip that may have been
either high or low, that the two points of maximum
deflection of the horizontal needle were not situated at
equal distances from the point of no deflection between
them, but that the distance of the western maximum was
much the shorter. It happens in this region that no east-
dipping rocks occur which are so far removed from other
magnetic formations as to be out of range of their
possible influence, but, so far as they go, traverses
across these showed that the nearer maximum was
situated on the eastern side of the point of no deflection.
It therefore seemed probable that the cause of the
inequality in the distances from the zero point to the
maxima was the dip of the rock, and that the dip was in
the direction of the nearer maximum.

If the magnetic formation has a surface width =b, is
uniformly buried to the depth h, and dips at the angle 4,
then, if A = tan 4, it may be shown that the horizontal
and vertical components at any point P, the horizontal
distance of which from the lower edge of the formation is
x, are given by the following equations:
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If A =, and the coordinates are referred to axes in the
middle of the rock, these equations reduce to equations
(6) and (7).

By differentiating the right-hand side of equation (10),
placing the result equal to zero, and solving for x, the
positions of the stations at which H’ is a maximum may
be determined. This gives:

27 2 72 2\}
pm AU 2h PPHARRLAY gy

Calling the difference of the roots, or the measurable

distance between the maxima, 2d, and substituting for b
2a

its value sin 4, 2a being the true thickness of the rock,
we have:

o hWa?
d e TR (13)
For rocks of high dip, therefore, the distance between

the maximum points is but little greater than it would be

were the dip vertical, and it increases inversely as the
angle of dip.

A general algebraic determination of the points at which
H’ is 0 and V'’ is a maximum is impossible, since it
involves the solution of equations of a degree higher
than the fifth. However, by assuming numerical values
for A, h and a (or b) curves expressing the relations
between H’/,, and V/w and x can be plotted, from which
the maximum and zero points can be determined in any
desired number of special cases.

Let us first assume that A = 3 (or that the rock dips at an
angle of about 70° 34’), h = 2, and a = 6. The ordinates
to the curves of fig. 1, PI. XLVII, give the values of H'/,,
and v/, corresponding to different values of x. The
ordinates to H’/,, do not represent the deflections & of the
horizontal needle from the meridian, but quantities that
are connected with those deflections by equation (1).
The deflections, however, vary as H’ varies, and will
have maximum and minimum values at the same points.

From this figure it appears, first, that the nearer
maximum is situated on the dip side of the rock;
secondly, that the point of no deflection is not over the
middle plane, but is nearer the upper edge; thirdly, that
the horizontal force of the rock is numerically less at the
nearer than at the more distant maximum, and, fourthly,

that the distance between the maximum points is nearly
the same for the inclined rock as for the vertical.
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RELATIONS OF MAGNETIC BEDS TO VARIATION AND OI

[Plate XLVII. Relations of magnetic beds to variation and dip]

In PI. XLVII, fig. 2, the constants have the same
numerical values as before, except h, which now =4
instead of 2. The rock is thus buried to twice the depth
of the former case. The same conclusions are true for
this case as for the first. The zero point is still nearer the
upper edge of the rock, and the maxima are farther
apart.

Let it next be assumed that A = 0.5 (or that the rock dips
at an angle of about 26° 34’), h=2, and a=6. These data
lead to the curves of Pl. XLVII, fig. 3, in which, as in the
case of the rock of higher dip, the maximum points are
unsymmetrical to the point of no deflection, the nearer
lying on the dip side.

In PI. XLVII, fig. 4, we have a rock of the same thickness
and dip at a depth h=4; and the same conclusions hold
true.

From these four curves, which represent formations
dipping at high and moderately low angles, and buried to
depths which are in the one case small and in the other
great, relative to the thickness, it is probably safe to draw
the following general conclusions:

(a) The direction of dip of a magnetic formation is toward
the nearer and (for north-and-south-striking rocks) the
numerically smaller maximum.
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(b) The point of no deflection between the converging
maxima is not situated over the middle plane of the
formation, but is nearer the upper edge. But with
increasing depth and diminishing angles of dip, this point
may pass beyond the upper edge.

(c) With slightly inclined rocks, for moderate depths of
surface covering, the disturbances are spread out over a
much wider zone on each side, and the maxima are less
sharp, particularly the maximum on the dip side. Under
these circumstances irregular and anomalous
deflections would be expected in practice, as will be
seen in the following sections.

(d) The curves of the vertical component show maximum
values near the zero value of the horizontal component
only in the case of the rock of high dip. In the case of
the rock of lower dip, the vertical component has a
negative value, or is directed upward over a wide zone
on the side of the rock opposite to the dip side. Over
this zone the readings of the dip needle will be less than
normal, or even negative if V' > Htan 6. Thisis in
accordance with the facts of observation.

It is also interesting to determine the relative values of
the horizontal components at the two maximum points,
for different angles of dip, and for different ratios of h to
a—that is, for different depths of burial. Fig. 18 shows in
graphical form these relations for all angles of dip
between 90° and 0° for seven different ratios between
h=%ls, and h=4a. The ordinates to the dotted curves
(concave upward) give the relative values of the
horizontal component at the maximum point on the dip
side (B maximum); those to the full curves (convex
upward) the values at the maximum point on the other
side of the rock (A maximum). These curves show that
the horizontal component at the B maximum is always
numerically much less than at the A maximum, and that
for moderate depths of burial it diminishes very rapidly at
both points with small angles of dip.
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FiG. 18.—Curves showing the relations between the horizontal
components at the points of maximum deflection, for rocks,
clipping at various angles and buried to various depths.

6. DETERMINATION OF DEPTH.

The relations between the dip and thickness of a
magnetic rock, the distance between the horizontal
maxima, and the depth of covering are given in equation

(13). By assuming numerical values for A, and either for
a, the half thickness of the rock, or for d, the half
distance between the maximum points, it is easy to plot
the curve which expresses the relations between the
other two quantities. If d is taken as the constant, the
equation represents a circle; if a, it represents a
hyperbola.

This equation may have a useful application in making it
possible to judge, in advance of actual test pitting, of the
probable depth of surface covering over a magnetic
rock, for which the original assumptions are fulfilled, and
the numerical values of A, a, and d are determinable. It
will be remembered that the assumptions upon which
equation (13) rests are the fundamental ones of Section
[ll, and also that the rock has a uniform strike. In
practice, the uniformity of the strike can be established
by other traverses on each side of the one in question,
and A, the angle of dip, may usually be determined by
the outcrop of other formations in the same series.

For any practical application it is also necessary that a
(half the thickness of the rock) and d (half the distance
between the stations at which the horizontal component
is a. maximum) should be known. From an inspection of
the equation it is evident that any close determination of
h, except for great depths of covering, depends upon
very precise knowledge of the ratio between a and d.
The practical difficulties in the way of the measurement
of a and the ever-present probability that the rock may
vary from point to point, not only in actual but in effective
magnetic thickness (which is what a actually signifies),
make it clear that for the most part h can only be found
approximately. Also, in the case of a rock striking due
east and west the methods fail, from the fact that 2d can
not be determined on the ground.

The determination of h is therefore hedged in with
important limitations; yet in many cases the information
supplied by the equation may be very useful. The
difficulties in the way of measuring a are disposed of in
the event that along one traverse on the strike of the
rock h is known, as it may be, by the sinking of a test pit.
This value of h at once gives a value of a, which may be
used on other traverses across the same rock with much
more accurate results, in the lack of disturbing factors,
than if a were known only by measurement It should be
added that when the traverse crosses the strike of the
magnetic rock at the angle y, the distance d measured
on the line of the traverse must be multiplied by sin y in
order to get the value of d to be used in the
determination of h, and also that h must be corrected for
the height of the instrument.

More general information as to relative depths of burial is
also given by the dip curves. It is easily seen that where
the superficial covering is, small the vertical component
of the rock force must remain small, except immediately
over the rock. This condition is, therefore, indicated by
steep slopes in the dip curves. On the other hand,
where the depth of covering is considerable, the vertical
component increases slowly and steadily, beginning at

Monographs of the USGS Vol. XXXVI — Part Il — Page 13 of 76



stations at a distance from the rock, and the resulting dip
curve approaches the maximum with gentle slopes.

7. SUMMARY.

(1) The strike of a magnetic rock is given by the line
joining the points on successive traverses, at which the
horizontal needle is not deflected from the local meridian
between the converging arrows, or at which the dip
angles are a maximum. When the rock is vertical, this
line lies in the middle plane of the rock and fixes its
position. It may be called a line of magnetic attraction.

(2) The dip of a magnetic rock is toward the nearer
horizontal maximum.

(3) The thickness of the magnetic formation must, if
buried, always be less than the distance between the
maximum points.

(4) Where the superficial cover is not very great, a
change in the dip of a magnetic rock from moderate or
high angles to low angles is attended with a rapid
decrease in the values of the horizontal component, with
a corresponding decrease in the deflections of the
horizontal needle.

SECTION VI. APPLICATIONS TO SPECIAL
CASES.

In the preceding section certain general conclusions
have been established with regard to the relative
positions of the stations at which the horizontal and
vertical components of the force of a magnetic rock have
maximum and zero values. The deflections produced by
these components from the positions which the magnetic
needles assume under the action of the earth’s force
have maximum and zero values at the same stations at
which the components have maximum and zero values,
and therefore the conclusions as to the relative positions
of these points are true for any angle of strike. But
certain numerical relations between the deflections
depend upon the orientation or strike of the magnetic
formation and upon the direction of dip, and these will
now be considered.

1. THE MAGNETIC ROCK STRIKES EAST OR
WEST OF NORTH AND DIPS VERTICALLY.

Let us first take the case of a rock striking east of north.
At the stations within range of the local influence on the
east side of such a rock belt the horizontal needle is
pulled west of the meridian, reaches a westward
maximum, then points north, then on the west side of the
belt, east of the meridian, and reaches an eastward
maximum. It is observed, however, that the westward
deflections on the east side of the belt are generally not
so great as the corresponding eastward deflections on
the west side of the belt. The reason for this is easily
seen. At each station east of the belt the local pull acts
along the normal to the belt drawn through the station.
This normal makes with the local magnetic meridian an

acute angle. The needle will come to rest within this
acute angle along the line of the resultant of the
horizontal components of the two forces, the earth’s and
the local force, which determine its position. However
strong the local pull may be, the horizontal needle can
not be deflected past the normal.

At the corresponding stations on the west side of the
disturbing belt the local pull also acts along the normal
from the station to the belt, and has the same numerical
value. But in this case the normal makes an obtuse
angle with the magnetic meridian. For two points equally
distant from the magnetic belt, one on the east and the
other on the west, the resultant for the western point will,
therefore, make a larger angle with the meridian than
that for the eastern.

On the other hand, when the rock strikes west of north, it
is observed that the horizontal deflections are greater on
the east side than on the west, and the explanation is
entirely similar to that given above.

The dip-needle observations at the same stations show
general phenomena quite like those in the case in which
the strike of the rock coincided with the meridian. They
gradually increase to a maximum near the station, where
the horizontal needle stands at zero between the
converging arrows, and gradually decrease from this
maximum on the other side. It is noted, however, that
the readings are not equal at corresponding stations on
opposite sides of the maximum. When the strike is east
of north, the western station shows a higher dip than the
eastern; when the strike is west of north, the eastern
station shows a higher dip than the corresponding
station on the west. Generally stated, then, the stations
on that side of the magnetic rock on which the angle
between the strike of the rock and the line of traverse is
obtuse show greater dip angles than the corresponding
stations on the side on which this angle is acute. As the
angles of dip are represented graphically by a
continuous curve, this is the same thing as saying that
the dip curve is steeper on the side of the acute than on
that of the obtuse angle.

These facts are easily explained by the following
considerations. The vertical components tend to lower
the needle, and would carry it to a vertical position
except for the action of the horizontal forces, which tend
to keep it horizontal. At any station on the acute-angle
side of the magnetic belt the resultant of the two
horizontal components is larger than at the
corresponding station on the obtuse-angle side, the two
being represented by the longer and shorter diagonals of
a parallelogram. Since the vertical forces are the same
at the two stations, it follows that on the obtuse-angle
side the angle of dip must be larger than on the acute-
angle side. Or, expressed algebraically, since H, is the
only variable on the right-hand side of equation (5) it is
evident that tan a, and therefore a, the angle of dip,
increases with a decrease in H,.

If the rock dips at an angle less than 90°, these results
are either intensified or greatly modified, depending
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upon the direction of dip. It was shown in the last
section that the horizontal component of the rock force is
smaller on the dip side. If the strike and dip are both
toward the same side of the meridian (e. g., if the strike
is northwest and the dip southwest), it is evident that the
numerical difference between the deflections of the
horizontal needle on the two sides of the rock will be still
greater than if the rock were vertical. On the other hand,
if the strike and dip are toward opposite sides of the
meridian (e. g., if the strike is northeast and the dip
northwest), the difference between the deflections on the
two sides is less than for a vertical dip, or may even be
reversed.

The deflections of the dip needle in the case of rocks
dipping at angles less than 90° are also greatly
influenced by the direction of dip. If strike and dip are
toward the same side of the meridian, the difference
noted above in angle of dip on the two sides of the rock
is neutralized, and the dip curve tends to become
symmetrical; while if they are toward opposite sides of
the meridian, the difference is increased. Itis to be
noted that the influence on both instruments of the
direction and angle of dip of the rock becomes
weakened with an increase in surface covering.

2. THE MAGNETIC ROCK STRIKES EAST AND
WEST.

When a vertically dipping magnetic rock strikes east and
west, or nearly so, the traverse lines must be run north
and south so as to cross it as nearly as possible at right
angles. In approaching such a belt from the south the
instruments give little warning. The readings of the
horizontal needle show either no deflections, or else very
slight deflections, from the magnetic meridian. Past the
middle of the formation the horizontal needle is strongly
deflected, often through an angle of 180°, so that it may
point due south. But as the magnetic rocks having this
strike which were encountered in our work were not
deeply buried, and had also quite irregular upper
surfaces, generally the needle pointed either east or
west of south on account of the weight which the
nearness to the surface gave to the adjacent material,
either from the irregular distribution of magnetite or from
the protrusion of small masses above the general level.
Continuing north, the horizontal deflections gradually
diminish and eventually disappear.

The behavior of the horizontal needle is explained in the
same way as in the preceding cases. The position of the
needle at any station is determined by the resultant of
the horizontal components of the two forces—the earth’s
force and the rock force—that act upon it. South of the
magnetic rock these two components act in the same
direction and essentially in the same line, since the
magnetic meridian practically coincides with the true
meridian. The resultant, therefore, is equal to their sum
and coincides with them in direction, and consequently
there is no deflection. North of the magnetic rock the
two horizontal components act in opposite directions,
and when they are in the same line the needle takes up

its position in the direction of the greater, which
determines that of the resultant; when H’ is greater than
H (which often happens near and north of the rock) this
direction is due south. When the two components do not
act in exactly the same line, the needle will point east or
west of south at an angle which depends on the angle
between the two forces and their ratio.

Still farther north the horizontal component of the rock
force diminishes rapidly and we consequently first pass
through a zone of large and diminishing deflections to
the east or west, depending on the side of the meridian
on which this component falls; and finally, when it
becomes insensible, the needle rests again in the
meridian.

In the case of a rock striking east and west, the points at
which the horizontal component of the magnetism of the
rock has maximum values become indeterminate by the
methods hitherto described, from the fact that throughout
the traverse the two components act in or nearly in the
same line, and the deflections from the local magnetic
meridian, therefore, do not indicate the relative strengths
at different stations of the horizontal component of the
rock force.

The dip-needle readings for an east-and-west-striking
rock are as follows: At some distance south of the rock
the angles are constant at the index error. As the rock is
approached, the angles of dip depend upon the depth of
burial. If the surface covering is considerable, an
increase in the dip angles begins at a considerable
distance away, and progresses continuously as the
magnetic belt is approached. If the rock is near the
surface, the dip needle shows either the constant index
error or else angles of dip less than the index error for all
stations south except those very near the southern
margin of the rock. The maximum reading is attained
north of the middle plane of the rock, at a distance from
it which also depends upon the depth of covering.
Farther north the dip angles decrease slowly and are in
general greater than at the corresponding stations south.
The form of the dip-curve, therefore, shows a steeper
slope south of the magnetic rock than north of it. The
reasons for these differences will be evident from the
following considerations.

Let it be supposed, for the sake of simplicity, that
throughout the north-and-south traverse the two
horizontal components act in the same line in the
meridian. At any station south of the magnetic rock they
act in the same direction, and their resultant will be their
numerical sum. At the corresponding station north they
act in opposite directions, and their resultant will be their
numerical difference. The angle of dip is given by
equation (5):

V'4+H tan ©

tan a =" 7

H,

For the two corresponding stations, V’ will be the same.
The other quantities are all constants except H,. For the
south station H=H’ + H; for the north station, H=H-H’,
where H and H’ are, respectively, the horizontal
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components of the magnetism of the earth and of the
rock, as before. The numerator of the right-hand side of
the equation will be the same for both stations, while the
numerical value of the denominator will be less for the
north station than for the south. Consequently tan a,
and therefore a will be greater for the north station.

For great depths of superficial covering, however, these
differences become almost imperceptible, owing to the
fact that H' is so small that H, is essentially the same at
the two corresponding stations. The tendency,
therefore, as h increases is for the dip curve to become
symmetrical.

In the special case in which H’=-H, H,=0, and the dip
needle stands at 90°. This can only take place north of
the rock, and may, depending on the strength of H’, be
found at two stations, one on either side of the station at
which H is a maximum. At the same stations the
horizontal needle is not acted on by any unbalanced
force, and rests indifferently in any position.

The dips less than normal which are often observed at
stations south of a magnetic rock which lies very near
the surface are also easily understood by a reference to
equation (5). At these stations the resultant pull of the
rock is so nearly horizontal that the vertical component V
is very small in comparison with the horizontal
component H’. If V'’ is a negligible quantity, equation (5)
becomes

H
tan a—l—["—PH’ tan @
In such cases the angle of dip is therefore less than the
index error. With north or south dipping rocks, where V’
is negative, tan a becomes negative when V’>H tan 6.

3. TWO PARALLEL MAGNETIC FORMATIONS.

The cases so far considered have involved only one belt
of magnetic rock, which has been assumed to have a
uniform dip in one direction, or, in other words, to be a
monocline. In practice, however, owing to complexities
of structure and other causes, which will be considered
hereafter, it frequently happens that two or more
approximately parallel belts are found within the range of
one another’s influence. Under these circumstances the
effects produced upon the magnetic needles are
correspondingly complicated.

For the purposes of illustration it is sufficient to conS|der
a feW extreme cases, and to represent the values of "1,
and Y/, for these graphically. Let it first be assumed that
the two parallel belts are vertical, that the distance
between them is 8, and that a=3, and h=2. This
represents the conditions when the distance of
separation is large compared with h. The ordlnates to
the curve of PI. XLVIII, fig. 1, give the values of "/,

which correspond to the different stations of observation.
Those parts of the curve which are above the horizontal
axis of coordinates represent the portions of the traverse
in which H’ is directed toward the west; the parts below,
those in which it is directed toward the east. Itis seen

that besides the middle point there are two other points
of no horizontal deflection, which do not exactly
correspond with the points vertically over the middle of
the magnetic formations, but are somewhat nearer the
adjoining edges; and also four points of maximum
deflection, one on each side of each rock. The
maximum points inside of the two formations have
smaller deflections than those outside, as shown by the
relative lengths of the ordinates to the curve, and also
between the inside maximum points the horizontal
components are directed away from the middle point.

The curve of V/,, represented by the dotted line, has two
maximum values, which fall nearly over the two rocks.

If next we assume that the distance between the rocks is
8, and that a=3, and h=8, we obtain the curve of PI.
XLVIII, fig. 2, which represents the value of "/, when h is
large compared with the distance of separation. This
case shows but one point of no horizontal deflection
between the two rocks and but two points of maximum
deflection, one on the outside of each.

The curve of VY/w, represented by the dotted line, shows
the interesting feature of three maximum points, one at
the center and one over each rock. If h were relatively a
little greater, these would evidently coincide at the
center.

GEOLOGICAL SURVEY. MONOGRAPH XXXVI L. XLVII

o

RELATIONS OF MAGNETIC BEDS TO VARIATION AND DIP.

[Plate XLVIII. Relations of magnetic beds to variation and dip]

If the two parallel formations are not vertical, but dip in
the same direction at the same angle, the resulting
curves are somewhat different. Pl. LXVIII, figs. 3 and 4,
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show two cases in which the elements are the same,
except the depth of covering and the thickness of the
intervening nonmagnetic material. Here the rocks dip at
an angle of 71° 34’. and the width at the rock surface is
6.3 for each.

In fig. 3, Pl. XLVIII, where h = 2 and the width of the
nonmagnetic bed is 10.7, and the covering is, therefore,
relatively small, the presence of two rocks is distinctly
shown by the curves of both components, and the chief
result of their interaction is to introduce an additional
point of no horizontal deflection between them, on each
side of which the horizontal arrows diverge. The
positions of the maximum and of the other zero points
are hardly disturbed, and consequently the direction of
dip is very clearly indicated.

In fig. 4, Pl. XLVIIl, where h=4 and the formations are
separated by nonmagnetic material 4.7 wide, there is but
one zero point, nearly over the middle of the upper
formation, toward which the pointings of the horizontal
needle converge. West of this are two points of
maximum eastern deflection, between which a faint
minimum represents the backward pull of the lower
formation.

If the two magnetic formations are parallel in strike, but
dip toward each other at equal angles, the resulting
curves of the two components are shown in Pl. XLVIII,
figs. 5 and 6. Fig. 5 illustrates the effects on a syncline
with steeply dipping sides, the superficial covering being
relatively shallow. These conditions result in a point of
no horizontal deflection over the middle of the trough
with diverging arrows on each side, and besides a point
of no horizontal deflection over each rock, toward which
the arrows converge. The positions of the two maximum
points for each rock, and of the zero between them, is
nearly the same as if the other rock were absent, and
consequently the fact that the rocks dip toward each
other is clearly indicated by the unsymmetrical
distances.

In fig. 6, Pl. XLVIII, the depth of the rock surface is much
greater relatively to the inside distance between the legs
of the syncline, and the dip is flatter. In this case there
are but two points of maximum deflection, one on each
side of the syncline, and but one point of no deflection,
over the middle of the trough. The maximum points
represent the outside maxima of the former case, and
the result of the interaction of the two legs is to increase
the numerical values of these, as well as to bring them
nearer together. It is evident that the deflections of the
horizontal needle in this case could hardly be
distinguished from those that would be produced by a
single vertical formation buried to a considerable depth.

Let it next be supposed that the two rocks dip toward
each other at different angles, the strikes remaining
parallel, and also that the rock of lower dip is buried to
the greater depth. This, then, is a case in which the
magnetic effect of one limb of the syncline is much
stronger than that of the other.

In PI. XLVIII, fig. 7, the curves of the two components
are given for the special case in which the right-hand
limb of the synclinal dips at an angle of 90°, and has a
surface covering h=2, while the left-hand limb dips at an
angle of 26° 34’, and has a surface covering h=4. ltis
interesting to compare the theoretical results of this
figure with the curves of Pl. XLVIII, fig. 8, which
represent deflections actually observed, and not
components.

-

FiG. 19.—Truncated anticlinal fold with gently dipping limbs.

In the latter figure the strike of the two rocks is
represented by the heavy lines. The two rocks are the
same formation, brought up by folding on opposite sides
of a synclinal trough. The synclinal is slightly pushed
over, so that the eastern rock dips nearly vertical, while
the western has a much lower dip toward the east, and
is also more deeply buried. These facts rest on
independent evidence, yet they might all be inferred from
the observations recorded in this figure.

The dip curve in this case shows two distinct maxima, a
smaller under the zone of retardation and a larger over
the point of no horizontal deflection, which correspond
respectively to the two magnetic rocks.

If the two formations are parallel in strike, but dip away
from each other, the curves of the horizontal and vertical
components for different angles of dip and different
relations of thickness and depth of covering are shown in
figs. 19 and 20. In fig. 19 the formations are widely
separated, h is relatively small, and the angles of dip are
equal and low; the interaction of the two rocks therefore
extends over a narrow zone only, and the curves of the
components clearly indicate the presence of two
formations and the direction of dip of each. In fig. 20 the
anticlinal is so truncated that magnetic material occupies
the whole space on the rock surface between the outer
boundaries of the two formations. The angles of dip are
equal, and are higher than in the preceding case, while
the depth of covering is relatively much greater. The
horizontal component is zero in the axial plane of the
anticlinal, and has maximum values at two points, one
on each side of the zero. The vertical component is a
maximum at one point, also in the axial plane. The
deflections produced by these conditions could not be
distinguished in practice from those produced by a single
vertically dipping formation.

In general, therefore, when two magnetic formations lie
within range of each other’s influence, the deflections
are determined by the relative magnetic strengths of the
two rocks, by their distance apart, by their strike and dip,
and by their depth of burial. It is evident that for certain
given relations among these factors the special cases
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above described will occur, and it is found that they

really do occur in practice. For other relations it is not
possible to make a general statement either as to the
number or the position of the maximum and minimum

points.

FiG. 20.—Truncated anticlinal fold with steeply dipping limbs.

SECTION VII. THE INTERPRETATION OF
MORE COMPLEX STRUCTURES.

The existence of two parallel belts of magnetic rocks
may be accounted for geologically in more than one
way. They may represent two distinct formations
occurring at different horizons in the same series, or they
may represent the same formation either duplicated by
folding or faulting or separated into two parts by the
intrusion of a sheet of igneous rock parallel to its
bedding. Since, then, two magnetic lines, the existence
of which has been established by observation, may have
more than one interpretation, the discrimination of these
cases, when possible, is of special importance.

The question whether any given case belongs to the first
of these categories can generally be settled only by
following the lines of attraction into a district which
affords a geological section across the formations
involved, or by the occasional outcrop of the rocks which
give rise to the disturbances, in which case lithological
resemblances or differences, the relations to other
formations, and the observed structure will decide the
matter one way or the other. In the special case in
which either or both lines can be followed completely
round an anticlinal dome or a synclinal basin, which of
course can only rarely happen, the question would be
settled affirmatively, even if outcrops were entirely
lacking.

In the other instances the magnetic observations
themselves often give means of discrimination, even
when the outcrops are so few or so obscure as to be in
themselves indecisive. It is characteristic of the folds in
the pre-Cambrian rocks of this region that the axes are

not usually parallel with the horizon for long distances,
but are often inclined to it; in other words, when followed
for greater or less distances they pitch. The outcropping
edges of any formation involved in an anticlinal or
synclinal fold which has been cut by a plane of
denudation will be parallel to each other wherever the
axis of the fold is horizontal, but will approach each other
where the axis is inclined. In an anticlinal fold they
converge in the direction in which the axis sinks, while in
a synclinal they converge in the direction in which the
axis rises. If the formation is a magnetic one,
conformably placed between beds of nonmagnetic
character, the magnetic lines to which the outcropping
edges give rise will therefore run parallel to each other
when the axis is horizontal and will converge or diverge
when the axis pitches. The convergence or divergence
takes place gradually, since the’ angles of pitch usually
are not large.

In the case also of a single formation which stands on
edge and has been split by the intrusion of a sheet of
eruptive rock parallel to the bedding planes, the
magnetic observations will often show two parallel lines,
which, at the extremities of the eruptive rock, where it
wedges out, merge into one.

In general, therefore, two parallel magnetic lines which
represent two distinct formations preserve their identity,
and do not pass into each other; when, however, they
represent the same formation, they will often come
together if followed far enough. The principles which
have already been applied to the analysis of simpler
cases are useful in discriminating among the three cases
of convergence.

1. PITCHING SYNCLINES.

Let us first consider a pitching synclinal fold, which is
represented in plan and by successive cross sections in
fig. 21. It is evident that on the lines of traverse along
Sections | and Il the deflections of the needle will
observe the usual sequence for two parallel belts, the
details depending upon separation and depth of
covering, while on lines along Sections lll, IV, and V the
phenomena will be those caused by a single belt of
magnetic rock. Also, on account of the rise in the axis,
the south poles of the rock are brought continually
nearer the surface on these successive cross sections,
and therefore the two components of the rock force will
be smaller for each traverse than for the one preceding.
Since the magnetic material comes to an end at A, itis
no longer true that there is as much magnetic material
on one side of these sections as on the other.
Consequently the horizontal component due to the pull
of the rock does not become zero at any point along
these sections, but for every station has a positive
numerical value and acts in the general direction in
which the synclinal pitches. At the station in the plane of
symmetry of the fold this component acts parallel to the
axis. The direction and amount of the deflection depend
upon the direction of strike and pitch of the synclinal.
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FiG. 21.—Plan and cross sections of a pitching syncline.

Let us suppose, first, that the axis of the synclinal strikes
north and pitches north. In this case Section |, in fig. 17,
is the most northern, Section V the most southern.

The traverses along Sections | and Il display the usual
phenomena for two parallel belts. East of the eastern
limb and west of the western the horizontal needle will
be deflected toward the syncline. Between the two limbs
there will be at least one point of no deflection, and
frequently, depending upon the relations between the
depth of burial and the thickness of the intervening
nonmagnetic material, either two other points of no
deflection or two zones of retardation, one on each side
of this middle zero.

Along Sections lll, IV, and V there will be but one point
of no deflection of the horizontal needle, which will
correspond with the axial line of the fold. Since this axis
is north and south, and so coincides with the magnetic
meridian, the horizontal component of the rock force
coincides in direction with the horizontal component of
the earth’s pull, and consequently there is no deflection
of the horizontal needle. For other stations east and
west of the central station the deflections are toward the
west and east, with the usual maximum points.

The deflections on successive sections south grow
smaller, since the angle between the two horizontal
components progressively diminishes. The relative
value of the horizontal component of the rock force also
progressively diminishes, since the thinning of the
magnetic material due to the rise in the axis of the fold
brings the buried north poles into prominence.
Therefore the deflections of the horizontal needle after
the magnetic rock has been left behind very soon
become imperceptible.

The dip needle deflections for the northern sections, |
and Il, reach their maximum values at the usual points,
over the central zero and near the outside zeros or
points of retardation. For the southern sections the dips
grow less, since the horizontal restoring couple due to
the rock has always a positive numerical value, and also
because the vertical component of the rock force
diminishes, owing to the nearness of the south poles.
As the section approaches the limits of the magnetic
material the points of maximum dip become less and
less clearly defined, and the dip curve passes into an

irregular line, slightly depressed below the line of no
deflection. The reasons for this are, of course, obvious
from what has been said above.

In the case of a synclinal fold pitching south, Section |
(fig. 17) becomes the most southern, Section V the most
northern, line of traverse. Sections | and Il present the
same general phenomena as before for both needles. In
Sections lll, IV, and V the horizontal component due to
the rock has a positive value for all stations as before,
but in this case acts in a generally opposite, direction to
that of the horizontal component of the earth’s force.
Therefore, on these sections we should expect at first
greater deflections of the horizontal needle, which would
diminish rapidly as the sections approached and passed
beyond the northern limit of the magnetic material, but
which, for corresponding sections, would be greater than
for the northerly pitching fold. The deflections of the dip
needle would also be greater for the same reasons.

For a synclinal pitching west, Section | is the most
western, Section V the most eastern, traverse. In this
case, along | and Il, the deflections of the horizontal and
dip needles are dependent for their details upon the ratio
of depth to distance of separation, but if far enough to
the west will show clearly two belts of magnetic material,
approximately parallel, and striking approximately east
and west. For Sections Ill, IV, and V, in which the
distance of separation is either nothing or relatively
small, the phenomena will indicate but one belt. On
these sections, owing to the fact that the horizontal
component of the rock pull is nowhere zero and has
everywhere a general westerly direction, the deflection
of the horizontal needle will be westerly throughout, and
will reach a maximum north of the east-and-west axial
plane of the material, where the angle which it makes
with the magnetic meridian is more than 90°.

In accordance with the general principles stated in the
discussion of a single belt with the same strike, the
angles of dip are in general smaller south of the syncline
than north, and the maximum dip is reached at a point
north of the axial plane. On sections farther to the east,
near the limits of the rock and beyond them, the dip-
needle deflections, like those of the horizontal needle,
rapidly diminish and soon become imperceptible. These
facts are well shown in fig. 22, which represents a series
of north- and-south traverses across the Groveland
basin, the limits of which are defined by outcrops on the
eastern side.

In this figure it is instructive to notice the small dip angles
in the sections east of the end of the syncline. In the first
of these the dip curve shows a hollow near the axis of
the fold or angles of depression less than the normal.
This is easily understood upon considering that, since
the surface covering is here small, the vertical
component of the rock force becomes very small at
these stations compared with the horizontal component.

For an eastward-pitching syncline it is obvious that the
facts will be entirely similar to those stated above, except
that the deflections of the horizontal needle will be
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toward the east instead of toward the west. This is also
well shown at the western end of the Groveland basin in
fig. 22. This basin does not show the phenomena of two
lines, however, from the fact that it is so narrow and
shallow that it does not include in its interior any
overlying nonmagnetic material, and there is accordingly
no separation of its rims.
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FiG. 23.—Plan and cross sections of a pitching anticline.

2. PITCHING ANTICLINES.

In the cases of pitching anticlines (fig. 23) the sequence
of observations in the area of separation of the rims is
very similar to that of pitching synclines. In the zone of
coincidence the structural difference in the two cases is
that the material does not come to an end, but continues
as one band, which, as the axis sinks, is progressively
buried to a greater depth. Therefore, in general, the
buried north poles of the magnetic formation are not
brought nearer the surface; and this, together with the
fact that the material continues on in the line of the axis,
produces characteristic phenomena in the magnetic
sections.

These phenomena, the details of which can be easily
followed out for any given direction of pitch, and need
not here be described, show in general two lines of
attraction merging into one, which continues in the same
direction as a strong line, showing, as it is followed, the

peculiarities due to an increasing depth of burial. The
points of maximum deflection of the horizontal needle
continue to separate from each other on successive
sections. The dip curve shows a definite maximum
closely corresponding, except for due east-and-west
strikes, to the point of no horizontal deflection. Where
the axis of the fold is so oriented that these points can
be established, they indicate the nature of the fold. If the
strike is east and west, in which case they become
indeterminate, the continuity of the line and its very
gradual decrease in power may give an excellent basis
for inference as to the nature of the fold.

3. FORMATIONS SPLIT BY INTRUSIVES,

When a single formation has been split into two by the
intrusion of a nonmagnetic igneous rock, there are in the
area in which the igneous rock occurs two parallel
magnetic formations, which give rise on cross traverses
to phenomena the precise features of which depend
upon the strike and dip of the formation and upon the
relation which the width of the intruded mass bears to
the depth of burial. To describe these would involve a
mere repetition of what has been said before. Such
intruded masses always have a definite limit in length,
which is usually not very great. When the limits are
reached, the two parallel lines pass into a single line
which continues on in undiminished vigor. Also, such
intruded masses are seldom confined to definite
horizons for great distances and seldom split the
formation into symmetrical halves. Two nearly parallel
lines of unequal strength, which, as they are followed,
become equal, and then again become unequal, with the
stronger on the opposite side, are often, therefore,
characteristic phenomena of this case. A good
illustration of the unequal division of a magnetic rock at
different points along its strike by an intruded sheet
which wedges out at both ends is given in fig. 24.
Between the second and third traverses from the north
end the existence of this sheet has been proved by
drilling.

4. SUMMARY.

The means of discrimination among these cases of
convergence are therefore founded on the deflections in
the critical areas, where the separated bands, of
magnetic material merge into one. Strong deflections
toward the point where they run together, with a rapid
disappearance of all disturbances within a short distance
of this point, indicate a pitching synclinal fold. A long
continuance of the disturbances, with the characteristic
phenomena attending deeper burial, beyond the point of
coincidence, indicates an anticlinal fold. A coincidence
in both directions and the continuation of the
disturbances without diminution indicate an intrusive
sheet. To these may be added the delicate criterion
which the unsymmetrical distances of the horizontal
maxima from the central zero may afford. Ifin the area
of separation the two belts depart from each so far as to
be out of range of each other’s influence, and it is found
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on successive cross sections that the nearest maxima
are inside the lines of no deflection which directly
indicates the position of the rock, it can be concluded
that the rocks dip toward each other, and, on the other
hand, if the nearer maxima are outside these lines, that
they dip away from each other. In the one case a
syncline and in the other an anticline would be indicated,
and, of course, in either case it would be certain that the
phenomena could not be due to an intruded mass.
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FiG. 24.—Magnetic map of a single formation split by an
intruded sheet.

CHAPTERIII.
THE FELCH MOUNTAIN RANGE.

SECTION 1. POSITION, EXTENT, AND
PREVIOUS WORK.

Our map (PI. XLIX) of the Felch Mountain range includes
12 sections in the southern tier of T. 42 N., Rs. 28, 29,
and 30 W., beginning with sec. 33, T.42 N., R. 28 W,
on the east, and ending with sec, 34, T. 42 N, R. 30 W.,
on the west. The range is known to extend beyond
these limits both to the east and to the west. Rominger
states’ that it has been traced 4 miles east of our
eastern boundary, and also west of our western
boundary to the Menominee River north of Badwater
Village. From a hasty reconnaissance of the country to
the east it seemed probable that but few additional facts
could be determined, because of the swamps and the
extensive cover of the Paleozoic sandstone, and these
sections were therefore not studied in detail. We were
not able to continue the work to the west, on account of
the lateness of the season, but it is desirable that this
should be done at some future time. The sections
surveyed include, however, that portion of the range in
which outcrops are most abundant and which, has been
the principal seat of exploration for iron ore.

The strong magnetic attractions in several of these
sections and the prominent outcrops of ferruginous
jaspers at Felch Mountain in sec. 32, T. 42 N., R. 28 W.,
and in sec. 31, T. 42 N., R. 29 W., were early noticed by
the United States land surveyors and indicated on the
township plats. With the rapid development of the
Marquette range after the close of the civil war the
attention of miners was quickly drawn to these as to
other outlying prospects, with the result that vigorous
exploration was begun on this range even earlier than on
the Menominee range proper.

1Geological report on the Upper Peninsula of Michigan, by C.
Rominger: Geol. Survey, Mich., Vol. V, 1895, p. 35.

The following abstracts of the published literature upon
the Felch Mountain range are given as far as possible in
the author’s words:

1850.

BURT, WM, A. Geological report of the survey, “with reference
to mines and minerals,” of a district of township lines in the
State of Michigan, in the year 1846, and tabular statement of
specimens collected. Dated March 20, 1847. Thirty-first
Congress, first session, 1849-50. Senate Documents, Vol. lll,
No, 1, pages 842-875. With maps.

The earliest mention of the part of the Upper Peninsula
included within the Felch Mountain range was made by
Burt in describing the distribution of the talcose and
argillaceous slates of the area covered in the course of
his land survey in 1846. He states that the argillaceous
slates “are developed in parts of township 42, ranges 29
to 30 west” (p. 846).

The existence of the iron ore in this area was discovered
by this explorer.

The first bed discovered of this ore was found while traveling
from the Peshakumme Falls, near the Menomonee River, east
to Fort River, before it was surveyed in May last, but was not
discovered again during the survey. It is believed, however,
that this bed of iron ore is not far distant from the corner of
townships 41 and 42 N., between ranges 29 and 30 W. It was
found in a low ridge about 3 chains wide, course WNW, This
ridge appeared to be nearly one mass of iron ore, stratified and
jointed) consequently it may be quarried with ease. This ore
has generally a granular or micaceous structure, but specular
varieties sometimes occur; color, iron black, passing into a
steel gray; luster when fresh broken, metallic, but soon
oxidizes when exposed to the atmosphere. This is supposed
to be an extensive and rich bed of iron ore. The variation of
the needle was taken on the east side of the ridge at the
crossing of a hunter’s trail, and its north end stood S. 82° E.
Three or 4 miles west of this, on the north side of a ridge, near
a cedar swamp, the variation was E. 45° 30' W. Probably in
this vicinity may be found another extensive bed of similar iron
ore (p. 849).

1851.

FOSTER, J. W., and WHITNEY, J. D. Report on the geology and
topography of the Lake Superior land district. Part Il. The iron
region, together with the general geology. Dated November
12, 1851. Thirty-second Congress, special session, 1851.
Senate Documents, Vol. lll, No. 4; 406 pages; with maps and
plates.
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Foster and Whitney, in sketching the distribution of the
rocks of their Azoic system, which comprises “for the
most part gneiss, hornblende, chlorite, talcose and
argillaceous slates, interstratified with beds of quartz,
saccharoidal marble, and immense deposits of specular
and magnetic oxide of iron” (p. 8), after describing the
main area of these rocks to the northwest and north of
the Felch Mountain range, say: “Another arm about 18
miles in length and 10 in breadth extends easterly into T.
42 and 43, R. 28” (p. 14). This east-and-west trending
area corresponds in part with the Felch Mountain range,
but also includes two adjacent troughs, one to the north
of it, and the other to the south.

Subsequent to the above reports, nothing is known to
have been published containing any matter concerning
this iron-bearing area until 1869.

1869.

CREDNER, HERMANN. Die vorsilurischen Gebilde der “oberen
Halbinsel von Michigan” in Nord-Amerika. Zeits. der deutschen
geol. Gesell., Vol. XXI, 1869, pp. 516-568. With map and three
plates of sections.

In Credner’s article we find a considerable advance in
knowledge concerning the relations of the rocks of the
Felch Mountain area. This advance is indicated by his
general map (PI. IX) and by his two profiles (fig. 3, PI. 1X,
and fig. 1, PL. X).

In profile No. 3, going from south to north, the granite is
represented as overlain by quartzite, separated by a
narrow interval from the marble, which in its turn is
overlain by a great thickness of the ore formation. The
dip is steep to the north. Unconformably upon the last
two formations—the marble and the iron formation—
there are caps of Potsdam sandstone, with the beds
dipping flat to the north.

In fig. 1, Pl. X, the gneiss overlain by the quartzite,
dipping steep to the north, are the only pre-Paleozoic
rocks shown. The same profile shows the
unconformable Potsdam, with Silurian dolomite resting
conformably upon it.

In the text there is mention, with an illustration (fig. 5, PI.
IX), of the granite dike cutting across the iron formation

in the upper course of the Sturgeon River. Beyond this

no reference to the area under discussion occurs in the

text.

1873.

BRrRoOKsS, T. B. lron-bearing rocks (economic). Geol. Surv. of
Michigan, Vol. |, 1869-1873, New York, 1873, Partl. 319
pages. With maps.

In the year 1873 Maj. T. B. Brooks’s very important study
of the Michigan iron ranges appeared, and in it the Felch
Mountain area for the first time is distinctly separated as
“the North Iron Range” from the “South Iron Range” of
the Menominee River iron region, both together,
however, constituting the Menominee.

The north iron range, about 12 miles from the other in the
south part of T. 12, Rs. 23, 29, and 30, is in places a prominent

topographical feature. The capping of horizontal sandstones,
which has already been mentioned as characterizing the
Menominee hills, gives a somewhat more even character to
the crest lines, and in places produces a strikingly different
profile (p. 72).

As stated by Major Brooks in a footnote on p. 157, the
facts contained in the chapter on the Menominee iron
region were derived largely from the surveys and
explorations of Prof. R. Pumpelly and his assistant, Dr.
H. Credner. The following passage is the most
important statement concerning the, Felch Mountain
area, or the “North Range:”

The north iron belt or range has a coarse nearly due east and
west, and is all embraced, so far as known, in the south tier of
sections of T. 42, Rs. 28, 29. and 30. The most easterly
discovered exposure of ore, known as the Felch Mountain, is in
the N. 2 of secs. 32 and 33, T. 42, R. 28. Traveling due west,
fragments of iron ore are found in NE. ¥4 of sec. 31, T. 42, R.
28; after which no absolute proof of the presence of iron is
found (although it is probably continuous) until we reach sec.
31, T. 42, R. 29, where, in the center of the section, is an
immense exposure of iron ore in an east-west ridge, which can
be traced westerly halfway across section 36 of the next
township. The natural exposure of ore on section 31 is larger
than at any other point in the Menominee region, and the
quality is as good, if not better, so far as can be judged by
surface indications. Magnetic attractions and iron bowlders
found farther west and southwest on this range prove its
extension in that direction. Whether the westerly course
continues, or whether it curves to the southwest, as seems
probable from the position of the lower quartzite and local
magnetic attractions in the northwest part of T. 41, R. 30, has
not been determined. The latter hypothesis is most in
accordance with the known facts, although the southeast dip of
the quartzite on sections 17 and 18, observed by Dr, Credner,
is not explained. If this hypothesis is true, the iron range
should cross the Menominee somewhere in secs. 24 or 25, T.
41, R. 31, into Wisconsin. There can be little doubt but that the
north and south belts belong to one geological horizon, hence
somewhere come together (pp. 159-160).

A geological section through the north range on the line
between Rs. 29 and 30, T. 42, is given, and is also
represented as section CC’ on Atlas Plate IV. The
succession from south to north is as follows:

Granite.

Quartzite.

Interval.

Marble.

Iron-ore formation.

Interval.

Marble.

Interval.

Granite-gneiss and hornblende and mica schist.

As represented in the section, the beds all dip toward the
north at high angles. In attempting to correlate these
various beds with those of the south iron belt, Brooks
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experiences difficulty with the uppermost formation of
granite-gneiss and schist. He says:

The gneiss and granite outcrop above described may be
almost regarded as a typical Laurentian rock in its appearance.
If future investigations prove them to be Laurentian, a very
troublesome structural problem would be presented here, as
we would have Laurentian rocks conformably overlying beds
unmistakably Huronian (p. 175).

As will be seen, this objection which Brooks had
anticipated, was raised by later workers in the area and
was explained by Rominger.

The main points of Brooks’s conclusions may briefly be
summarized:

(1) The iron-bearing rocks of the Menominee region
occur in two approximately parallel east-and-west belts
(the north belt being the Felch Mountain range and the
south belt the Menominee range), separated by a broad
granite area which narrows toward the west by the
convergence of the iron belts. The north-and-south belts
were not traced into each other, but their probable
connection was inferred from their bending toward each
other and from the occurrence of rocks of the iron-
bearing series west of the granite area. The equivalence
in age of the two belts was inferred from the lithological
and stratigraphical similarity exhibited by the great
quartzite and marble formations, by the probable
continuity above referred to, and by the similar relations
of these formations to the basement granites.

(2) The iron-bearing formations of the Felch Mountain
range were believed to occur at two horizons. That of
Felch Mountain itself in sec. 82, T. 42 N., R. 28 W., was
held to be a ferruginous phase of the lower quartzite.

On the other hand, the exposures of sec. 31, T. 42 N., R.
29 W., were regarded as belonging to a horizon above
the lower marble, and as the close equivalent of
unimportant lean ores of the Menominee range.

(3) In geological structure the Felch Mountain area was
held to be a northward-dipping monocline.

(4) As a consequence of this conception of the
structure, Major Brooks supposed that there were two
marble formations.

1880.

Brooks, T. B. The geology of the Menominee iron region, east
of the center of Range 17 E., Oconto County, Wisconsin.
Geology of Wisconsin, 1873-1879, Vol. lll, published in 1880,
Part VI, pages 429-599.

In Vol. lll of the Geology of Wisconsin, published in this
year. Brooks reiterates the views previously published in
the Michigan reports. The only new material added is a
table (p. 447) giving the estimated minimum thickness
for the north belt as 5,200 feet.

1881.

ROMINGER, C. Geol. Survey of Michigan, Vol. IV, Part Il
Menominee iron region. New York, 1881, pp. 155-241. With
map.

This, the first of the reports of the geological survey of
Michigan published while Dr. Rominger was in charge,
contains a great number of details concerning
explorations in the Felch Mountain range, as it is thus
called (p. 194) for the first time in the chapter on the
Menominee iron region. The iron-bearing belt along the
Menominee River is referred to as the Quinnesec range.

Rominger criticises Brooks’s position with reference to
the age of the granite and gneiss along the northern
border of the Felch Mountain range as follows:

Major Brooks declares the granites and the gneisses north of
the Felch Mountain ore range as younger than the ore
formation, which like them dips northward; but their
superposition-upon the ore formation is nowhere observable;
on the contrary, the south side of the ore range exhibits in
several places the direct superposition of the ore formation on
the granite. This fact is known to Major Brooks, but he solves
the dilemma by identifying the granites on the south side of the
ore formation with the Laurentian; those on the north side, he
claims, represent the youngest Huronian rocks. How he can
do so | can not conceive, as the concerned granitic and
gneissoid rocks north and south of the ore formation are so
absolutely identical that no one who ever secs them can doubt
for a moment the quality and age of these rocks. Moreover,
this identification of the northern granite with the Upper
Huronian, and of the southern with the Laurentian, implies
another abnormity; groups of rocks, usually separated from
each other by thousands of feet of intervening strata, are in this
case thought to be in immediate superposition, which does
sometimes occur, but not in coincidence with another
improbability like the one stated in this instance (p. 207).

1887.

IRVING, R. D. Is there a Huronian group? Am. Jour. Sci., Vol.
XXXIV, 1887, pp. 204~2635 365-374. Read before the
National Academy of Sciences April 22, 1887.

In discussing this question, Professor Irving takes
occasion to refer to the structure of the Felch Mountain
range:

In the case of the Felch Mountain belt, which does not exceed
a mile in width, all of the strata are described by Dr. Rominger
as dipping at a high angle to the northward; and in crossing the
belt from the south to the north, after passing the middle, one
traverses a repetition of the belts crossed farther south, but in
an inverted order. It would seem that we have to do here with
a case of a synclinal, whose sides are folded close together (p.
256).

The relations of the Felch Mountain range to the rocks of
the Menominee River and the Marquette district are
shown on a profile. The facts are mentioned as having
been derived from an unpublished manuscript report
(1881 t? 1884) of Rominger to the Michigan geological
survey.

1888.

Irving, R. D. On the classification of the early Cambrian and
pre-Cambrian formations. Seventh Ann. Rept. U. S. Geol.
Survey, for 1885-86, Washington 1888, pp. 365-454.

In this article the statements made above are repeated
(p. 435).
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1891.

VAN HiSg, C. R. An attempt to harmonize some apparently
conflicting views of Lake Superior stratigraphy. Am. Jour. Sci.,
Vol. XLI, 1892, pp. 117-137.

The author of this paper, after discussing the
significance of the various unconformities observed and
after dividing the rocks of the Marquette district into a
Fundamental Complex and a Lower and an Upper
series, attempts to correlate the rocks of the Menominee
region with these divisions.

Passing now to the Menominee and Felch Mountain districts,
our information is less exact. Itis, however, clear that in both
of these areas we have the Fundamental Complex—that is, the
granites and the gneisses associated with crystalline schists
having the usual “eruptive contacts”—the equivalence in every
respect of Lawson’s combined Laurentian and Coutchiching
period. Above this complex, Professor Pum-pelly, with whom
this whole subject has been discussed, and who has great
familiarity with the entire Lake Superior region, suggests as
exceedingly probable that in the Felch Mountain iron-bearing
series only the equivalent of the Lower Marquette occurs, the
Upper series, if it once existed, having been removed by
erosion (p. 133).

1892.

VaN Hisg, C. R. Correlation papers—Archean and Algonkian.
Bull. U. S. Geol. Survey, No. 86, Washington, 1882, pp. 549.

In a summary of the literature on the Lake Superior
region, the statement quoted above is incorporated
without change (p. 190).

'Published in 1895, Vol. V.

1893.

WADSWORTH, M. E. Report of the State geologist for 1891-92.
State Board of Geol. Surv. for the years 1891 and 1892,
Lansing, 1893, pp. 61-73. Dated October 17, 1892.

In this brief report Dr. Wadsworth calls attention to the
granite which is intrusive into the sedimentary series in
the Felch Mountain area.

In the Menominee region, especially in the Felch Mountain
district, these granite dikes are well exposed. Here they are
seen not only to cut the gneiss, but to penetrate the Republic
or iron formation. Mr. Wright, in 1885, pointed out one of these
dikes cutting the iron series near the Metropolitan mine, on
sec. 32, T.42,R. 28 W. (p. 101).

He includes the Felch Mountain dolerites (p. 104) in his
Republic formation, and correlates this formation with
Van Hise’s Lower Marquette series.

1895.

ROMINGER, C. Geological report on the Upper Peninsula of
Michigan, exhibiting the progress of work from 1881 to 1884.
Iron and copper regions: Geol. Surv. of Michigan, Vol. V,
Lansing, 1895, pp. 1-94.

Chronologically, this is one of the latest reports upon the
Upper Peninsula of Michigan, yet in justice to the author
it should be considered as having priority over any
articles published since Irving’s, in 1887, to which
reference has already been made, as in that article

Irving made use of the observations recorded in the
manuscript of this report, giving Rominger full credit for
them. In Rominger’s report, in the chapter on the
Granitic Group, the granite dike cutting the iron-bearing
formation in the Felch Mountain range is described (p.
7). He also describes a wedge-like intrusion into the
highly contorted strata in sec. 33, T. 42 N., R. 28 W., as
follows:

We have here evidently before us a series of strata plicated
into a synclinal and another anticlinal fold, the latter ruptured
by an intruding granite mass, which rock is there the general
surface rock and comes on the south end of the exposure in
contact with the uppermost ferruginous strata of the overtilted
anticlinal fold (p. 8).

The portion of the chapter on the iron-ore group which
deals with the Menominee region is devoted to the Felch
Mountain range and to outlying prospects as far north as
Michigamme Mountain. The description of the Felch
Mountain area is in great part a condensation of earlier
scattered observations. The strata are given as dipping
high to the north and consisting of the following
succession:

The underlying rock of the iron formation is always formed of
crystalline rocks, granite or diorite. The lowest strata are
generally heavy light-colored quartzite beds, with
interlaminated thinner ledges and schistose seams, amounting
to considerable thickness.

Above this belt an equally large succession of well-laminated,
even-bedded, often fissile, slate-like micaceous quartz-schists
follow, which have a silvery luster. Next above them comes a
series of micaceous argillites, amounting to a belt even larger
than the former, which varies greatly in shades of color,
firmness of grain, etc.; some layers are whitish, others gray or
bluish and greenish, but the greatest portion of them is
intensely red colored by hematitic pigment. A part is a fatty,
impalpably fine mass of silky or also pearly luster, according to
the size of the mica shales incorporated with them. Another
part is rough and gritty from the prevalence of arenaceous
constituents.

At this horizon and rather in the lower part of it occur locally
large bodies of crystalline limestone ledges, some snowy white
like Italian marble, but of coarser crystalline grain and
intermingled with radiating clusters of asbestine fibers and
larger prismatic crystals of colorless tremolite, which
sometimes forms larger concretionary seams in the lime rock,
and are then intimately associated with crystal masses of
sahlite, one mineral penetrating the other in a manner which
suggests either a process of paramorphosis in progress,
changing the sabhlite into tremolite, or the original conditions,
when the calcareous material combined with the silica by a
slight modification, induced simultaneously the crystallization of
the almost identical chemical combinations in one and the
other form; which latter suggestion is more sustained by the
actual condition of the mingled minerals than the first, as some
of the crystals of both minerals tightly grown together are so
perfect in form peculiar to each and so sharply defined that
they must be considered as crystal individuals which formed
side by side and altogether independent of one another. In
other localities where such crystalline limestone belts occur,
the tremolite is only sparingly intermingled, but in its place
colorless mica scales of nacreous luster are plentifully
disseminated.
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In the place of marble-like limestone, sometimes also ordinary
lime rock of dull aspect with conchoidal fracture, and variously
tinged, occurs; it is then usually full of flinty siliceous seams,
resembling the limestones of the Quinnesec range; the
quartzose seams, locally even, prevail over the calcareous.
Incumbent on the above-mentioned micaceous argellites
succeeds a belt, about 800 feet in width, composed of thinly
laminated, banded, ferruginous, quartzite ledges of dark
purplish tints or having a metallic luster from intermixture of
specular ore granules. The banded portions are formed of an
alternation of narrow seams of specular ore with siliceous
seams not so richly impregnated with the oxide. Other strata in
the succession are porous cherty rocks charged with ochreous
yellow or brown oxide of iron and inclosing pockets of the
limonitic ore. Also blood-red argillitic seams occur in the
succession, and with them sometimes pockets of soft crumbly
hematite ore.

Within the first-mentioned banded alternation of narrow ore
seams with quartz seams, larger deposits of specular ore in
slaty or in compact granular, or also in the soft friable condition
of the so-called blue ore of the Quinnesec mines occur, which
constitute the principal storage of ore sought for by the miner,
besides the hematitic and limonitic deposits mentioned before.
The first impression of every observer examiner this above-
described rock series will induce him to consider it as an
ascending succession, as the layers follow one another in
apparent conformity; but in some localites, after having
crossed this succession so far, if we proceed farther in the
same direction, we intersect the same series again in an
inverted order, but retaining the same dip, until we have
reached again a large belt of compact quartzite ledges in close
contiguity with granite or also diorite, as it may happen, which
latter rocks then form the surface rock of large areas on the
north side of the Felch Mountain ore formation (p. 33).

The only satisfactory explanation which | can give of this
repetition of the rock beds in an inverted order is the
suggestion of a folding of the beds and the overturn of the fold
by a pressure acting principally from the north side. If this is
the case, we would have to consider the light-colored quartzite
next to the granite as the most recent deposits and the dark,
ore-bearing, banded quartz beds as the oldest, which would
bring the structure of the Felch Mountain ore formation in
perfect harmony with that of the Quinnesec ore range (p. 34).

SECTION Il. GENERAL SKETCH OF THE
GEOLOGY.

The rocks of the Felch Mountain range extend from the
Archean to the early Paleozoic. The Paleozoic is
represented by the Lake Superior sandstone, of
supposed Upper Cambrian age, and the overlying
Calciferous limestone. These formations were originally
laid down over the upturned edges of the older rocks in
flat sheets or with low initial dips, and have not since
suffered relative displacement to any notable degree.
As has already been stated, subsequent erosion has to
a great extent removed this overlying blanket and laid
bare the older rocks, except for the covering of recent
glacial deposits. The Cambrian sandstone, and to a less
extent the Calciferous limestone, still, however, occupy
considerable outlying areas, detached from one another
throughout most of the district, but gradually coalescing
beyond the eastern end, where they completely cover

the older rocks and limit all further geological study of
these in that direction.

The Paleozoic rocks will not be considered further at
present. On the detailed Felch Mountain map (PI. XLIX)
their known outcrops are represented by appropriate
symbols, but except in the larger areas, where they so
completely conceal the older rocks that the distribution of
these can not be determined, they are assumed not to
be continuous, and to be non-existent, and in this
respect stand upon the same footing as the Pleistocene
glacial covering.

The Archean, which is here made up of granites, granitic
gneisses, and various kinds of crystalline schists, is the
basement group of the region. The areas in which these
rocks are now exposed at the surface represent the
cores of the larger arches which were constructed over
the whole region by the early manifestations of
mountain-building activity, and subsequently truncated
by the deep Cambrian denudation. Our studies have
dealt with the Archean only in narrow marginal zones,
and have included little more than the location of its
outer boundaries, except when it was necessary to go
deeper in order to complete the work over a full section.
Consequently no attempt at classification can be made
upon the map.

The rocks, chiefly of sedimentary origin, which are
intermediate in age between the Archean below and the
Paleozoic above, and therefore fell within the system to
which the name Algonkian has been given by this
Survey, occupy a narrow strip nowhere more than a mile
and a half and usually less than a mile wide, which as a
whole runs almost exactly east and west for a distance
of over 13 miles. This strip constitutes the Felch
Mountain range. On the north and south it is bordered
by the older Archean. The lowest member of the
Algonkian occupies parallel zones next to the Archean
both on the north and south, and is succeeded toward
the interior of the strip by the younger members. While
the general structure, therefore, is synclinal, a single fold
of simple type has nowhere been found to occupy the
whole cross section, of the Algonkian formations, but
usually two or more synclines occur, separated by
anticlines, which may have different degrees and
directions of pitch and different strikes, or may be sunk
to different depths, and complicated besides both by
subordinate folds and by faults.

Among the Algonkian rocks we distinguish two main
divisions or series, which are probably separated from
each other by an unconformity. Owing mainly to the
peculiar lithological and weak physical character of the
younger of these two series, actual contacts between
them have not been found, and the evidence of
unconformability consequently consists not so much in
observed discordance of structure as in an inferred
discordance based upon their relative surface
distribution. This evidence will be fully stated hereafter.

In the lower of these two series are included four
formations which clearly appear to be identical in
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lithological character and order of superposition with the
four formations that, so far as is known, make up the
lower iron-bearing series along the Menominee River.
These are, reckoning from the base upward, (1) the
Sturgeon quartzite, (2) the Randville dolomite, (3) the
Mansfield schists, (4) the Groveland iron formation.

Above this series follows the younger series, which
lithologically and in its area! relations is very
incompletely known. It includes mica-schists,
ferruginous schists, and thin interbedded ferruginous
quartzites. These rocks, which from our imperfect
knowledge must for the present be grouped as a single
formation, are believed to have been deposited
contemporaneously with the somewhat similar rocks that
occur in the Menominee area, at Iron Mountain, but are
most extensively exposed west of the Menominee River,
and especially in the Commonwealth and Florence
district in Wisconsin.

SECTION Ill. THE ARCHEAN.

The Archean occurs in the Felch Mountain district in two
belts, which limit the Algonkian rocks on the north and
on the south. The northern belt for the most part does
not fall within the limits of the detail map (PI. XLIX). It
occupies a triangular corner in secs. 34 and 35, T. 42 N.,
R. 30 W., at the extreme western end of the area
surveyed, and even in these it has not been directly
observed, but its presence is inferred from outcrops in
the adjoining sections west and north and from the
observed strikes in the overlying Algonkian formations.
For the next 11 miles east its southern boundary lies in
the tier of sections next north of those mapped in detail
and probably always less than a mile away. This
boundary is therefore not very accurately drawn, as only
enough outcrops were visited to permit its position to be
fixed in a general way. Our work first touches the
southern area of the Archean, which is much better
known on the west in secs. 3and 2, T. 41 N., R. 30 W.,
a short distance south of the township line. Thence for 3
miles eastward the boundary follows the township line,
and in sec. 31, T. 42 N., R. 29 W, crosses it with a trend
somewhat north of east. From the west line of sec. 31 to
the east line of sec. 36, T. 42 N., R. 29 W., the Archean
occupies the southern third of the south tier of sections.
Thence for a mile and a half it bends northeast, and in
sec. 32, T. 42 N., R. 28 W., reaches its farthest north in
the center of the section. From this point the boundary
runs southeast, with a sinuous embayment to the south,
and passes outside the limits of the map a little north of
the southeast corner of section 33.

Throughout the Felch Mountain range the southern
Archean is much better exposed than any of the other
terranes. In the western portion of the range, where
hardly more than the contact zone falls within our limits,
outcrops are not especially numerous; but in the six
eastern sections, which include a belt from a quarter to
half a mile wide, a very considerable portion of the
surface is bare rock. This exceptional degree of
exposure has been brought about by the forest fires,

which, by loosening the thin soil and destroying the
protecting cover of vegetation, have facilitated its
removal from the steep-sided knobs that are such
characteristic features of the Archean topography.

TOPOGRAPHY.

The Archean areas, particularly the southern, are
distinguished by a characteristic rough topography. The
surface is exceedingly uneven on rather a small scale,
and has already been described as consisting of
hummocky elevations alternating with bowl-shaped
depressions. Both hummocks and bowls are elongated
in an east-and-west direction, in accordance with the
prevalent gneissic foliation.

While the surface is thus so full of small details that an
adequate delineation of it is the despair of the
topographer, the actual relief is insignificant. To men
bred on the flat plains of the lower lakes, as were most
of the early surveyors and explorers, it may naturally
have appeared mountainous, since roughness is a
quality particularly noticeable in a wilderness like this,
that can be traveled only on foot. But from a broader
point of view the irregularities are almost wholly lost.
The higher summits in the same neighborhood rise to
within a few feet of each other. The distant sky line is
even in all directions. There is, however, a gentle ascent
from east to west, quite imperceptible on the ground,
and made evident only by the general course of the
streams or by leveling.

Along the contacts between the Archean and Algonkian
systems there usually but not always exists a
topographical depression, occupied by swamp or
streams. North of the southern Archean mass this
depression is a well-marked linear valley, extending with
some interruption from sec. 33, T. 42 N., R. 28 W., on
the east, for 6 miles west to sec. 33, T. 42 N., R. 29 W.
For 2 miles in the middle of this stretch the valley is
occupied by the Sturgeon River; thence west for 2 miles
by a small feeder of the Sturgeon, while the eastern third
holds swamp with ill-defined drainage. On the south the
Archean boundary of this valley generally rises with
steep slopes, which are frequently escarpment-like in
character, and for short distances present smooth faces
to the valley. Insec. 33, T. 42 N., R. 28 W., the mural
face which runs southeast across the eastern half of the
section with the regularity of a ruled line is a true fault
scarp. Toward the western end of this valley, in sec. 32,
T.42 N., R. 29 W., the floor gradually rises and the
swamp area broadens, penetrating the Archean in a
network of thicker and thicker mesh about the higher
hummocks, until these are finally overtopped.

PETROGRAPHICAL CHARACTERS.

The rocks of the Archean areas may be divided into four
quite distinct types, namely: (1) Granites or granitic
gneisses, (2) gneisses with banding or distinct
lamination, (3) mica-schists, and (4) hornblende-
gneisses or amphibolites. Between the first two
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divisions there is an extremely close mineralogical and
chemical likeness, while in these respects the fourth
division stands against all the others in strong contrast.

(1) The granites of the first division are, as seen in the
field or in the hand specimen, holocrystalline rocks of
fine to medium grain, in which the eye can readily
distinguish the presence of quartz, pink feldspar,
muscovite, and biotite. In color they are prevailingly of
pink or reddish tints of light shades. Structurally, they
frequently appear in small areas to be entirely massive,
but even in the most massive occurrences the hammer
can usually part them along roughly parallel surfaces
which glisten with spangles of mica, indicating a certain
degree of alignment in these constituents. Generally,
however, a rude foliation is more or less distinctly visible,
and is sometimes exceedingly well developed, even to
the point of fissility. It is always apparently due to the
parallel arrangement of the micas, which are more
abundant as the foliation becomes more distinct.

The field relations show that the massive and more or
less foliated varieties of this division are closely bound
together by indistinguishable gradations and, indeed,
often constitute a visibly integral mass. The usual
arrangement of the micas is not parallel to a surface but
parallel to a line which is generally inclined to the horizon
at angles varying between 10° and 35°. A hand
specimen when turned about the direction of foliation as
an axis, shows a parallel arrangement of the micas on all
sides, and a continuous glisten follows the revolution;
while on a surface at right angles to this direction the
micas are not parallel and wind about the other
constituents indifferently. In the more fissile varieties the
outcrops often have a rough, channeled surface,
suggestive of the surfaces familiar in closely crenulated
mica-schists, or on the corrugated walls of a fault.
Similar corrugated surfaces frequently part more
massive from more fissile parts of the same outcrop.

Under the microscope the essential constituents of the
granites and granitic gneiss are seen to be quartz,
orthoclase, microcline, plagioclase, biotite, and
muscovite, with the iron ores, titanite, and occasionally
apatite and zircon as accessories. In the massive
phases the general relations of these minerals to one
another, and their order of crystallization, in no respect
differ from those of igneous granite. The quartz, which is
the last mineral to form, contains numerous fluid and gas
inclusions, the former often with a moving bubble. Of
the feldspars microcline is much the most common, then
plagioclase, while orthoclase is generally comparatively
rare, although sometimes it is more abundant than the
microcline. The plagioclase, from its relief and extinction
angles, is probably not lower in the scale than
oligoclase. The orthoclase is usually clouded with
alteration products, and sometimes the dull interior is
surrounded with a narrow unattacked rim. Both micas
are always present as original minerals, and on the
whole biotite is the more abundant. They occur in small
stout crystals, often as inclusions in the quartz and
feldspars. Magnetite is rare, but occurs in idiomorphic

forms in the later constituents, as do also minute crystals
of zircon and apatite. Thin sections of even the most
massive-looking specimens invariably show the effects
of pressure in the undulatory extinction of the quartz and
in the bending and occasional fracture of the feldspar.

In the foliated varieties with which these massive
varieties are closely associated the effects of mechanical
stresses are the striking microscopic phenomena. The
constituent minerals are essentially the same as in the
massive phases, but the micas are relatively more
abundant. The quartz and feldspar individuals are
fractured and strained, and occur in irregular cores
separated by anastomosing zones of a fine quartz-
feldspar mosaic. In these last, new micas, in long
curving individuals and clusters, have been developed in
great numbers.

The following analyses give the chemical composition of
these granites:

Analyses of granites.

[By Dr. H. N. Stokes, U. 8. Geol. Survey

& * Includes P.O..
,935 N., 1,040 W, sec. 2, T.41N.,

m, U.S. G

rv., 300 N., 1,850 W., sec. 36, T.42 N,

r Division, U. 8. Geol. Surv., 15 N., 1,025 W., sec. 31, T. 42 N.

No. 1, which is rather low in alumina, iron, and lime, is a
granitic gneiss in which the abundant secondary mica,
which has grown in long curving plates in nearly parallel
zones of granulation, is wholly muscovite. Nos. 2 and 3
are fine- and coarse-grained pink granites, which show
comparatively little crushing and development of
secondary minerals in thin section.

The rocks of this division therefore have the chemical
composition as well as the physical and petrographical
characters of igneous granites. The positive proof of
igneous origin, however—actual injection into older
rocks—we have not found. Irruptive contacts may
possibly exist, and may have escaped us, since neither
the Archean as a whole nor its internal relations were the
objects of especially rigid scrutiny. Igneous granites of
Algonkian or later age ought to be found within the
Archean areas, for several granite dikes are known to
penetrate various members of this overlying series.
Whether the known granites within the Archean are
really lower-lying and larger masses with which such
dikes are genetically connected is not known, but the
possibility must be admitted. The banded gneisses are
often so faintly foliated and resemble the granites so
closely in color and grain that the distinction can be
made with only the microscope, and igneous contacts
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between them might easily be overlooked. It is certain,
however, that if the granites have been injected into the
banded gneisses it has not been in the form of narrow
dikes, and the fact remains that no case of an igneous
contact is recorded in our notes.

The gneissic members of this division are merely
crushed granites, and owe their foliation partly to the
crushing and partly to the growth of fresh mica in the
fractured zones. They differ from the banded gneisses
in furnishing both field and microscopic proof of the way
in which the foliation was formed and of the rocks from
which they were derived.

(2) The banded gneisses of the second group have
essentially the same mineral composition as the granitic
gneisses of the first. They are distinguished by the eye
mainly by the fact that the component minerals occur in
more or less distinct layers, from a fraction of an inch
upward in thickness. The lamination, which only rarely is
very regular, seems to be caused in most if not in all
cases by the alternation of darker layers, which are
relatively rich in biotite, with lighter layers, which are
comparatively and sometimes wholly free from it. The
light layers are almost always coarser in texture than the
darker, and frequently are coarsely pegmatitic. The
individual bands are not indefinitely persistent, but
wedge out to knife-edges. The banding is sometimes so
indefinite as to be lost in the hand specimen, the large
surface of an outcrop being necessary to bring out the
slight differences in shade. In color these rocks are light
gray, dull white, or pink. The banding shows great
variations in angle of dip, but the strike is usually fairly
constant within a few degrees of east and west. In a few
localities distinct contortion was observed in the gneissic
banding and pitching folds. The lamination of these
gneisses is, so far as observed, of the plane-parallel
type. The bands are thoroughly welded together, and as
a rule, the rock breaks indifferently across them.

Under the microscope the composition of these rocks
does not differ from that of the granitic rocks of the first
division. The structural characters, however, are in
strong contrast. Even in those specimens which
possess the most indistinct foliation all the minerals are
elongated in a common direction. While the individual
grains in most cases show more or less strain and are
frequently fractured, their mutual boundaries are usually
sharp and clear, and it is evident that the forms are not
the direct result of the pressure that has affected their
optical properties. The evidence is quite clear that the
minerals now present have crystallized in parallel
elongated forms, and it is to this they owe their prevalent
lamination even when the color banding is indistinct or
wanting.

Subsequent to the time of crystallization they have been
exposed to the action of great stresses, which not only
have left a record in the strains now frequently
perceptible in the minerals of the early crystallization, but
also in many cases have produced roughly parallel
fractures and fracture zones sometimes coinciding with
and sometimes oblique to the early lamination. In these

zones coarse micas have grown, reenforcing the old
lamination when parallel to it, and when oblique
producing a less regular secondary foliation, which is
entirely analogous and probably contemporaneous with
the foliation of the crushed granites.

The following analyses of these gneisses are interesting
as showing their striking chemical relationship to the
granites (analyses of which are given on p. 389), with
which they are intimately associated:

Analyses of gneiss.

[By Dr. H. N. Stokes, U. . Geol. Survey.]

“Includes P.Os.

12N,

pec , L
R. 28 W., Upper Peninsula of Michigan.

(3) The mica-schists are not widely distributed in the
portion of the Archean areas included in the Felch
Mountain map. They are well represented in the
northern Archean area beyond the limit of the area
mapped, but within this limit they are known only in secs.
34 and 35, T. 42 N., R. 29 W., where an overthrust fault
brings them into successive contact with the Randville
dolomite and Sturgeon quartzite for a distance of three-
fourths of a mile. An excellent section, which includes
the faulted contact with the dolomite, is exposed along
the Sturgeon River below the dam in the northern portion
of section 35. Though so feebly represented, they
possess an unusual interest both in their field relations
and in their microscopic characters.

The mica-schists when fresh are dark gray, rather soft
rocks, of fine to medium grain, with a generally well-
developed schistose structure. The most noticeable
constituent, in spite of the dark color, is muscovite, which
occurs in pearly flakes of large size plentifully sprinkled
along the cleavage surfaces, and is especially
characteristic of thin seams, which are much more fissile
than the rest of the rock and part it into parallel bands of
much regularity. Biotite, however, is the more abundant
mica, although in smaller and less conspicuous plates,
and to it the dark color of the rock is due. Quartz and
sometimes feldspar may also be recognized.

These rocks offer little resistance to the weather. The
biotite gives up its iron with great ease, staining the
outcrop a dull red. The final product is a slightly
coherent ferruginous mixture in which the large
muscovite plates alone are recognizable. At a less
advanced stage of weathering the alternation of layers
more rich in biotite produces color banding in reds and

grays.
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The mica-schists contain many intruded dikes and
sheets of flesh-colored pegmatite and also of
amphibolite, both of which are generally parallel to the
foliation. The pegmatites are typical “schrift-granits,” the
feldspar being microcline. Both pegmatites and
amphibolites show ragged and intrusive contacts with
the schists when these are examined in detail. Both also
are foliated.

Under the microscope the mica-schists are thoroughly
crystalline aggregates of quartz, biotite, and muscovite,
always with more or less microcline. Magnetite is
always present as a primary mineral, and hematite or
some hydrous oxide of iron between hematite and
limonite is very abundant in the zone of weathering.
Besides these, tourmaline is an abundant accessory in
some slides, and apatite, zircon, titanite, pyrite, and
chlorite also commonly occur.

Quartz occurs in small and often partly rounded areas,
some of which have a very clastic appearance. Except
as stated below, it is generally free from inclusions of the
micas, which surround and terminate against it in such a
way as to indicate that it crystallized the earlier. lItis
often crowded with fluid and gas inclusions, and an
occasional grain bristles with radiating clusters of rutile
needles. Minute crystals of magnetite are also
frequently inclosed. The inclusions of all kinds are
frequently grouped in roughly oval areas near the
centers of the grains, while between the nuclei and the
wandering perimeters the quartz is relatively free from
inclusions.

Biotite, varying in color from dark brown to light yellowish
green, is the predominant mica. It occurs in irregular
plates, generally much larger than the quartz; the great
abundance and uniform alignment of these plates
produce the schistose structure. As already stated, it
includes and is therefore younger than the quartz
generally, but it is also found, though rarely and always
in very minute plates, included in the small quartz grains
which are so abundant in the fresh microclines. The
latter occurrences belong to an earlier generation than
that of the larger biotites. The chief interest attaching to
the biotite is in its alteration under the attack of the
weather. The iron separates out along the cleavages in
little spheroidal drops and flattened plates, which are red
and translucent, but not quite of the deep color of
hematite. Doubtless they contain some water, and are
possibly close to gbthite in composition. Between the
red globules the biotite substance becomes paler, its
pleochroism diminishes, and double refraction increases,
and finally, in a slide containing no basal sections, it can
not be distinguished from muscovite. The separated
ferric oxide remains in the mica, and while the rock
remains firm does not travel and stain the other
constituents. In these stages the slide contains a very
faintly colored bleached biotite, which is sprinkled
through and through with the little dots of bright red iron
ore.

Muscovite is not very abundant. It is sometimes
intergrown with the large biotites, and occurs under

similar conditions, but it chiefly comes in little ragged
inclusions in the secondary microcline. In the form of
aggregates of sericite it composes the macroscopically
conspicuous pearly micas, and also is an abundant
constituent, and sometimes the only representative, of
the partly absorbed and older feldspars included in the
microcline.

Microcline is always a secondary mineral, and is present
in variable amounts in different sections. It incloses
quartz, the micas, magnetite, and an older feldspar.
These inclosures are usually small; they often lie in
parallel alignment in the same and adjoining microclines,
and the lines in which they are disposed sometimes
bend, apparently indicating that the original rock was
minutely puckered. The inclosed quartz sometimes
incloses smaller flakes of biotite and muscovite, as well
as magnetite and rutile needles. The inclosures in the
little grains of quartz are frequently concentrated in the
centers, as in the case of some of the quartzes outside
the microclines, as described above. The microcline
sometimes occurs in a few scattered grains; sometimes
with its inclusions it makes up almost the whole rock. In
its manner of occurrence, its inclusions, and the way in
which these are disposed within it, it is strikingly like the
secondary albite of the Hoosac schists of western
Massachusetts, described by Prof. J. E. Wolff."

The microclines are distinctly elongated in a direction
parallel to the foliation, to which they thus contribute. In
a few cases the elongation is parallel to a line, and does
not appear in thin sections cut normal to this direction.
But in most cases the crystals are flattened parallel to a
plane. These forms are those of crystallization; except
along the secondary fracture planes the microline is
entirely free from breaking or granulation.

The following is a complete analysis of a representative
specimen of the mica-schist:
Analysis of mica-schist.

[By Dr. H. 8. Stokos, U. 8. Geol. Survey.]

16.43 | FLO at 110° .. ..
1.83 | H:0 above 110°. ... ..., 2.79

Total coeeeeannn.

No. 1. Specimen 34822, Lake Superior Division, U. S. Geol. Surv., 1900 N., 1310 W., sec. 35, T. 42N,
R.29 W., Upper Peninsula of Michigan.

"Mon. U. S. Geol. Survey, Vol. XXIII, pp. 59-63.

In its low silica and lime, and high iron and magnesia,
this rock differs in important particulars from the granites,
to which in its mineral composition it is allied. In these
respects, as well as in the great excess of potash over
soda, it closely approximates the composition of certain
clay slates.”

The original character of the mica-schists is
indeterminate. They may be altered sediments, as the
chemical analysis indicates, but if so they no longer
contain any material which can be proved to be in its
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original form, and in view of the complete
recrystallization, for which the evidence is clear and
striking, this could not be expected. Their mineralogical
relationship and close association with the granites and
gneisses is perhaps a reason for regarding them as
autoclastic rocks, derived from originally massive
granites by dynamic metamorphism. If this be true, then
the crust movements which crushed the parent granite
belong to pre-Algonkian time, for the later stresses which
folded and brought the schists into faulted contact with
the Randville and Sturgeon formations found them with a
parallel foliation which it bent and crumpled, and no
period of great stress earlier than this is known in
Algonkian time. The complete recrystallization may be
referred with probability to the period of quiescence
following the faulting and folding, during which also
occurred the recomposition of the older Algonkian
formations.

(4) The amphibolites or hornblende-gneisses are widely
and abundantly represented in the Archean.
Macroscopically they are black or dark-green rocks of
medium to fairly coarse grain, the fresh fractures of
which glisten with the cleavage surfaces of hornblende,
which is much the most abundant and often the only
recognizable constituent. They are universally foliated
parallel to the foliation of the associated gneisses, and
exhibit, but in a more marked degree, the same varieties
of structure. The foliation is easily recognized by the eye
as due to the parallel arrangement of the hornblende
prisms. Depending mainly upon the position of the
hornblendes relative to the other constituents, the
structure is either of the plane-parallel or linear-parallel
type, the latter often superbly developed.

'See analyses quoted by Kemp, Handbook of Rocks, p. 107, nos. 4
and 5.

The essential constituents of these rocks are common
green hornblende, plagioclase, biotite, and quartz. The
structure is thoroughly crystalline. The hornblende
occurs in long prisms 3 to 10 mm. in length, which lie
close together, and inclose, partially surround, and abut
against smaller angular grains of plagioclase. The
plagioclase is quite unstrained and is usually fresh and
clear, and entirely without crystal boundaries. Brown
biotite is universally present in small amount, in long
plates parallel with the foliation. It does not seem to be
an alteration product from the hornblende. Quartz is the
least abundant constituent. It is crowded with fluid
cavities and needles of rutile, and often incloses minute
crystals of hornblende. The plagioclase, from its high
extinction angles and alteration products, is evidently
basic. A little magnetite is present, but titanite has not
been observed.

The structural features are well brought out in thin
section. In the linear-parallel type the hornblendes all lie
with their crystallographic axes parallel to a line. A thin
section parallel to the foliation cuts essentially all in the
zone of the prism or near it; one across the foliation
gives only sections across the prism. The grains of
plagioclase are generally elongated without strain. Their

outlines are most irregular and quite independent of the
twinning lamellae. Their general appearance is that
which would be presented if numerous crushed
contiguous grains had united by some process of
annealing or absorption to form the new individuals. In
the plane-parallel type the only difference is that the
hornblende prisms have grown parallel to a plane, in
which, however, they may have any orientation. An
indistinct banding is also often observable in this type,
caused by a partial grouping of the light and dark
constituents in parallel layers. The order of
crystallization seems to have been plagioclase first, but
nearly contemporaneous with the hornblende and biotite,
and the quartz last.

The amphibolites occur in comparatively narrow bands
of indefinite length in the granites and gneisses. The
width usually does not exceed 8 to 10 feet, and their dip
is always at high angles. The boundaries are invariably
sharp, and frequently cut the foliation of the amphibolite
within and of the gneisses without somewhat obliquely.
There is a general uniformity of grain throughout the
width; the wider bands are not coarser than the
narrower.

The following complete analysis shows the chemical
character of a representative specimen of amphibolite:

Analysis of amphibolite,

(8 O e e e R e ety H.O at 110~ ...
H.0 above 110

Total ...

No.1. Specimen 36 U. 8. Geol. Survey, 1140 N., 1000 W., sec. 32,
T. 42 N., R. 28 W., Upper Penir

From this analysis it appears that the rock has
essentially the composition of diabase or basalt. The
composition of the amphibolites, as shown by the above
analysis, and their field relations leave little room for
doubt that they are old dikes of basic rock.

Their present crystallization is of course not that due to
original cooling, since among other reasons it bears no
relation either to their thickness or to distance from the
walls. The evidence of complete recrystallization in
place after consolidation which they thus afford, and the
unquestionable community of origin between their
foliation and that of the gneisses, are significant facts in
the metamorphic history of the Archean of this district.

It is for this reason that they are described with the
Archean and not with the intrusives. Whether they are
really Archean intrusions and not of Algonkian age can
not, perhaps, be known with certainty. Basic rocks
having approximately the same composition are known
to have penetrated the Algonkian, but they have not
undergone the same recrystallization. These last
besides have their known analogues, equally
unmetamorphic in the Archean itself. For these reasons
it seems probable that the amphibolites were intruded
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into the Archean before the Algonkian rocks of this
district were deposited.

SECTION IV. THE STURGEON QUARTZITE.

The lowest member of the Algonkian in the Felch
Mountain range is a formation consisting mainly, but not
exclusively, of coarse vitreous quartzite. Typical
exposures of this formation, as well as one of the rare
contacts between it and the underlying Archean, occur
along the Sturgeon River, and it is therefore named the
“Sturgeon Quartzite.”

DISTRIBUTION, EXPOSURES, AND
TOPOGRAPHY.

The Sturgeon formation, next to the Randville dolomite,
is the most widespread member of the Algonkian series
in the Felch Mountain range. Its general distribution
throughout the area mapped is in two parallel zones, of
varying width, immediately adjoining the northern and
southern Archean, except when displaced from this
position for relatively short distances by faults. These
zones extend east and west for the whole length of the
range. Their surface width varies with the complexity of
the structure and the depth of erosion. In part of sec. 35,
T.42 N., R. 29 W., the higher formations have been
entirely removed, and the two zones come together,
leaving the quartzite as the only Algonkian rock at the
present surface.

On the whole the Sturgeon formation is fairly well but
very unevenly exposed. Beginning at the west the zone
in contact with the southern Archean furnishes frequent
outcrops from the south quarter post of sec. 34, T. 42 N.,
R. 30 W., to the south quarter post of sec. 36, T. 42 N.,
R. 30 W., a distance of 2 miles. Then follows a gap of a
mile in which no outcrops, have been found. Near the
north and south quarter line of sec. 31, T. 42 N., R. 29
W., they begin once more, and are supplemented by test
pits as far as the west sixteenth line of section 32, next
east.

Then follows another gap without exposures, 2% miles in
length.

Near the north-and-south quarter line of sec. 34, T. 42
N., R. 29 W., outcrops begin again and continue for a
mile to the east, with frequent interruption, as far as the
north-and-south quarter line of section 35, where in the
valley of the Sturgeon the southern zone broadens and
joins the northern, in consequence of the general
westward pitch which has carried the higher formations
above the present surface of denudation. East of this
point the quartzite is known in only a few scattered
localities. In the southern part of sec. 36, T. 42 N., R. 29
W., itis in contact with the Archean on the south bank of
the Sturgeon River. South of Felch Mountain, in sec. 32,
T.42 N., R. 28 W., it outcrops immediately south of the
abandoned Northwestern mine, and has also been found
in drilling* on the west and in test pits on the east of the
natural exposures through a distance of half a mile. In

sec. 33, T. 42 W,, R. 28 W., a small ledge, a few feet
square, occurs between the overlying dolomite and the
Archean, 200 feet east of the road to the Calumet and
Hecla (iron) mines. East of this the contact between the
Archean and the Algonkian is a faulted one, and the
quartzite is buried beneath the overlying formations.

The northern zone of the Sturgeon formation is not
nearly so well exposed, nor for the most part does it fall
within the artificial line that bounds our detailed work on
the north. Secs. 34 and 35, T. 42 N, R. 30 W., on the
west contain a few scattered outcrops, one of which is of
exceptional petrographical interest and to be noticed
later. The next exposures are 5 miles east, along and
just north of the north line of sec. 35, T. 42 N., R. 29 W.
The main northern zone of the Sturgeon formation
coming from the west lies south of these exposures and
is entirely covered. Between the two the tongue of
Archean schists already described is faulted up. Two
miles farther east quartzite again appears in test pits,
low-lying outcrops and drill holes along the northern
border of sec. 31, T. 42 N., R. 28 E., and in section 29,
immediately north of section 32, is well exposed in a
broad belt that reaches north almost to the east-and-
west quarter line.

The quartzite often forms distinct linear ridges, which in
spite of the chemical stability and apparent homogeneity
of the rock seldom rise to the mean altitude of the
neighboring Archean areas. An exception to this rule is
the succession of ridges formed by the southern zone in
the 3-mile stretch west of sec. 31, T. 42 N., R, 29 W;
these frequently overtop the adjacent Archean plateau.
Very frequently, also, the quartzite zones occupy lower
ground not only than the Archean but even than the
immediately overlying dolomite. The southern zone, for
some unknown reason, is a distinctly weak belt east of
sec. 32, T. 42 N., R. 29 W., and for several miles forms
the bed rock of the Sturgeon and the connecting valleys.

FOLDING AND THICKNESS.

It is extremely difficult in most cases to determine
directly the attitude of the Sturgeon formation, owing to
its generally massive and homogeneous character. This
is due, as will be shown hereafter, to the completeness
of the recrystallization, in consequence of which the
ordinary sedimentary features that it originally
possessed have been almost entirely obliterated. Faint
color banding, itself of secondary development, but no
doubt preserving a distinction in original composition,
alone remains, and only here and there, as a guide to
the former stratification. By scattered indications of this
sort, and by the better evidence afforded by the
overlying dolomite, often very distinctly banded, it is
known that the southern zone of quartzite on the whole
dips toward the north. Southward dips also occur in this
belt, by which it is known that subordinate folds occur
within the quartzite itself. From the considerable
variations in the surface width of the formation we are
led to suspect the existence of more of these little folds
than we are able to prove. However, the secondary
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syncline, which extends from the offset already referred
toin sec. 35, T. 42 N., R. 30 W., for 6 miles to the east to
sec. 35, T. 42 N., R. 29 W., and includes no formation
higher than the quartzite, is very definitely determined.

In the northern belt of the Sturgeon formation the
indications of dip are generally northward at very high
angles. These indications, not in themselves conclusive,
are reenforced by a corresponding attitude in the
overlying dolomite, and it is therefore probable that there
is a general, or at least widespread, overturn in the dip of
the northern belt.

Since the contacts of the Sturgeon formation with the
underlying Archean and with the overlying dolomite are
(except in one case) covered, it is impossible to obtain
the data for very accurate determination of its thickness.
The uncertainty in most outcrops as to the dip of the
quartzite introduces an additional difficulty. However, in
sec. 35, T. 42 N., R. 30 W., on the west end of the
range, and in sec. 33, T.42 N., R. 28 W., 11 miles
farther east, the covered intervals to the limiting
formations are not great, and if the contacts are not
faulted (which is far from certain), the minimum
thickness is determinable within a reasonable limit of
error.

In the western locality the surface width of the zone
probably underlain by quartzite is about 500 feet. The
quartzite itself is structureless, but the overlying dolomite
dips northward at an average angle of about 70°. If the
same dip holds in the quartzite, its true thickness is
about 470 feet. In the eastern locality similar data lead
to a thickness of nearly 430 feet. In these two sections
the quartzite zone is much narrower than it is elsewhere,
either because undetected faults have reduced it, or
because it is uncomplicated by subordinate folds. It is
probably safe to conclude, in view of the uncertainties,
that the average thickness of the formation is not less
than 450 feet, and may be considerably more. In a
preliminary paper on the district,’ written before the field
notes were fully analyzed, | have placed the thickness of
the quartzite at about 700 feet; but this figure is probably
too large.

PETROGRAPHICAL CHARACTERS.

The Sturgeon formation includes a few very closely
related rock varieties, of which quartzite furnishes the
great majority of the exposures. The quartzites are
usually light gray in color, and break with, a coarsely
granular or glassy fracture. To the eye quartz is often
the only recognizable constituent in the body of the rock,
although the numerous joint and shearing planes
shimmer with little silvery plates of muscovite.
Occasion-ally a weathered surface is dotted with minute
specks of an opaque pinkish substance, which leads one
to suspect the presence of feldspar. Chlorite also is now
and then visible in the darker varieties.

The quartzites are almost uniformly massive, except for
the secondary fractures above mentioned. At scattered
localities, however, a faint color-banding, due to the

presence of layers of a pinkish hue, which are
independent of the secondary fractures, seems to
indicate the original stratification. The color bands are
generally only vaguely defined; occasionally, however,
they are numerous and sharp.

Closely associated with the massive quartzites are
sheared quartzites, or micaceous quartz-schists. These
rocks are merely varieties of the quartzite in which
secondary shearing planes, with their attendant growths
of new muscovite, are more abundant than usual. The
shearing surfaces almost invariably intersect, with the
result that the new structure tends toward the linear-
parallel type, and is often as similar in appearance as it
is in origin to the structure already described in
connection with the sheared granites.

In a locality already referred to, on the south bank of the
Sturgeon, in sec. 36, T. 42 N., R. 29 W., where the
Sturgeon formation is in visible contact with the Archean,
the quartzite is underlain by a considerable thickness of
very fissile muscovite-biotite-gneiss, which incloses
rather sparingly obscure pebbles of granite and quartz.
This gneiss, which no doubt was formerly an arkose rich
in feldspar, has recrystallized and afterwards been
sheared; the coarse micas to which the fissility is due,
together .with other new minerals, have grown between
the fractured surfaces and recemented the broken mass.
It affords beautiful examples of foliation parallel to a line.

'Relations of the Lower Menominee and Lower Marquette series in
Michigan (Preliminary): Am. Jour. Sci., Vol. XLVII, 1894, p. 217.

The thin sections of the Sturgeon quartzite are of
exceptional interest. The principal constituent is, of
course, always quartz. With the quartz are associated,
in much smaller amounts, and not necessarily all in the
same section, numerous accessories, including
muscovite, biotite, chlorite, microcline, orthoclase,
plagioclase, titanite, rutile, zircon, apatite, and the ores.
The relations of the quartz to the other constituents
present very unusual features, and indicate that the
metamorphic changes by which the present completely
crystalline rock has been made from an original granitic
sand have proceeded along lines not hitherto distinctly
recognized in the formation of rocks of this character.

Among the large number of slides examined, a broad
distinction can at once be made between those which
show the effects of stress in a pronounced degree and
those in which such effects are subordinate or hardly
noticeable. Connecting these two classes is a perfectly
graded series; and it is therefore certain that those of the
first are merely the more or less modified varieties of an.
earlier stage, represented more nearly by the second. In
the slides in which the effects of pressure are least
apparent the microscopic characters are as follows: The
background is composed of large irregular grains of
quartz, the edges of which interlock with the most minute
and sharp interpenetrations. The longest dimensions of
these grains range from 1.5 to 6 mm., averaging
perhaps 2.5 or 3. They often have a rather vague
parallel elongation, which corresponds to the alignment
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of the minerals which they inclose. Scattered very
abundantly through these large quartz grains are the
accessory minerals, some predominating in one slide,
others in another, but the micas and chlorite occurring in
all. Through each slide the accessory minerals, with the
exceptions noted below, lie with their long axes in a
common direction, and frequently cross the serrated
boundaries between adjacent quartzes. The inclusions
in many cases have the form and other characters of
clastic minerals, and thus preserve the only microscopic
evidence of the original nature of the rock.

The included micaceous minerals are usually in small
plates, ranging from 0.05 to 0.75 mm. in longest
dimensions, but few, however, exceeding 0.2. Many of
these are bent and split, the clear unstrained quartz of
the host penetrating from the frayed edges into the
interior between the partly separated leaves. Biotite and
muscovite, and sometimes chlorite, occur in the same
individual, indicating alteration before inclusion in the
quartz host took place. Besides its common occurrence
as an alteration product of the biotite, a few rounded
areas of chlorite, made up of little radiating tufts, seem to
be pseudomorphs of garnet. Inclusions of titanite and
magnetite, or a related ore, are not uncommon in the
larger micas, and the biotite and chlorite sometimes
inclose beautiful sagenite webs. Many of the smaller
micas, however, have clear sharp edges and depart
from the general parallelism of the other inclusions.
These are either contemporaneous crystallizations or
else, perhaps, were primary inclusions in former grains
of clastic quartz which has since disappeared. Some of
the clastic plates of biotite are bleached and include
spheroidal blebs of red iron ore, similar to those
described in the case of the Archean mica-schists.

The microcline inclusions are usually elongated in form,
and frequently, particularly in the cases of the larger,
have well-rounded clastic outlines. The long dimension,
which usually coincides with one of the cleavages of the
mineral, rarely exceeds 0.5 mm. or falls below 0.08 mm.
The periphery is frequently partly surrounded by a thin
film of biotite. Within the microclines are sometimes
contained little blebs of quartz, which are not oriented
optically with the host, and also, more rarely, small
plates of biotite. The microcline individuals are
sometimes broken into two or three differently oriented
parts, which may be separated from, each other, in
which cases the quartz of the host has completely filled
the interspaces. Fracture in the feldspar is often
unattended with the slightest appearance of strain in the
inclosing and cementing quartz, which extinguishes as
one individual, and is therefore unmistakably to be
attributed to stresses previous to the crystallization of the
quartz.

Besides microcline, both orthoclase and plagioclase are
sometimes inclosed in the large quartzes, but much
more sparingly. They are invariably more or less
decomposed, and axe sometimes surrounded partially or
wholly by a film of ferruginous material. They show the
same phenomena of fracture, and occasionally of

separation with penetration of the host, as the
microcline, and occur in grains having a similar range in
size.

Titanite is of frequent, zircon of rather rare, occurrence.
The titanite is found not only inclosed, as already stated,
in biotite and chlorite, but also in well-rounded clastic
grains which are often bordered with an opaque ore.
Zircon occurs in broken grains, without doubt clastic, and
also in small crystals which show no signs of wear.
These last were probably entirely embedded in original
clastic grains of quartz.

Besides the above minerals of usual occurrence, small
quartz grains of different orientation from the matrix are
very rarely found included in the large quartzes of the
general background. Only two or three such cases have
been observed, and in these the included grain is
surrounded almost wholly with thin plates of mica. Itis
believed that these are original clastic grains which,
perhaps because protected by a film of material now
represented by the micas, have escaped the general
fate of their neighbors.

One or two composite inclusions, made up of microcline,
the micas, and quartz, have also been noticed. These
seem to represent original pebbles of granite or a
crystalline schist.

The pressure effects begin with the appearance of
optical strain and decided elongation, in the large
quartzes of the groundmass. This is followed by
fracture, either along or quite independent of the original
sutures, the crack often, halting in the interior of a grain.
The fractures preserve very roughly the same general
direction, but frequently intersect at very acute angles, or
come together in sweeping curves. The breaking is
followed by movement, and. this results in the production
of a fine-grained quartz mosaic between the parted
surfaces. In the final stages shown in the series of
slides in my collection, the rock is made up of long,
narrow lenses, each of which is an enormously strained
quartz individual, separated by narrow anastomozing
zones of very finely subdivided quartz. After the
fracturing took place there seems to have been no
further distortion of the lenses, for the edges of adjacent
individuals follow similar curves, which are often
reversed, and in many cases could be brought together
with an accurate fit.

If the Sturgeon quartzite represents an original
sandstone, it is evident from the facts stated above that
the old quartz grains have undergone complete
recrystallization. The usual conception, since the time of
Sorby, of the process by which quartzites are formed
from original deposits of sands is that new quartz is
deposited around each original fragmental quartz grain,
in similar crystallographic orientation with it, and that
neighboring grains thus enlarged finally interlock by
mutual limitation of one another’s growth. This
explanation evidently can not account for the
background of large interlocking quartz areas in these
rocks, for if it were true it would be necessary to assume
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that the quartz grains were less numerous in the original
deposit than those of almost any other mineral, in some
slides even than the titanite or chlorite. There seems to
be but one escape from the conclusion that the large
quartz areas must each represent a number of original
fragmental quartz grains, which, as deposited, must
have lain in the rock with their crystallographic axes
disposed entirely at haphazard; and that is the
hypothesis that this quartzite was not originally a
sandstone, but consisted mainly of soluble and easily
replaceable material, such as limestone, with the
fragmental particles scattered through it, and that the
large quartzes of the background have replaced this
soluble substance. | have been able to find no positive
evidence to support this hypothesis, and | am compelled
to believe that the rock was a sandstone in which, in
some way not easy to understand, considerable
numbers of adjacent quartz grains have united to form or
have been absorbed into a new individual, leaving
absolutely no trace of their former separate existence.
The introduction of new silica, or the separation of silica
from decomposing silicates in the rock itself, may well
have been essential factors in the recrystallization. |
shall make no attempt to explain the process further than
to point out its probable analogy with the process by
which the new microclines were formed in the Archean
mica-schists.

The close alignment of the clastic minerals inclosed in
the large quartz areas, their frequent fracture, and their
occasional separation, indicate that the time of
crystallization probably followed a period of stress; while
the very vague parallel elongation of the individuals of
the background in the unstrained sections would seem
to show that they crystallized under static conditions.
Unquestionable proof of a period of stress later than the
crystallization is given by the numerous slides, in which
these grains are seen to have suffered fracture and
distortion. The microscopical study of the quartzites thus
supplies important evidence, not afforded by the
outcrops, as to the orogenic history of the district.

SECTION V. THE RANDVILLE DOLOMITE.

The Sturgeon quartzite is succeeded by a formation
consisting, so far as is known, almost wholly of
crystalline dolomitic rocks. Excellent exposures
belonging to this formation are situated within a short
distance of Randville station, on the Milwaukee and
Northern Railway, and it may therefore conveniently be
named the Randville dolomite.

DISTRIBUTION, EXPOSURES, AND
TOPOGRAPHY.

Owing both to its great thickness and to its intermediate
position in the series, the Randville dolomite in the Felch
Mountain range covers a larger share of the surface than
any other member of the Algonkian succession. The
overlying formations are frequently interrupted, because
of the changes in direction of pitch of the secondary

synclines in which they occur. In these gaps the
dolomite covers the whole interior of the synclinorium.
Where the higher formations are present, they divide the
dolomite into two or more parallel east and west belts,
one of which lies south of the northern quartzite and the
other north of the southern. Only in portions of secs. 35
and 36, T. 42 N., R. 29 W., where the rise in the axis of
the main syncline has lifted it above the present surface
of denudation, is the dolomite entirely absent from the
main trough.

Natural exposures of the dolomite are not so numerous
as of the quartzite, but they are more evenly distributed.
Moreover, owing to its proximity to the Groveland iron
formation, the dolomite has been penetrated by many
test pits and diamond-drill borings put down in search of
ore, and these supply important information in the
covered, areas. From the western end of the map to
sec. 34, T. 42 N., R. 29 W., the dolomite is for most of
the way separated into two or more parallel belts. The
southern belt is especially well exposed in secs. 35 and
36, T.42N.,R30W.,, andinsec. 31, T.42N.,R. 29 W,
and for 2 miles to the northeast, beyond which it has
been found only in test pits and drill holes. In the middle
of sec. 35, T. 42 N., R. 29 W., the base of the formation
is brought to the surface by the westerly pitch of the
main fold and is well exposed along Sturgeon River.

North of the strike fault, which, as already described, has
brought the Archean mica-schists into contact with the
dolomite and quartzite in the northern part of the same
section, the Randville formation runs east in a single
belt, which probably continuously widens as the throw of
the fault diminishes. It has been found in several places
in the north half of sec. 31, T. 42 N., R. 28 W., and near
the east line of this section the appearance of the
overlying mica-schists again divides it into two belts,
which pass to the north and south of the Felch Mountain
syncline. The northern belt has been proved by test pits
only, but the southern is well exposed naturally in the
neighborhood of the Northwestern mine. Other
exposures also occur south of the unconformable mica-
schists and quartzite of the upper series, in the central
portion of sec. 33, T. 42 N., R. 29 W.

The dolomite is relatively a weak rock, and generally
occupies lower ground than either the quartzite below or
the iron formation above it. The belt in contact with the
southern belt of quartzite especially is valley making
throughout most of its extent. The outcrops usually form
low, steep-sided knolls elongated with the strike and of
slight relief above the basement; these occasionally
unite into linear ridges, as in sec. 35, T. 42 N., R. 30 W.
The northern belt is one of low general relief, from which,
however, similar isolated knobs often protrude. The
largest and most prominent of these is the peak in the
northeast quarter of NW. % sec. 36, T. 42 N., R. 30 W.,
which rises 80 feet above its base, covering 8 or 10
acres.

No actual contacts between the Sturgeon and Randville
formations have been found, but from their close
association and continuity, as well as from the structural
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characters, when these are determinable, they seem
everywhere to be strictly conformable. Near the
quartzite the dolomite becomes distinctly more impure
and contains a larger proportion of silicates and quartz.
It is altogether probable that between them come
transition beds, as indeed is shown by some of the drill
records. In one of these “talcky mica-schists, micaceous
limestone, altered actinolite-schist, and quartzite” are
described as being interbedded near the junction.

The determination of the thickness of the Randville
formation is beset with the same difficulties as are
encountered in the case of the quartzite, namely, the
uncertainty as to the exact position of the contacts and
the possibility of faults and subordinate folds within the
formation itself. The best sections give a wide range of
values from a minimum of about 500 feet near Felch
Mountain to a maximum of nearly 1,000 feet in the
western part of the district. While the discrepancies may
be partly due to lack of precision in the data, it is
probable that the thickness of the formation is not
uniform, but really increases from east to west. On the
Fence River, 18 miles northwest of Randville, the
thickness is probably about 1,500 feet. Accordingly,
accepting each of these determinations as
approximately correct, 700 feet may be taken as a fair
estimate of the average thickness of the Randville
dolomite within the Felch Mountain range.

PETROGRAPHICAL CHARACTERS.

The outcrops of the Randville formation consist
exclusively of dolomite, more or less pure, and always
thoroughly crystalline. A few comparatively thin layers of
schists, probably both micaceous and amphibolitic, and
also of quartzite, are mentioned in certain drill records to
which | have had access as occurring interbedded with
the dolomite; and while the lithological determinations
are perhaps not entitled to much weight, they at least
prove the existence of rocks which are not dolomite
within the formation. In the field, however, such
interbedded layers do not outcrop, and they must
constitute an extremely small part of the total thickness.
From the results of my work the Randville formation
appears as a lithological unit.

Macroscopically the dolomites are rather coarse-grained
marbles, of various shades of color, of which pinkish or
bluish white are the most common. They always
inclose, more or less abundantly, large flakes and
aggregates of tremolite, which are particularly noticeable
from their projection above the weathered surface.
Occasionally tremolite and other silicates are the most
abundant, and sometimes, for small thicknesses, are
essentially the only constituents. Quartz and chlorite are
also often present, but in much smaller amounts. The
weathered surface is usually dulled to a light brown or
creamy yellow in a thin superficial skin, but is not deeply
iron-stained, except when the silicates containing ferrous
iron are present.

The following partial analyses of three specimens from
different parts of the range show that the carbonate is
normal dolomite. The insoluble portion consists chiefly
of tremolite. These analyses were made for me by Mr.
G. B. Richardson, a graduate student in geology in
Harvard University.

Analyses of Randville dolomite.

9.7 29.1 !

Fe05 o ee e e 1.2 2.1 2.2 |
CaCOy oo 53,2 489 39.3
M@COy o ien oo 42,3 | 38,0 207 |

Total «ooeen e L 987 98.7  98.3 |

The outcrops, while often entirely massive, usually
possess decided structural features. These are
indicated by color banding, by differences in texture, and
by the banded arrangement of the components. Slight
variations in the body color of the rock, proceeding from
no distinguishable variation in composition, often occur
in alternate parallel layers, which are persistent within
the limits of observation. With the color banding often go
variations in texture, which, however, are neither so
regular nor nearly so persistent. The characteristic form
taken by these is in thin layers, which as they continue
open out into nodules. Such layers consist of closely
packed crystalline grains, very much coarser than the
body of the rock, which have grown normal to the
boundaries. Adjacent layers are not strictly parallel and
sometimes cross each other. They are believed to
represent ancient fracture and slipping surfaces, which
followed very closely the original bedding, in which the
new carbonate individuals have had room for larger
growth. The arrangement of the accessory minerals,
especially the tremolite, also is usually a banded one.
Layers rich in tremolite alternate with layers poor in
tremolite, while within the layers the orientation of the
tremolite individuals is usually at random. The structure
brought out in these various ways is, on the whole, a
parallel structure. It corresponds with the strike and dip
in all the localities where these can be independently
confirmed by the attitude of the adjacent formations, and
it also has been thrown into minor folds. | therefore
regard the structure as having originated partly in
chemical differences in the material originally deposited
and partly in secondary growths in the open spaces and
rubbing zones determined by relative movements along
the surfaces of easiest fracture at the time of the earliest
folding, and for both reasons preserving in the
subsequent metamorphism the true stratification of the
formation.

Under the microscope the dolomites show no features of
special interest. They are thoroughly crystalline rocks,
chiefly composed of coarse grains of dolomite with which
is associated a considerable number of accessory
minerals. Of these the most important are tremolite,
diopside, chlorite, muscovite, phlogopite, quartz, and
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rutile, while apatite, tourmaline, pyrite, and magnetite are
rare.

The dolomite is by far the most abundant constituent in
most of the slides, and furnishes the general background
for the accessories. The shape of the grains in many
sections is decidedly oval, and the long axes lie in the
same direction, thus producing a foliation.

Tremolite is abundant in some of the sections, and is
entirely absent from none. It occurs in long-bladed
individuals and aggregates, usually bounded by the
prism, but one or both pinacoids are also sometimes
present. It includes portions of the carbonate
background. Diopside is rather rare; it occurs usually in
small single individuals, with sharp crystal outlines. lItis
sometimes surrounded by tremolite, from which it is
distinguished by its high obliquity of extinction and its
almost rectangular cleavage. Partings parallel to both
pinacoids, as well as a transverse parting in prismatic
sections, are also observable. Quartz occurs in irregular
grains completely interlocking with the dolomite, and in
some cases with tremolite. In the slides examined it is in
all cases a secondary as well as a rare constituent. In
no case is there any indication that it is clastic. Chlorite
is an abundant constituent of some of the slides, while
from others it is entirely absent. Muscovite in little frayed
plates is plentiful in some sections. Quite possibly some
of these may be original clastic particles. The most
interesting mica, however, is phlogopite, which is very
abundant in one locality near the base of the formation.
It occurs in large, cleanly bounded plates, each of which
is a multiple twin, and evidently a product of secondary
crystallization. Some of these plates have been strongly
bent, thus showing that the dolomite, like the quartzite,
has been deformed since it crystallized.

The thin sections therefore show that the rocks of this
formation have experienced even more nearly complete
reconstruction than is shown in the case of the
quartzites, for here none of the constituents, except
possibly some of the smaller micas, are present in their
original form. Also the evidence for disturbance after
crystallization is of similar character and equally strong.
Accordingly, a close agreement in the sequence and in
the character of the principal events thus indicated in the
history of the two rocks may be recognized. These
considerations make it quite certain that the
recrystallization of the two formations was essentially
contemporaneous. From the character of the accessory
minerals in the dolomite it is probable that the
crystallization was not accompanied by the introduction
of foreign material from outside, in notable quantities, but
consisted in a mineralogical rearrangement of the
elements present in the rock from the beginning.

SECTION VI. THE MANSFIELD SCHISTS.

Above the Randville dolomite comes a formation
composed chiefly of fine- to medium-grained mica-
schists. Owing to their exceedingly soft character and
small thickness, these rocks are exposed naturally in

only a few localities in the Felch Mountain area. A series
of phyllites less metamorphic but otherwise similar, and
occupying the same stratigraphical position, immediately
above the dolomite, outcrop characteristically at the
Mansfield mine, and especially north of it, near the
Michigamme River, in T. 43 N., R. 31 W. For these
reasons it is convenient to name the formation for the
Mansfield locality.

DISTRIBUTION, EXPOSURES, AND
TOPOGRAPHY.

The existence of the Mansfield formation in the Felch
Mountain area is known mainly from test pits and the
records of diamond-drill borings and early explorations.
Fortunately, these are so widely distributed that the
persistence of the formation is well proved. Many drill
holes have passed through it into the dolomite.
Immediately above it comes the magnetic Groveland
formation, which even when covered betrays its
presence to the compass needle. With the upper and
lower limits thus determined, and with the large body of
data supplied by the test pits and records, there is no
difficulty in indicating its approximate boundaries for the
greater part of the map.

On the west, mica-schists belonging to the Mansfield
formation have been proved by diamond drilling to occur
between the dolomite and Groveland formations in the
south half of sec. 34, T. 42 N., R. 30 W. Farther east
there is a line of outcrops in the eastern portion of
section 35, and the schists have also been found in test
pits on both sides of the western extension of the
Groveland syncline in sec. 36, T. 42 N., R. 30 W. In sec.
31, T.42 N., R. 29 W. (the Groveland section), they
have been penetrated in 10 drill holes, besides
numerous test pits, giving altogether a cross section
more than half a mile in length from north to south. In
the northern half of sections 32 and 33 numerous test
pits have exposed the Mansfield formation, proving that
it borders on both sides the narrow syncline, the interior
of which for a mile and a half is occupied by the
magnetic Groveland jasper. Through secs. 34, 35, and
36, T.42N.,R.29W., and sec. 31, T.42N.,R. 28 W.,
the mica-schists have not been discovered, probably
both because they are but feebly represented and
because but few test pits have been sunk through the
Cambrian blanket. In secs. 32 and 33, T.42 N., R. 28
W., the mica-schists have been found in scattered test
pits and borings on both sides of the interior jasper of the
Felch Mountain syncline, and also on the south side of
section 33.

The thickness of the Mansfield formation is so small—
not more than 200 feet—that it produces no very
noticeable effects on the general topography, in spite of
the ease with which it weathers. In the western portion
of the district, through secs. 34 and 35, T. 42 N., R. 30
W., with the dolomite it underlies a broad low-lying plain,
which is bounded on the south by a ridge of the
Sturgeon quartzite backed by the Archean plateau. On
the north, a broad ridge, through which diagonally pass
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the Archean granites and gneisses, the quartzite, and
the dolomite, defines this valley as far east as the middle
of section 35; in the northern and central portions of this
section it spreads out into a swampy lowland, diversified
by glacial sand plains, expressive of the gradual
widening of the trough and of the generally horizontal
attitude of the soft rocks of the interior. The most
definite topographical feature directly due to the
Mansfield schists is the narrow steep-sided valley which
runs east from this lowland for nearly 2 miles, on the
south side of the Groveland syncline. The ancient
stream valley filled with the Cambrian sandstone,
already mentioned, follows along this narrow belt.

PETROGRAPHICAL CHARACTERS.

The hand specimens from the various test pits, the drill
cores, and the few small outcrops indicate that the
Mansfield formation is quite uniform in character
throughout the Felch Mountain area. The great majority
of the specimens are of fine-grained mica-schists, the
color of which varies from light to dark, according as
muscovite or biotite is the predominant mica. Garnets,
in some localities, are very abundant, especially near the
contacts with intrusives. It appears from the records of
explorations that thin seams of jaspery iron ore
interlaminated with the schists have been encountered in
occasional drill holes and test pits, but no specimens of
such occurrences have been obtained. Their existence
is of interest, as showing the likeness in an important
character of these more altered rocks with the slates
occupying the same relative position in the Iron
Mountain and Norway areas.

The outcrops and specimens are frequently well banded
in lighter and darker layers, the color banding in some
cases not coinciding with the schistosity. Just south of
the Groveland mine, in a test pit which was sinking at the
time of my visit, the color bands which mark the true
stratification, as shown by the contact with the
underlying dolomite, are closely crumpled and cut by the
foliation of the rock, which is much the more distinct of
the two structures.

Near the contact with the overlying Groveland formation
the mica-schists become both more siliceous and more
ferruginous, and there is accordingly a distinct passage
between the two formations. This does not necessarily
signify a transitional character in the original sediments,
but may be altogether due to the downward
transportation of silica and iron from the upper rock.

The mica-schists are generally very tender rocks, and
the material on the dumps of test pits sunk in them is
usually far gone in decomposition after a few years’
exposure to the weather. From even the freshest
specimens the little flakes of mica often rub off on the
fingers. Where penetrated by intrusions, however, as in
sec. 35, T.42N.,R. 30 W., and in sec. 31, T.42 N., R.
28 W., they become very much harder.

Under the microscope the rocks of this formation are
seen to be in the main thoroughly crystalline, though

very fine-grained, aggregates of biotite, muscovite,
chlorite, quartz, and feldspar, with the iron ores, rutile,
tourmaline, and apatite as the accessories. Garnets are
abundant in some of the sections, and with these also
occur actinolite, epidote, titanite, and an undetermined
colorless amphibole in stout single prisms. In the eight
thin sections which | have examined from this formation |
have found no material which is certainly original and
fragmental, although almost every slide contains grains
that may possibly be such. On the other hand, it is
evident that the large majority of the individual grains
have formed in place.

The micas are in most cases the most abundant
constituent; sometimes muscovite, though usually
biotite, predominates. The two micas are often
intergrown. The biotite is usually very deeply colored,
both brown and green, and, except in the thinnest slides,
is almost opaque even in cleavage sections. The larger
mica flakes do not exceed 0.5 mm. in length, and
average not more than 0.25 mm.

Quartz generally occurs in irregular grains, full of fluid
inclusions, and inclosing the various accessories. It
frequently appears in little triangles in the interspaces
between adjacent flakes of mica. Rarely part of the
perimeter is rounded and embedded in a mica, thus
suggesting a clastic origin.

Feldspar is very abundant in some of the slides and
entirely absent from others. Both microcline and
plagioclase occur, and in forms similar to the quartz.
Biotite sometimes penetrates in irregular shredded
edges and filaments into the interior of the feldspars, and
in such cases may be a metasomatic product, as
described by Irving and Van Hise' in the mica-schists of
the Gogebic district. But much of the feldspar, as shown
by its form and freshness, has recrystallized. The
alignment of these minerals is with the schistosity of the
rock, which they thus determine. When the schistosity
cuts the lines of stratification, as it frequently does, the
latter are but faintly marked in the thin section by very
slight mineralogical differences. Thus a dark band,
which may be very striking macroscopically, may be due
merely to the predominance of deeply colored biotite; a
light band, to the predominance of muscovite.
Sometimes, however, in these bands a grain of quartz,
or a stout flake of muscovite, lies out of the general
orientation and with the direction of the band. Such
grains are very possibly original. The schistose
structure, as has already been stated, is determined by
the general parallelism of the long axes of the
constituent grains. Since the greater part, if not
demonstrably all, of these grains have formed in this
position, and have not been forced mechanically into it,
the cases in which the schistosity cuts the bedding
support the inference as to the time of the general
recrystallization of the series grounded on the facts
observed in the lower formation, namely, that this time
followed a period of great stresses. Also a period of still
later stress has affected the recrystallized constituents of
the schists, just as it has those of the quartzite and
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dolomite. It is shown by lines of fracture crossing the
slides along which ferric oxide has infiltrated, and by
occasional straining and bending of the quartz and mica.

"The Penokee-Gogebic iron-bearing district of Michigan and
Wisconsin, by R. D. Irving and C. R. Van Hise: Mon. U. S. Geol.
Survey, No. XIX, 1892.

Garnetiferous varieties of the schists are found in close
proximity to basic igneous rocks, probably in every
instance intrusives, and are evidently the result of
contact metamorphism. With the garnets occur actinolite
in felted mats and clusters, and abundant magnetite and
pyrite. A colorless amphibole in large single crystals
bounded by the prism and clinopinacoid, and giving low
extinctions, is often associated with the actinolite.

SECTION VII. THE GROVELAND
FORMATION.

The ferruginous rocks which compose this formation are
well exposed in the central portion of sec. 31, T. 42 N.,
R. 29 W., in the vicinity of the Groveland mine, and thus
may properly be termed the Groveland formation.

DISTRIBUTION, EXPOSURES, AND
TOPOGRAPHY.

The magnetite, which is always an abundant constituent
of these rocks, has made it possible to trace them for
long distances throughout the trough, by means of the
disturbances effected in the compass needles. The
same disturbances had led to the sinking of a great
number of test pits on the part of former explorers for
iron ore, and the material thrown out of these has served
to check and substantiate the inferences from the
magnetic attractions. Finally, in several localities
excellent natural exposures of the iron-bearing rocks
occur. So, altogether, the available data as to the
surface distribution of the Groveland formation are fairly
satisfactory.

On the west the presence of the Groveland formation
through secs. 34, 35, and 36, T.42 N.,R. 30 W., is
shown by one principal and other minor lines of
attraction, as well as by test pits and outcrops. The
principal line of attraction begins in section 34, near the
southwest corner, and runs to the northeast, in
conformity with the strike of the northern belt of dolomite,
finally ending in the northeastern portion of section 36.
This line of attraction is very vigorous and strongly
marked. Two other lines, parallel with the principal line,
but more feeble and much shorter, cross the boundary
between sections 35 and 36, and on the northern of
these ferruginous rocks outcrop In the western part of
section 36. Near the center of section 36 another line,
marking the western end of the Groveland syncline,
begins and continues for a mile and a half east to the
eastern portion of sec. 31, T. 42 N., R. 29 W. Along the
western portion of this line are many test pits, and in
section 31 the fine exposures of the Groveland hill.

Four hundred paces north of the center of sec. 32, T. 42
N., R. 29 W., another line of attraction begins, and may
be followed toward the east without interruption nearly to
the east line of section 33 of the same township. Along
this line, which is comparatively feeble and crosses wet
ground, there are but few test pits. In the eastern part of
section 33, beyond the point at which the attractions
cease, many pits have been sunk to and into the
Mansfield formation, which is there somewhat
ferruginous. From this point east for 4 miles the
Groveland formation has not been recognized.

In the northern part of secs. 32 and 33, T. 42 N., R. 28
W., the ferruginous rocks are again well exposed on
Felch Mountain for nearly a mile along the strike, and
may be identified for half a mile farther by the vigorous
disturbances produced in the magnetic needles. In the
southeastern quarter of section 33 the Groveland
formation is again encountered in a small and much-
disturbed area, in faulted contact with the Archean.

The most conspicuous hills within the Algonkian belt owe
their relief to the fact that they are underlain by the
Groveland formation, but elsewhere tills formation has
left but little impress on the topography, perhaps
because the local base-levels are cut nearly to the
bottoms of the synclines in which it is preserved. The
two hills referred to—-Felch Mountain, in secs. 32 and
33, T.42 N., R. 28 W., and the Groveland hill, in sec. 31,
T.42 N., R. 29 W.—stand 100 feet or more above the
average level of the surrounding Algonkian territory, and
in both instances the Infolded secondary synclines are
exceptionally deep and broad. The magnetic lines which
Indicate the other synclines pass through low ground,
and the belts of disturbance are much narrower than in
the cases of the two principal hills. There seems to be,
so far as the collected material warrants a judgment, no
lithological difference between the rocks of the narrow
and. those of the broad and deep synclines, and
accordingly the relief of the latter is believed to be
caused by their depth below the adjacent base-levels
and not by their more resistant character.

PETROGRAPHICAL CHARACTERS.

The rocks of the Groveland formation have a general
family likeness, which makes it very easy to distinguish
them in the field from all the other members of the
Algonkian series. Among them two main mineralogical
kinds may be recognized, the usual one of which
consists of quartz and the anhydrous oxides of iron,
while the other, which is much rarer, is made up
essentially of an iron amphibole, quite similar to the
grinerite of the Marquette range, with quartz and the
iron oxides as associates.

As seen in the field, the rocks of the first kind are
generally siliceous, heavy, and dark colored, the weight
and color, which has a tinge of blue, being due to the
presence of abundant crystalline iron oxides. A large
part of the silica is easily recognized as crystalline
quartz, in some instances, indeed, in the form of detrital
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grains. The visible iron oxides occur both as little
spangles of specular hematite and also in irregular dark-
blue masses and single grains, the latter often having
the crystalline form of magnetite. Many, if not most, of
these last, however, seem to be really martite, as they
give a dark purple streak, and in fine powder are not
attracted by a hand magnet.

In the first kind there is much variety in external
appearance, determined by the variable proportions in
which the chief constituents occur and by the different
ways in which these constituents are arranged.
Considerable areas, for example, consist mainly of
granular quartz merely darkened by the intimately mixed
iron oxides, and in these, so far as the eye can judge,
the rock is a ferruginous quartzite. Closely connected
with such occurrences, or included most irregularly in
them, are others in which the ferruginous constituents
are so abundant and the quartz so subordinate that they
would pass for lean iron ores. Between such rare
extremes we find all intermediate proportions of mixtures
of the quartz and the iron oxides.

One form of arrangement of the constituent minerals is
in narrow parallel bands, in which the quartz and the iron
oxides alternately predominate. Such alternations are
sometimes so frequent and regular as perfectly to
reproduce the lean “flag ores” of the Marquette range."
Regular banding, however, is not common. Usually the
light or dark bands are suddenly cut off, as if by faulting,
or taper to thin edges, or occur in separated pebble-like
forms. Neighboring lenses and fragments of bands are
most frequently roughly parallel with one another, but
often they are jumbled together in the greatest
confusion. They no doubt represent an original more
continuous banding, which has suffered brecciation.
Masses thus shattered are also traversed and cemented
by numerous small veins filled chiefly with quartz,
chalcedony, and specular hematite. The positions in
which the separated patches of the Groveland formation
now survive, namely, in and near the bottoms of
synclines, and therefore at the points where sharp
turning and crowding together have taken place,
sufficiently explain the extensive brecciation observed in
these brittle beds.

'Geol. Survey Michigan, Vol. |, Part |, by T. B. Brooks, pp. 93-94.

Very prevalent in all the varieties of the first kind of rock,
in massive, banded, and brecciated alike, is the
occurrence of some of the constituents in small roundish
spots, which give to the whole formation a very detrital
aspect. In the quartzitic phases, as well as in the most
ferruginous bands, the eye recognizes, besides the little
grains of clear quartz, which seem to be unquestionably
detrital, numerous small dots of blue hematite and bright
red dots of jasper. These are more abundant in some
layers than in others, but seem never to be entirely
absent, and are exceedingly characteristic of the
formation wherever found.

In a few localities the iron constituent is almost entirely in
the form of little micaceous scales of specular hematite,

which have a parallel arrangement. Hematite-schists,
however, are not very common. The best examples
occur in the northern part of sec. 36, T. 42 N., R. 30 W.,
along the northern syncline.

The second kind of rocks of the formation, the griinerite-
schists, have been found in small thickness and in one
locality only, namely, in the southern parts of sec, 33, T.
42 N., R. 28 W., where they underlie, in a series of small
anticlines and synclines, banded siliceous beds
composed of quartz and magnetite or martite.

Under the microscope the essential constituents of the
first or prevalent kind of rock of the Groveland formation
are quartz, magnetite, martite, and hematite. With
these, much smaller quantities of chlorite, epidote, and
apatite are generally associated as accessories. Of
rarer occurrence are calcite and probably siderite,
sericite, tremolite, grinerite, pyrite, limonite, chalcedony,
rutile, titanite, tourmaline, microcline, and plagioclase.

Quartz occurs in two ways—first as rounded detrital
particles, and secondly as grains which have crystallized
in place. The detrital grains, which are easily recognized
by their form, size, and freedom from inclusions of the
ores, consist of single individuals, often surrounded with
rims of later growth. They are also usually larger than
the neighboring indigenous grains. While detrital quartz
is not abundant and, indeed, is often entirely absent from
the thin sections, its occurrence is of interest as
conclusively establishing the sedimentary origin of the
iron-bearing formation.

The secondary quartz grains are the most abundant
constituents of the thin sections, and form the general
background for the other minerals. They always inclose
separate crystals of the iron oxides, usually in great
abundance, and often also chlorite and little prisms of
apatite. These grains usually have the shape of irregular
polygons bounded by straight lines, frequently with
reentrant angles, and adjacent grains completely
interlock. In size the secondary quartz grains range from
about 0.03 to 0.4 mm. in diameter. Grains of
approximately the same size occur together in bands or
in the rounded areas to be mentioned later.

The iron ores include both magnetite, or martite, and
crystalline hematite, the former being much the more
abundant. The magnetite and martite can not be
distinguished in thin section, as their color in reflected
light and crystalline form are the same. They occur in
irregular bands composed of aggregates of crystals, the
edges of which interlock with the adjoining and inclosed
areas of quartz, and show the triangular, rhombic, and
square sections of magnetite individuals. Magnetite also
occurs in isolated, irregular aggregates interlocking with
the secondary quartz grains, and of similar dimensions
to these, but is especially abundant as single minute
crystals interposed in the grains of secondary quartz,
ranging in size from such as are barely recognizable
under a No. 9 objective to octahedra 0.03-0.05 mm. in
diameter. A single quartz grain ¥ mm. in diameter may
inclose a hundred or more such minute individuals.
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Hematite is much rarer than magnetite, and seems to be
found only in the secondary quartz grains or in veins. In
the former it occurs in separate crystalline plates, of
deep red color in transmitted light, under the same
conditions as to number and size as the magnetic
crystals. Throughout some sections, and in certain
bands and rounded areas in other sections, it is more
abundant as inclosures than magnetite. Such rounded
areas formed of several quartz individuals, each of which
thus holds a great number of hematite plates, appear
macroscopically as the little jasper dots already
described. Chlorite and apatite are also often embedded
in the secondary quartz grains, the former in thin plates
and the latter in small hexagonal prisms. Epidote is
quite common in small irregular areas intercalated
between the quartz grains or in the magnetite bands.

Many of the slides contain a small amount of
rhombohedral carbonate, much if not all of which is
calcite. It occurs chiefly in the quartz bands, in irregular
grains which interlock with the secondary quartz grains,
and, like them, inclose little crystals of magnetite and
hematite. Specimens the slides from which contain
carbonates effervesce freely in scattered spots with cold
dilute acid. Most of the carbonates are clear white under
the microscope, and are evidently calcite. Sometimes,
however, the carbonate areas have a very light-brown
tint, and are partially surrounded with a limonite border
and penetrated by brownish filaments along the
cleavages. In such cases it is difficult to decide whether
they are calcite stained with limonite, or siderite partially
oxidized to limonite. However, if part of these areas are
siderite it is nevertheless certain that the small magnetite
and hematite crystals which they inclose have not been
derived from them. These little crystals are inclosed in
the carbonates just as they are in the adjoining grains of
secondary quartz, while the alteration of the siderite, if it
is siderite, is to limonite. Carbonates also occur with
tremolite, quartz, chalcedony, epidote, and hematite in
the numerous thread-like veins which traverse some of
the thin sections.

The feldspars have been found in only a few thin
sections, as well-scattered but minute angular grains of
microcline and plagioclase. Many slides, however,
contain areas of matted sericite and quartz which
probably represent original grains of feldspar.

Rutile and tourmaline are also occasionally inclosed with
the iron ores in the grains of secondary quartz. Small
roundish areas of titanite, probably detrital, occur very
sparingly in a few of the thin sections.

The most interesting features of the thin sections are
certain very distinct structural arrangements of the
quartz and iron ores. In almost every slide, in ordinary
polarized light (with the analyzer out), the minute
interpositions of the iron ores are seen not to be equally
distributed throughout the background, but to be
concentrated in round or oval areas, never exceeding a
millimeter in diameter. These oval forms are confined to
the more siliceous bands, and are much more distinct in
some of the slides than in others. Often the outlines are

reenforced by rims of closely set magnetite individuals,
somewhat coarser than the dust-like crystals within. The
long diameters of adjacent ovals are parallel to one
another and to the band in which they lie, and are often
closely packed like pebbles. Occasionally the little
grains of iron ore within the ovals have a distinctly
concentric arrangement.

Between crossed nicols these areas are seen to have
had in some instances a distinct influence on the
crystallization of the secondary quartz. When they are
large and closely packed, each oval includes a large
number of interlocking quartz grains, and occasionally in
such cases there is some difference in size between the
quartz grains inside and those outside the ovals. In the
triangular and quadrangular areas lying between the
larger ovals, and bounded by curving segments of their
perimeters, the secondary quartzes are frequently larger
than those within, and are placed normal to the
boundaries, precisely as if they had grown outward from
the ovals into free spaces. Often, however, a single
individual of secondary quartz lies partly within and
partly without the oval. On the other hand, when the
ovals are small, one or more may be completely or
partially inclosed within a single quartz individual. The
interlocking quartz grains within the large ovals show no
indications of having formed in open spaces, even when
the included iron ores have a tendency, as occasionally
happens, to a concentric arrangement. The faulting and
brecciation so plainly seen in many of the thin sections
have also displaced and separated the oval areas. It
seems perfectly clear to me that these forms represent a
structure originally possessed by the rock from which the
various phases of the iron formation have been derived,
and which has been preserved through the subsequent
metamorphism.

From the facts described above, it is evident that the
Groveland formation is made up of highly metamorphic
rocks, which still, however, retain some original clastic
material as well as certain original structural characters.
With the exception of the rather rare clastic grains of
quartz, titanite, feldspar, etc., the minerals which now
chiefly compose these rocks—namely, quartz and the
crystalline iron oxides—are not clastic, but have
crystallized in place. It is a matter of great interest,
therefore, to determine, if possible, in what form these
constituents were present in the original deposit. On this
question the microscopic structure seems to me to have
a distinct bearing.

Forms similar to the ovals in these rocks occur in the
iron-bearing formations of other districts in the Lake
Superior region. In the Gogebic district of Michigan and
Wisconsin, R. D. Irving and C. R. Van Hise' have
supposed that such forms have resulted from processes
of solution and redeposition after the rook was formed,
and are therefore concretionary. They regard that
portion of the formation—-which they have named
ferruginous cherts—in which such forms occur, as an
alteration product from an original deposit of cherty
carbonate of iron. On the other hand, J. E. Spurr2 has
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shown that similar forms are exceedingly abundant
throughout the iron-bearing formation of the Mesabi
range of Minnesota, and are there original. In the least-
altered stages Mr. Spurr has found that these oval and
roundish areas are filled with a green substance, which
chemically is a hydrous silicate of iron, in composition
very close to glauconite, with which it is also optically
identical. The oval and rounded forms, moreover, are
those characteristic of glauconite in green sands of all
geological ages. Starting with this original substance,
which is very unstable when exposed to oxidizing and
carbonated waters, Mr. Spurr has traced an interesting
series of changes, the final result of which along one line
is the complete oxidation of the iron to hematite or
magnetite and the separation of the silica as chalcedony
and quartz. Throughout these changes the original form
of the glauconite grains is preserved in the new
minerals. Without going into the details of these
changes, and without accepting Mr. Spurr’s conclusions
in their entirety as to the steps involved, he has clearly
shown, as | have satisfied myself from the study of the
large number of Mesabi slides in my own collection, that
the green glauconitic substance is the source of the iron
and silica of the ferruginous cherts of the Mesabi range,
and that the peculiar spotted structure of these cherts is
inherited from the original forms of the glauconite grains.

Between the ferruginous quartzites of the Groveland
formation and the ferruginous cherts of the Mesabi range
there is a very close resemblance, especially in
structure. The essential difference is that the former
contain little or no chalcedony, the silica being
crystallized quartz, while the latter have a great deal of
chalcedonic silica. Also the former contain small
amounts of detrital material, which the latter generally
lack, but the essential difference between them is one of
degree of crystallization only.

"Loc. cit., pp. 254-257.

®The iron-bearing rocks of the Mesabi range in Minnesota, by J. E.
Spurr: Bull. Geol. and Nat. Hist. Surv. of Minn., No. X, 1894, 259 pp.,
12 pls.

If the silica of the Mesabi cherts had originally
crystallized entirely as quartz, or if after passing through
the stage of mixed chalcedony and quartz it had
subsequently crystallized as quartz, there would be no
essential difference between the iron formations of the
two districts.

There are, then, at least two possible forms in which the
iron and silica of the Groveland formation may have
been deposited originally, as indicated by the
conclusions of observers who have studied the similar
iron-bearing formations in other districts of the Lake
Superior region in which these formations are less
altered than here. Either of these forms—namely, a
cherty iron carbonate, as on the Gogebic range, or a
glauconitic greensand, as on the Mesabi range—could
give rise, under the action of vigorously oxidizing waters,
to rocks of the mineralogical composition of those in
question, and since no trace of either original form has
been found in the Groveland formation the choice

between them may perhaps be regarded as still open.
My own opinion, based on the microscopic structure
which, as | interpret it, shows that the Groveland
formation was in the beginning largely made up of
rounded particles having the same general form as the
glauconite grains of the Mesabi range, is that the iron
and silica were originally present largely in the form of
glauconite.

SECTION VIII. THE MICA-SCHISTS AND
QUARTZITES OF THE UPPER HURONIAN
SERIES.

Through the eastern part of sec. 32, T. 42 N., R. 28 W.,
and entirely across section 33, runs a belt of mica-
schists and thin-bedded ferruginous quartzites which
seem to have unconformable relations with the
formations just described. These rocks are seen on the
west in a cut in the Northwestern Railway in the SE. V4 of
the NE. 74 of sec. 32. At the western end of this cut the
strike is northwest and the dip northeast at an angle of
about 35°. At the eastern end there is a decided
bending in the strike to a more nearly east-and-west
direction, and the bedding surfaces carry striations which
dip east at an angle of 10°, all indicating that these
outcrops probably lie on the south limb of a gently
eastward-pitching synclinal fold, and near the axial
plane. East from this point similar schists and quartzites
form a ridge, low and flat-topped, which extends
immediately south of the railway almost to the east line
of section 33, and sinks gradually beneath the great
swamp of the eastern portion of that section. The
formation noticeably disturbs the compass needles, and
this fact, together with the rusty appearance of the
outcrops, has probably led to the sinking of the
numerous test pits by which the continuity is chiefly
established. But low-lying natural exposures are not
lacking.

North of the center of the NE. %4 of sec. 33 similar
schists have been found in two test pits. Also, parallel
with the outcropping southern belt and a quarter of a
mile or more farther north, a faintly marked zone of
magnetic disturbances runs east and west through the
swampy ground south of Felch Mountain and probably
connects the last-mentioned occurrences with the
exposures of the railway cut. It therefore seems likely
that the low ground through the middle of sections 32
and 33 is wholly occupied by an open syncline of these
soft and easily disintegrating rocks.

Between the exposed southern limb of this syncline and
the southern Archean the lower Algonkian formations
are found in the southeastern portion of section 33.
Actual contacts are not visible, but there are noteworthy
discordances in strike and dip, and especially clear proof
of great disturbances in the lower rocks in which the
upper have not shared. In the SE. V4 of the NE. V4 of the
SW. 4 of sec. 33, about 200 feet thickness of the
Randville dolomite, striking east and west and dipping
north at about 70°, is exposed between the Sturgeon
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quartzite below and the mica-schists to the north.
Between the dolomite and the schists is a covered
interval of some 40 feet. The latter also strike about east
and west, but dip north at 30° or less. Between a
quarter and three-eighths of a mile east of this locality
(the interval being without outcrops) the Mansfield and
Groveland formations lie against the Archean gneisses
with a faulted contact. They have been thrown into a
series of southeastward-pitching minor folds, and have
been intruded by a mass of diabase and also by a
pegmatite dike. The true strike of these formations at
this locality is toward the northeast, and the dip, as
shown both by the direction of pitch and the order of
superposition, is toward the southeast. Five hundred
feet north of this disturbed area and directly across the
strike of the lower formations therein, the upper schists
and quartzites continue their southeastward strike
without deviation.

These general relations indicate that the ferruginous
mica-schists and quartzites are part of an upper series
which overlies unconformable the Groveland and all the
lower formations. This series has not been found
elsewhere in the Felch Mountain area.

PETROGRAPHICAL CHARACTERS.

The rocks of this formation, as seen in .the outcrops, are
principally soft and deeply iron-stained mica-schists in
which occur frequent thin beds of ferruginous and
micaceous quartzite.

Under the microscope the schists are composed mainly
of biotite, quartz, muscovite, and magnetite. Chlorite, as
an alteration product of the biotite, is frequently
abundant, and garnets also occur in some sections.
These schists are much coarser in grain than those of
the Mansfield formation, and are wholly crystalline. No
clastic material has been recognized in the thin sections.

The quartzites also are thoroughly recomposed rocks,
without recognizable clastic particles. Quartz is the most
abundant constituent, and with it muscovite, biotite, and
magnetite are constantly associated. The micas and the
magnetite are frequently inclosed in a background of
large interlocking quartz grains, which is very similar to
the background of the Sturgeon quartzite. Such
inclosures lie in general alignment throughout the thin
sections, but, unlike many of the inclusions of the
Sturgeon quartzite, they seem not to be clastic particles
but to have crystallized in place. In one slide among the
inclusions in the large quartzes of the background is a
colorless isotropic substance, of low refraction, occurring
in large polygonal areas, but without definite crystal
form. It is usually stained with limonite, which has
penetrated from the margins along straight lines, as if
following cleavages. This interesting mineral, which is
certainly not garnet, and probably not opal, deserves
further investigation.

The rocks of the upper series, like those of the lower
series, are greatly altered. From their mineralogical
composition and structure it is evident that as originally

deposited they consisted of beds of mud separated by
thinner beds of sand. But as they now stand they have
been as greatly changed from their original condition as
the bedded rocks below. Also, since the time of
metamorphism they have been subjected to stress, as is
clearly shown by the optically strained condition of the
secondary quartz grains and the bending and twisting of
the micas.

From these facts we may reasonably infer that the
general metamorphism of both series was accomplished
after the deposition of the upper series and before the
latter was folded. Reconstruction so complete as that
shown by the upper series is not believed to take place
except at considerable depths below the surface, and
hence the part of the upper series now visible must then
have been deeply covered by overlying rocks, which
were afterwards entirely swept away before the
deposition of the Cambrian. In the earth movements
which folded this mass of material and brought it up
within the reach of denuding agents, we may recognize
the causes which have strained and broken the
secondary minerals of both series alike.

SECTION IX. THE INTRUSIVES.

The Algonkian formations of the Felch Mountain area
have been cut by later intrusives, among which both acid
and basic rocks are represented. The latter have also
been recognized in the Archean, in which, indeed, the
freshest and least-altered occurrences have been found.

The acid rocks consist of fine- to medium-grained pink
granites, occurring in narrow dikes. A number of these
dikes have been found in the Sturgeon formation, both in
the area of fine exposure on the south side of sec, 35, T.
42 N.,R30W., and alsoinsecs. 34 and 35, T.42 N., R
29 W.

Two granite dikes are also known in the highest member
of the lower series, but none have been detected in the
Randville or Mansfield formations. One of these occurs
on Felch Mountain, the other, a very coarse pegmatite,
is found cutting the Grovel and formation in the southern
part of sec. 33, T.42 N., R. 28 W.

Basic dikes and intrusive sheets are found, in many
localities. Some are highly schistose and greatly altered,
others are massive and but little changed. They
probably belong to many eras of eruption. The least
altered are diabases, in one occurrence of which, from
the Archean, the augites are almost intact.
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CHAPTERIV.
THE MICHIGAMME MOUNTAIN
AND FENCE RIVER AREAS.

By reference to the general map, PI. lll, it will be seen
that an oval-shaped Archean area, about 11 miles long
from northwest to southeast and having an extreme
breadth of nearly 4 miles, runs through portions of Ts 44,
45, and 46 N., Rs. 31 and 32 W. The country to be
described in the present chapter includes that portion of
this Archean mass (together with the younger rocks on
its eastern border) which lies east of the line between
Ranges 31 and 32 W., as well as the territory to the
south in the prolongation of the axial line, as far as the
south line of T. 43 N., R. 31 W. A gap about 6 miles
broad not covered by our work intervenes between this
Arbitrary southern boundary and the western termination
of the Felch Mountain work at Randville.

In the northern portion of the area now under
consideration (which lies along and is twice crossed by
the Fence River) the geological structure is exceedingly
simple, while in the southern portion, especially in the
neighborhood of Michigamme Mountain, it is rather
complex. The boundary between these two divisions
falls in the neighborhood of the mouth of the Fence River
insec.22, T.44 N., R. 31 W. It is therefore convenient
in what follows to refer to the northern portion as the
Fence River area, and to the southern as the
Michigamme Mountain area.

By referring to PI. lll, the broad geological structure of
the whole territory of which the above-mentioned
Archean oval is the center is evident at a glance. Itis an
anticlinal dome, the core of which is Archean, around
which the younger Algonkian formations run in a series
of concentric rings, on all sides dipping outward from the
inner nucleus. In the Fence River area, on the eastern
long side of the dome, the Algonkian formations have a
constant eastward dip, and are free from important
secondary folds. In the Michigamme Mountain area,
however, which lies in the prolongation of the main axis
of the dome, these encircling formations fall away gently
to the south in a series of waves, produced by several
concentric minor folds transverse to the main axis. Of
these minor folds but one is at all distinct to the east of
the general anticlinal axis, while to the west of this axis
at least three are well made out within the Michigamme
Mountain area. The much greater breadth of the
Algonkian formations on the west side of the dome than
on the east is probably due to the persistence of these
minor folds toward the northwest,

The general character and aspect of the formations of
the two areas and their succession is in so many
respects identical with the formations of the Felch
Mountain range that no doubt can be entertained that
they are really the same formations. Nevertheless
certain differences mark these rocks with a distinct
individuality. These differences will be considered in
detail in the descriptions of the several formations. In

general they may be summarized as involving a great
reduction in thickness of the Sturgeon formation, with a
corresponding increase in the Randville dolomite, the
appearance of surface igneous rocks at the Mansfield
horizon in the Fence River area, and a less uniform and
complete metamorphism in the whole Algonkian series.

SECTION I. THE ARCHEAN.

The rocks of the Archean core are well exposed through
the west-central sections of T. 44 N., R. 31 W., while
farther north in T. 45 N., R. 31 W., outcrops are few and
scattered. Much less attention was paid to this area
than to the Felch Mountain Archean; our work, as a rule,
stopped with the location of the boundary, and,
therefore, the following brief statements as to its
character embody observations along the southern and
eastern margins only.

The prevalent rock in the Archean is granite, varying
from medium to coarse grain, and often carrying very
large porphyritic Carlsbad twins of flesh-colored
microcline. Banded gneisses and mica-gneisses and
mica-schists, such as are so abundant in the Felch
Mountain Archean, are rare but not entirely absent.
While in many localities the granites are much crushed
and even sheeted along adjacent parallel fractures, their
originally massive character is sufficiently evident. They
have the composition and structure of typical igneous
granites. The primary minerals are entirely without
definite arrangement.

In the Archean areas granites of two ages have been
found, the younger in the form of narrow dikes. Basic
igneous rocks, also in dike form, are rather abundant.
One of these under the microscope proves to be a but
little altered diabase, in which the augite is almost intact.
These acid and basic intrusions are probably connected
with the surface flows of like character which are so
abundant at the Mansfield horizon along the Fence
River.

Of much interest is the occurrence of a small mass of
quartz-porphyry in contact with the Archean, and below
the lowest Algonkian sedimentary formation. The
locality is in sec. 21, T. 44 N., R. 31 W., in the southeast
quadrant of the Archean oval. The upper surface of
contact of this sheet with the lowest sediments is
covered, and hence it is not entirely certain whether it is
intrusive or extrusive, and therefore whether it belongs to
Archean or Algonkian time. The general relations,
however, appear to indicate that it is a surface flow
which suffered erosion before the deposition of the basal
Algonkian member, and is therefore to be classed with
the Archean. The exposure is 250 feet long by 100
broad. The rock consists of a very finely granular matrix
of a warm gray color, through which are sprinkled quite
uniformly little grains of blue quartz, and larger rounded
grains of pink feldspar. Flakes of biotite are scattered
through the ground-mass and coat the cleavage
surfaces, which are developed in two distinct systems,
intersecting at an angle of about 10°. Immediately below
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the porphyry is coarse porphyritic granite, sheeted in
waving surfaces parallel to the contact, which dips
eastward about 40°. The lower portion of the porphyry
contains a number of fragments of the underlying
granite, one of which is over 4 feet in length.

Under the microscope the groundmass is a fine-grained
crystalline aggregate of quartz, greenish biotite, and a
little feldspar. The quartz phenocrysts are beautifully
corroded, and have the characteristic bipyramidal form,
while the feldspars are extensively altered to biotite,
sericite, and quartz.

Biotite-gneisses related to this porphyry in external
appearance occur among the Archean outcrops inclosed
in the “B” line of magnetic attraction in sec. 7, T. 45 N.,
R. 30 W., and may be described here for comparison.
They are dark-colored, fine-grained rocks, which
weather to light pink. They are eminently schistose, and
the cleavage surfaces are coated with biotite plates of
medium size. Minute grains of blue quartz are
occasionally distinguishable by the eye.

Under the microscope these gneisses have a fine to
medium grained groundmass composed of quartz,
microcline, orthoclase, plagioclase, green biotite, and
muscovite, and a little scattered epidote. Within it are
large roundish areas of quartz and feldspar, sometimes
single individuals, but more often consisting of several
fragments. The gneissic foliation is pronounced and is
caused by a general elongation of the constituent
minerals in a common direction. The only essential
differences between these gneisses and the porphyries
described above are this strong foliation and the coarser
groundmass.

SECTION Il. THE STURGEON FORMATION.

The Sturgeon formation as a distinct member of the
Algonkian series is hardly known in this area apart from
the Randville formation. Nevertheless, purely clastic
sediments unmixed with the carbonates of calcium and
magnesium were deposited and are now visible along
one section between the Archean granites below and the
dolomites above, and for these it is convenient to retain
the name, although their total thickness is so small and
their continuity so uncertain that they can not be shown
on the geological map. The general conditions of
sedimentation here were such, perhaps in consequence
of the low relief of the neighboring land, that limestones
began to form a relatively short time after the
submergence of the Archean surface, so that the two
lower Algonkian formations probably by no means
represent equal periods of time with the same formations
in the Felch Mountain range. The time represented by
both together is perhaps not greatly different in the two
areas, but since in the entire absence of fossil evidence
it is impossible to draw the line of equivalence, while at
the same time the lithological break is a sharp one, it
seems desirable to carry over the Felch Mountain
names, extending the Randville dolomite downward to
the lower limit of limestone deposition, and retaining the

name Sturgeon formation for the basal sediments which
are free from carbonates.

These basal sediments are found only in sec. 15, T. 44
N., R. 31 W., where they are exposed in low-lying
outcrops in the banks and bed of the Fence River.
Elsewhere throughout the 10 or 12 miles through which
the Archean extends in this area no outcrops have been
found in the flat and generally swampy belt which
intervenes between it and the dolomite above.

The exposures referred to consist of soft, light-
weathering slates and graywackes, with which are
interbedded layers of coarser texture. They are very
evenly banded in pale shades of yellow, red, and green,
and the structure thus brought out dips eastward at an
angle of 52°. Besides this a secondary cleavage is quite
prominent, especially in the finer-grained beds, also
dipping eastward, but at a considerably higher angle. At
the eastern side the slates are overlain by the lowest
marble beds, here extremely impure and highly charged
with chlorite and quartz sand. The thickness of slates
exposed is about 100 feet, and between the Archean
and the most western outcrops there is room for about
as much more. The total thickness, then, can not
exceed 200 feet.

A thin section of a specimen from one of the coarser
layers shows it to be a graywacke, the most prominent
constituent of which is quartz in small roundish and oval
grains. These are embedded in a groundmass
composed of chlorite in minute irregular plates, ferric
oxide, and kaolin. The quartz grains while having
generally clastic shapes are bounded by minutely rough
edges which interlock with the fibrous minerals of the
groundmass. Evidently much new quartz has been
deposited round the original grains.

SECTION Ill. THE RANDVILLE DOLOMITE.

DISTRIBUTION AND EXPOSURES.

In the Fence River area the dolomite, as already stated,
lies on the east side of the Archean, and occupies a belt
over half a mile in width, which extends from the mouth
of the Fence River on the south for about 10 miles to the
north and west, to our western boundary near the
northwest corner of T. 45 N., R. 31 W. In this distance it
is twice crossed by the river, and on these natural
sections and in their neighborhood the only known
outcrops of the dolomite have been found. The northern
river section passes through secs. 22 and 28, T. 45 N.,
R. 31 W., and discloses an excellent series of closely
connected exposures for a distance of about 2,900 feet,
measured at right angles to the strike. The southern
section is 5 miles farther south, and is much less
continuous, laying bare the extreme upper and lower
portions only of the formation. Elsewhere through the
dolomite belt the rock surface is concealed by swamps
or glacial drift, to which last it contributes but few
scattered bowlders of noticeable size.
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South of the Archean dome in the Michigamme
Mountain area the dolomite tops the low arch in a broad
crumpled sheet, in the minor synclines of which the
higher formations are more and more implicated as we
go south. This broad sheet, with its included tongues of
phyllite, extends to the south line of T. 44 N., R. 31 W,
beyond which it disappears beneath the higher
formations, except in a single narrow belt which
continues along the main axis for about a mile farther
south. Exposures sufficient in number to indicate
several minor folds are found along the Michigamme
River and scattered through secs. 28, 32, and 33, T. 44
N.,,R.31W. andsec.4, T.43N,,R. 31 W.

FOLDING AND THICKNESS.

In attitude the Randville formation in the Fence River
division of the district is an eastward-dipping monocline,
the inclination of which is generally moderate. The rocks
are usually heavily bedded and nearly always show
distinct alternations in coarseness and color, so that
structural observations are made with much more
certainty than in the Felch Mountain range. The more
conspicuous minerals secondarily developed here—
coarse carbonates and tremolite—have formed chiefly in
the old planes of bedding. Oblique structures are
generally absent except in the close vicinity of the basic
dikes which intersect the formation along the upper river
section. The surfaces of contact with the dikes stand at
high angles, and nearly parallel to these the neighboring
dolomite has well-developed cleavages, along which
new minerals have formed, intersecting the true bedding.
It is evident that the stronger igneous rocks in these
cases have furnished resistant surfaces against which
the dolomite has been kneaded in the general tilting of
the series.

The eastward-dipping monocline is a simple one, yet the
observed angles of inclination are by no means uniform.
Thus, along the upper river section the dip ranges from
25° to 60°, with 40° as the mean of about a dozen
observations. The variable dips are so scattered
through the cross section as to indicate no widespread
roll in the formation as a whole, but rather a great
number of minor undulations probably distributed
throughout its thickness. Such undulations are visible in
favorable localities, as, for example, on the north bank of
the river in the NW. %2 of NW. V4, sec. 28, T. 45 N., R. 31
W., where fresh surfaces have been exposed in blasting
for the dam. The light-blue and pearly-white layers of
the beautiful marble here seen are thrown into a series
of unsymmetrical folds. The western sides of the little
anticlinals are short and overturned, while the eastern
sides are long and gently inclined. Evidently, if the same
system of secondary folding holds throughout the entire
thickness of the formation, surface observations would
show everywhere eastward dips at variable angles,
dependent upon the portion of the fold which happened
to constitute the particular outcrop, and gentle dips
would be more abundant than steep dips. This would
completely explain the observed variations.

Similar variations and lack of regular sequence in the
dips are found in the southern river section. Five good
observations range between 20° and 58°, all eastward,
but none of the exposures is sufficiently extensive to
show minor folds. The mean of these observations is
about 40°.

The surface width of the dolomite zone on each section
is a little less than 3,000 feet, assuming that a fair
proportion of the covered zones on each side is
underlain by the same formation. If the average
observed dip is taken to represent the average dip of the
rock, the thickness in each case would be a little over
1,900 feet. This is probably too great, and is certainly
too great if the same kind of internal crumpling visible in
parts of the upper river section is characteristic of the
formation throughout. The average dip evidently would
more nearly be represented by the dips of the long
eastern limbs of the little anticlines. Assuming that these
are less than the mean, we find the average of the dips
below 40° to be 80° for each section. This gives a
thickness of about 1,500 feet, which still is perhaps
beyond the truth, but is probably much nearer it than the
first value.

It is interesting to compare this result with the thickness
of 500-1,000 feet obtained on the two Felch Mountain
sections. A part of the increase is probably due, as
already explained, to the earlier beginning of limestone
deposition in the Michigamme area. But an important
part of it is probably not depositional at all, but is the
result of plications. The whole series here is but gently
tilted as compared with the walls of the Felch Mountain
trough, and hence the strong horizontal pressures have
acted in a direction but slightly inclined to the bedding.
The result has been the secondary crumpling within the
formation which must contribute in an important degree
to its present apparent thickness.

In the scattered outcrops of the Michigamme Mountain
area the dolomite strikes and dips toward nil points of
the compass. This irregularity is caused by the gentle
arching over the general northwest-southeast axis.
combined with much sharper local folding about a series
of axes which run more nearly east and west. The best-
defined east-and-west folds occur west of the main axis
in sec. 82, T. 44 N., R. 31 W., in which three synclines
and three anticlines are found along a north-and-south
section 4,000 feet long. The two southern synclines are
sufficiently deep to include the overlying Mansfield
phyllites. The secondary folds die out toward the main
north-and-south axis and broaden toward the west. East
of the main axis but one secondary fold has been
recognized, namely, the syncline which forms
Michigamme Mountain. This is the deepest of the
secondary folds, and the only one containing the
Groveland formation.

PETROGRAPHICAL CHARACTERS.

The Randville formation in this area is richer in
lithological varieties than in the Felch Mountain range.
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As originally deposited, a much larger proportion of sand
and mud was mingled with the carbonates, and the
progress of subsequent metamorphism also has been
less uniform. Depending upon the interaction of these
two factors, we find, as the extremes of variation, on the
one hand coarse saccharoidal marbles, sometimes very
pure, but most often filled with secondary silicates, and
on the other hand fine-grained little-altered limestones,
which occasionally are so impure as to be rather
calcareous or dolomitic sandstones and shales. The
more impure varieties occur, as might be expected, near
the contacts with the adjacent formations.

On the Fence River, in sec. 16, T. 44. N., R. 31 W., the
base of the dolomite rests on the Sturgeon formation.
The rock is filled with grains of quartz and feldspar and
scales of chlorite, and is so soft that it may be crushed
between the fingers. In sec. 32, T. 44 N., R. 31 W_, the
top of the formation is in contact with the Mansfield
slates, and between them is a complete series of
transition beds. Near the junction the limestone
becomes dark colored and contains thin bands in which
the clayey material greatly exceeds the carbonates.
These are succeeded by alternating beds of slate and
impure limestone in nearly equal volume, and it is only
high up in the slate member that the calcareous bands
completely disappear. Apart from these belts of extreme
impurity at the base and top of the formation, the
presence of scattered fragmental grains of quartz and
feldspar is rather general throughout.

The prevalent colors are white, various shades of pink,
both light and deep blue, and pale green. Where
weathered, the usual colors are light brown or buff. The
lighter-colored rocks in general are characteristic of the
Fence River area where metamorphism is more uniform
and more intense, and. the darker colors of the
Michigamme Mountain area to which the less crystalline
forms are wholly confined. Bands differently colored are
nearly always present in the same outcrop.

In the Michigamme Mountain area the torsional strains
attendant upon the formation of folds in two directions
have developed two systems of fracture in the dolomite.
In these secondary quartz has formed, occasionally in
large amount. Of much interest is the occurrence in
close connection with such vein quartz of occasional thin
bands of pegmatite, doubtless arising from the action of
deeply derived waters. In similar spaces coarse
secondary carbonates, tremolite, and oxides of iron also
have commonly formed. Over the small anticlinal axes
and. domes of this area the original bands of the rock
have often been shattered, and are now recognizable
only in displaced fragments cemented together by the
new minerals. In the Fence River area the general
secondary folding has been attended with differential
movements along the bedding, which left narrow open
spaces where the adjacent surfaces failed to fit in their
final position of rest. These spaces are now indicated by
coarsely crystalline carbonates and silicates arranged
normal to the original walls. Where the space was a

wide one the outer walls are usually lined with coarse
calcite, while the interior is filled with quartz.

In the Michigamme Mountain area certain pink bands of
the dolomite have a beautiful odlitic texture, which is
most clearly brought out in weathering by the
geometrical regularity of distribution of the harder shells
or cores of the little rounded grains. The forms are not
different from and are quite as distinct as those in the
odlitic limestones of recent deposition.

The chemical composition of the dolomites is illustrated
by the following partial analyses by Mr. R. J. Forsythe, of
Harvard University:

Analyses of dolomites from Michigamme Mountain area.
[ T o |
1. mo | L

o A T T
1 Residue insol.in HCl.. ... .. ......... 14.25 | 9.34 |l
I 6 Y 115 | 1257  5.38 |
| CaC0 wenae et et e 17.18 15.98 | 36.60 |
| M@0 e et et e e 18.48 19.22 | 16.38

The ratio of CaCO;: MgCO; is too great for normal
dolomite, but approximates that for 2CaCO3;+MgCOs;.

Under the microscope the chief differences in the
various thin sections are in the degree of metamorphism
and in the quantity and character of the foreign
fragments. The least altered varieties are those highest
in the series from the Michigamme Mountain area.
These consist of a background of extremely fine-grained
calcite, with a few rounded fragmental quartz grains, and
scattered particles of chalcedony. Mixtures of small
quartz particles, chalcedony, and calcite slightly coarser
than the background occur in short vein-like gashes.
The prevalent deep color of these rocks is due to the
even sprinkling through the background of a black
opaque pigment, which may be carbonaceous.
Altogether the microscopic characters are those of a
little-altered, slightly cherty limestone.

The more crystalline varieties of the dolomite contain
several secondary minerals, namely, tremolite, diopside,
chlorite, muscovite, phlogopite, pyrite, and the oxides of
iron. Of these, tremolite is very common and abundant,
especially in the Fence River area, where the rarer
pyroxene, diopside, also is found. Phlogopite comes in
but two of the thin sections, while muscovite occurs in
nearly all. The general habit of these silicates is
precisely the same as in the dolomite of the Felch
Mountain range. They are developed pari passu with
the passage of the unaltered dolomite into marble.

The fragmental inclusions within the dolomite are of
interest. These are little pebbles of quartz, feldspar,
mica, titanite, magnetite, and augite; and are evidently
derived mainly from preexisting granites or gneisses.
Titanite and augite are very rare; the others are
represented in almost every slide. The quartz grains are
seldom more than a millimeter in diameter and
commonly are much smaller. While the general shape is
oval or rounded in most cases, the perimeters are
usually extremely irregular and interlock with the
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carbonate grains of the background, which indicates that
they have been enlarged since deposition by the
formation of new silica. This is very evident in the few
instances in which the original smooth outline, or part of
it, is preserved by a film of different material inside the
present perimeter. The feldspar pebbles include
orthoclase, microcline, and plagioclase, microcline being
the common species. They are usually much
decomposed and iron stained. The feldspars are
especially abundant in the slides from the Fence River
area.

The clastic pebbles give us striking proof of the general
and severe internal strains suffered by the dolomite, the
effects of which have healed over without a scar in the
carbonate matrix. The pebbles are always optically
strained. Very often they are fractured and the parts
separated, and sometimes they have been reduced to
small fragments. In these cases the breaks have been
completely healed by the flow or redeposition of the
groundmass in the interstices. These effects are found
in greater or less degree in every thin section.

The odlitic varieties are very interesting under the
microscope. They consist of little oval or round areas,
averaging 2 mm. in diameter, packed together as closely
as possible. Each oval consists of a single or compound
nucleus, surrounded by several thin and very even
concentric layers. The nucleus in a few cases is a single
roundish quartz individual, evidently a clastic grain. In
most cases, however, it is composed of a great number
of minute quartz grains, or of several coarse calcite
grains, with films of iron oxide between. The
arrangement of these separate quartz and calcite
individuals is such as to indicate that they have filled
interior cavities. The surrounding thin layers are calcite
in all cases. Sometimes two adjoining nuclei, each
within its own rim of several layers, are together included
within a common series of shells. In one such case the
outside rim traversed the edges of the rings surrounding
one of the nuclei with a decided unconformity, as if the
latter had been eroded before the deposition of the
former. The odlitic structure, | believe, has not hitherto
been noted in limestones of undoubted pre-Cambrian
age.

SECTION IV. THE MANSFIELD
FORMATION.

The typical locality of the Mansfield formation is the
Michigamme River valley in the vicinity of the Mansfield
mine, which lies a mile west of the border of my field of
work, and is described by Mr. Clements. The same
formation, however, is present in the Michigamme
Mountain area, where its relations to the adjacent
formations are clearly defined. In the Fence River area
rocks of very different character and derivation occur at
the Mansfield horizon. These occur in typical
development to the west, on the Hemlock River, and are
hence called the Hemlock formation.

DISTRIBUTION, EXPOSURES, AND
TOPOGRAPHY.

The Mansfield rocks of the Michigamme Mountain area
consist of phyllites or mica-slates of various colors.

They are found in the series of east-west synclines,
which have already been described in connection with
the Randville formation. The best exposures occur in
sec. 32, T. 44 N, R. 31 W., between the center and the
west quarter post, and still farther north along the south
bank of the Michigamme in the northwest quarter of the
section. They are also found round the western edge of
the Michigamme Mountain syncline in sec. 33, T. 44 N.,
R.31W.,and in sec. 5, T. 43 N., R. 31 W., but here the
exposures are mainly in test pits. Test pits have likewise
penetrated them in sec. 10, T. 43 N., R. 31, where they
succeed the dolomites as the surface rock over the
general arch. Their extent in the covered portions of this
area is probably considerable, but the structure is so
complex and the outcrops so few as to forbid any but the
most approximate outlining of their general boundaries.

The geological position of the Mansfield rocks is free
from doubt. In the principal syncline of section 32 they
are seen to overlie the dolomites and to pass downward
into them by a relatively slow gradation, while on the
borders of the Michigamme Mountain syncline they are
proved to underlie the Groveland formation. The
passage to the higher formation likewise is graded,
though more rapidly, and is marked in certain bands by
an increase in clastic quartz grains and by changes in
the character of the matrix in which these are set.

The portions of the surface underlain by the Mansfield
formation are without special features, and are
indistinguishable topographically in the gently rolling
plain, the greater portion of which is formed in the
dolomites. In section 32 the outcrops are miniature
ridges elongated with the strike, the height of which,
however, is less than the contour Interval of the map.

FOLDING AND THICKNESS.

The folding of the Mansfield rocks, so far as it can be
determined in this area, has already been described in
the account of the preceding formation, which they
overlie. The rocks are known only in the secondary
synclines which lie transverse to the general direction of
the main axis south of the Michigamme River. In the
southern of these synclines, in sec. 32, T. 44 N., R. 31
W., between the limestone rims on the north and south,
a superficial width of about 1,800 feet of phyllites is
exposed. The most southern exposures dip northward
at a low angle. On the northern rim the true bedding is
nearly vertical. Elsewhere the vertical cleavage
structure alone is distinguishable. The upper limit of the
formation is not found in this syncline. Making the most
liberal estimate for possible minor crumples, it is
improbable that a less thickness than 300 to 400 feet
occurs here. On the eastern side of the main axis the
phyllites below the Groveland formation are very much
thinner than this, the thickness at the Interrange
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exploration, for example, being only about 100 feet; but
there, as well as along the whole western edge of the
Michigamme Mountain syncline, the lower contact with
the dolomite is probably faulted. It seems entirely safe,
therefore, to place the average thickness of the
Mansfield formation in the Michigamme Mountain area at
not less than 400 feet.

PETROGRAPHICAL CHARACTERS.

The Mansfield formation consists almost entirely of very
fine grained mica-slates or phyllites. The prevailing
colors are dark green, black, and light olive-green.
These are often mottled irregularly with red, due to the
infiltration of iron oxides along the secondary cleavages.
The cleavage surfaces have a dull luster, caused by the
parallelism of the micaceous minerals, which are too
minute, however, to be distinguished by the eye or lens.

The phyllites are often finely banded in different colors
and shades. Near the base of the formation bands of
limestone and near the top thin bands of graywacke are
interbedded, as has already been stated. Quartz and
calcite lenses are not unusual in the minutely puckered
portions of the formation.

The secondary cleavage is the prominent structure, and,
indeed, the only structure of the outcrops where the
color and texture bandings do not appear. Its general
direction is transverse to the main arch, or nearly east
and west, and its dip is almost vertical. The north-south
compression thus appears to have been the stronger, or
to have been active somewhat later in point of time than
the east-west compression.

Under the microscope the phyllites are seen to be
composed principally of fine leaves of muscovite and
chlorite, often also with a little biotite, and with a variable
and usually small amount of quartz, feldspar, and
sometimes calcite. Magnetite, ilmenite, and limonite are
usually rather abundant. Pyrite also occurs in a few
grains in nearly every slide. The differences in color
depend mainly upon the relative proportions of the
chlorite and muscovite, the former being characteristic of
the dark-colored, the latter of the light-colored, rocks.
The very dark-green or black varieties contain also an
opaque and probably organic pigment in very minute
particles. The quartz and feldspar grains are usually
very small and irregularly shaped. The larger, however,
of which a few occur in the slides from the less
compressed rocks, have well-rounded contours. In other
cases extremely flattened and strung-out lenses
composed of many small particles represent what were
doubtless originally single clastic grains.

Two varieties of cleavage are well illustrated in the thin
sections, namely, that caused by the parallelism of the
component minerals, and “ausweichungs-clivage.” The
former is characteristic of the coarser-grained varieties,
and the latter of the finer grained, where the direction of
pressure has made a large angle with the bedding. In
some cases the little leaves of muscovite outline parallel
and equal folds, less than 0.2 mm. from crest to crest,

each of which is ruptured, sometimes with slight
displacements, sometimes with none, entirely across the
slide. The structure is most distinct in the red phyllites,
in which the fractures and the arrangement of the
muscovite plates are clearly outlined by the ferruginous
stain. Each kind of cleavage in a different way tells the
story of extreme pressure.

SECTION V. THE HEMLOCK FORMATION.

The Mansfield formation of the Michigamme Mountain
area changes along the strike into rocks of an entirely
different character, which, as already said, have been
named the Hemlock formation.

DISTRIBUTION, EXPOSURES, AND
TOPOGRAPHY.

The Hemlock formation in the Fence River area consists
of several varieties of schists which occupy a belt
between 2,000 and 3,000 feet in width between the
dolomite on the west and the Groveland formation on the
east. The best exposures occur on the two river
sections already referred to (p. 431), but outcrops are by
no means lacking elsewhere. At the northwest corner of
the area, in sec, 6, T. 45 N., R. 31 W, the schists are
found striking N. 60°-70° W., and dipping northeast
about 40°. East of the center of sec. 16, T. 45 N., R. 31,
a few exposures occur, the structure of which strikes a
few degrees west of north and dips eastward at angles
of 45° to 50°. In sections 21 and 28, a mile and a half
south, numerous outcrops in similar attitudes are found
along the northern river section. In secs. 3and 4, T. 44
N., R. 31 W., a few scattered outcrops only have been
found, but throughout section 10 they are very abundant.
For the next 2 miles south through secs. 15 and 22, T.
44 N., R. 31 W., only a few small exposures have been
discovered which have the same northerly strike and
eastward dip. Thus for a distance of 11 miles along the
strike exposures occur at comparatively short intervals,
the longest gap being 3 miles.

In general this belt is one of slight elevation above both
the dolomite country on the west and the iron formation
country on the east. The areas of best exposure are
characterized by very rough topographical details, which
are entirely lost in the generalized curves of the map.
Abrupt strike ridges, separated by narrow ravines,
succeed one another at short intervals. In the covered
areas the surface, while retaining its general elevation,
has been leveled off by the deposition of till in the
hollows, and has the smoothly undulating contours
characteristic of till-covered areas.

FOLDING AND THICKNESS.

No secondary folds have been detected within the Fence
River area of the Hemlock formation, and on account of
the metamorphism and cleavage structural observations
are not possible from which they might be inferred. The
only clear evidence as to the attitude of the rocks was
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afforded by the contact at one locality between beds of
amygdaloid and agglomerate. There the dip is eastward
at an angle of 50°. The surface width of the formation
varies between 2,000 and 3,000 feet. If 50° is taken as
the dip, the thickness would be from 1,500 to 2,300 feet.
If the average dip is assumed to be 40°, or the average
of the observed dips of the underlying dolomite, the
thickness would be from 1,300 to 1,900 feet. Or if 30°
be taken, the average of the lower dips of the dolomite,
the thickness would be 1,000 to 1,500 feet. We may
say, therefore, that the thickness north of the southern
river section is probably not less than 1,000 nor probably
more than 2,300 feet. South of the southern river
section the thickness diminishes rapidly.

PETROGRAPHICAL CHARACTERS.

The exposures through section 10 and the northern part
of sec. 15, T. 44 N., R. 31 W.-—the southern river
section—qgive us a nearly complete sequence across the
Hemlock formation, the principal gaps being on the
extreme east and west, thus leaving the details of the
relations with the dolomites below and the iron formation
above undisclosed. In this section of 3,000 feet in
length, the rocks are chiefly chloritic and epidotic schists,
with which are associated schists bearing biotite,
ilmenite, ottrelite, and amphibole, greenstone
conglomerates or agglomerates, and amygdaloids.
These rocks are characterized by a generally fine and
even grain, by a lack of sedimentary characters, and by
a double structure. In most of the varieties minerals,
which have formed quite independently of and later than
these structures, are macroscopically conspicuous. The
prevailing color is green, passing to dark purple and
black in the varieties in which biotite, hornblende, and
magnetite abound.

The distinction made in the field between the several
varieties of the schists is a rough one, indicating the
predominating minerals rather than implying the absence
of the others. In fact all the varieties are intimately
related. The chlorite-schists are very fine-grained green
rocks, usually from their color evidently very epidotic;
they weather to greenish or pinkish white. The cleavage
surfaces are often plentifully sprinkled with little flakes of
biotite. Frequently also black needles of ilmenite,
brilliant plates of ottrelite, and large clusters of actinolite
run irregularly through them, quite independent of the
cleavages. The biotite-schists are much, darker, and
lack the green coloring. Through them also the same
metamorphic minerals are frequently interlaced. By an
increase in these minerals the passage to the other
varieties in limited exposures is a very easy one.

Greenstone-conglomerates and amygdaloidal rocks
occur in a few exposures. In the former, light green or
gray aphanitic inclusions, of angular shapes, ranging
from an inch to 2 or 3 feet in long diameter, are inclosed
in a matrix of chlorite-schist or biotite-schist. The
chlorite-schists often hold round or lens-shaped eyes of
epidote, and epidote and quartz. That these are filled
cavities can in most cases be shown only by the

microscope, yet some of the larger amygdules have a
banded structure evident to the naked eye. These rocks
are of structural interest since they are the only
members of the area which possess undoubted bedding.
The plane of contact between an amygdaloid and a layer
of greenstone-conglomerate in SE. V2 sec. 10, T. 44 N.,
R. 31 W., dips eastward at an angle of 50°.

Two well-marked systems of cleavage traverse all the
rocks of the southern river section. The angle between
their strikes is always acute toward the north, varying
from 5° to as high as 34° indifferent exposures, while the
direction of the bisectrix is almost constant at N. 8°-10°
W. The dip of both systems is toward the east at about
the same angle, namely 50° to 60°. The two systems
are usually both well developed, so that the outcrop
edges break down by weathering along zigzag lines.
The character of the cleavages varies from fine partings
which divide the surface into rhombs, sometimes
extremely regular in the more aphanitic rocks to a single
perfect schistosity capable of minute subdivision, along
which the component minerals are visibly aligned, in the
more crystalline. Along the cleavages seams of quartz
and calcite have frequently formed.

Along the upper river section the rocks of the area are
distinctly more crystalline, and are chiefly biotite-schists
and biotite-hornblende-schists, the latter often very
coarse. They are sometimes banded, but very
irregularly, the lenticular character of the banding
suggesting the rhombic cleavages of the southern
section. Some of the finer-grained biotite-schists
contain round or elongated areas of quartz and epidote,
which resemble amygdules. With these are associated
considerable thicknesses of sericite-schists, full of little
eyes of blue quartz; these are evidently metamorphic
acid eruptives. The width of the northern section is
about 2,000 feet.

Under the microscope the Hemlock schists of the Fence
River area have a general porphyritic habit. Two main
divisions only are clearly distinguished. One of these is
the fine-grained mica (sericite) schists, which are
characterized by the presence of muscovite as well as
biotite in the microcrystalline groundmass, and true
phenocrysts of feldspar and bipyramidal quartz, while
the other embraces all the other varieties, which, diverse
as they undoubtedly are, have yet certain important
characters in common and are connected by gradations.
The sericite-schists are obviously metamorphosed acid
lavas, and need not be described in detail here.

The origin of the second division, however, is far more
obscure. The least altered of these rocks possess an
exceedingly fine grained microcrystalline groundmass,
made up of very pale chlorite and a colorless aggregate
with feeble double refraction, which seems to be quartz.
Between crossed nicols the groundmass is almost
isotropic, and it is by no means improbable that certain
reddish patches here and there may really be glass.
Little crystals of magnetite are abundantly scattered
through the groundmass, and are often arranged in
parallel curving lines, very suggestive of the flowage
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lines brought out on the surface of weathered rhyolites
by the ferruginous stains. In many sections the
groundmass includes minute lath-shaped plagioclase
feldspars, much altered and with indistinct boundaries,
which are often arranged in parallel lines. The
groundmass also is generally sprinkled with little
irregular grains of epidote and calcite.

In this groundmass are included in variable combinations
and proportions much larger crystals and grains of
common hornblende, actinolite, biotite, ottrelite, calcite,
ilmenite, epidote, and zoisite. Of these biotite, calcite,
ilmenite, epidote, and zoisite are the most constant and
abundant.

Biotite is present in all or nearly all of the thin sections. It
is always brown, and is characteristically developed in
stubby individuals, very thick for their basal dimensions.
These individuals are large and lie scattered through the
slides. They frequently inclose portions of the
groundmass. The mica cleavage most frequently stands
across the cleavage of the rock. In many of the darker-
colored schists, however, biotite plates intermediate in
size between the large porphyritic individuals and the
small chlorite plates of groundmass are present in large
numbers, constituting a sort of secondary groundmass.
These are generally aligned with the cleavage of the
rock and are sometimes gathered in bands, but in color
and stubby habit are similar to the phenocrysts.

liImenite in brownish-black prismatic sections is a
common constituent. It usually lies at random through
the slide. It incloses the quartz and epidote grains of the
groundmass. Epidote and zoisite are exceedingly
abundant, often in well-formed crystals. Many of the
epidote and zoisite individuals contain darker colored
inner nuclei, the nature of which is uncertain. In some
cases the nuclei are irregular in shape and have the
characteristic pleochroism of epidote, but are more
strongly colored than the surrounding zones. In other
cases they have sharp crystal boundaries, isomorphous
with epidote, are brown in color, and inclose grains of
magnetite; these may be allanite. The nuclei are too
small, however, for determination. Generally they do not
extinguish exactly with the surrounding zones. It is
probable that many of these nuclei represent an early
generation of epidote, like the small irregular grains of
the ground-mass, which were subsequently enlarged to
porphyrinic size. Inclosures of zoisite are not uncommon
in the large epidote individuals. Large lenticular
aggregates of epidote with calcite, chlorite, and biotite
are found partially replacing feldspar individuals, which
were no doubt original phenocrysts. Similar aggregates
unmixed with the remains of feldspar are not infrequent,
and may reasonably be attributed to the same source.
Epidote with quartz is also the common filling of the
amygdaloidal cavities.

Common hornblende, actinolite, and ottrelite are very
common as porphyritic constituents of the schists.
Hornblende occurs in very large well-formed single
crystals and clusters placed at random through the
groundmass. It is characteristically associated with

ottrelite and biotite, and often has formed somewhat
later than the latter. It is always crowded with inclusions,
which in the laminated varieties carry the structure
through without reference to the position of the host.
Ottrelite is abundant in some of the sections, and is
distinguished by its characteristic pleochroism. It occurs
in large individuals and multiple twins, and like the large
hornblendes and biotites is full of inclusions.

The general characteristics of these schists then are,
first, a groundmass composed of chlorite, quartz,
magnetite, epidote, and in some cases containing
plagioclase microlites, and secondly the presence in this
groundmass of much larger porphyritic individuals of
several secondary minerals. The varieties are
determined by the varying ratio of the porphyritic
constituents to the groundmass, by the nature of the
predominant secondary minerals, and also by the
differences in grain of the groundmass. This, while
generally extremely fine grained is much coarser, but
without mineralogical change, on the northern river
section where the schists are more distinctly crystalline.
The cleavage of the schists is determined by the
arrangement of the minute particles of the groundmass,
and not by the parallelism of the large secondary
minerals. These last, further, are never faulted or
broken, and in general are unstrained optically. T hey
must have formed then after the compression and tilting
of the series.

The origin of these schists, | think, is not doubtful. As
important points of evidence we have, first, the absence
of rocks possessing any sedimentary characters
throughout the whole section. Next we have the
undoubted presence of lavas in the series, shown by the
sericite-schists, amygdaloids, and greenstone
conglomerates or agglomerates. Furthermore, the
minerals which compose the schists are those which
would result from the alteration, in connection with
dynamic metamorphism, of igneous rocks of basic or
intermediate chemical composition. Finally, the grain
and character of the groundmass, and in some slides the
presence therein of plagioclase microlites disposed in
How lines, point directly to an igneous origin and to
consolidation at the surface.

Mr. Clements has reached similar conclusions for the
formation above the Randville dolomite' on the western
side of the Archean dome. There metamorphism seems
to have progressed less far than in the Fence River
area, and among the more basic rocks he has
recognized andesites and basalts.

| conceive, then, that the Hemlock rocks of the Fence
River area are a series of old lava flows, varying in
composition from acid to basic, which first underwent
dynamic disturbance, which developed the secondary
cleavages, and afterwards, in a state of rest, the
porphyritic minerals were formed. It is an interesting
fact, for which | can suggest no explanation, that
metamorphism is further advanced in the northern part
of the area than in the southern, and the schists more
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distinctly crystalline. This is also true of the underlying
dolomite.

SECTION VI. THE GROVELAND
FORMATION.?

DISTRIBUTION, EXPOSURES, AND
TOPOGRAPHY.

The Groveland formation in this area, as in the Felch
Mountain range, consists mainly of siliceous iron-bearing
rocks, which hold much fragmental material, together
with certain subordinate schists. While it is of wide
extent throughout the area, its known outcrops are
limited to three localities, namely: The vicinity of
Michigamme Mountain, in secs. 33, T. 44 N., R. 31 W,
and 3, T. 43 N., R. 31 W.; the exposures and test pits at
the Sholdeis exploration in see. 21, T.45N., R. 31 W,
and the test pits at the Doane exploration in sec. 16, T.
45 N., R. 31 W. The last two localities are 1 mile apart,
and the more southern is 8 miles north of Michigamme
Mountain.

"Wolcanics of the Michigamme district of Michigan, by J. Morgan
Clements: Jour. Geol., Vol. lll, 1895, No. 7, p. 801.

*This formation was originally named by me the Michigamme Jasper
(Am. Jour. Sci., March, 1894). The name Michigamme was
subsequently used for one of the Upper Marquette formations, in the
Preliminary Report on the Marquette District, 15th Ann. Rept. U. S.
Geol. Survey. | now abandon the old name, .although it is entitled to
stand by the rules of priority, in order to avoid the confusion which
would necessarily arise from its retention.

In spite of the poverty of the formation in outcrops, its
distribution throughout the area has been well
determined through its magnetic properties (following the
methods described in Chapter Il). Adjacent to the Fence
River area of the Hemlock formation it gives rise to a
strong magnetic line which passes through the outcrops
and test pits of the Sholdeis and Doane explorations. To
the north this line was followed to the southern side of
sec. 32, T. 46 N., R. 31 W., where it is said to connect
with a magnetic line followed by Mr. Clements from the
western to the northern side of the Archean dome. To
the south it continues into the Michigamme Mountain
area to within a ‘mile of the outcrops of Michigamme
Mountain. There the magnetic line gives way to a broad
zone of disturbances, feeble and difficult to interpret, but
consequent | believe mainly upon the flattening of the
formation as it begins to pass over the general
northwest-southeast anticlinal axis. This zone connects
directly with the exposures of Michigamme Mountain
which produce similar irregular disturbances of the
needles and which visibly constitute a thin crumpled
sheet, on the whole but gently inclined.

For the stretch of 13 miles just described the Groveland
formation occupies a continuous belt on the east side of
the main anticlinal axis. In the Fence River area it lies
east of and upon the Hemlock formation, while in the
Michigamme Mountain area it holds the same relations
to the Mansfield formation.

The eastern belt was not traced farther than a mile
southeast of Michigamme Mountain. In the central and
southeastern portions of T. 43 N., R. 31 W., however, in
the direct prolongation of the anticlinal axis, we found a
broad belt of slight magnetic disturbance, along the
western margin of which lie volcanic rocks, dipping west.
In sec. 26, T. 43 N., R. 31 W., this magnetic belt splits
into two branches, one of which runs directly east for a
mile and then southeast indefinitely, while the other
maintains a general southerly course to the south line of
the township. In section 26 large angular bowlders
evidently derived from the Groveland formation are
found in the zone of magnetic disturbance, hut no
outcrops have been discovered. There can be little
doubt that these disturbances roughly outline the
position of the Groveland formation in the axial region.

Except in Michigamme Mountain, the most elevated
point of the district, the Groveland formation is not
topographicallv prominent. In the Fence River area it
produces a more subdued and somewhat lower-lying
surface than the underlying formation, but the difference
is slight and is of little moment in comparison with the
confusing effects of glaciation.

FOLDING AND THICKNESS.

In the Fence River area there is no reason to suppose
that the Groveland formation contains within itself minor
folds of any importance. Our knowledge of its attitude is
supplied, almost wholly by the magnetic observations,
and these indicate that it has a general eastward dip like
the underlying members of the succession. Here and
there it may be divided into two or more parts by sheets
of intrusive material, and also may be slightly crumpled,
but on the whole it must be regarded as a single
persistent sheet, having a general eastward dip.

At Michigamme Mountain the Groveland formation caps
the hill in a well-marked syncline, the axis of which runs
northwest and southeast. The structure is distinctly
shown by the attitude both of the ferruginous rocks and
of the underlying phyllites. At the Interrange exploration
half a mile south, a secondary embayment of the same
syncline, but more open, is found. These are the only
folds of the Michigamme Mountain area sufficiently deep
to include the iron-bearing rocks. The thickness of the
formation can only be guessed at, as no complete
section is exposed, and the data for determining its
upper limit are decidedly shadowy. The magnetic
observations indicate a breadth of from 400 to 600 feet,
and as in the Fence River area it is certainly much
thinner than the two lower formations, its thickness may
be approximately 500 feet.

PETROGRAPHICAL CHARACTERS.

In general aspect the iron-bearing formation in this area
is strikingly like that of the Felch Mountain range, and all
the varieties there found are represented here also. Itis
therefore unnecessary to repeat the detailed
descriptions already given. By way of broad
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comparison, however, it may be said that the formation
contains less iron than in the Felch Mountain range, and
consequently the lighter-colored varieties are more
abundant, that it contains more detrital material, and that
in the Michigamme Mountain area the texture is
generally closer and less granular. Moreover, in passing
north from the Michigamme Mountain area to the Fence
River area we find at the Sholdeis and Doane
explorations that the lower portion of the formation is
composed of ferruginous quartzite, which is succeeded
higher up by actinolite-schists and grunerite-schists
similar in all respects to the characteristic rocks of the
Negaunee iron formation in the western Marquette
district. In this change in character as the Marquette
district is approached is found the lithological support for
the view, first suggested by the distribution of the lines of
magnetic attraction, that the Groveland formation is the
southern equivalent of both the Ajibik quartzite and the
Negaunee formation of the Marquette district. The
passage to a more crystalline condition in going from
south to north is also in accord with the like changes
already noted in the lower formations.

.

LAH MOUNTAIN RANGE

i

[Plate XLIX. Geological map of the Felch Mountain range]

Under the microscope the close texture of the Groveland
rocks of Michigamme Mountain is seen to be due to the
minuteness of the quartz grains of the groundmass, and
to the abundance therein of chalcedony. The coarse
quartz grains are all detrital and are often beautifully
enlarged. In many slides feldspar pebbles occur, and in
many also sericite and chlorite are prominent in the
groundmass. The iron oxides, including both magnetite
and hematite, in single crystals and also in aggregates,
are well distributed, as in the Felch Mountain sections.

A similar grouping of these in round pebble-like areas as
in the Felch Mountain range is also beautifully shown. In
one slide the matrix is a rhombohedral carbonate,
probably calcite, in which are embedded quartz grains
and the iron ores in single crystals and irregular
aggregates.

The most interesting features of the thin sections from.
Michigamme Mountain are the pressure effects. In
many slides the detrital quartz grains are strained to an
extraordinary degree. In one case the stage was rotated

45° before the black wave of extinction completely
traversed a little pebble 0.3 mm. in diameter. Almost
every section is crossed in several directions by
fractures healed by the deposition of coarse quartz and
the iron oxides.

In the Fence River area the lower portion of the
formation consists of quartzite, more or less ferruginous
and micaceous. It contains beautifully rounded and
enlarged grains of quartz, and also less abundantly
rolled grains of microcline. Muscovite, biotite, and
epidote occur, with the general background of
interlocking later quartz. The more ferruginous layers
have a groundmass almost exclusively of hematite, in
which the clastic particles are set. The hematite is in
parallel micaceous scales, which completely cover the
cleavage surfaces. Above these layers come crystalline
actinolite-schists and griinerite-schists, the former with
garnets and both carrying particles of the iron oxides.
These rocks are not distinguishable in the field or in thin
section from certain varieties of schists of common
occurrence in the Negaunee formation of the Marquette
district.

US GEOLOGICAL SURVEY MONOGRAPH XXXVI PL. L

[Plate L. Geological map of a portion of the Crystal Falls
district]
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CHAPTERYV.

THE NORTHEASTERN AREA AND
THE RELATIONS BETWEEN THE
LOWER MARQUETTE AND LOWER
MENOMINEE SERIES.

From the northernmost outcrops of the Fence River area
to the northern end of the Republic trough the air-line
distance is about 11 miles. This intervening territory, on
one side of which we find the typical formations of the
Menominee district and on the other the typical
formations of the Marquette district, remains to be
described in this chapter. It may conveniently be
referred to as the Northeastern area.

As was shown in the report on the Marquette district, in
the productive portion of the Marquette range between
Negaunee on the east and Republic on the west, the
lower Marquette series consists of two or three clearly
marked formations, which, perhaps, may further be
subdivided according to individual taste." The lowest of
these, the Ajibik2 quartzite, which rests on the Archean
complex, is fragmental in origin, and is prevailingly a
white vitreous quartzite, which in one or two localities is
conglomeratic near the base. Often it is represented by
a muscovite-schist as the result of the dynamic
metarnorphism of the original arkose. In the eastern part
of the productive area of the Marquette district and along
the northern side of the main fold, in the western part of
the district, this, formation is overlain by the Siamo
slates.® Elsewhere the slates are not present, or are not
known.

The next formation is the Negaunee iron formation,*
which has already been referred to in Chapter Il. This
rock, which has many phases, as there noted, is clearly
marked off from the lower quartzite by its great richness
in iron and by the fact that over the whole Marquette
district it nowhere appears to contain fragmental
material, except in the transitional zone between it and
the lower formations.

'"The Marquette iron-bearing series of Michigan, by C. R. Van Hise and
W. S. Bayley, with a chapter on the Republic, trough, by H. L. Smyth:
Mon. U, S. Geol. Survey, Vol. XXV1I1, 1897, p. 221.

?Op cit., pp. 528-529.
*0p. cit., pp. 313-315.
“Op. cit., pp. 328-407.

the three lower members of the Menominee series. This
series, named by Wadsworth the Mesnard series, has
been regarded by him as belonging with the Upper
Marquette series, or at least as overlying the Lower
Marquette formations just described. Maj. T. B. Brooks
had earlier correlated the dolomite with the Lower
Marquette quartzite, and had supposed that there was a
gradual passage from one into the other along the strike.
Mr. C. R. Van Hise has recently stated that its position is
below the Ajibik quartzite.

This series is found only in the eastern part of the
Marquette area, between Goose Lake and Lake
Superior, a distance of about 6 miles. Elsewhere, over
by far the greater part of the Marquette district, no
member of it has been recognized.

The geological structure of the Marquette range presents
the general features of an east-west striking complex
syncline or synclinorium. The pre-Cambrian
sedimentary rocks, with their associated intrusive and
extrusive igneous rocks, occupy the trough, in which
there is much local complexity of structure. The trough
is flanked on the north and south by the older Archean
crystallines.

At the western end of the district the peculiar Republic1
trough branches from the main synclinorium, and runs
southeast into the Archean rocks for 6 or 7 miles, having
a nearly constant width of about one-half to three-
quarters of a mile. In this trough the Algonkian rocks
have been so closely compressed that they stand
essentially on edge. The interior is occupied by the
younger Upper Marquette quartzites and schists,
between which and the underlying Archean walls the
older Lower Marquette iron formation and quartzite here
and there occur.

The northwestern end of the Republic trough is about
the western limit of mining development, though not of
exploration, on the south side of the Marquette
synclinorium. Up to this point outcrops, producing
mines, and old explorations are sufficiently abundant to
permit the separate formations to be traced and mapped
with comparative ease, and to indicate at least the larger
structural features.

'Op. cit., p. 525.

Above these conformable formations comes the
unconformably placed Upper Marquette series, the base
of which rests now on one member, now on the other, or
on the Archean.

East and south of Negaunee, and extending thence to
the shore of Lake Superior at Marquette, is a series of
rocks which resembile lithologically neither the Upper nor
the Lower Marquette series in the productive area. It
consists, in ascending order, of quartzite with basal
conglomerates, dolomite, and slates, and thus bears a
close resemblance lithologically .and stratigraphically to

At this northwestern end of the Republic trough the
Lower Marquette series makes an abrupt turn to the
south, and may be followed for a mile or more by
occasional outcrops and test pits. The Negaunee iron
formation is persistently present beneath the Upper
Marquette quartzite, and gives rise to a very strong and
persistent line of magnetic at action, which was followed
in our work for about 12 miles to the south and southeast
into the Northeastern area. For about 4 miles from the
sharp turn at the mouth of the Republic trough it runs
nearly due south; afterwards it turns somewhat to the
east of south, and follows that course for about 6 miles,
after which it turns more and more toward the east, and
finally, where we left it, its course was only slightly south
of east. That this magnetic line is caused by and marks
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the position of the Negaunee iron formation there can
not be the slightest doubt, for that rock outcrops in a few
scattered localities, occurs abundantly in the drift, and
has been found in occasional test pits and drill holes
throughout this distance. The underlying quartzite
outcrops beneath the iron-bearing formation near the
northern end of the line, but farther south it is entirely
covered by the drift, so far as the territory has been
examined. The overlying Upper Marquette rocks are
also known to be present just west of the Negaunee
formation as far south as sec. 19, T. 46 N., R. 30 W.

The magnetic line which accompanies the Negaunee
formation may be called the A line. Taking into account
the connected Republic trough and its exposures of the
Lower Marquette rocks, it is seen that the A line partially
surrounds a dome of the Archean crystallines, and that
in going from the interior of this dome outward across
the A line we pass from older to younger rocks. The dip
along the A line is, therefore, on the whole, toward the
west, although the observed dips at the few localities
where determinations have been made are either
vertical or slightly inclined from the vertical toward the
east. The southern part of the A line, as far as it has
been traced, passes through secs. 5, 8, 9, 15, and 16 of
T.45N., R. 30 W. In section 5 it is just 5 miles east of
the Groveland formation, which, as was shown in earlier
chapters, is a magnetic rock occupying a definite place
in the Menominee succession, and is underlain by other
typical Menominee formations, and finally by the
Archean.

Between the A line and the magnetic line caused by the
Groveland formation, which may be called the C line, is
a third magnetic line, which may he called the B line.
This was traced parallel to the A line and less than half a
mile away, from near the south end of the latter to the
north end, and finally entirely round an elliptical area,
closing again upon itself at the starting point, the
perimeter of the ellipse being 25 miles in length.
Throughout this entire distance not a single outcrop
could be discovered along the B line. Within the
inclosed area, however, in secs. 6 and 7, T. 45 N, R. 30
W., and insec. 19, T. 46 N., R. 30 W., several
exposures of granites and crystalline schists were found,
which left no doubt that the greater part of the area
inclosed by the B line is occupied by Archean rocks of
the same general character as those partially inclosed
by the A line on the east and entirely by the C line on the
west. The area between the A and B lines as far south
as sec. 19, T. 46 N., R. 30 W., has been proved to
contain the basal member of the Upper Marquette
series. The southwestern quadrant of the B-line ellipse
is nearly parallel to the G line and only 1% miles away.

The known facts with reference to the B line, then, are
these: (1) It represents a magnetic rock; (2) this
magnetic rock completely encircles an Archean core. It
may further be inferred with practical certainty that this
formation, which carries such constant magnetic
properties for 25 miles, must be sedimentary. With
regard to its structure, the foregoing considerations

would necessarily involve the conclusion that it dips
away from the Archean core on all sides, and this
conclusion is fortified by the unsymmetrical separation of
the horizontal maxima on the magnetic cross sections. It
follows, therefore, that on the eastern side of the oval,
where the formation is parallel to the A line, it dips
toward the east, and on the western side, where it is
parallel to the C line, it dips toward, the west. This
conclusion is further supported by the dips within the
ellipse in the outcropping Archean rocks that show
structure. These all happen to lie east of the major axis,
and all dip toward the east.

East of the B line, and between it and the A line, is found
the basal member of the Upper Marquette series. The
rock which is manifest in the B line must, therefore, be
older than any member of the Upper Marquette series.
The Negaunee iron formation, represented in the A line,
dips west, while the rock of the B line dips east. They
are both older than the basal member of the Upper
Marquette series, and are both younger than the
Archean. They are both strongly and persistently
magnetic. For 8 or 10 miles they run parallel to each
other less than half a mile apart. Their broad structural
relations to the Archean basement of the region are
precisely similar. Therefore, although the rock that gives
rise to the B line has never yet been seen, it may be
concluded with the utmost confidence that it is the
Negaunee iron formation, and that the A and B lines
represent this rock brought up in the two limbs of a
narrow and probably deep synclinal fold.

Tins conclusion carries the Negaunee iron formation 3%
miles farther to the west, and in the northeast part of T.
45 N., R. 31 W., leaves a gap of but 12 miles between
the Lower Marquette and the Menominee series.

Here, between the B and C lines, is precisely the same
situation as between the A and B. One magnetic rock,
represented by the B line, dips west; the oilier, the
Groveland formation, represented by the C line, dips
east. Between them no magnetic disturbances can be
found. The area between them must have a synclinal
structure, and if they are not one and the same formation
each must undergo an extremely rapid and precisely
similar change in lithological character (namely, the loss
of magnetite) in a very short, distance and be
represented on the opposite side of the synclinal fold by
a nonmagnetic formation. Each of these rocks is
persistently magnetic in the direction of the strike for
great distances. That each should independently lose its
magnetite in the direction of the dip in this particular
locality is very improbable. And, therefore, the grounds
for the conclusion that the B and C lines represent one
and the same formation are quite as firm as those upon
which rests the conclusion that the A and B lines
represent the same formation.

The greater portion of the Northeastern area is without
outcrops, yet through the structural and lithological
results of the magnetic work we are able to bridge over
the gap and to show with a high degree of probability
that the Negaunee iron formation of the Marquette range
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is identical with the Groveland iron formation of the Felch
Mountain range. Further, when we recall the
differentiation of the Groveland formation in the northern
part of the Fence River area into ferruginous quartzite at
the base and grinerite-schist in the upper portion, it
would seem probable that the Grovel and formation
represents the underlying Ajibik quartzite as well as the
Negaunee formation of the western part of the Marquette
range.

This conclusion has an important bearing on the
interpretation of the early geological history of what is
now the Upper Peninsula of Michigan. If the formations
which constitute the whole of the Lower Marquette series
over the 25 miles or more of the productive and best-
known portion of the range are represented in the
Menominee district and the intervening area by a single
formation, and that the highest in the Felch Mountain
succession—namely, the Groveland formation—the
formations below the Groveland formation are all older
than the Marquette rocks and do not occur at all within
the productive portion of the Marquette range. Why are
these lower formations absent?

To this question there seem to be two answers which
are a priori possible. It is conceivable that the quartzite,
dolomite, and slates of the south, or some of them, may
have been deposited in a succession of unbroken sheets
over the whole Marquette area, in continuity with the
similar Mesnard formations on the east, and that
afterwards the main Marquette area was elevated above
the sea and entirely stripped of these formations by long-
continued denudation. Finally, when the time of
deposition of the Groveland formation came round, this
elevated area had again been reduced to sea level, and
subsided below it, so that the Ajibik quartzite and the
Negaunee iron formation, and their southern equivalent,
the Groveland formation, were deposited in an unbroken
sheet over the whole. If this hypothesis is correct, two
consequences should follow from it: First, we ought to
find some discordance between the Groveland formation
or the Lower Marquette quartzite and the lower
formations in the marginal areas between the
Menominee and Marquette, and the Mesnard and
Marquette areas, respectively, or at least a gradual
cutting out of these lower formations by the iron-bearing
members and the lower quartzite, and, secondly, we
ought to find, in the lack of discordance, rocks present in
the areas of continuous deposition which represent the
time of denudation.

With regard to the first of these consequences no
verification is possible, at least in the territory between
the Marquette and Fence River districts, from lack of
outcrops. Throughout the Northeastern area, from the
northwestern end of the Republic trough in T. 47 N., R.
30 W., tothe Clinein T. 45 N., R. 31 W., there are no
exposures whatever of the Algonkian rocks which
underlie the Groveland formation. Somewhere in this
distance of about 11 miles the lower formations
disappear, but whether by unconformity or overlap is an
unanswerable question; nor (for the same reason) can it

be definitely settled whether elsewhere farther to the
south there is any discordance. That there is general
parallelism between the Groveland formation and the
lower rocks, and strict conformity in some places, is true.
But this is not at all inconsistent with a period of erosion
between them, if that erosion antedated the later and
more severe orogenic disturbance.

In the Mesnard area the observed relations have been
interpreted by Van Hise to mean that the lower
formations disappear by overlap. The facts at present
known on the Felch Mountain side are capable of the
same interpretation, but they are not sufficiently definite
to exclude the possibility of a period of erosion below the
iron-bearing formation.

With regard to the second consequence—the deposition
in the submerged areas of formations which would
represent the erosion period in the elevated area—the
evidence at hand is decidedly against the existence of
such formations.

The alternative hypothesis is that the lower quartzite,
dolomite, and slate formations of the Menominee area
were not deposited over the western Marquette area at
all, but disappear toward the north and east by overlap,
and this hypothesis is much more likely to be the true
one. We can suppose, as | have already pointed out,’
that this part of the Upper Peninsula was a slowly
subsiding area, the central portion of which, now
occupied by the Marquette rocks, stood initially at a
greater elevation above the encroaching sea than the
rest. While the quartzite-dolomite-slate triad was going
down in the Mesnard area on the east and the
Menominee area on the south and west, the central
Marquette area still remained above the sea. At last,
when the Groveland formation began to be deposited,
the Marquette high land was finally submerged and
covered, as the sea marched over it, first, with a sheet of
arkose made up of its own disintegrated debris, and,
finally, with the same nonclastic sediments as chiefly
compose the Groveland and Negaunee formations.

'Relations of the Lower Menominee and Lower Marquette series in
Michigan, by H. L. Smyth: Am. Jour. Sci., Vol. XLVII, 1894, p. 222.
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CHAPTER VL
THE STURGEON RIVER TONGUE.

By WILLIAM SHIRLEY BAYLEY.

DESCRIPTION AND BOUNDARY OF AREA.

The Sturgeon River area of Algonkian sediments, like
the Felch Mountain area, is an east-west tongue of
conglomerates, slates, and dolomites, very narrow at its
eastern extremity and widening out toward the west until
it finally plunges under drift deposits that separate it from
the large Huronian area of the Crystal Falls district. The
tongue occupies the western portion of T. 42 N., R. 27
W., the central and northern portions of T. 42 N., R. 28
W, T.42N.,R.29 W,,and T. 42 N., R. 30 W, and the
southern parts of T. 43 N., Rs. 28 W., 29 W., and 30 W.
The best exposures of the rocks constituting the tongue
are found in secs. 7, 8,17, and 18, T.42N., R. 28 W.,
and in secs. 1and 3, T. 42 N., R. 29 W., on or near the
northwest branch of the east branch of the Sturgeon
River; hence the name Sturgeon River tongue (PI. LI).
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[Plate LI. Geological map of the Sturgeon River tongue]

On the south the sedimentary rocks are bounded by an
area of granites, gneisses, hornblende-schists, and
mica-schists, that are cut by granite and quartz veins, by
dikes of diabases, and by other greenstones. This area
separates the Sturgeon River tongue of sediments from
the Felch Mountain tongue lying from 2 to 3 miles farther
south. The exact line of demarcation between the
granite-schist complex and the sedimentary rocks is
difficult to draw, because for the eastern 7 miles the
latter are bordered by greenstones whose position in the
granite-schist complex or in the sedimentary series can
not be determined at present. The line as drawn on the

map places the greenstones in the Archean. It begins
near the south side of sec. 7, T. 42 N., R. 27 W., and
runs a little south of west to the quarter post between
sections 17 and 18, in the next town west, then
northwest to near the N. quarter post of sec. 13, T. 42
N., R. 29 W., and westward to near the southwest corner
of sec. 12, T. 42 N., R. 30 W. From this point the line
leaves the Sturgeon River tongue, curves southward,
and returns east on the north side of the Felch Mountain
tongue. The eastern boundary of the Sturgeon River
Algonkian area is even less definitely determinable than
its southern boundary, because of the thick drift covering
the rocks. This boundary is placed at about the east
lines of secs. 6 and 7, T. 42 N., R. 27 W., because just
east of this line, in the NW. 4 sec. 5, ledges of Paleozoic
limestone occur. The northern boundary is the most
indefinite of all. The southern portions of T. 43 N., Rs.
28, 29, and 30 W., are so deeply drift covered that but
few ledges can be found in them, and these are widely
separated. Insec. 6, T.42 N., R. 27 W., and in secs. 13
and 24, T. 43 N., R. 29 W., are exposures of granite.
These, so far as is known, mark the southern limit of an
Archean area which stretches some miles northward and
separates the Sturgeon River fragmentals from those of
the Marquette district. The line marking the northern
boundary of the Sturgeon River tongue begins at the
southeast corner of sec. 6, T. 42 N., R. 27 W., and is
assumed to run a few degrees north of west from this
point until it reaches the west line of R. 29 W., where it
turns north.

Between the northern and the southern boundaries of
the sedimentary area as defined, and in the midst of the
sediments, are two areas of granite, the rock of one of
which is unquestionably, and that of the other
presumably, older than the conglomerates within the
tongue. The best defined of these two areas lies in the
northern portions of secs. 7and 8, T. 42 N., R. 28 W.,
and sec. 12, T. 42 N., R. 29 W. It measures about 25
miles in length and less than one-half mile in width. The
extent of the second area can not be so accurately
outlined. It occupies about three-fourths of a square
mile and is entirely within sec. 3, T. 42 N.,, R. 29 W.

LITERATURE.

But few references to the existence of fragmental rocks
in this portion of the Upper Peninsula of Michigan can be
found in the literature of the region.

'General observations upon the geology and topography of the district
south of Lake Superior, by Bela Hubbard: Thirty-first Congress, first
session, Executive Documents, 1849-50, Vol. lll, No. 1, pp. 846, 847,
848, 855.

The early United States surveyors’ reported the
occurrence of talcose and argillaceous slates in Ts. 42
and 43, Rs. 29, 30, etc., of mica-slates in Ts. 41 and 42,
Rs. 29, 30, etc., and of “calciferous sandrock” near the
south boundary of T. 42 N., Rs. 27 and 28 W.

In a list of specimens gathered from these townships
Burt' mentions sienitic greenstone, trap, granite,
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granulite, and talco-micaceous slate. On the land plats
made by these surveyors conglomerate is noted on the
west line of sec, 8, T. 42 N., R, 28 W., and marble at the
south corner between sections 3 and 4 in the same
township.

In 1851 Messrs. Foster and Whitney reported2 the
existence of an arm of Azoic rocks about 18 miles in
length and 10 in breadth, extending easterly into Ts. 42
and 43 N., R. 28 W., and located its position on their
map of the Upper Peninsula.

Brooks,® in his description of the northern iron belt of the
Menominee district, refers to the existence of outcrops of
hornblendic rocks, mica-schists, and gneisses, cut by
trap dikes, which he regarded as equivalents of the
various greenstone-schists exposed along the
Menominee River. “Near the center of this hornblendic
belt, in the north part of secs. 22?7 23, and 24, T. 42 N.,
R. 29 W., a line of weak magnetic attraction was
observed. This is regarded as an indication here of the
existence of an iron-ore belt.”

The gneiss, granite, etc., north of the north quarter post
of sec. 31, T. 42 N., R. 29 W., he declares to have the
appearance of typical Laurentian rocks. “If future
investigations prove them to be Laurentian, a very
troublesome structural problem would be presented
here, as we would have Laurentian rocks conformably
overlying beds unmistakably Huronian.™

The only distinct reference made by Brooks to the
sedimentaré/ beds of the district is in the following
paragraph:

A range of marble associated with quartzite, chloritic and
talcose rock, and overlaid by a chloritic gneiss, with beds of
chloritic schist and gneissoid conglomerate, the whole dipping
at a high angle to the south, passes about 5 miles north of the
North belt (i. e., the Felch Mountain tongue). These may
represent the north side of the trough or basin, of which this
iron belt is the south outcrop. No iron has, however, been
found, so far as | know, on this range.

'Geological report of the survey of a district of township lines in the
State of Michigan, in the year 1846, by Wm. A. Burt: Thirty-first
Congress, first session, 1849-50, Senate Documents, Vol. lll, No. 1, p.
84.

’Report on the geology and topography of the Lake Superior land
district, by J. W. Foster and J. D. Whitney, Part I, The Iron Region:
Thirty-second Congress, special session, 1851, Senate Documents
Vol. lll, No. 4, p. 14.

3Iron-Bearing Rocks (economic), by T. B. Brooks: Geol. Survey of
Michigan, Vol. I, 1869-1873, N. Y., 1873, p. 161.

“Op. cit., p. 175.
®0p. cit., p. 176.

paper on the Principles of North American pre-Cambrian
Geology (see also PI. LIlI). Itis stated to be from the
Felch Mountain district. The more exact location of the
ledge from which it was obtained is near the northwest
corner of sec. 17, T. 42 N., R. 28 W., in the Sturgeon
River tongue.

Thus the only distinct reference to a tongue of sediments
north of the Felch Mountain range is that of Brooks,
although the existence of sedimentary rocks in this
portion of the Menominee district was reported by
Hubbard and Burt. Brooks believed that the Sturgeon
River rocks represented the northern rim of a syncline
whose southern rim constitutes the Felch Mountain
range, although both he and Rominger discovered a
granite-schist complex underlying the country between
the two areas of fragmental rocks.

RELATIONS BETWEEN THE SEDIMENTARY
ROCKS AND THE GRANITE-SCHIST
COMPLEX.

As has already been stated, the country between the
Sturgeon River tongue of sediments and the Felch
Mountain tongue is underlain by a complex of granites
and various schists, traversed by fresh and altered
diabases and by granite and quartz veins. Brooks
recognized these rocks as presenting a Laurentian
aspect, although he felt constrained to call them
Huronian, because of the supposed structural difficulties
involved in any other view of their age.

No contacts of this granite-schist complex with the
bedded rocks of the Sturgeon River tongue have been
discovered. Nevertheless, there can be little question as
to the relative ages of the two series. As has been
stated, the granites and schists extend southward to the
Felch Mountain fragmentals, and here they are
unconformably beneath the latter. Moreover, since the
Sturgeon River rocks and the lower members of the
Felch Mountain series are identical in character, it is
probable that they are of the same age, in which case
the granites and schists that are older than the Felch
Mountain rocks are older also than those of the Sturgeon
River tongue.

'Geol. Survey of Michigan, by C. Rominger, Vol. IV, 1881. pp. 198-199.
“Sixteenth Ann. Rept. U. S. Geol. Survey, 1896, p. 801 and PI. CXV.

In Rominger’s first report on the Menominee district only
a single reference is made to this area, He declares that
a series of test pits put down in the W. 72 sec. 26, T. 42
N., R.29 W., and in the SW. Vi sec. 14, T. 42 N., R. 30
W., are in decomposed grani’te.1

A specimen of the conglomerate referred to by Brooks
as overlying the marble in the belt 5 miles north of Felch
Mountain is described and pictured by Van Hise? in his

The relations of the sedimentary series to the granites
on the north have not been determined, because no
contacts are exposed. The granites, however, can be
traced northward until they are found unconformably
beneath the rocks of the Lower Marquette series at
Republic, and these, so far as is known, are the oldest
sediments in Upper Michigan. There can be little doubt,
therefore, that the relations of the sediments to the
northern granites are the same as those with the
southern schist complex.

The granites of the two areas surrounded by the
sediments are probably of the same age as the northern
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and southern granites. The rocks of the area in secs. 7
and 8, T.42N.,R. 28 W., and sec. 12, T. 42 N., R. 29
W., are demonstrably beneath the conglomerates,
though their relations with the dolomites have not been
determined. A well-marked contact between the
granites and the conglomerates is exposed at the south
base of a small hill of granite in the NE. 4 sec. 7, T. 42
N., R. 28 W." The conglomerate here is well bedded.
Its strike is N. 60° W., and its dip almost vertical. It
consists largely of pebbles and bowlders of granite
identical with the granite composing the hill, and a matrix
constituted entirely of granitic debris. The contact,
though exposed for only a short distance, seems to be
an erosive one. ltis certainly not an igneous one.

From a consideration of the facts as given above, there
can be little doubt that the rocks of the granitic areas
within the Sturgeon River tongue and of those bounding
it on the northern and the southern sides are older than
the sediments within the tongue, though this has not
been proved for the granites with respect to the
limestones.

From the lithological similarity of the Sturgeon River
fragmentals with those of the Felch Mountain district,
and from the structural relations exisiting between the
rocks of the two districts, it is practically certain that the
Sturgeon River sediments are of the same age as the
Felch Mountain ones—i. e., Menominee (Huronian)—-
while the granites and schists belong to the Basement
Complex on which the Lower Algonkian beds throughout
Michigan have been laid down.

"The exact location of the contact is 400 paces N., 280 W., of the
southeast corner of section 7.

THE BASEMENT COMPLEX.

The Basement Complex rocks in the area studied
comprise gneissoid granites, biotite-schists, and
hornblende-schists, cut by dikes of greenstone and by
veins of quartz and granite. The granites are best
exposed in the NE. % sec. 7 and. the NW. % sec. 8 and
the NE. “asec. 7, T. 42 N., R. 28 W., where they occur
as bare knolls of a fairly coarse pink rock, separated
from one another by stretches of sand. The best
exhibition of rocks with the typical aspect of the
Basement Complex is along the west half of the east-
west quarter line of sec. 19, T. 42 N., R. 28 W., and
south of the center of this section. Here we find
hornblende-schists and hornblende-gneisses cut by
veins and dikes of red granite and by greenstones that
are usually schistose. Near the west quarter post of the
section is a high hill bare of vegetation. On this hill the
rocks are especially well exposed. In addition to the
types already mentioned, there is present here a coarse
white pegmatitic-looking granite that apparently cuts the
hornblende-gneiss.

All the members of the Basement Complex in this area
are so similar to the corresponding members of this
complex elsewhere in the Lake Superior region that they

demand but little description. They are described here
only in sufficient detail to establish their character.

THE GNEISSOID GRANITES.

The gneissoid granites north of the fragmental tongue,
and those of the two areas surrounded by the
sedimentary rocks, are mediumly coarse aggregates of a
dark-red feldspar, white quartz, and a dirty green
chloritic substance. The red feldspar is in excess,
sometimes to the exclusion of the other components,
when the hand specimen resembles a dense red felsite.
Almost all specimens are gneissoid. The constituents
are usually lenticular, but in a few specimens,
particularly those taken from near the contacts with the
sedimentary rocks, they are drawn out into long slender
string-like masses, giving the specimens a streaked
appearance.

The microscopical features of all the granites are those
common to these rocks elsewhere in the Basement
Complex. They consist of clouded orthoclase, some
plagioclase and a little microcline, quartz in varying
quantity, and more or less green chlorite that seems to
have been derived from biotite. All the constituents
present abundant evidence of the effects of pressure. In
the least-crushed rocks the quartz shows undulatory
extinctions, and the feldspar grains granulation around
their edges. As the crushing action increased, the
granulation increased, so that the most crushed granites
now consist of large grains of feldspar and of quartz in
an aggregate of broken fragments of orthoclase, quartz,
plagioclase and microcline, and a few wisps of green
chlorite. Movement in the crushed rock mass has drawn
out the granulated aggregate between the large grains of
feldspar into bands and lines, thus producing the
schistose structure noted in the hand specimens and in
the ledges. In the more highly schistose granites a
considerable quantity of new microcline and a small
quantity of new plagioclase have developed within the
granulated aggregate, and in a few instances muscovite
has been found in fairly large plates of pale-yellow color.
This muscovite occurs on the contact between the larger
quartz and orthoclase grains, but more particularly in the
granulated matrix.

The granites in the area between the Sturgeon River and
the Felch Mountain tongues are not so abundant as
those in the northern area of Basement Complex rocks,
or in the areas surrounded by the sediments, but in their
essential features they are identical with these.
Occasionally the surface of a fresh fracture through
these southern granites shows the outlines of
porphyrinic orthoclase crystals, but these crystals are not
sufficiently numerous to impart a porphyrinic aspect to
the rock.

Some of the granite specimens examined from this
district are so completely granulated that they can with
difficulty be distinguished in the hand specimens from
the schistose arkoses near the base of the fragmental
series. In thin section they differ from the latter in
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containing no rounded quartz grains and in the
possession of very little mica. The feldspathic
constituents are nearly all decomposed, and very much
of the quartz present in the granites is of secondary
origin.

Thus in all essential respects the gneissoid granites of
this district are like those in the Marquette district
elsewhere described.’

'"The Marquette iron-bearing district of Michigan, by C. R. Van Hise and
W. S. Bayley, with a chapter on the Republic trough, by H. L. Smyth:
Mon. U. S. Geol. Survey, Vol. XXVIII, 1897, pp. 171-176.

THE AMPHIBOLE-SCHISTS.

In addition to gneissoid granites, the southern area of
the Basement Complex contains a number of ledges of
dark-colored schistose rocks. These, in some instances,
are cut by dikes of granite similar to the granite already
described.

These dark schists may be classed as greenstone-
schists and as hornblende-schists. The former are
heavy rocks, with dull greenish-gray luster and distinct
schistose structure. They resemble closely in their
microscopic as well as in their macroscopic features the
schistose dike greenstones to be referred to later. They
are doubtless altered or squeezed diabases or gabbros.

The hornblende-schists are usually fine-grained, bluish-
black rocks, with a very even schistosity, closely
resembling slaty cleavage. On the surfaces of cross
fractures may be seen long slender prisms of glistening
black hornblende arranged in as distinct lines as the
lines of particles in an evenly bedded sedimentary rock.
Often the cleavage surfaces are coated with thin layers
of golden-yellow mica scales. In most specimens there
may also be noticed a fine banding parallel to the
foliation.

In thin section these hornblende-schists differ from the
schistose dike diabases and from the greenstone-
schists, referred to above, in the presence of large
quantities of quartz, and of some biotite, and to some
extent in structure. The greenstones owe their
schistosity to the flattening of their components, while in
the hornblende-schists this structure appears to be due
largely to the crystallization of the hornblende in
elongated prisms with their major axes parallel. The
parallel arrangement of the amphibole in the latter rocks
is thus much more pronounced than in the schistose
greenstones.

The hornblende-schists are composed of hornblende,
quartz, biotite, plagioclase, magnetite, and sphene.

The hornblende is in long prisms of the usual yellowish
green color. The mineral is compact, but it is full of
inclusions of quartz grains similar to those constituting a
large part of the matrix lying between the amphiboles. It
was evidently formed in situ as an original crystallization,
and not, like much of the hornblende of the schistose
greenstones, by the alteration of augite or of some other
component of a basic crystalline rock. The biotite is in

small dark greenish-brown flakes interspersed between
quartz and feldspar grains, which together constitute a
matrix surrounding the other components. The quartz is
unusually free from inclusions. It contains a few liquid
inclosures and occasionally a few flakes of biotite and
needles of hornblende. The plagioclase, where present,
is in irregular grains with ragged outlines, as though a
newly formed mineral. It appears to act the part of a
cement surrounding the other minerals with which it is in
contact. Small round grains of sphene and magnetite
occur very abundantly scattered through the matrix.
Often the magnetites are surrounded by borders of
sphene; hence it is probable that this mineral is a
titaniferous variety and that the round grains of sphene
are pseudomorphs after magnetite grains that have been
completely altered.

In a few specimens large colorless areas with the
outlines of porphyritic crystals are observed in the midst
of the finer-grained groundmass of schist. Between
crossed nicols these break up into a coarse-grained
aggregate composed of the same minerals that
constitute the rest of the rock, except that in it altered
plagioclase is common and amphibole is rare. These
probably represent phenocrysts of plagioclase which
have suffered alteration into quartz and new plagioclase
that may differ somewhat from the feldspar of the
original crystal.

The banding of some of the hornblende-schists has
already been referred to. Under the microscope the only
differences noted in the bands are the quantity of
hornblende present in them and a variation in the
coarseness of grain. The coarsest of the bands have
the composition and structure of the schistose
greenstones. They contain large quantities of
plagioclase, both fresh and altered, and large grains of
hornblende that are not in the definite prismatic form
characteristic of this mineral in the main mass of the
rocks.

ORIGIN OF THE AMPHIBOLE-SCHISTS.

From the gradations often observed between the
hornblende-schists and the greenstone-schists, it is plain
that the two rocks are genetically related. The latter,
from their similarity to schistose dike greenstones in
composition and structure, are believed to have been
derived from massive diabases or gabbros. The
hornblende-schists are in all probability derived .from
similar basic rocks, though the presence in them of what
appears to have once been plagioclase phenocrysts
may indicate that the original rocks were in the form of
lavas.

The principal difference between the hornblende-schists
and the greenstone-schists seems to be in the nature of
the amphibole in the two rocks and in the presence of
quartz and newly formed plagioclase in the first named.
The materials of the greenstone-schist were derived
from the alteration of those of the original rock, as were
also those of the hornblende-schist, but the former now
consist mainly of the direct products of this alteration,
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whereas in the latter the substances now existing have
been worked over and entirely recrystallized.

THE BIOTITE-SCHISTS.

Mica-schists are not common in the Sturgeon River
tongue. They constitute by no means so large a part of
the Basement Complex in this district as they do in the
other portions of the Lake Superior region that have
been studied. Indeed, only a few ledges of this rock
have been observed in the country between the
Sturgeon River and the Felch Mountain sedimentary
tongues, and most of these are along the southern edge
of a greenstone knob 300 to 400 paces north of the
southeast corner of sec. 17, T. 42 N., R. 28 W.

The mass of this knob is a dark hornblende-schist. On
the south side of the top of the knob this rock is in
contact with a very evenly banded or streaked rock of a
general dark-gray color. In the hand specimen it
resembles very closely a fine-grained banded augen-
gneiss. Near its contact with the hornblende-schist the
rock is apparently porphyrinic, with phenocrysts of
feldspar from 1 to 15 mm. in length, and an occasional
one of quartz scattered through a matrix composed of
narrow alternating bands of almost black and light-gray
material. On cross fractures of the rock the phenocrysts
are seen to be drawn out in the direction of the bands.
Cleavage takes place very readily along the planes of
the banding, yielding surfaces covered with tiny scales of
black biotite. A little farther from the contact the light-
colored bands are thicker and more distinct. At first
glance they appear to be uniformly thick for long
distances, but a more careful inspection shows that they
wedge out rapidly and are replaced by other bands of
the same character. The dark bands are not thicker than
sheets of paper. They are the cross sections of the mica
coatings on the cleavage planes.

The inspection of this rock in the hand specimen and in
the ledge leads to the same conclusion—that it is an
intermediate or an acid lava, a porphyrite, or a porphyry
that was squeezed until it became schistose and
sheared until it became fissile.

Under the microscope the feldspar phenocrysts, though
much decomposed and filled with inclusions of quartz,
muscovite, and other decomposition products, are well
enough preserved to exhibit in some places twinning
striations. The greater portion of the phenocrysts are
untwinned. The twinned material borders the grains, fills
in cracks between Carlsbad twins, and is irregularly
distributed through the untwinned material, occurring
more particularly in those places where the
decomposition of the original feldspar is most complete.
The twinned feldspar is fresher than the untwinned
variety. This fact and the manner of its distribution
indicate a secondary origin for it. The quartz phenocrysts
are rare. They present their usual characteristics.

The groundmass in which the phenocrysts lie is a fine-
grained aggregate of biotite, quartz, and plagioclase.
The biotite is a greenish-brown variety. It occurs in large

plates arranged in parallel position and in small flakes
occupying the same parallel position and lying between
the quartz and the plagioclase grains. The banding
noticed in the hand specimen is due to the arrangement
of the large biotite flakes in bands. These are separated
from each other by bands of quartz and plagioclase that
are free from the large biotites, though they contain
innumerable small flakes of this mineral. Only when a
porphyritic crystal lies in the way of the bands do these
depart from their uniform directions. Here they bend
around the phenocrysts, leaving on both sides of them
little triangular areas in which the components are much
finer grained than elsewhere in the rock.

The light-colored components are quartz and
plagioclase. These minerals are in small grains that
appear to be intercrystallized in the manner of the
secondary aggregate that constitutes the fine-grained
matrix of many greenstones, of the aporhyolites, and of
other rocks that have suffered intense metamorphism.
The quartzes are nearly always crossed by strain
shadows and the fresh clear plagioclase by interrupted
and bent twinning bars.

Here and there in the midst of this fine-grained
groundmass are noticed lenticular and long narrow
aggregates composed of grains of plagioclase that are
much larger than the grains of this mineral occurring in
the surrounding matrix. They look as though they might
he the crushed remains of what were originally
plagioclase phenocrysts.

Thus the microscopic study of these rocks tends to
confirm the results of their field study. They were
probably porphyritic lavas or intercalated flows that have
suffered alteration as the result of intense pressure and
movement. Their present composition suggests that
they were originally quartz-porphyries or perhaps
andesitic porphyrites. Whatever their original nature,
their origin is different from that of the biotite-schists of
the Marquette district.’

THE INTRUSIVE ROCKS.

The intrusives in the schists and gneissoid granites of
the Basement Complex are granites, identical with the
gneissoid granites above described, and greenstones.
The former cut only the schists. They are probably
apophyses from the larger granite masses. The
greenstones cut the schists and the granites. They are
similar in all respects to the greenstones in the
sedimentary series, and thus are the youngest rocks in
the district, with the exception of the horizontal Paleozoic
sandstones and limestones that cap some of the higher
hills.

The greenstones are all more or less altered diabases.
In some the ophitic structure may be detected, but in
most of them no traces of their original constituents nor
of their structure remain. Nearly all are more or less
schistose. The only evidence that the most schistose
phases were once massive igneous rocks is in their
composition and their occurrence in dikelike fissures. As
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the schistosity of these greenstones increases, the
amount of their alteration also increases; there is a
greater abundance of hornblende present in them and a
greater quantity of quartz, until in the most schistose
phases the rocks are now typical hornblende-schists.

One of the best examples of these greenstones occurs
in the series of ledges extending in nearly a straight line
for 6 miles from the southern portion of sec. 13, T. 42 N.,
R. 29 W., to the northeast corner of sec. 14, T. 42 N., R.
28 W. Except in its eastern ledges the rock constitutes
bold, rounded, bare knobs with almost perpendicular
sides, usually situated in the midst of swamps. The
main mass of the knobs is a rather fine-grained, slightly
schistose, gray rock exhibiting the diabasic structure on
weathered surfaces. On the south sides of the knobs
the rock is much denser, and in most cases is much
more highly schistose than the main rock mass.

"Mon. U. S. Geol. Survey, Vol. XXVIII, pp. 200-203.

Under the microscope these rocks present the usual
features of schistose dike greenstones. They consist
almost exclusively of hornblende, piagioclase, and
quartz. The hornblende, which is the common yellowish-
green variety, occurs in long plates and in columnar
crystals, some of which are idiomorphic in cross section,
and also in slender needles penetrating the quartz and
feldspar. These two minerals form an aggregate
between the larger hornblendes. The feldspar is mainly
a calcium-soda plagioclase, though a small quantity of
albite may also be present. It occurs as irregular grains
embedded in a mosaic composed of rounded grains of
the same feldspar and of quartz, and appears to be a
new crystallization subsequent to that of the greater
portion of the plagioclase. At any rate, a single large
grain often fills the interstices between numbers of the
mosaic grains and extinguishes uniformly over large
areas. The magnetite in the rock is titaniferous. It
occurs in little crystals and in small irregular grains that
are often surrounded by a granular zone of leucoxene.

This rock may serve as a type of nearly all the other dike
greenstones in the district under discussion. Some may
be more schistose than this one, while a few may be
more massive, but in general characteristics they are all
similar. The more schistose rocks differ from the less
schistose varieties simply in the possession of a greater
amount of quartz and a greater quantity of what appears
to be newly formed feldspar. Their greater schistosity is
due to the more uniform elongation of their components.

The fine-grained greenstones found on the edges of the
coarser-grained ones, and occasionally as independent
dikes, are weathered diabases of the normal type.

COMPARISON OF THE STURGEON RIVER AND
THE MARQUETTE CRYSTALLINE SERIES.

The Basement Complex in this area is essentially like
that in the Marquette district, except that the altered tuffs
so abundant in the northern area are absent from that
now under discussion. The biotite-schists of the two

areas seem also to be different in origin, although this
can not be stated with certainty, since the origin of the
Marquette schists is not so clear as is that of the
Sturgeon River schists. There is enough similarity
between the crystalline series in the two areas to leave
no doubt as to their practical identity. If the Marquette
Basement Complex is Archean, the crystalline series
underlying the conglomerates in the Sturgeon River
tongue is also Archean.

THE ALGONKIAN TROUGH.

The sedimentary rocks comprised within the Sturgeon
River Algonkian tongue may be separated into a
conglomerate series and a dolomite series. The
conglomerate series consists of schistose
conglomerates, arkoses, quartzites, slates, and certain
sericitic schists that are squeezed arkoses. The
dolomite series embraces crystalline dolomites, a few
thin beds of quartzite, a few breccias and
conglomerates, and some slates.

It is possible that a third series, composed essentially of
slates, also exists in the district, but if so it is not
advisable to separate it from the dolomite series, since
its exposures are very few in number, and the slates
which comprise its main mass are so nearly like the
slates belonging in the dolomite series that they can with
difficulty be distinguished from these.

Associated with the sedimentary rocks are great masses
of basic igneous ones. Some of these are
unquestionably intrusive masses, as shown by their
relations to the conglomerates, while others appear to be
interleaved sheets. A very few, apparently bedded
greenstones, on close examination seem to be
composed of intermingled sedimentary and igneous
material. These may be altered tuffs.

Nearly all the sedimentary as well as the igneous rocks
embraced in the trough are schistose, and thus are
sharply distinguished from the brown Potsdam
sandstones and the Silurian limestones that here and
there lie approximately horizontal on their upturned
edges. The squeezing of the pre-Potsdam formations
has been so intense that both conglomerates and
dolomites have been forced into closely appressed folds,
which in the conglomerates are for the most part
apparently isoclinal. The strike of the latter rocks is
nearly east and west, and their dip nearly perpendicular,
except in one or two cases. The dolomites are less
closely folded than the conglomerates. Their dips are
much less steep, and their strike varies considerably,
except in the narrow eastern portion of the tongue,
where it is approximately parallel to that of the
conglomerate, i. e., a few degrees north of east.
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RELATIONS BETWEEN THE CONGLOMERATE
AND THE DOLOMITE SERIES AND
CORRELATION WITH THE FELCH MOUNTAIN
FRAGMENTALS.

The relations of the conglomerates to the dolomites are
best shown by the distribution of their respective
outcrops, as members of the two series are nowhere in
contact. In the central portion of the tongue the
conglomerate outcrops are limited to the district between
the central granites and the southern area of the
Basement Complex. The dolomites, on the other hand,
are limited to the country north of the central granite. Its
outcrops are found scattered over the northern tier of
sections in T. 42 N., Rs. 28 W. and 29 W., and the
southern tier of sections in T. 43 N., Rs. 28 W. and 29
W. Between them and the granite to the north is a belt
of country devoid of exposures. It is heavily drift
covered, consisting of sand plains and sand hills, from
beneath which no ledges of any kind protrude. This
barren belt measures about a half mile in width, in sec.
2, T.42 N., R. 28 W., gradually increasing in width till it
reaches the center of sec. 1in T. 43 N., R. 29 W., where
it opens out into the large Pleistocene area whose
southeast edge is shown on the map (PI. LI). In the
eastern portion of the district the northern granites and
the conglomerates approach each other, and the
dolomite belt becomes very narrow, finally disappearing
toward the east side of T. 42 N., R. 28 W.

The relative distribution of the conglomerate and
dolomite ledges, when considered with reference to the
triangular outline of the area embraced between the
northern and the southern granite-schist complexes,
suggests that the two formations constitute a western-
pitching syncline with the dolomite in the center and the
conglomerates with their associated beds on the two
flanks. The conglomerates comprising the southern
flank are well exposed, but those of the northern flank
are not seen. They are believed to underlie the glacial
deposits in the barren strip of country bordering the
northern granites. The conglomerates, according to this
view, are older than the dolomites.

Toward the center of the dolomite area, in the north half
ofsec. 6, T.42 N., R. 28 W., and at a few places farther
west, there are ferruginous beds in the dolomite series.
If these represent the upper portion of the dolomite
formation, as is the case with similar rocks in the Felch
Mountain range, it is clear that as we approach the
center of the Sturgeon River tongue the rock beds met
with are younger than those on its borders. This is in
line with the supposition that the Sturgeon River tongue
is a westward-pitching syncline.

The belief that the conglomerates are beneath the
dolomites in the Sturgeon River area is further
strengthened by the fact that the principal conglomerate
in the Felch Mountain range is beneath a dolomite which

is identical in character with the Sturgeon River dolomite.

This conglomerate is regarded as the base of the Lower
Menominee series in this district, with the dolomite

above it, known as the Randville dolomite, immediately
succeeding it. If the conglomerates and dolomites in the
two districts are the same, the Sturgeon River rocks are
Lower Menominee.

RELATIONS BETWEEN THE DOLOMITES AND
CONGLOMERATES AND THE OVERLYING
SANDSTONES.

At several places the conglomerates and dolomites are
overlain by well-defined Lake Superior sandstone. The
sandstone usually caps hills, on the lower slopes of
which ledges of the underlying rocks appear. The
contacts between the overlying sandstone and the
underlying rocks are rarely seen, but the fact that the
former are always horizontal, while the latter are always
very steeply inclined, leaves no doubt that there is a
strong unconformity between them.

THE CONGLOMERATE FORMATION.

The conglomerate formation comprises very much
squeezed granitic conglomerates, arkoses, sericite-
schists, quartzites, a few beds of banded rocks believed
to consist largely of tuffaceous material (see pp. 485-
487), and occasional beds of slates. Nearly all the
members of the series are schistose, the arkoses in
some cases passing into very well characterized sericite-
schists. Occasionally the arkoses show obscure traces
of ripple marking, and more frequently very well defined
cross bedding.

All the rocks of this formation strike in a nearly uniform
direction, N. 75°-84° E., and dip almost vertically. In one
or two instances observed the dip is as low as 65°, but in
most cases it varies between 85° N. and 85° S. The
strike of the schistosity is approximately parallel to the
strike of the bedding, as is also the direction of the
elongation of the pebbles so abundant in the
conglomeratic layers.

From the slight changes in dip observed in the beds, as
well as the great width of the formation in some places, it
is evident that folding must exist. It is probable that in
the wider portions of the area occupied by these rocks
there are present two or more folds, so closely
appressed that the beds on the opposite limbs can not
be correlated. Hence they appear as members of a
consecutive series of conformable members with a
nearly uniform dip throughout. In the narrower portions
of the area it can not be told whether more than one fold
is present or not. In any event, the folding is practically
isoclinal.

The ledges of the conglomerates and their associated
beds occur in the southern portion of the Sturgeon River
tongue throughout its entire extent. No exposures have
been found north of the granite areas in the central and
western portions of the tongue.
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IMPORTANT EXPOSURES.

The arkoses, the sericite-schists, and the conglomeratic
phases of the series can be best studied at the dam of
the Sturgeon River near the northwest corner of sec. 17,
T.42 N., R. 28 W. Here they form a continuous ledge of
well-bedded layers striking N. 83° E., and dipping 85° S.,
which measures at least 250 yards in width and 400
yards in length. (See PI. LIl.) The conglomerates are
pink in color. They contain immense numbers of white
quartz pebbles and bowlders, fewer and smaller ones of
pink granite, and many fragments of red feldspar in a
matrix composed of moderately coarse granite debris.
All the fragments and pebbles in these rocks, as well as
their matrix, show plainly the effects of pressure (PI. LIII.)
The matrix of all specimens is more or less schistose,
and the coarse sand grains embedded in it are in many
cases elongated in the direction of the schistosity. Most
of the pebbles and bowlders in the conglomerate are
also flat and parallel to the schistose plane. How far
these phenomena are due to mashing, to rotation into
parallel positions during flattening, and to original
sedimentation, respectively, can not be determined in
most cases, since the schistosity of the rock and the
elongation of the pebbles are both approximately parallel
to the bedding—i e., the pebbles are nearly in the
positions assumed by unequidimensional pebbles in a
well-bedded conglomerate. In a few instances the
schistosity may be seen to meet the bedding at a very
acute angle. In this case the pebbles are usually
arranged with their longer axes parallel to the schistosity,
though there are always present a large number that lie
parallel to the bedding planes.

MAP OF EXPOSURES
IN SEC.7 AND IN PORTIONS OF SECS.8,17,AND 18, T. 42 N,R.28 W, MICHIGAN
VICINITY OF DAM ON EAST BRANCH OF STURGEON RIVER

S
ARCHEAN ~ Gr.-Granite :\I.GIINKIAN}

[Plate LIl. Map of exposures in sec. 7 and portions of secs. 8,
17,and 18, T. 42 N., R. 28 W.]

In the least schistose phases of the rocks the pebbles
are nearly round and the matrix possesses a well-
defined fragmental texture, but in those beds in which
the schistosity is more pronounced the matrix is sericitic
and the pebbles are lenticular. The most completely
schistose phases resemble augen-gneisses. In these
the matrix is an almost typical sericite-schist. The quartz
pebbles have been crushed and flattened into long
narrow stringers or plates of quartz, some of which are
continuous for long distances (6 or 7 inches), while
others are broken into separate parts, which when
rounded on their edges yield quartz lerses like the
“augen” of so many augen-gneisses.1

The nonconglomeratic beds interstratified with the
conglomerates are usually more completely schistose
than the latter. The least schistose beds are arkoses.
These often show ripple marking and current bedding.
As the schistosity increases, the quantity of sericite
present also increases, until in the most highly schistose
phases sericite-schists result.

Some of the arkoses, as well as some of the finer-
grained conglomerates, in addition to being schistose,
are also foliated—i. e., they are built up of plates or
leaves, along the planes between which they split very
easily. When this is the case, the cleavage surfaces are
covered by small scales of silvery mica. The foliation is
so pronounced in many cases that the rocks are almost
fissile.

Besides these rocks there are present near the dam
great ledges of coarse and fine grained greenstone (see
PI. LII), whose relations to the sedimentary beds at first
glance appear to be those of interleaved flows. Upon
close inspection some of these masses disclose
intrusive features. Although they almost invariably follow
the bedding of the fragmental rocks, some of the
greenstones can be seen to cut across the layers in
such a manner as to leave no doubt of their intrusive
character.

"The best examples of these extremely schistose conglomerates are
not found in the exposures referred to above, but they are well
developed along the line between secs. 11 and 12, T. 42 N., R. 29 W.
Here the width of the series is but one-fourth mile, whereas the total
width of these rocks and their associated greenstones near the dam
measures a full mile.

On the old road leading to the dam the conglomerates
and arkoses are intruded by an altered diabase in a
most complex way. To the north of the road is the great
mass of the greenstone, within which are considerable
areas of the conglomerate. Within the belt of
conglomerate, on the other hand, are several bands of
the eruptive rock which roughly follow the bedding of the
sedimentary one, but which cut across it in a minor way.

At the contact of the main mass of greenstone and the
conglomerate are numerous interlaminations of the two
rocks, the greenstone having intruded the conglomerate
along its bedding planes. At one place a dozen
alternations of the two were noted within a foot.
Moreover, for some distance from the greenstone the
conglomerate appears to be impregnated with material
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from the intrusive, so that it has taken on a greenish
tinge. This impregnation in one instance has gone on so
far as to produce what is apparently a greenstone matrix
containing separate pebbles from the conglomerate, the
groundmass of the conglomerate having apparently
been absorbed. The greenstone adjacent to the
conglomerate is traversed by narrow pegmatite veins in
various directions, some of the largest being not more
than 2 inches in width. There is no evidence of a granitic
intrusion, the pegmatites appearing clearly to be the
result of an interaction between the basic igneous rock
and the more acid fragmental one. At one place along
the contact there is a belt of very coarse hornblendic
material that is cut through and through by the pegmatite
veins.

East and west of the dam for some distance are other
ledges of conglomerate. They, however, as a rule,
present no features different from those exhibited by the
great ledge described above. In all, especially in those
occurring in secs. 9and 10, T. 42 N, R. 28 W., the
interbanding of conglomeratic and nonconglomeratic
layers is beautifully shown.

Near the north quarter post of sec. 11, T. 42 N.,, R28 W.,
the arkoses have a purple rather than a pink tinge. On
cross fractures they are seen to be spangled with
glistening black needles and plates of hornblende, which
lie with their long axes in all azimuths. The little crystals
appear to be more abundant in some layers than in
others.

The best exposures of quartzite are found near the north
quarter post of sec. 11, T. 42 N., R. 28 W., and at 1,300
paces W., 150 N., of the southeast corner of sec. 7, T.
42 N., R. 29 W. The rocks are black. They occur in
beds varying in thickness from a few inches to several
feet.

[Plate LIIl. Schist conglomerate from dam of Sturgeon River]

PETROGRAPHICAL DESCRIPTIONS.

As might naturally be expected, the least schistose of
the arkoses and conglomerates exhibit the fewest
evidences of alteration in the thin section. In addition to
the pebbles in the conglomerates, these rocks consist of
rounded and angular grains of quartz, microcline,
orthoclase, and of various plagioclases, and a few of

microperthite, embedded in a finer-grained aggregate of
the same minerals, tiny flakes of green biotite and of
colorless muscovite or sericite, a few plates of chlorite,
particles and crystals of magnetite, and little nests and
isolated grains of epidote, with occasionally some
calcite. Many of the feldspar grains are altered into
sericitic products, colored red by small particles of
various iron oxides and by red earthy substances.

The composition and microstructure of the schistose
arkoses and of the schistose matrices of the
conglomerates vary greatly in different specimens, being
determined largely by the original composition of the
different beds and the amount of squeezing to which
they have been subjected. No attempt will be made
here to describe in detail all the changes suffered by
these rocks; a simple statement of the tendency of these
changes will be given.

The quartz pebbles in the moderately schistose
conglomerates show plainly that they have been under
great stresses. The smaller ones all exhibit undulatory
extinction. The larger ones are sometimes peripherally
granulated, and sometimes etched or corroded on their
edges, as though they had suffered partial solution. By
this process small portions of the original particles have
been separated from them, and the dissolved silica has
been redeposited among the grains of the surrounding
matrix as secondary quartz. In their interiors many of
the larger pebbles have been changed to a mosaic of
differently oriented parts, which interlock so perfectly that
they appear to have crystallized together.

The groundmass in which the pebbles lie is, in a few
cases, a fragmental aggregate of quartz and several
feldspars, with the addition of sericite and other
crystallized components. In most cases, and in all in
which schistosity is marked, no fragmental structure is
noticeable. The ground-mass is an interlocking mosaic
of fairly large quartz grains that appear to have
crystallized in situ, between which are smaller grains of
the same character, large and small spicules and plates
of sericite, crystals of magnetite, and a few needles of
chlorite and other secondary substances. Between
these, again, is often a cement of what seems to be
secondary quartz. The schistosity of the specimens is
due to the arrangement of the sericite in approximately
parallel positions, and to the elongation of the quartz
grains in the same direction. The pink color of the rocks
is produced by red earthy substances in the feldspars
and in their decomposition products.

In the most schistose phases of the conglomerates the
quartz pebbles have been, mashed into plates, several
of which join, end to end, forming sheets, which in the
thin section appear as long narrow lines of variously
oriented quartz grains, each of which is crossed by strain
shadows.

The larger quartz grains in their matrices are broken into
parts, and these parts are differently oriented with
respect to one another. Other grains seem to have
entirely recrystallized, for they are now made up
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exclusively of the same kind of interlocking quartzes as
are present in the fine portions of the groundmass in
which the coarse quartz grains are embedded. In the
groundmass of these rocks sericite is very abundant,
and feldspar is rare. From the proportions of these
minerals present it would appear that the former has
been derived largely from the latter. Biotite is also
present in many specimens as small green flakes, but
this mineral is not widely spread.

The conclusion from the study of the thin sections of the
schistose conglomerates is that there has been a
crystallization of new substances, principally quartz,
sericite, biotite, and magnetite, from the materials of the
original granitic sediments. Perhaps a portion of the
crystallization was the result of alteration of the original
components before squeezing took place. The larger
portion, however, was accomplished under the influence
of pressure. The result of the mashing and
recrystallization is a schist, which between crossed
nicols has the aspect of a typical crystalline schist, but
which in natural light exhibits its conglomeratic nature in
the presence of the large quartz lenses, with the outlines
of flattened pebbles, in a fine-grained groundmass.

The pink arkoses differ from the conglomerates simply in
the absence from them of the pebbles. The schistose
varieties are similar in every respect to the schistose
groundmass of the squeezed conglomerates. Both in
the hand specimen and in the thin section the schistose
arkoses exhibit striking resemblances to muscovitic
gneisses.

The purple arkoses differ from the pink ones just
described in containing chlorite and hornblende, and in
addition some apparently newly formed feldspar, notably
a feldspar with the microcline twinning. As a rule, these
rocks are more feldspathic than the matrices of the
conglomerates, and they contain much less quartz. The
larger grains of both quartz and feldspar are corroded as
if partially dissolved. They have lost their smooth,
rounded contours of sand grains, and now possess
irregular jagged ones, which, however, are not due to
secondary enlargements.

The characteristic components of these rocks are the
chlorite and the hornblende. The former mineral is
present in plates intermingled with grains of epidote,
while the hornblende is in dark-green or light-green
plates, and in acicular or columnar crystals that are
idiomorphic in cross section. The crystals are distributed
indiscriminately through the rocks, with their longer axes
lying in all azimuths. They were evidently formed after
the squeezing that made the rock schistose. The plates,
moreover, include within themselves such great
numbers of the other components of the rock that their
parts often appear to be independent. Under crossed
nicols, however, many of these apparently independent
plates are discovered to polarize together. No evidence
is present in any of the sections as to the source of the
material that gave rise to the hornblende. The fact,
however, that all of the hornblendic rocks are banded,
that some layers are rich in amphibole while others are

completely devoid of this mineral, suggests the notion
that the hornblendic schistose arkoses consist partly of
sedimentary and partly of tuffaceous materials. As we
shall see later, this origin is ascribed with more
confidence to some very peculiar rocks to be discussed
later.

Crushing effects are noticed in some of the hornblendic
arkoses, but their present condition appears to be due
more to chemical changes produced in them than by
mechanical action. The chemical changes were no
doubt superinduced by the mashing, but this can only be
inferred from the fact that they are more pronounced in
the schistose phases of the rocks than in those phases
in which the schistosity is poorly developed.

THE DOLOMITE FORMATION.

The dolomite formation comprises, as has been stated,
both dolomitic limestones and calcareous slates, and
occasionally quartzites, sandstones, and conglomeratic
and brecciated beds. As a rule, exposures are small
and scattered. Their distribution has already been
described. All ledges observed may be seen by
reference to the map (PI. LI).

IMPORTANT EXPOSURES.

Good exposures of the dolomites occur in the NW. V4
sec. 6, T. 42 N., R. 28 W. The ledge nearest the
northwest corner of the section is a hard flesh-colored
dolomitic marble, containing here and there little quartz
grains. This is cut by joints, and is traversed by small
chert bands. The bedding is more or less contorted, but
its general strike is N. 45° E., and its dip is 45° NW.
About one-fourth mile east of this ledge is a small, bare
knoll, composed of interlaminated pink marbles,
conglomerates, red sandstones, and red slates, varying
in thickness from a few inches to a foot or more. The
conglomerate consists of marble pebbles and slate and
chert fragments in a calcareous quartzitic matrix. The
strikes and dips are uniform throughout the ledge, the
former being nearly east and west and the latter 45° S.
The difference in dip of the beds of these two exposures
indicates plainly the presence in this place of a little
westward-pitching anticline.

Other prominent exposures of the dolomite series are in
the NW. Yasec, 1, T.42 N., R. 29 W., and in the SE. V4
sec. 35, T. 43 N., R. 29 W. In the first-named locality is
a high, bare knob, and a cluster of small ledges, in which
dolomites, conglomerates, and slates are all well
exposed. The dolomites, for the greater part, are
massive pink marbles crossed by joint planes. In places
the rocks take on a greenish-yellow tinge, and become
schistose. At 1,500 paces N., 1,930 W., of the southeast
corner of sec, 1, T. 42 N., R. 29 W., the dolomite forms a
well-defined bed, striking N. 45° E. and dipping 70° SE.
Above this, to the southeast, is a bed of coarse-grained
granitic sandstone or quartzite, which in turn is over-lain
by beds of gray quartzite alternating with thin slates and
fine-grained conglomerates. Farther south is a ridge of
well-bedded, fine-grained quartzite and bluish-gray slate,
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the individual layers being usually less than one-half inch
in thickness. This rock grades into a gray schistose
dolomite, and the whole quartzite-slate series strikes N.
75° E. and dips 63° S. The exposures in section 35 are
almost pure marbles, in which no traces of bedding have
been detected.

PETROGRAPHICAL DESCRIPTION.

In thin section the marbles appear as very close-grained
aggregates of calcite and dolomite, usually untwinned,
but occasionally twinned in the ordinary manner of these
minerals. Here and there among the carbonates are
rounded quartz grains, but the greater portion of this
mineral appears to have crystallized in situ between the
calcite and dolomite individuals.

All the marbles are of the same general character. They
differ only in the quantity of silica present and in the
presence or absence of the tiny dust grains producing
the color. The schistose varieties owe their schistosity to
the elongation of their components.

The quartzites and slates interbedded with the marbles
possess no unusual characters. They are similar to the
corresponding rocks inter-stratified with the Marquette
dolomites. The conglomerates interstratified with the
dolomites, slates, and quartzites are of two kinds. One
is composed of marble and slate fragments cemented by
quartzite, and the other of small granite pebbles
embedded in granite sand. The latter are evidently
composed of the detritus of the granites underlying the
dolomite series, while the marble-bearing
conglomerates, or perhaps more properly breccias, are
interformational beds conformable with the beds below
them, and also with those above. They are similar in
every respect to the interbedded breccias in the Kona
dolomites on the Marquette range.

SLATES AND SANDSTONES ON THE STURGEON
RIVER.

The rocks in the SW. V4 sec. 34, where the road to
Sagola crosses the Sturgeon River, are placed in the
dolomite formation, although they differ somewhat from
that portion of the series described. These rocks are
white calcareous sandstones, that look very much like
the Potsdam sandstone where it overlies limestones,
and a light-green slate, which near joint planes and other
cracks has a light purple color. According to Dr. J. M.
Clements, who visited the spot, the slate overlies the
sandstone. “The river,” he writes in his notebook, “gives
a section through these rocks, and makes the strike
seem to be N. 35° W., dip 50° N. It appears to me, how
ever, that the true strike is about N. 85° E., and dip 40°
S.” If these rocks belong to the marble series, they
constitute its upper part. The slate closely resembles
some of the slates in the Kona dolomite formation of the
Marquette range. ltis a very fine grained rock
composed of very small splinters of quartz, flakes of
sericite, and a few of chlorite.

THE IGNEOUS ROCKS.

The igneous rocks associated with the sedimentary beds
in the Sturgeon River tongue are all greenstones in
composition. Many of them are unquestionably
intrusive; a few may be tuffaceous.

The intrusive greenstones do not differ essentially from
those cutting the Basement Complex. Some of them are
in the form of small bosses. Others are clearly dikes,
though for the most part these dikes follow the bedding
of the sedimentary rocks. Still others may be intrusive
sheets. The rocks regarded as possibly tuffaceous are
distinctly banded. Some are made up of alternate bands
of dark and light shades. The darker bands consist
principally of a schistose greenstone, and the lighter
ones principally of arkose or granitic sandstone. These
rocks are well bedded, apparently constituting a definite
portion of the conglomerate series near its lower
horizon.

THE INTRUSIVE GREENSTONES.

The intrusive greenstones are usually fairly massive
rocks, with a dark bluish-green color and a moderately
fine grained texture. On their edges they often pass into
schistose phases, presenting the structure and
appearance of chlorite-schists. A very typical schist of
this character occurs on the southern edge of the great
greenstone mass 1,525 to 1,600 paces north and 300 to
400 west of the southeast corner of sec. 18, T. 42 N., R.
28 W. In the hand specimen the rock appears to be a
well-characterized chlorite-schist, spangled with plates of
a light-colored muscovite measuring 1.5 to 2 mm. in
diameter.

The intrusive character of some of the greenstones is
clearly shown by the fact that they occur immediately on
the strike of the conglomerate bands, and often cutting
across them, as is the case at 300 paces east of the
northwest corner of sec. 17, T. 42 N, R. 28 W. (see PI.
LIl), and at 400 paces south, 100 west, of this same
corner.

'See Van Hise’s Notebook 184, pp. 21-23.

PETROGRAPHICAL DESCRIPTION.

The greenstones intrusive in the Algonkian sediments
are not essentially different from those cutting the
members of the Basement Complex. They differ from
the latter in containing, as a rule, less quartz and a very
much greater abundance of epidote. The epidote is all
secondary, as is also the quartz, so that the only
noticeable difference between the two sets of
greenstones is dependent upon differences in the nature
of their alteration, which in turn are probably the results
of differences in environment. Both sets of greenstones
have been squeezed, but those in the Basement
Complex are associated with crystalline schists, while
those in the Algonkian series are associated with
fragmental beds.

In addition to hornblende, plagioclase, epidote, and a
little quartz, almost all the later greenstones contain
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biotite, small crystals of magnetite, and irregular grains
of ilmenite or of a titaniferous magnetite. Their structure
is schistose through the arrangement of the larger
hornblendes and biotites and the elongation of the
feldspar grains in approximately parallel directions. As a
rule, their thin sections present no unusual features.
They all show dirty green hornblende plates, greenish-
brown biotite flakes, magnetite crystals, etc., embedded
in a mass of irregular grains of decomposed plagioclase,
the principal decomposition product of the feldspar being
in almost all cases epidote.

Often the proportion of epidote present is very great. It
occurs as colorless crystals and grains scattered through
the hornblende, and as light-yellow plates and grains
embedded in the mass of altered plagioclase. In the
rock at 500 paces east, 125 north, of the southwest
corner of sec. 8, T. 42 N., R. 28 W. (PI. LII), the
replacement of the plagioclase by epidote has
proceeded so far that no trace of the feldspar can be
discovered. In the hand specimen the rock is seen to be
a massive mixture of black glistening hornblende
crystals in a yellowish-green groundmass possessing a
sugary texture. In the thin section the hornblende is
present as bluish-green plates that are often idiomorphic
in cross section. The groundmass in which they lie is
composed of epidote and quartz. The epidote is in large
yellowish-green irregularly-outlined plates, including
particles of magnetite and small rounded quartz grains.
Most of the quartz is in isolated grains between the
epidote plates and in little nests of interlocking grains.
Small magnetite granules are scattered everywhere
throughout the section, through all of the components
indiscriminately.

The coarser greenstones show plainly in the hand
specimen the ophitic structure, even where the rocks are
schistose. In the section this structure is often obscured
by the abundance of decomposition products. Under
low powers of the microscope, however, it can nearly
always be detected. In a few of the finer-grained
varieties, phenocrysts of plagioclase are occasionally
met with. They are clouded by inclusions of biotite
flakes and shreds of hornblende and by tiny particles of
a kaolinitic or sericitic mineral. From their composition
and structure, it is clearly evident that the intrusive
greenstones, whether massive or schistose, are altered
phases of diabase or of diabase-porphyrite.

The dark-green chlorite-schist referred to as occurring in
the edge of one of the greenstone masses is a chloritic
biotite-schist spangled with large flakes of a light-colored
mica. The rock consists of biotite, chlorite, muscovite,
quartz, and rutile. The biotite is in broad thin plates,
arranged approximately parallel, and embedded in a
mass of chlorite, the greater portion of which is a
greenish-brown variety that looks as though it may have
been derived from hornblende. A smaller portion of the
chlorite is in light-green plates, like the chlorite so
frequently found in chlorite-schist. The quartz is in small
rounded grains exhibiting strain shadows, scattered here
and there through the chlorite and between the biotite

plates. Itis much more abundant in some portions of the
rock than in others, forming bands rich in quartz,
between others in which very little of this mineral is
present. The rutile is in large quantity. It constitutes
large greenish-yellow grains. Some of these are
rounded forms, others are prismatic crystals measuring
0.08 mm. to 0.12 mm. in length, while still others are
clearly defined elbow twins. They occur everywhere
throughout the slide, but are rare in the quartz. They are
most abundant in the chlorite and in the large plates of
light-colored mica that have been mentioned as
characteristic features of the hand specimens. These
have all the properties of muscovite. They lie
indiscriminately among the other components,
irrespective of the schistosity of the rock, and contain
very few inclusions, with the exception of the rutile
grains. The lines of biotite, to the arrangement of which
the rock owes its schistosity, do not bend around the
muscovite as they do around the eyes in an augen-
gneiss, but they continue their courses up to the edge of
the muscovite grain, and there abruptly stop. From
these facts it is clear that the muscovites have originated
since the rock containing them was rendered schistose.
As in the case of many other secondary minerals, it
appears that these were produced from the components
of the schist by a process which resulted in the
absorption of all of them except rutile. The process may
have been connected with contact action, but no
evidence in favor of this supposition has been obtained.

There are a few other types of greenstone occasionally
met with among the dike and other intrusive forms of the
district, but they do not differ in any marked degree from
those described, except that some are quite schistose.
One or two of these contain oval aggregates of epidote,
plagioclase, and quartz, that may represent inclusions of
foreign rocks. They are now, however, so much altered
that it is difficult to determine their character with any
degree of certainty.

The rock of one or two other exposures in the area
underlain mainly by the conglomerates deserves
mention before the banded greenstones are discussed.
The rock referred to is a heavy, lustrous, black schist
that resembles in many respects a hornblende-schist.
On fresh fractures across the schistosity parallel lines,
darker than the main mass of the rock, may be easily
detected. These are the edges of cleavage planes,
whose surfaces are coated with brassy yellow mica
plates. In thin section these rocks differ very little from
the schistose greenstones referred to above. They
consist of a heterogeneous schistose mass of green
hornblende, cloudy plagioclase, quartz, epidote, chlorite,
and magnetite. Biotite flakes are met with occasionally,
but they are by no means common, except on the
cleavage surfaces. Rocks of this class have not only
been made schistose by squeezing, but they have also
suffered shearing along what are now the cleavage
planes. They are almost identical in microscopic and
macroscopic features with the hornblende-schists in the
Basement Complex.
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THE BANDED GREENSTONES.

Distinctly banded rocks, composed partly of basic
material with the composition of greenstone, form a well-
defined hillock in sec. 17, T. 42 N., R. 28 W., about 250
paces north of the west quarter post of this section, and
a group of outcrops on the east bank of the Sturgeon
River, immediately west of this point.

The rocks in question are banded in mediumly coarse-
grained dark bands, containing large quantities of green
hornblende, and in fine-grained lighter ones, that
resemble in the hand specimen bluish-black quartzites
or cherts. In some bands there are large lenticules of
white quartz, that show plainly on weathered surfaces,
like the flattened pebbles in a squeezed conglomerate or
the drawn-out parts of quartzose layers in a mashed
bedded rock. These bands, though not very well
defined, run continuously for long distances, and strike
and dip conformably with the conglomerate beds
exposed 200 paces to the north.

PETROGRAPHICAL DESCRIPTION.

In the thin section the lighter-colored layers of these
rocks are seen to be composed of very irregularly
outlined and rounded quartz grains, cemented by a
mass of finer quartzes and small grains of zoisite, little
clumps of chlorite, some decomposed feldspar, and
particles of magnetite. Occasionally a plate of yellowish
epidote occurs in the midst of this aggregate, and
scattered here and there through it are large plates of
green hornblende with the cellular structure so common
to secondary minerals. These hornblendes lie irregularly
in the slide, and include grains of all the other
components. The quartz grains are small and are
independently oriented, but frequently little groups of
them, with the outlines of sand grains, are met with.
There is little evidence of schistosity in these layers, but
they exhibit a banding produced by the alternation of
coarser and finer constituents. In the darker layers the
proportion of hornblende is much greater than it is in the
lighter ones. Indeed, some bands consist almost
exclusively of large cellular plates and radial aggregates
of plates of this mineral, only the small interstitial spaces
between the large amphiboles being filled with an
aggregate of quartz-zoisite, small hornblende needles,
and magnetite. In some sections biotite is also present.
It occurs most abundantly in the quartz-zoisite
aggregate, filling the interstitial spaces between the
amphiboles, but is present also as inclusions in this latter
mineral. Some of the biotite in the hornblende appears
to grade into its host, and certain portions of the
amphibole possesses the brown color of the mica, with
the optical properties of the hornblende. The large
amphiboles are evidently the youngest components in
the rocks, though they were plainly produced before the
schistosity. In those layers in which the schistosity is
strongly marked this structure is produced mainly by the
parallel arrangement of the biotite and the small
amphibole needles and plates in the quartzose
aggregate. The larger cellular hornblendes lie across
the schistose planes, and when they do so, the lines of

biotite and of small amphiboles pass around them
exactly as they would do were the large hornblendes
present before the rock was squeezed. Sometimes the
amphibole masses that form so large a proportion of the
schistose bands are single crystals, sometimes they are
fragments of crystals, and at other times they are groups
of radiating crystals. The magnetite is very much more
abundant in the hornblendes than in the surrounding
quartz aggregate, sometimes being confined exclusively
to this mineral, as though it were one of the products
(the hornblende being the other) resulting from the
decomposition of some original constituent, probably
augite. Little particles of hematite, on the other hand,
are abundantly disseminated through the quartzose
aggregate, and are practically absent from the
hornblende. Much of it appears to have been derived
from magnetite.

The evidence derived from the microscopic study of
sections of these banded rocks, so far as it relates to
their origin, is disappointing. The quartzose layers are,
in all probability, sedimentary. The hornblendic layers,
however, differ from these so much in composition that
their material must have had a different source. lItis
possible that the quartzose layers represent sediments
derived from the granitic portions of the Basement
Complex, while the hornblendic layers represent
sediments derived from the basic portions of the
Basement Complex; or, it may be that the acid layers
have the origin ascribed to them, while the basic ones
are mixed sediments and basic tuffs. The sections of
the dark layers of these rocks resemble so strongly the
sections of the basic layers in the Clarksburg series of
mixed tuffs and sediments in the Marquette district that
the writer is inclined to regard the rocks as composed
partly of tuffaceous material. On the other hand, the
banded rocks occur so close to the boundary between
the sedimentary area and the Basement Complex, which
near this boundary is composed mainly of basic schists,
that it would seem but natural that they should contain
large quantities of basic material derived from these
schists. The original structure of the layers has been so
completely destroyed by mashing that it can not give any
evidence as to the nature of the beds. We are therefore
compelled to rely entirely upon their composition to aid
us in discovering their origin. This indicates simply that
much of their material was derived either from volcanic
ashes or from the debris washed from the basic portions
of the Basement Complex.
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ADVERTISEMENT.
[Monograph XXXVI.]

The statute approved March 3, 1870, establishing the United
States Geological Survey, contains the following provisions:

“The publications of the Geological Survey shall consist of the
annual report of opera ions, geological and economic maps
illustrating the resources and classification of the lands, and
reports upon general and economic geology and paleontology.
The annual report of operations of the Geological Survey shall
accompany the annual report of the Secretary of the Interior.
All special memoirs and report’s of said Survey shall be issued
in uniform quarto series if deemed necessary by the Director,
but otherwise in ordinary octavos. Three, thousand copies of
each shall be published for scientific exchanges and for sale at
the price of publication; and all literary and cartographic
materials received in exchange shall be the property of the
Knifed States and form a part of the library of the organization:
And the money resulting from the sale of such publications
shall be covered into the Treasury of the United States.”

Except in those cases in which mi extra number of any special
memoir or report has been supplied to the Survey by special
resolution of Congress or has been ordered by the Secretary of
the Interior, this office has no copies for gratuitous distribution.

ANNUAL REPORTS.

I. First Annual Report of the United States Geological Survey,
by Clarence King. 1880. 8°. 79 pp. 1 map.—A preliminary
report, describing plan of organization and publications.

Il. Second Annual Report of the United States Geological
Survey. 1880-'81, by J. W. Powell. 1882. 8°. 1v, 588 pp. 62
pl. 1 map.

I1l. Third Annual Report of the United States Geological
Survey. 1881-'82, by J. W. Powell. 1883. 8°. xviii, 504 pp.
67 pl. and maps.

IV. Fourth Annual Report of the United States Geological
Survey, 1882-83, by J. W. Powell. 1881. 8°. Xxxii, 473 pp.
85 pl, and maps.

V. Fifth Annual Report of the United States Geological Survey,
1883-8l, by J. W. Powell. 1885. 8°. xxxvi., 469 pp. 58 pl.
and maps.

VI. Sixth Annual Report of the United States Geological
Survey 1884-85, by J. W. Powell. 1885. 8°. xxix, 570 pp. 65
pl. and maps.

VII. Seventh Annual Report of the United States Geological
Survey, 1885-'86, by J. W. Powell. 1888. 8°. Xx, 656 pp. 71
pl. and maps.

VIII. Eighth Annual Report of the United Slates Geological
Survey, 1880-'87, by J. W. Powell. 1889. 8°. 2 pt. xix, 471,
xii pp., 53 pl. and maps; 1 prel. Leaf, 475-1063 pp., 51-76 pl.
and maps.

IX. Ninth Annual Report of (he United States Geological
Survey, 1887-'88, by J. W. Powell. 1880. 8°. xiii, 717 pp. 88
pl. and maps.

X. Tenth Annual Report of the United States Geological
Survey, 1888-'89, by J. W. Powell. 1890. 8°. 2 pt. xv, 774
pp., 98 pl. and maps; viii. 123 pp.

XI. Eleventh Annual Report of The United States Geological
Survey, 1880-'90, by J. W. Powell. 1891. 8°. 2 pt. xv. 757
pp., 66 pl. and maps; ix, 351 pp., 30 pl. and maps.

XIl. Twelfth Annual Report of the United States Geological
Survey. 1890-'91, by J. W. Powell. 1891. 8°. 2 pt., xiii, 675
pp., 53 pl. and maps: xviii, 576 pp., 146 pl. and maps.

XIll. Thirteenth Annual Report of the United States Geological
Survey. 1891-'92, by J. W. Powell. 1893. 8°. 3 pt. vii. 240
pp., 2 maps; X, 372 pp., 105 pl. and maps; xi, 486 pp., 77 pl.
and maps.

XIV. Fourteenth Annual Report of the United States
Geological Survey, 1892-'93, by J. W. Powell. 1893. 8°. 2 pt.
vi, 321 pp., 1 pl.; xx, 597 pp., 71 pl. and maps.

XV. Fifteenth Annual Report of the United States Geological
Survey, 1893-'94, by J. W. Powell. 1895. 8°. xiv. 755, pp., 48
pl. and maps.

XVI. Sixteenth Annual Report of the United States Geological
Survey, 1894-'95. Charles D. Walcott, Director. 1895. (Part I,
1896.) 8°. 4 pt. xxii, 910 pp., 117 pl. and maps; xix, 598 pp.,
13 pl. and maps; xv, 646 pp.. 23 pl.; xix. 705 pp., 6 pl.

XVII. Seventeenth Annual Report of the United States
Geological Survey, 1895-'96, Charles D. Walcott, Director.
1896. 8°. 3 pt. in 4 vol. xxii, 1076 pp., 67 pl. and maps; xxv.
864 pp., 113 pl. and maps; xxiii. 542 pp., 8 pl. and maps; iii.
543-1058 pp., 9-13 pl.

XVIII. Eighteenth Annual Report of the United States
Geological Survey. 1896-'97, Charles D. Walcott, Director.
1897. (Parts Il and Ill, 1898.) 8°. 5 pt. in 6 vol. 1-140 pp., 4 pl.
and maps: i-v, 1-653 pp., 105 pl. and maps; i-v, 1-861 pp., 118
pl. and maps; i-x, 1-756 pp., 102 pl. and maps; i-xii, 1-642 pp.,
1 pl.; 643-1400 pp.

XIX. Nineteenth Annual Report of the United States
Geological Survey, 1897-'98, Charles D. Walcott, Director.
1898. 8°. 6 pt. in 7 vol.

MONOGRAPHS.

I. Lake Bonneville, by Grove Karl Gilbert. 1890. 4°. xx, 438
pp. 51 pl. 1 map. Price $1.50.

Il. Tertiary History of the Grand Canon District, with Atlas, by
Clarence E. Dutton, Capt., U. S. A. 1882. 4°. xiv, 264 pp. 42
pl. and atlas of 24 sheets folio. Price $10.00.

Ill. Geology of the Comstock Lode and the Washoe District,
with Atlas, by George F. Becker. 1882. 4°. xv, 422 pp. 7 pl.
and atlas of 21 sheets folio. Price $11.00.

IV. Comstock Mining and Miners, by Eliot Lord. 1883. 4°. xiv,
451 pp. 3 pl. Price $1.50.

V. The Copper-Bearing Rocks of Lake Superior, by Roland
Duer Irving. 1883. 4°. xvi, 464 pp. 151. 29 pl. and maps.
Price $1.85.

VI. Contributions to the Knowledge of the Older Mesozoic
Flora of Virginia, by William Morris Fontaine. 1883. 4°. xi, 144
pp. 541. 54 pl. Price $1.05.

VII. Silver-Lead Deposits of Eureka. Nevada, by Joseph Story
Curtis. 1884. 4°. xiii, 200 pp. 16 pl. Price $1.20.

VIIl. Paleontology of the Eureka District, by Charles Doolittle
Walcott. 1884. 4°. xiii, 298 pp. 241. 24 pl. Price $1.10.

Monographs of the USGS Vol. XXXVI — Part Il — Page 69 of 76



IX. Brachiopoda and Lamellibranchiata of the Raritan Clays
and Greensand Marls of New Jersey, by Robert P. Whitfield.
1885. 4°. xx, 338 pp. 35pl. 1 map. Price $1.15.

X. Dinocerata. A Monograph of an Extinct Order of Gigantic
Mammals, by Othniel Charles Marsh. 1886. 4°. xviii, 243 pp.
561. 56 pl. Price $2.70.

XI. Geological History of Lake Lahontan, a Quaternary Lake of
Northwestern Nevada, by Israel Cook Russell. 1885. 4°. xiv,
288 pp. 46 pl. and maps. Price $1.75.

Xll. Geology and Mining Industry of Leadville, Colorado, with
Atlas, by Samuel Franklin Emmons. 1886. 4°. xxix, 770 pp.
45 pl. and atlas of 35 sheets folio. Price $8.40.

Xlll. Geology of the Quicksilver Deposits of the Pacific Slope,
with Atlas, by George F. Becker. 1888. 4°. xix, 486 pp. 7 pl.
and atlas of 14 sheets folio. Price $2.00,

XIV. Fossil Fishes and Fossil Plants of the Triassic Rocks of
New Jersey and the Connecticut Valley, by John S. Newberry.
1888. 4°. xiv, 152 pp. 26 pl. Price $1.00.

XV. The Potomac or Younger Mesozoic Flora, by William
Morris Fontaine. 1889. 4°. xiv, 377 pp. 180 pl. Text and
plates bound separately. Price $2.50.

XVI. The Paleozoic Fishes of North America, by John Strong
Newberry. 1889. 4°. 340 pp. 53 pl. Price $1.00.

XVII. The Flora of the Dakota Group, a Posthumous Work, by
Leo Lesquereux. Edited by F. H. Knowlton. 1891. 4°. 400
pp. 66 pl. Price $1.10.

XVIIl. Gasteropoda and Cephalopoda of the Raritan Clays and
Greensand Marls of New Jersey, by Robert P. Whitfield. 1891.
4°, 402 pp. 50 pl. Price $1.00.

XIX. The Penokee Iron-Bearing Series of Northern Wisconsin
and Michigan, by Roland D. Irving and C. R. Van Hise. 1892.
4°. xix, 534 pp. Price $1.70.

XX. Geology of the Eureka District, Nevada, with an Atlas, by
Arnold Hague. 1892. 4°. xvii, 419 pp. 8 pl. Price $5.25.

XXI. The Tertiary Rhynchophorous Coleoptera of the United
States, by Samuel Hubbard Scudder. 1893. 4°. xi, 206 pp.
12 pl. Price 90 cents.

XXII. A Manual of Topographic Methods, by Henry Gannett,
Chief Topographer. 1893. 4°. xiv, 300 pp. 18 pl. Price
$1.00.

XXIll. Geology of the Green Mountains in Massachusetts, by
Raphael Pumpelly, T. Nelson Dale, and J. E. Wolff. 1894. 4°.
xiv, 206 pp. 23 pl. Price $1.30.

XXIV. Mollusca and Crustacea of the Miocene Formations of
New Jersey, by Robert Parr Whitfield. 1894. 4°. 193 pp. 24
pl. Price 90 cents.

XXV. The Glacial Lake Agassiz, by Warren Upham. 1895. 4°.
xxiv, 658 pp. 38 pl. Price $1.70.

XXVI. Flora of the Amboy Clays, by John Strong Newberry; a
Posthumous Work, edited by Arthur Hollick. 1895. 4°. 260
pp. 58 pl. Price $1.00.

XXVII. Geology of the Denver Basin in Colorado, by Samuel
Franklin Emmons, Whitman Cross, and George Homans
Eldridge. 1896. 4°. 556 pp. 31 pl. Price $1.50.

XXVIII. The Marquette Iron-Bearing District of Michigan, with
Atlas, by C. R. Van Hise and W. S. Bayley, including a Chapter
on the Republic Trough, by H. L. Smyth. 1895. 4°. 608 pp. 35
pl. and atlas of 319 sheets folio. Price $5.75.

XXIX. Geology of Old Hampshire County, Massachusetts,
comprising Franklin, Hampshire, and Hampden Counties, by
Benjamin Kendall Emerson. 1898. 4°. xxi, 790 pp. 35 pl.
Price $1.90.

XXX. Fossil Meduseae, by Charles Doolittle Walcott. 1898. 4°.
ix, 201 pp. 47 pl. Price $1.50.

XXXI. Geology of the Aspen Mining District, Colorado, with
Atlas, by Josiah Edward Spurr. 1898. 4°. xxxv, 260 pp. 43 pl.
and atlas of 30 sheets folio. Price $3.60.

XXXII. Geology of the Yellowstone National Park, Part Il
Descriptive Geology, Petrography, and Paleontology, by
Arnold Hague, J. P, Iddings, W. Harvey Weed, Charles D.
Walcott, G. H. Girty, T. W. Stanton, and F. H. Knowlton. 1899.
4°. xvii, 893 pp. 21 pl. Price —.

XXXIIl. Geology of the Narragansett Basin, by N. S. Shaler, J.
B. Woodworth, and August F. Foerste. 1899. 4°. xx, 402 pp.
31 pl. Price —.

XXXIV. The Glacial Gravels of Maine and their Associated
Deposits, by George H. Stone. 1899. 4°. xiii, 499 pp. 52 pl.
Price —.

XXXV. The Later Extinct Floras of North America, by John
Strong Newberry; edited by Arthur Hollick. 1898. 4°. xviii, 295
pp. 68 pl. Price $1.25.

XXXVI. The Crystal Falls Iron-Bearing District of Michigan, by
J. Morgan Clements and Henry Lloyd Smyth; with a Chapter
on the Sturgeon River Tongue, by William Shirley Bayley, and
an introduction by Charles Richard Van Hise. 1899. 4°. xxxvi,
512 pp. 53 pl. Price —.

In preparation:

XXXVII. Flora of the Lower Coal Measures of Missouri, by
David White.

XXXVIII. The lllinois Glacial Lobe, by Frank Leverett.

—Flora of the Laramie and Allied Formations, by Frank Hall
Knowlton.

BULLETINS.

1. On Hypersthene-Andesite and on Triclinic Pyroxene in
Augitic Rocks, by Whitman Cross. with a Geological Sketch of
Buffalo Peaks, Colorado, by S. F. Emmons. 1883. 8°. 42 pp.
2 pl. Price 10 cents.

2. Gold and Silver Conversion Tables, giving the Coining
Values of Troy Ounces of Fine Metal, etc., computed by Albert
Williams, jr. 1883. 8°. 8 pp. Price 5 cents.

3. On the Fossil Faunas of the Upper Devonian, along the
Meridian of 76° 30’, from Tompkins County, N. Y., to Bradford
County, Pa., by Henry S. Williams. 1884. 8°. 36 pp. Price 5
cents.

4. On Mesozoic Fossils, by Charles A. White. 1884. 8°. 36
pp. 9 pl. Price 5 cents.

5. A Dictionary of Altitudes in the United States, compiled by
Henry Gannett. 1884. 8°. 325 pp. Price 20 cents.

6. Elevations in the Dominion of Canada, by J. W. Spencer.
1884. 8°. 43 pp. Price 5 cents.
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7. Mapoteca Geologica Americana. A Catalogue of
Geological Maps of America (North and South), 1752-1881, in
Geographic and Chronologic Order, by Jules Marcou and John
Belknap Marcou. 1884. 8°. 184 pp. Price 10 cents.

8. On Secondary Enlargements of Mineral Fragments in
Certain Rocks, by R. D. Irving and C. R. Van Hise. 1884. 8°.
56 pp. 6 pl. Price 10 cents.

9. A Report of Work done in the Washington Laboratory during
the Fiscal Year 1883-'84. F. W. Clarke, Chief Chemist; T. M.
Chatard, Assistant Chemist. 1884. 8°. 40 pp. Price 5 cents.

10. On the Cambrian Faunas of North America. Preliminary
Studies, by Charles Doolittle Walcott. 1884. 8°. 74 pp. 10 pl.
Price 5 cents.

11. On the Quaternary and Recent Mollusca of the Great
Basin; with Description of New Forms, by R. Ellsworth Call.
Introduced by a Sketch of the Quaternary Lakes of the Great
Basin, by G. K. Gilbert. 1884. 8°. 66 pp. 6 pl. Price 5 cents.

12. A Crystallographic Study of the Thinolite of Lake
Lahontan, by Edward S. Dana. 1884. 8°. 34 pp. 3 pl. Price 5
cents.

13. Boundaries of the United States and of the Several States
and Territories, with a Historical Sketch of the Territorial
Changes, by Henry Gannett. 1885. 8°. 135 pp. Price 10
cents.

14. The Electrical and Magnetic Properties of the Iron-
Carburets, by Carl Barus and Vincent Strouhal. 1885. 8°. 238
pp. Price 15 cents.

15. On the Mesozoic and Cenozoic Paleontology of California,
by Charles A. White. 1885. 8°. 33 pp. Price 5 cents.

16. On the Higher Devonian Faunas of Ontario County, New
York, by John M. Clarke. 1885. 8°. 86 pp. 3 pl. Price 5
cents.

17. On the Development of Crystallization in the Igneous
Rocks of Washoe, Nevada, with Notes on the Geology of the
District, by Arnold Hague and Joseph P. Iddings. 1885. 8°.
44 pp. Price 5 cents.

18. On Marine Eocene, Fresh-Water Miocene, and other
Fossil Mollusca of Western North America, by Charles A.
White. 1885. 8°. 26 pp. 3 pl. Price 5 cents.

19. Notes on the Stratigraphy of California, by George F.
Becker. 1885. 8°. 28 pp. Price 5 cents.

20. Contributions to the Mineralogy of the Rocky Mountains,
by Whitman Cross and W. F. Hillebrand. 1885. 8°. 114 pp. 1
pl. Price 10 cents.

21. The Lignites of the Great Sioux Reservation; a Report on
the Region between the Grand and Moreau Rivers, Dakota, by
Bailey Willis. 1885. 8°. 16 pp. 5 pl. Price 5 cents.

22. On New Cretaceous Fossils from California, by Charles A.
White. 1885. 8°. 25 pp. 5 pl. Price 5 cents.

23. Observations on the Junction between the Eastern
Sandstone and the Keweenaw Series on Keweenaw Point,
Lake Superior, by R. D. Irving and T. C. Chamberlin. 1885.
8°. 124 pp. 17 pl. Price 15 cents.

24. List of Marine Mollusca, comprising the Quaternary Fossils
and Recent Forms from American Localities between Cape
Hatteras and Cape Roque, including the Bermudas, by William
Healey Dall. 1885. 8°. 336 pp. Price 25 cents.

25. The Present Technical Condition of the Steel Industry of
the United States, by Phineas Barnes. 1885. 8°. 85 pp. Price
10 cents.

26. Copper Smelting, by Henry M. Howe. 1885. 8°. 107 pp.
Price 10 cents.

27. Report of Work done in the Division of Chemistry and
Physics, mainly during the Fiscal Year 1884-'85. 1886. 8°. 80
pp. Price 10 cents.

28. The Gabbros and Associated Hornblende Rocks occurring
in the Neighborhood of Baltimore, Maryland, by George
Huntington Williams. 1886. 8°. 78 pp. 4 pl. Price 10 cents.

29. On the Fresh-Water Invertebrates of the North American
Jurassic, by Charles A. White. 1886. 8°. 41 pp. 4 pl. Price 5
cents.

30. Second Contribution to the Studies on the Cambrian
Faunas of North America, by Charles Doolittle Walcott. 1886.
8°. 369 pp. 33 pl. Price 25 cents.

31. Systematic Review of our Present Knowledge of Fossil
Insects, including Myriapods and Arachnids, by Samuel
Hubbard Scudder. 1886. 8°. 128 pp. Price 15 cents.

32. Lists and Analyses of the Mineral Springs of the United
States; a Preliminary Study, by Albert C. Peale. 1886. 8°.
235 pp. Price 20 cents.

33. Notes on the Geology of Northern California, by J. S.
Diller. 1886. 8°. 23 pp. Price 5 cents.

34. On the Relation of the Laramie Molluscan Faunato that of
the Succeeding Fresh-Water Eocene and Other Groups, by
Charles A. White. 1886. 8°. 54 pp. 5 pl. Price 10 cents.

35. Physical Properties of the Iron-Carburets, by Carl Barus
and Vincent Strouhal. 1886. 8°. 62 pp. Price 10 cents.

36. Subsidence of Fine Solid Particles in Liquids, by Carl
Barus. 1886. 8°. 58 pp. Price 10 cents.

37. Types of the Laramie Flora, by Lester F. Ward. 1887. 8°.
354 pp. 57 pl. Price 25 cents.

38. Peridotite of Elliott County, Kentucky, by J. S. Diller. 1887.
8°. 31 pp. 1pl. Price 5 cents.

39. The Upper Beaches and Deltas of the Glacial Lake
Agassiz, by Warren Upham. 1887. 8°. 84 pp. 1 pl. Price 10
cents.

40. Changes in River Courses in Washington Territory due to
Glaciation, by Bailey Willis. 1887. 8°. 10 pp. 4 pl. Price 5
cents.

41. On the Fossil Faunas of the Upper Devonian—the
Genesee Section, New York, by Henry S. Williams. 1887. 8°.
121 pp. 4 pl. Price 15 cents.

42. Report of Work done in the Division of Chemistry and
Physics, mainly during the Fiscal Year 1885-‘86. F W. Clarke,
Chief Chemist. 1887. 8°. 152 pp. 1 pl. Price 15 cents.

43. Tertiary and Cretaceous Strata of the Tuscaloosa,
Tombigbee, and Alabama Rivers, by Eugene A. Smith and
Lawrence C. Johnson. 1887. 8°. 189 pp. 21 pl. Price 15
cents.

44. Bibliography of North American Geology for 1886, by
Nelson H. Darton. 1887. 8°. 35 pp. Price 5 cents.

45. The Present Condition of Knowledge of the Geology of
Texas, by Robert T. Hill. 1887. 8°. 94 pp. Price 10 cents.
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46. Nature and Origin of Deposits of Phosphate of Lime, by R.
A. F. Penrose, jr., with an Introduction by N. S. Shaler. 1888.
8°. 143 pp. Price 15 cents.

47. Analyses of Waters of the Yellowstone National Park, with
an Account of the Methods of Analysis employed, by Frank
Austin Gooch and James Edward Whitfield. 1888. 8°. 84 pp.
Price 10 cents.

48. On the Form and Position of the Sea Level, by Robert
Simpson Woodward. 1888. 8°. 88 pp. Price 10 cents.

49. Latitudes and Longitudes of Certain Points in Missouri,
Kansas, and New Mexico, by Robert Simpson Woodward.
1889. 8°. 133 pp. Price 15 cents.

50. Formulas and Tables to Facilitate the Construction and
Use of Maps, by Robert Simpson Woodward. 1889. 8°. 124
pp. Price 15 cents.

51. On Invertebrate Fossils from the Pacific Coast, by Charles
Abiathar White. 1889. 8°. 102 pp. 14 pl. Price 15 cents.

52. Subaérial Decay of Rocks and Origin of the Red Color of
Certain Formations, by Israel Cook Russell. 1889. 8°. 65 pp.
5 pl. Price 10 cents.

53. The Geology of Nantucket, by Nathaniel Southgate Shaler.
1889. 8°. 55 pp. 10 pl. Price 10 cents.

54. On the Thermo-Electric Measurement of High
Temperatures, by Carl Lams. 1889. 8°, 313 pp., incl. 1 pl. 11
pl. Price 25 cents,

55. Report of Work done, in the Division of Chemistry and
Physics, mainly during the Fiscal Year 1886-'87. Frank
Wigglesworth Clarke, Chief Chemist. 1889. 8°. 96 pp. Price
10 cents.

56. Fossil Wood and Lignite of the Potomac Formation, by
Frank Hall Knowlton. 1889. 8°. 72 pp. 7 pl. Price 10 cents. *

57. A Geological .Reconnoissance in Southwestern Kansas,
by Robert Hay. 1890. 8°. 49 pp. 2 pl. Price 5 cents.

58. The Glacial Boundary in Western Pennsylvania, Ohio,
Kentucky, Indiana, and lllinois, by-George Frederick Wright,
with an Introduction by Thomas Chrowder Chamberlin. 1890.
8°. 112 pp., inch 1 pl. 8 pl. Price 15 cents.

59. The Gabbros and Associated Rocks in Delaware, by
Frederick D. Chester. 1890. 8°. 45 pp. 1 pl. Price 10 cents.

60. Report of “Work done in the Division of Chemistry and
Physics, mainly during the Fiscal Year 188-'88. F. W. Clarke,
Chief Chemist. 1890. 8°. 174 pp. Price 15 cents.

61. Contributions to the Mineralogy of the Pacific Coast, by
William Harlow Melville and Waldemar Lindgren. 1890. 8°. 40
pp. 3 pl. Price 5 cents.

62. The Greenstone Schist Areas of the Menominee and
Marquette Regions of Michigan, a Contribution to the Subject
of Dynamic Metamorphism in Eruptive Rocks, by George
Huntington Williams, with an Introduction by Roland Duer
Irving. 1890. 8°. 241 pp. 10 pl. Price 30 cents.

63. A Bibliography of Paleozoic Crustacea from 1698 to 1889,
including a List of North American Species and a Systematic
Arrangement of Genera, by Anthony W. Vogdes. 1890. 8°.
177 pp. Price 15 cents.

64. A Report of Work done in the Division of Chemistry and
Physics, mainly during the Fiscal Year 1888-'89. F. W. Clarke.
Chief Chemist. 1890. 8°. 60 pp. Price 10 cents.

65. Stratigraphy of the Bituminous Coal Field of Pennsylvania.
Ohio, and West Virginia, by Israel C. White. 1891. 8°. 212 pp.
11 pl. Price 20 cents.

66. On a Group of Volcanic Rocks from the Tewan Mountains.
New Mexico, and on the Occurrence of Primary Quartz in
Certain Basalts, by Joseph Paxson hidings. 1890. 8°. 34 pp.
Price 5 cents.

67. The Relations of The Traps of the Newark System in the
New Jersey Region, by Nelson Horatio Darton. 1890. 8°. 82
pp. Price 10 cents.

68. Earthquakes in California in 1889, by James Edward
Keeler. 1890. 8°. 25 pp. Price 5 cents.

69. A Classed and Annotated Biography of Fossil Insects, by
Samuel Howard Scudder. 1890. 8°. 101 pp, Price 15 cents.

70. A Report on Astronomical Work of 1889 and 1890. by
Robert Simpson Woodward. 1890. 8°. 79 pp. Price 10 cents.

71. Index to the Known Fossil Insects of the World, including
Myriapods and Arachnids, by Samuel Hubbard Scudder.
1891. 8°. 744. Price 50 cents.

72. Altitudes between Lake, Superior and the Rocky
Mountains, by Warren Upham. 1891. 8°. 229 pp. Price 20
cents.

73. The Viscosity of Solids, by Carl Barus. 1891. 8°. Xii, 139
pp. 6 pl. Price 15 cents.

74. The Minerals of North Carolina, by Frederick Augustus
Genth. 1891. 8°. 119 pp. Price 15 cents.

75. Record of North American ecology for 1887 to 1889,
inclusive, by Nelson Horatio Darton. 1891. 8°. 173 pp. Price
15 cents.

76. A Dictionary of Altitudes in the United States (Second
Edition), compiled by Henry Gannett, Chief Topographer.
1891. 8°. 393 pp. Price 25 cents.

77. The Texan Permian and its Mesozoic Types of Fossils, by
Charles A. White. 1891. 8°. 51 pp. 4 pl. Price 10 cents.

78. A Report of Work done in the Division of Chemistry and
Physics, mainly during the Fiscal Year 1889-'90. F. W. Clarke,
Chief Chemist. 1891. 8°. 131 pp. Price 15 cents.

79. A Late Volcanic Eruption in Northern California and its
Peculiar Lava, by J. S. Diller.

80. Correlation Papers—Devonian and Carboniferous, by
Henry Shaler Williams. 1891. 8°. 279 pp. Price 20 cents.

81. Correlation Papers—Cambrian, by Charles Doolittle
Walcott. 1891. 8°. 547 pp. 3 pl. Price 25 cents.

82. Correlation Papers—Cretaceous, by Charles A. White.
1891. 8°. 273 pp. 3 pl. Price 20 cents.

83. Correlation Papers—Eocene, by William Bullock Clark.
1891. 8°. 173 pp. 2 pl. Price 15 cents.

84. Correlation Papers—Neocene, by W. H. Dall and G. D.
Harris. 1892. 8°. 349 pp. 3 pl. Price 25 cents.

85. Correlation Papers—The Newark System, by Israel Cook
Russell. 1892. 8°. 344 pp. 13 pl. Price 25 cents.

86. Correlation Papers—Archean and Algonkian, by C. R. Van
Rise. 1892. 8°. 549 pp. 12 pl. Price 25 cents.
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87. A Synopsis of American Fossil. Brachiopoda, including
Bibliography and Synonymy, by Charles Schuchert. 1897. 8°.
464 pp. Price 30 cents.

88. The Cretaceous Foraminifera of New Jersey, by Rufus
Mather Bagg, Jr. 1898. 8°. 89 pp. 6 pl. Price 10 cents.

89. Some Lava Flows of the Western Slope of the Sierra
Nevada, California, by F. Leslie Ransome. 1898. 8°. 74 pp.
11 pl. Price 15 cents.

90. A Report of Work done in the Division of Chemistry and
Physics, mainly during the Fiscal Year 1890-'91. F. W. Clarke,
Chief Chemist. 1892. 8°. 77 pp. Price 10 cents.

91. Record of North American Geology for 1890, by Nelson
Horatio Darton. 1891. 8°. 88 pp. Price 10 cents.

92. The Compressibility of Liquids, by Carl Barus. 1892. 8°.
96 pp. 29 pl. Price 10 cents.

93. Some Insects of Special Interest from Florissant,
Colorado, and Other Points in the Tertiaries of Colorado and
Utah, by Samuel Hubbard Scudder. 1892. 8°. 35 pp. 3 pl.
Price 5 cents.

94. The Mechanism of Solid Viscosity, by Carl Barus. 1892.
8°. 138 pp. Price 15 cents.

95. Earthquakes in California in 1890 and 1891, by Edward
Singleton Holden. 1892. 8°. 31 pp. Price 5 cents.

96. The Volume Thermodynamics of Liquids, by Carl Barus.
1892. 8°. 100 pp. Price 10 cents.

97. The Mesozoic Echinodermata of the United States, by W.
B. Clark. 1893. 8°. 207 pp. 50 pl. Price 20 cents.

98. Flora of the Outlying Carboniferous Basins of
Southwestern Missouri, by David White. 1893. 8°. 139 pp. 5
pl. Price 15 cents.

99. Record of North American Geology for 1891, by Nelson
Horatio Darton. 1892. 8°. 73 pp. Price 10 cents.

100. Bibliography and Index of the Publications of the U. S.
Geological Survey, 1879-1892, by Philip Creveling Warman.
1893. 8°. 495 pp. Price 25 cents.

101. Insect Fauna of the Rhode Island Coal Field, by Samuel
Hubbard Scudder. 1893. 8°. 27 pp. 2 pl. Price 5 cents.

102. A Catalogue and Bibliography of North American
Mesozoic Invertebrata, by Cornelius Breckinridge Boyle. 1892.
8°. 315 pp. Price 25 cents.

103. High Temperature Work in Igneous Fusion and Ebullition,
chiefly in Relation to Pressure, by Carl Barus. 1893. 8°. 57
pp. 9 pl. Price 10 cents.

104. Glaciation of the Yellowstone Valley north of the Park, by
Waller Harvey Weed. 1893. 8°. 41 pp. 1 pl. Price 5 cents.

105. The Laramie and the Overlying Livingstone Formation in
Montana, by Walter Harvey Weed, with Report on Flora, by
Frank Hall Knowlton. 1895. 8°. 68 pp. 6 pl. Price 10 cents.

106. The Colorado Formation and its Invertebrate Fauna, by
T. W. Stanton. 1893. 8°. 288 pp. 45 pl. Price 20 cents.

107. The Trap Dikes of the. Lake Champlain Region, by
James Furman Kemp and Vernon Freeman Marsters. 1893.
8°. 62 pp. 4 pl. Price 10 cents.

108. A Geological Reconnoissance in Central Washington, by
Israel Cook Russell. 1893. 8°. 108 pp. 12 pl. Price 15 cents.

109. The Eruptive and Sedimentary Rocks on Pigeon Point,
Minnesota, and their Contact Phenomena, by William Shirley
Bayley. 1893. 8°. 121 pp. 10 pl. Price 15 cents.

110. The Paleozoic Section in the Vicinity of Three Forks,
Montana, by Albert Charles Peale, 993. 8°. 56 pp. 6 pl.
Price 10 cents.

111. Geology of the Big Stone Gap Coal Fields of Virginia and
Kentucky, by Marius R. Campbell. 1893. 8°. 106 pp. 6 pl.
Price 15 cents.

112. Earthquakes in California in 1892, by Charles D. Perrine.
1893. 8°. 57 pp. Price 10 cents.

113. A Report of Work done in the Division of Chemistry
during the Fiscal Years 1891-'92 and 1892-'93. F. W. Clarke,
Chief Chemist. 1893. 8°. 115 pp. Price 15 cents.

114. Earthquakes in California in 1893, by Charles D. Perrine.
1894. 8°. 23 pp. Price 5 cents.

115. A Geographic Dictionary of Rhode Island, by Henry
Gannett. 1894. 8°. 31 pp. Price 5 cents.

116. A Geographic Dictionary of Massachusetts, by Henry
Gannett. 1894. 8°. 126 pp. Price 15 cents.

117. A Geographic Dictionary of Connecticut, by Henry
Gannett. 1894. 8°. 67 pp. Price 10 cents.

118. A Geographic Dictionary of New Jersey, by Henry
Gannett. 1894. 8°. 131 pp. Price 5 cents.

119. A Geological Reconnoissance in Northwest Wyoming, by
George Homans Eldridge. 1894. 8°. 72 pp. Price 10 cents.

120. The Devonian System of Eastern Pennsylvania and New
York, by Charles S. Prosser. 1894. 8°. 81 pp. 2 pl. Price 10
cents.

121. A Bibliography of North American Paleontology, by
Charles Rollin Keyes. 1894. 8°. 251 pp. Price 20 cents.

122. Results of Primary Triangulation, by Henry Gannett.
1894. 8°. 412 pp. 17 pl. Price 25 cents.

123. A Dictionary of Geographic Positions, by Henry Gannett.
1895. 8°. 183 pp. 1 pl. Price 15 cents.

124. Revision of North American Fossil Cockroaches, by
Samuel Hubbard Scudder. 1895. 8°. 176 pp. 12 pl. Price 15
cents.

125. The Constitution of the Silicates, by Frank Wigglesworth
Clarke. 1895. 8°. 109 pp. Price 15 cents.

126. A Mineralogical Lexicon of Franklin, Hampshire, and
Hampden counties, Massachusetts, by Benjamin Kendall
Emerson. 1895. 8°. 180 pp. 1 pl. Price 15 cents.

127. Catalogue and Index of Contributions to North American
Geology, 1732-1891, by Nelson Horatio Darton. 1896. 8°.
1045 pp. Price 60 cents.

128. The Bear River Formation and its Characteristic Fauna,
by Charles A. White. 1895. 8°. 108 pp. 11 pl. Price 15
cents.

129. Earthquakes in California in 1894, by Charles D. Perrine.
1895. 8°. 25 pp. Price 5 cents.

130. Bibliography and Index of North American Geology,
Paleontology, Petrology, and Mineralogy for 1892 and 1893, by
Fred Boughton Weeks. 1896. 8°. 210 pp. Price 20 cents.
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131. Report of Progress of the Division of Hydrography for the
Calendar Years 1893 and 1894, by Frederick Haynes Newell,
Topographer in Charge. 1895. 8°. 126 pp. Price 15 cents.

132. The Disseminated Lead Ores of Southeastern Missouri,
by Arthur Winslow. 1896. 8°. 31 pp. Price 5 cents.

133. Contributions to the Cretaceous Paleontology of the
Pacific Coast: The Fauna of the Knoxville Beds, by T. W.
Stanton. 1895. 8°. 132 pp. 20 pl. Price 15 cents.

134. The Cambrian Rocks of Pennsylvania, by Charles
Doolittle Walcott. 1896. 8°. 43 pp. 15 pl. Price 5 cents.

135. Bibliography and Index of North American Geology,
Paleontology, Petrology, and Mineralogy for the Year 1894, by
F. B. Weeks. 1896. 8°. 141 pp. Price 15 cents.

136. Volcanic Rocks of South Mountain, Pennsylvania, by
Florence Bascom. 1896. 8°. 124 pp. 28 pl. Price 15 cents.

137. The Geology of the Fort Riley Military Reservation and
Vicinity, Kansas, by Robert Hay. 1896. 8°. 35 pp. 8 pl. Price
5 cents.

138. Artesian-Well Prospects in the Atlantic Coastal Plain
Region, by N. H. Darton. 1896. 8°. 228 pp. 19 pl. Price 20
cents.

139. Geology of the Castle Mountain Mining District, Montana,
by W. H. Weed and L. V. Pirsson. 1896. 8°. 164 pp. 17 pl.
Price 15 cents.

140. Report of Progress of the Division of Hydrography for the
Calendar Year 1895, by Frederick Haynes Newell,
Hydrographer in Charge. 1896. 8°. 356 pp. Price 25 cents.

141. The Eocene Deposits of the Middle Atlantic Slope in
Delaware, Maryland, and Virginia, by William Bullock Clark.
1896. 8°. 167 pp. 40 pl. Price 15 cents.

142. A Brief Contribution to the Geology and Paleontology of
Northwestern Louisiana, by T. Wayland Vaughan. 1896. 8°.
65 pp. 4 pl. Price 10 cents.

143. A Bibliography of Clays and the Ceramic Arts, by John C.
Branner. 1896. 8°. 114 pp. Price 15 cents.

144. The Moraines of the Missouri Coteau and their Attendant
Deposits, by James Edward Todd. 1896. 8°. 71 pp. 21 pl.
Price 10 cents.

145. The Potomac Formation in Virginia, by W. M. Fontaine.
1896. 8°. 149 pp. 2 pl. Price 15 cents.

146. Bibliography and Index of North American Geology,
Paleontology, Petrology, and Mineralogy for the Year 1895, by
F. B. Weeks. 1896. 8°. 130 pp. Price 15 cents.

147. Earthquakes in California in 1895, by Charles D. Perrine,
Assistant Astronomer in Charge of Earthquake Observations at
the Lick Observatory. 1896. 8°. 23 pp. Price 5 cents.

148. Analyses of Rocks, with a Chapter on Analytical
Methods, Laboratory of the United States Geological Survey,
1880 to 1896, by F. W. Clarke and W. F. Hillebrand. 1897. 8°.
306 pp. Price 20 cents.

149. Bibliography and Index of North American Geology,
Paleontology, Petrology, and Mineralogy for the Year 1896, by
Fred Boughton Weeks. 1897. 8°. 152 pp. Price 15 cents.

150. The Educational Series of Rock Specimens collected and
distributed by the United States Geological Survey, by Joseph
Silas Diller. 1898. 8°. 398 pp. 47 pl. Price 25 cents.

151. T he Lower Cretaceous Grypheeas of the Texas Region,
by R. T. Hilland T. Wayland Vaughan. 1898. 8°. 139 pp. 25
pl. Price 15 cents.

152. A Catalogue of the Cretaceous and Tertiary Plants of
North America, by F. H. Knowlton. 1898. 8°. 247 pp. Price
20 cents.

153. A Bibliographic Index of North American Carboniferous
Invertebrates, by Stuart Weller. 1898. 8°. 653 pp. Price 35
cents.

154. A Gazetteer of Kansas, by Henry Gannett. 1898. 8°.
246 pp. 6 pl. Price 20 cents.

155. Earthquakes in California in 1896 and 1897, by Charles
D. Perrine, Assistant Astronomer in Charge of Earthquake
Observations at the Lick Observatory. 1898. 8°. 47 pp. Price
5 cents.

156. Bibliography and Index of North American Geology,
Paleontology, Petrology, and Mineralogy for the Year 1897, by
Fred Boughton Weeks. 1898. 8°. 130 pp. Price 15 cents.

157. A Dictionary of Altitudes in the United States (Third
Edition), compiled by Henry Gannett. 1899. 8°. 775 pp. Price
40 cents.

158. Earthquakes in California in 1898, by Charles D. Perrine,
Assistant Astronomer in Charge of Earthquake Observations at
the Lick Observatory. 1899. 8°. 31 pp. 1 pl. Price 5 cents.

In preparation:

157. The Gneisses, Gabbro-Schists, and Associated Rocks of
Southeastern Minnesota, by C. W. Hall.

158. The Moraines of southeastern South Dakota and their
Attendant Deposits, by J. E. Todd.

159. The Geology of Eastern Berkshire County,
Massachusetts, by B. K. Emerson.

WATER-SUPPLY AND IRRIGATION PAPERS.

By act of Congress approved June 11, 1896, the following
provision was made:

“Provided, That hereafter the reports of the Geological Survey
in relation to the gauging of streams and to the methods of
utilizing the water resources may be printed in octavo form, not
to exceed one hundred pages in length and five thousand
copies in number; one thousand copies of which shall be for
the official use of the Geological Survey, one thousand five
hundred copies shall be delivered to the Senate, and two
thousand live hundred copies shall be delivered to the House
of Representatives, for distribution.”

Under this law the following papers have been issued:

1. Pumping Water for Irrigation, by Herbert M. Wilson. 1896.
8°. 57 pp. 9pl.

2. lIrrigation near Phaenix, Arizona, by Arthur P. Davis. 1897.
8°. 97 pp. 31pl.

3. Sewage Irrigation, by George W. Rafter. 1897. 8°. 100 pp.
4 pl.

4. A Reconnoissance in Southeastern Washington, by Israel
Cook Russell. 1897. 8°. 96 pp. 7 pl.

5. Irrigation Practice on the Great Plains, by Ellas Branson
Cowgill. 1897. 8°. 39 pp. 12 pl.

Monographs of the USGS Vol. XXXVI — Part Il — Page 74 of 76



6. Underground Waters of Southwestern Kansas, by Erasmus
Haworth. 1897. 8°. 65 pp. 12 pl.

7. Seepage Waters of Northern Utah, by Samuel Fortier.
1897. 8°. 50 pp. 3 pl.

8. Windmills for Irrigation, by Edward Charles Murphy. 1897.
8°. 49 pp. 8 pl.

9. Irrigation near Greeley, Colorado, by David Boyd. 1897.
8°. 90 pp. 21 pl.

10. Irrigation in Mesilla Valley, New Mexico, by F. C. Barker.
1898. 8°. 51 pp. 11 pl.

11. River Heights for 1896, by Arthur P. Davis. 1897. 8°. 100
pp.

12. Water Resources of Southeastern Nebraska, by Nelson H.
Darton. 1898. 8°. 55 pp. 21 pl.

13. Irrigation Systems in Texas, by William Ferguson Hutson.
1898. 8°. 67 pp. 10 pl.

14. New Tests of Certain Pumps and Water-Lifts used in
Irrigation, by Ozni P. Hood. 1889. 8°. 91 pp. 1 pl.

15. Operations at River Stations, 1897, Part . 1898. 8°. 100
pp.

16. Operations at River Stations, 1897, Part 1. 1898. 8°.
101-200 pp.

17. Irrigation near Bakersfield, California, by C. E. Grunsky.
1898. 8°. 96 pp. 16 pl.

18. lIrrigation near Fresno, California, by C. E. Grunsky. 1898.
8°. 94 pp. 14 pl.

19. Irrigation near Merced, California, by C. E. Grunsky. 1899.

8°. 59 pp. 11 pl.

20. Experiments with Windmills, by T. O. Perry. 1899. 8°. 97
pp. 12 pl.

21. Wells of Northern Indiana, by Frank Leverett. 1899. 8°.
82 pp. 2pl.

22. Sewage lIrrigation, Part Il, by George W. Rafter. 1899. 8°.
100 pp. 7 pl.

23. Water-Right Problems of Bighorn Mountains, by Elwood
Mead. 1899. 8°. 62 pp. 7 pl.

24. Water Resources of the State of New York, Part |, by
George W. Rafter. 1899. 8°. 99 pp. 13 pl.

25. Water Resources of the State of New York, Part Il, by
George W. Rafter. 1899. 8°. 101-200 pp. 12 pl.

26. Wells of Southern Indiana (Continuation of No. 21), by
Frank Leverett. 1899. 8°. 64 pp.

27. Operations at River Stations, 1898, Part . 1899. 8°. 100
pp.

28. Operations at River Stations, 1898, Part Il. 1899. 8C.
101-200 pp.

In preparation:
29. Wells and Windmills in Nebraska, by Edwin H. Barbour.

30. Water Resources of the Lower Peninsula of Michigan, by
Alfred C. Lane.

TOPOGRAPHIC MAP OF THE UNITED STATES.

When, in 1882, the Geological Survey was directed by law to
make a geologic map of the United States there was in
existence no suitable topographic map to serve as a base for
the geologic map. The preparation of such a topographic map
was therefore immediately begun. About one-fifth of the area of
the country, excluding Alaska, has now been thus mapped.
The map is published in atlas sheets, each sheet representing
a small quadrangular district, as explained under the next
heading. The separate sheets are sold at 5 cents each when
fewer than 100 copies are purchased, but when they are
ordered in lots of 100 or more copies, whether of the same
sheet or of different sheets, the price is 2 cents each. The
mapped areas are widely scattered, nearly every State being
represented. About 900 sheets have been engraved and
printed; they are tabulated by States in the Survey’s “List of
Publications,” a pamphlet which may be had on application.

The map sheets represent a great variety of topographic
features, and with the aid of descriptive text they can be used
to illustrate topographic forms. This has led to the projection of
au educational series of topographic folios, for use wherever
geography is taught in high schools, academies, and colleges.
Of this series the first folio has been issued, viz:

1. Physiographic types, by Henry Gannett, 1898, folio,
consisting of the following sheets and 4 pages of descriptive
text: Fargo (N. Dak.-Minn.), a region in youth; Charleston
(W.Va.),a region in maturity; Caldwell (Kans.), a region in old
age; Palmyra (Va.), a rejuvenated region; Mount Shasta,
(Cal.), a young volcanic mountain; Eagle (Wis.), moraines; Sun
Prairie (Wis.), drumlins; Donaldsonville (La.), river flood plains;
Boothbay (Me.), a fiord coast; Atlantic City (N. J.), a barrier-
beach coast.

GEOLOGIC ATLAS OF THE UNITED STATES.

The Geologic Atlas of the United States is the final form of
publication of the topographic and geologic maps. The atlas is
issued in parts, progressively as the surveys are extended, and
is designed ultimately to cover the entire country.

Under the plan adopted the entire area of the country is divided
into small rectangular districts (designated quadrangles),
bounded by certain meridians and parallels. The unit of survey
is also the unit of publication, and the maps and descriptions of
each rectangular district are issued as a folio of the Geologic
Atlas.

Each folio contains topographic, geologic, economic, and
structural maps, together with textual descriptions and
explanations, and is designated by the name of a principal
town or of a prominent natural feature within the district.

Two forms of issue have been adopted, a “library edition” and
a “field edition.” In both the sheets are bound between heavy
paper covers, but the library copies are permanently bound,
while the sheets and covers of the field copies are only
temporarily wired together.

Under the law a copy of each folio is sent to certain public
libraries and educational institutions. The remainder are sold
at 25 cents each, except such as contain an unusual amount of
matter, which are priced accordingly. Prepayment is
obligatory. The folios ready for distribution are listed below.
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STATISTICAL PAPERS.

Mineral Resources of the United States [1882], by Albert
Williams, jr. 1883. 8°. xvii, 813 pp. Price 50 cents.

Mineral Resources of the United States, 1883 and 1884, by
Albert Williams, jr. 1885. 8°. xiv, 1016 pp. Price 60 cents.

Mineral Resources of the United States, 1885. Division of
Mining Statistics and Technology. 1886. 8°. vii, 576 pp. Price
40 cents.

Mineral Resources of the United States, 1886, by David T.
Day. 1887. 8°. viii, 813 pp. Price 50 cents.

Mineral Resources of the United States, 1887, by David T.
Day. 1888. 8°. vii, 832 pp. Price 50 cents.

Mineral Resources of the United States, 1888, by David T.
Day. 1890. 8°. vii, 652 pp. Price 50 cents.

Mineral Resources of the United States, 1889 and 1890, by
David T. Day. 1892. 8°. viii, 671 pp. Price 50 cents.

Mineral Resources of the United States, 1891, by David T.
Day. 1893. 8°. vii, 630 pp. Price 50 cents.

Mineral Resources of the United States, 1892, by David T.
Day. 1893. 8°. vii, 850 pp. Price 50 cents.

Mineral Resources of the United States, 1893, by David T.
Day. 1894. 8°. viii, 810 pp. Price 50 cents.

On March 2, 1895, the following provision was included in an
act of Congress:

“Provided, That hereafter the report of the mineral resources of
the United States shall be issued as a part of the report of the
Director of the Geological Survey.”

In compliance with this legislation the following reports have
been published:

Mineral Resources of the United States, 1894, David T. Day,
Chief of Division. 1895. 8°. xv, 646 pp., 23 pl.; xix, 735 pp., 6
pl. Being Parts Il and IV of the Sixteenth Annual Report.

Mineral Resources of the United States, 1895, David T. Day,
Chief of Division. 1896. 8°. xxiii, 542 pp., 8 pl. and maps; iii,
543-1058 pp., 9-13 pl. Being Part Il (in 2 vols.) of the
Seventeenth Annual Report.

Mineral Resources of the United States, 1896, David T. Day,
Chief of Division. 1897. 8°. xii, 642 pp., 1 pl.; 643-1400 pp.
Being Part V (in 2 vols.) of the Nineteenth Annual Report.

Mineral Resources of the United States, 1897, David T. Day,
Chief of Division. 1898. 8°. viii, 651 pp., 11 pl.; viii, 706 pp.
Being Part VI (in 2 vols.) of the Nineteenth Annual Report.

The money received from the sale of the Survey publications is
deposited in the Treasury, and the Secretary of that
Department declines to receive bank checks, drafts, or postage
stamps; all remittances, therefore, must be by money order,
made payable to the Director of the United States Geological
Survey, or in currency—the exact amount. Correspondence
relating to the publications of the Survey should be addressed
to

THE DIRECTOR,
UNITED STATES GEOLOGICAL SURVEY,
WASHINGTON, D. C.
WASHINGTON, D. C., June, 1899.
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