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Gentlemen:—
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though the ore deposits have not proved of practical
value.

Very respectfully,
ALFRED C. LANE,
State Geologist.
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INTRODUCTION.

Mt. Bohemia is located near the end of Keweenaw Point,
Michigan, and is noteworthy geographically as the
largest and most impressive mountain mass in its part of
the state. It rises directly with steep slopes from lake
level at Lac la Belle to an elevation of 869 feet (1469 feet
above sea level), and although, in a strict sense of the
word, it is a mere forest clad hill, occupying, together
with its extension as a ridge to the East, only a few
square miles, it fully deserves the name mountain since
it towers, mountain-like, above the adjacent undulating
country.
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Geologically, Mt. Bohemia consists of a number of
different and unusual rock types of complex structural
relations, and has long attracted the attention of
geologists. Early in the forties of the last century,
Jackson," Foster and Whitney,” and others remarked its
peculiar characteristics and commented on the geologic
relations of its rock masses to the neighboring
formations; since their time, each succeeding generation
and especially R. D. Irving,® L. L. Hubbard,* A. E.
Seaman® and A. C. Lane® have contributed their share
toward the geologic investigation and elucidation of this
region, with the result that at the present time much is
known of its general structure and geologic features.
These examinations have been made, however, only in
connection with general surveys of larger areas, and
partake of the nature of reconnaissance rather than of
detailed work.

On recommendation by the State Geologist, the writer
was assigned to detailed work on this problem and
began the field work in company with him on July 7-July
10, 1902; a second visit to the region was made on Oct.
18, 1905, and still a third on July 31-August 2, 1907,
making a total of nearly eight days’ field work. All
locations were determined by pacing and elevations by
aneroid readings, controlled by a barograph in camp
near lake level. Throughout the investigation the writer
has had the advantage of constant interchange and
discussion of ideas with Dr. Lane, and acknowledges
herewith with pleasure his indebtedness for the many
courtesies shown.

C. T. Jackson, Am. Jour. Sci. 2nd series 10, 65-77, 1849; U. S. 31st
Congr. House Ex. Doc. 5, pt. 3, 371-502. Washington, 1849.

Foster & Whitney, Message Prest. U. S., 31st Cong., 1st sess., House
Ex. Doc. No. 5, pt. 3, 743-771, Washington, 1849.

°R. D. Irving, Monograph V., U. S. G. S., 1881.

“L. L. Hubbard, Michigan Geol. Survey, Vol. VI, Part I, 1898.
°A. E. Seaman, Michigan Geol. Survey, Vol. VI, 1898.

®A. C. Lane, Michigan Geol. Survey, Vol. VI, Part I.

GENERAL GEOLOGIC STRUCTURE
OF KEWEENAW POINT.

To facilitate the understanding of the structure of Mt.
Bohemia, a brief account of the general geology of
Keweenaw Point may well precede the detailed
descriptions. The copper bearing rocks of Lake
Superior, the so-called Keweenaw formation, consist of
a series of basic lava flows (traps) over 2,000 meters
thick, with interbedded strata of conglomerate,
sandstone and shale and intercalated bands of highly
siliceous rhyolites (felsites). The Keweenawan rocks
occur practically as a fringe about the western half of the
Lake Superior basin, and dip at all points toward and into
the lake. On Keweenaw Point the even course of the
structure has been traced from Bete Grise Bay south-
westward the length of Keweenaw Point. North of this
fault plane the Keweenaw strata have been tilted as the

leaves of a book, and dip at high angles to the northwest
although still trending parallel to the direction of the
Point, while southeast of the fault plane the strata dip at
much lower angles and are practically flat lying with a
slight inclination to the southeast away from the fault
plane. The workable copper bearing lodes are
practically confined to the highly tilted beds north of the
fault plane. The fault line passes just south of the base
of Mt. Bohemia and is there concealed by drift and
vegetation. Throughout Keweenaw Point the general
geologic structure is simple. The trend of the strata
follows and has probably determined the course of the
Point, while the dip is to the northwest, becoming flatter
as the fault line recedes and the outer lake shore is
approached.
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Figure 9. Cross Section.

The general character of the trap rocks comprising the
Mt. Bohemia region is remarkably uniform and constant.
Occasionally the monotony is relieved by intercalated
masses of red rock called felsite in the field. The felsites
are hard, compact rocks and often constitute a large part
of the conglomerate beds of the Keweenaw formation.
They resist erosion very effectively and form the
backbone of several high hills, notably Mt. Houghton and
the Bare Hills, east of Mt. Bohemia. On approaching Mt.
Bohemia from the north along the line of vertical cross
section A.-B., Fig. 1, the observer encounters a series
consisting chiefly of beds of ophite of different
thicknesses and dipping at high angles to the northwest.
After passing the crest of the mountain to its southern
slope, the rock changes abruptly from a normal, gray
mottled ophite to a dark reddish rock of entirely different
aspect and of the character of a granitoid intrusive rock.
Still farther on, a second abrupt change occurs and a
brick red, granular rock is exposed which resembles the
felsites in color, but is of different granularity. Near the
base of the hill the first granitoid dark red rock recurs
and extends under the drift and swampy area to the
south where no outcrops were observed.

In the following pages these two granular rocks will be
considered petrographically and structurally with special
reference to the conditions of their formation, their
contact action and the bearing of their relations to the
Keweenaw rocks in general.
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PETROGRAPHIC DESCRIPTIONS.

Oligoclase gabbro. The dark gray-red
granitoid intrusive. (lll, 5, 4, 3. Bohemial

Auvergnose.) In the hand specimen, this rock varies
considerably in appearance, not only in the relative
amounts of constituents present, but also in its
granularity. The usual and normal type consists
essentially of red idiomorphic oligoclase, pyroxene and
magnetite, and is of hypidiomorphic granular texture, of
dark reddish-gray color, of medium size of grain and not
perfectly fresh but dull and lithoid in appearance.
Miarolitic cavities are not uncommon and are frequently
filled with secondary products, especially calcite.
Secondary veinlets of quartz and calcite with different
copper sulfide compounds are also common. The
feldspar is invariably pale, flesh-colored, brick red, and
usually tabular after the brachypinacoid with wide and
remarkably distinct albite twinning striae on the basal
pinacoid. Karlsbad twinning is occasionally combined
with the albite twinning after the usual manner with 010
as composition plane. The idiomorphism of the
plagioclase is pronounced, even with respect to the
colored constituents. The cleavage faces frequently
exhibit a narrow border of deeper red color, indicative of
slightly different composition and zonal structure. The
feldspars are often bleached and altered near veinlets of
guartz and calcite. Magnetite is abundant, and can
always be detected with the unaided eye. Pyroxene,
dark green in color and of the character of diallage, is
the third essential constituent. In many of the specimens
it has been replaced completely by magnetite and
uralite, which in turn alters to chlorite and gives the rock
a lusterless dull aspect. Other components which are
less important but occasionally visible in the hand
specimen are: euhedral hornblende in dark green and
black crystals, apatite in long, transparent needles,
quartz, titanite, pyrite, chalcopyrite, bornite and
chalcocite; of the alteration products epidote, chlorite
and calcite are abundant.

The texture is hypidiomorphic grained with the unusual
characteristics that the pyroxene, and even the
magnetite, are frequently subordinate in their degree of
idiomorphism to the plagioclase.

Under the microscope, the rock presents several
features which are of unusual interest. Its essential
constituents are plagioclase, pyroxene or hornblende,
and magnetite, present in about equal proportions. The
feldspars are notably idiomorphic in the thin section and
are chiefly plagioclase, ranging in composition from
albite Abgs to acid labradorite about Absg, with oligoclase
and oligoclase albite predominating. Labradorite was
noted only in one instance and then as the basic central
core of a zonal plagioclase which graded toward the
periphery into albite. The average composition of a
number of different specimens and by different methods
is about Abg; or AbgAn,, oligoclase albite. The actual
values, however, particularly extinction angles obtained
by the different methods for the same feldspar, show

that the feldspar is not quite normal; especially are the
relations of the extinction angles on 001 to those on 101
at variance with the usual values given. The observed
differences cannot be ascribed to the effect of zonal
structure, since zonal growth is, on the whole, not
common and was observed only in a few of the
specimens. The refractive indices of cleavage
fragments of the feldspar were ascertained for a number
of sections by the refractive liquid method, and found to
range between those of albite and oligoclase, even
though certain of the extinction angles might lead one to
expect a more basic member. This abnormal behavior is
probably due to the admixture of the potassium feldspar
molecule in greater proportion than usual as indicated by
the rock analysis.

Orthoclase is rare, and in many of the sections was not
observed. When it does ocur, it appears as a rule much
more heavily charged with fine, ferruginous, dust-like
particles and is of a deeper red color than the
plagioclase. It is allotriomorphic and is found usually as
a fringe of ragged outline about the plagioclase and
rarely in perthitic intergrowth with the same. | t was also
observed in micropegmatic intergrowths with quartz in
several slides. lIts refractive indices were ascertained by
means of refractive liquids of known index on cleavage
fragments np, < (1,530) The dark red, narrow orthoclase
rims of plagioclase crystals are of decidedly lower
birefringence and also refractive index, the refractive
indices of the latter being n, > 1,530 and ny, < 1,545. The
plagioclase sections are twinned as a rule
polysynthetically after the albite law which in turn is
occasionally combined with the Karlsbad and pericline
twinning laws.

It is of interest to note that the feldspar of this rock is
practically entirely oligoclase, though with slightly
abnormal composition, while orthoclase is rare and not
of constant occurrence. Irving," in his report on the
copper bearing rocks of the Lake Superior region,
designated this rock orthoclase gabbro, a name by
which it has been known since his time. It should be
remembered, however, that Irving's determinations were
made at a time when petrographic microscopic methods
were not so well developed as at present, and practically
all red colored feldspars were considered orthoclase
without further investigation.

1Monograph V,U.S.G. S, p. 184, 1881.

In all the specimens examined, the feldspars appear
altered and replaced to a greater or less extent by
muscovite and epidote, chlorite, calcite and quartz and
earthy substances in variable amounts. The plagioclase
alters most frequently to minute muscovite flakes and
fibers, which appear first as fine particles scattered
throughout the section until, gradually increasing in
amount, they practically replace the entire feldspar
material and form a felty, mosslike aggregate of
muscovite particles. The deeper colored orthoclase
does not appear to succumb so readily to this alteration
and occasionally a plagioclase crystal shows very
considerable alteration to muscovite while its narrow
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outer orthoclase rim is practically intact.—Epidote is a
second frequent alteration product in the plagioclase and
appears in grains and masses scattered indiscriminately
throughout the section. It is of the usual pistazite variety,
and in certain specimens, especially near miarolitic
cavities, is well crystallized.—Chlorite is also a common
replacement product of the feldspar and occurs in
irregular spots within the feldspar, especially along
cracks and channels leading to the periphery. The
green patches of chlorite within the feldspar are often
rectangular and sharply outlined and tend to give a
checker-board effect to the whole. The influence of the
crystallographic directions on the paths of alteration is
very apparent. The composition of this chlorite (variety
pennine) is such that direct alteration from the
plagioclase without considerable addition of other
chemical constituents from without is not possible. The
change has resulted in all probability from the interaction
of heated solutions, containing the required elements,
with the feldspar material. The degree and extent of
replacement by chlorite varies rapidly in the same
section and is different for different specimens. As a
rule, the chlorite in the feldspars is comparatively free
from secondary magnetite, while the chlorite which
replaces the dark colored constituents usually contains
minute crystals of secondary magnetite. Quartz occurs
as an alteration product in irregular patches, especially
on the outer rims of the feldspars and in conjunction with
epidote and chlorite. Calcite occurs only occasionally in
the feldspar and then without special characteristics. It
is more abundant in the altered pyroxene and
hornblende sections.—The feldspars do not show
evidence of much crushing and movement with resulting
bending of lamellae, strain shadows and the like.—
Owing to its altered condition an analysis of this
plagioclase was not deemed advisable, even though its
abnormal optical behavior seemed to warrant the
same.—The decided red color of the plagioclase is a
characteristic feature of the rock and is due to widely
disseminated, minute, dust-like particles of an earthy
iron ore which are so fine that the strongest objectives
fail to reveal any crystal outline or form. Whenever
micropegmatitic intergrowths of plagioclase and quartz
occur, near the quartz grains these dust-like
interpositions in the plagioclase are usually more
abundant and the plagioclase deeper colored as a result.
In the rare orthoclase fringes of the plagioclase and inter
growths with quartz, the dust particles are also more
abundant. In the near vicinity of aplite dikes (red rock), a
decided increase in the amount of quartz is noticeable in
the gabbro and there the red rims of the plagioclase
crystals become more pronounced,—a fact indicating
that, in part at least, this coloring is of secondary origin,
caused by the precipitation of an iron oxide in
submicroscopic individual from circulating solutions.
Near secondary muscovite and chlorite there is also
often a noticeable segregation of the coloring matter.

Quartz is present only in subordinate amounts and then
usually in scattered grains between grains of plagioclase
or intergrown poikilitically with the outer rim of the same.

It is allotriomorphic, clear and transparent, with the usual
lines of minute inclusions, and occasionally contains fine
liquid inclusions with vibrating gas bubble. Although part
of the quartz is undoubtedly original, a portion is
secondary and occurs together with epidote and other
alteration products of the feldspar. In the vicinity of an
aplite, the quartz in the gabbro increases perceptibly and
is undoubtedly a precipitate from the solution emitted by
the crystallizing aplitic magma. The quartz shows little
or no evidence of crushing and strains.

rig. 2.

Plate VII. Photomicrographs.

Figure 1. Contact (sharp) oligoclase gabbro and aplite.
Pronounced red rims on feldspars of gabbro. Micropegmatite
abundant and fringing feldspar crystals. Aplite on left half of
photomicrograph. Specimen, 4 F. W. 27. Magnification, 45 X.

Figure 2. Contact oligoclase gabbro and aplite. Strong
development of micropegmatite around plagioclase crystals of
gabbro. Specimen, 4 F. W. 27. Magnification, 20 X.

Figure 3. Transitional phase, oligoclase gabbro to gabbro
aplite. Increase in amount of salic components and prevalence
of micropegmatite characteristic. Specimen, 4 F. W. 24.
Magnification, 25 X. Nicols crossed.

Figure 4. Gabbro aplite. Holocrystalline porphyritic texture.
Red feldspar borders and interstitial groundmass. Specimen, 4
F. W. 7. Magnification, 30 X.

Figure 5. Gabbro aplite. Holocrystallme porphyritic to
granitoid texture. Pronounced red borders of large plagioclase
sections, the central portions of which show alteration to
chlorite. Specimen, 4 F. W. 1. Magnification, 30 X.
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Pyroxene rarely occurs in a perfectly fresh condition, its
sections being usually fringed with a border of uralite
which in time advances and replaces the entire
pryoxene. The pyroxene crystals are prismatic in habit
and bounded by the forms (100), (110) and (010) in the
prism zone with well marked prismatic cleavage and
parting after the ortho pinacoid. In the thin section they
are usually colorless and contain innumerable
interpositions, commonly observed in diallage. The
refractive index is high and the birefringence strong. On
a prismatic section of strong birefringence the extension
angle c: Z was measured 38°, while c: Z = 14° was
obtained from hornblende lamellae intercalated in
parallel growth with the pyroxene in the same plate. The
optic axial angle was measured on a section about
normal to an optic axis by the double screw micrometer
ocular method,* and found to be approximately 2 V =
60°, with Z acute bisectrix. The ordinary alteration of the
pyroxene is to uralitic hornblende and magnetite, the
change proceeding from the periphery toward the center
and favoring cleavage and fracture cracks. The uralite in
turn changes to chlorite. Occasionally the alteration of
the pyroxene appears to be directly to chlorite and very
fine magnetite without the intervening uralite stage.
Together with the chlorite, calcite and even epidote may
occur, and are then disseminated irregularly through the
section.

The amphibole occurs both as an original constituent
and as a uralitic alteration product from pyroxene. The
original amphibole is distinguished from the uralite by its

massive character and lack of fine magnetite inclusions,
by its amphibole crystal form, with sharp development of
terminal endings, zonal growth and simple development
of the amphibole cleavage prism. Two varieties of
original amphibole were observed in parallel
intergrowths and distinguished by their green and brown
colors in transmitted light, the green variety showing Z
green, Y olive green and a pale yellow green, with
absorption Z > Y > X and c: Z about 14°, while for the
second variety Z = olive brown, Y = brown, and X = pale
yellow with absorption Z>Y > X and c: Z = 12°
approximately. The brown amphibole is less common
than the green variety and usually occurs in small
irregular patches within the blue green tinged part of an
amphibole crystal, especially near its outer border.
Twins after (100) are not uncommon. The optic axial
angle is large and the optical character negative,
determined on section normal to an optic axis. Parallel
intergrowths of the original hornblende with pyroxene
were observed in several sections. On alteration this
hornblende changes to chlorite with occasional
translucent lenticular grains of epidote and magnetite
octahedra. The alteration of the hornblende to chlorite
furnishes much less accessory magnetite, apparently,
than does the pyroxene under the same conditions.—
The uralitic hornblende is distinguished from the original
hornblende by its characteristic crystallographic features,
irregular rod-like and even fibrous outlines and
character, and the presence of small secondary
magnetite octahedra. The uralite is pleochroic in shades
of apple green and pale green and yellow, with, rarely a
streak of olive brown, and presents the usual
characteristics of this mineral. It alters readily to chlorite,
occasionally to carbonate and epidote.

'r E Wright, Amer. Jour. Sci., 24, 307-369, 1907.

Magnetite occurs in abnormally large amounts in large
anhedra (up to 10 mm. in diameter), easily visible to the
unaided eye. The original magnetite is not sharply
bounded crystallographically, as a rule, and is often
younger than the oligoclase. The grains are equant in
form and evince their isometric character especially on
alteration, the lines of decomposition following
octahedral faces, so that in the thin section the
magnetite grains appear intersected by systems of
parallel lines of alteration which together form an
hexagonal or quadratic network, according to the section
plane of the particular plate under observation. The
magnetite is highly titaniferous and changes in part to a
dull, earthy substance of highly refractive index and
strong birefringence which is probably leucoxene. The
appearance of the magnetite is not such as to suggest a
probable mixture with ilmenite. From the relations of the
magnetite to the adjacent minerals, it is evident that its
period of crystallization was a long one and extended
over nearly the complete range of crystallization of the
entire rock.—In contrast with the original magnetite the
secondary magnetite occurs in minute and usually
sharply defined octahedra, either disseminated or in
clusters in chlorite and appears perfectly fresh. No
evidence was obtained indicating that it is also
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titaniferous. It is of interest to note that in the uralite the
secondary magnetite crystals are generally coarser than
those in the chlorite, and that when the uralite changes
to chlorite the magnetite appears to be absorbed to
some extent.

Apatite is also comparatively plentiful and occurs in
large, transparent needle-shaped crystals which can
occasionally be seen by the unaided eye. It is colorless
and invariably idiomorphic; the long needles frequently
taper noticeably towards the ends.

Titanite is less frequent than one might anticipate from
the high titanium content of the analysis. It occurs in
crystals and grains bounded more or less perfectly by
crystallographic faces, the most perfect crystals being
diamond-shaped in cross section and of the normal type.

Of the alteration products, epidote and muscovite are
perhaps the most abundant, with chlorite, calcite and
quartz of less importance. All of these products replace
occasionally both the plagioclase and pyroxene and
hornblende.—The muscovite, however, is practically
confined to the feldspar and calcite and chlorite are more
plentiful in altered pyroxene and hornblende than in the
feldspar. The muscovite appears invariably in fine flakes
and fibers of microscopic dimensions. Although it is not
visible megascopically, its presence is indicated by the
dull lithoid appearance of the feldspar it replaces.—The
epidote is usually pale lemon yellow in transmitted light,
and weakly pleochroic; it occurs only rarely in well
shaped crystals, but ordinarily in irregular grains either
separate or in clusters. In the plagioclase from several
of the specimens the alteration and replacement by
epidote had proceeded, in part at least, along the prism
faces. The epidote needles were arranged roughly in
parallel lines, making an angle of about 55° with the
twinning lamellae on the basal pinacoid and parallel to
the prism boundary faces of the plate. In a number of
the sections an intensely pleochroic mineral in pale
brown and opaque brown-red tones was observed and
evidently connected with the epidote. No definite crystal
form was discerned; its refractive index was very high
and birefringence strong, with 2 E apparently small and
optically negative. Its pleochroism resembled that of
tourmaline, but the association and general development
and apparent gradation into normal epidote indicated
that it was probably a peculiar type of epidote similar to
orthite but of different optical character.—Chlorite occurs
in the rock in irregular aggregates and radial spherulites
of pale green color and abnormal blue and purple
interference colors. Its optic properties agree with those
of pennine.—The carbonate, which is calcite, is well
crystalized, although the individual grains have no
definite outline.—Secondary quartz occurs especially
with epidote and chlorite and calcite near miarolitic
cavities and in veinlets.—Leucoxene and indeterminate
earthy products constitute the remaining observed
alteration products and present no features of special
significance.

To form an idea of the relative amounts of mineral
constituents present, a normal specimen of the gabbro

(No. 9, from point N. 163, W. 624 steps of S E corner of
Section 29, R 29 W, T 58 N) was taken and analyzed
under the micropscope by the Rosiwal method. The
results thus obtained are only approximate and were not
used to figure the chemical composition of the rock
because of the large proportion of alteration products.
The values in the table give the weight percentage of
each mineral present.
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The pyroxene in this particular rock was completely
changed to uralite and magnetite and chlorite.

The two following chemical analyses have been made of
this rock. Two chemical analyses were made from the
finely ground powder of the same large hand specimen;
they do not agree however, properly and too much
emphasis should evidently not be placed upon them.
The first analysis was accomplished under unfavorable
circumstances and the fatal illness of Mr. Cook
prevented him, unfortunately, from verifying his results.
The second analysis, although not complete, is more
nearly correct than analysis 1, and was carried out in the
chemical laboratory of the University of Michigan.
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1. Oligoclase gabbro, Mt. Bohemia, Michigan.
Specimen 2 F. W. 9, Newell Cook, of Albion. Anal.

la. Molecular proportions of 1.

2. Oligoclase gabbro, Mt. Bohemia, Michigan.
Specimen 2 F. W. 9. L. Kirschbraum, Anal.

2a. Molecular proportions of 2.

From analysis 2, the normative composition according to
the quantitative system of Cross, Iddings, Pirsson and
Washington was calculated and the following standard
mineral composition in weight per cent obtained:
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These ratios place the rock in Class Il (Salfemane),
Order 5 (Gallare), Rang 4 (Auvergnase) and subrang 3
(Auvergnose). It may be called, therefore, Bohemial
Auvergnose.

In the first analysis the results are so at variance with the
observed composition of the rock that even though it is
the more complete analysis, it is obviously incorrect in
certain particulars and not of value for the quantitative
classification of the rock.

The above standard mineral composition figured from
analysis 2 does not agree well with the actual or model
mineral composition obtained by the Rosiwal method. In
composition 2, however, it should be noted that
secondary alteration products constitute an important
part of the actual mineral composition, and tend to veil
the relations of the original components.

The red rock intrusive. Oligoclase gabbro
aplite.* (lI, 4, 3, 4, Bohemial Tonalose.)

The second intrusive rock of the Mt. Bohemia area
occurs in the form of dikes in the oligoclase gabbro and
the adjacent ophites and as a large mass in the central
part of the .gabbro mass. (See map.) Petrographically it
is of hypidiomorphic to panidiomorphic granular texture
with a marked! tendency toward development of
holocrystalline porphyritic texture, of pronounced
miarolitic structure, of variable granularity, of brick red to
dark red color and consists essentially of red oligoclase-
albite land quartz with subordinate amounts of
orthoclase, magnetite, apatite, titanite and zircon. The
colored constituents, hornblende and diallage, are
practically absent in the typical specimens of this aplite,
but do occur in intermediate types between the gabbro
and aplite and sporadically within the aplite mass itself.
Wherever they were observed in isolated and small
grains they were practically completely altered to chlorite
and magnetite, especially the diallage.

The individual mineral components of the red rock are so
like those of the gabbro, both in appearance,
composition and alteration, that their description for the
one rock might be applied with slight changes directly to
the second, the chief difference in the two rocks being

one of relative amounts of the different constituents and
accompanying variations in texture and alteration.

Quartz occurs either in the form of irregular grains or in
micro-pegmatitic intergrowth with feldspar. It is colorless
and comparatively free from foreign material with the
exception of the usual minute inclusions and an
occasional liquid inclusion with restless gas bubble.
Micropegmatitic quartz occurs frequently in all varieties
of the red rock. The fine granophyric interstitial filling
between large idiomorphic plagioclase individuals is
confined largely to the intermediate rock phases
between the gabbro and aplite. As in the gabbro, part of
the quartz is of later origin and occurs together with
epidote and chlorite and also with calcite in veinlets
filling old fracture cracks.

The name gabbro aplite for this rock was first used by Lane, A. C., in
1903. Fifth Ann. Rep. State Geologist Michigan, p. 236, 1903.

The plagioclase is red in color and is filled with minute,
dust-like particles of iron oxide which are often more
abundant near the periphery of the feldspar plates than
elsewhere. Its degree of idiomorphism is pronounced
but rendered less noticeable as a rule because of the
lack of colored constituents. This effect, however, is
often counteracted by the deep red borders which frame
many of the crystal plates. The composition of the
plagioclase was determined by a number of different
methods on different sections and observed to vary from
Abgs, acid andesine, to Abgs, albite, with an average and
predominating composition Abgg.gs Oor about AbsAn; to
AbgAn; oligoclase-albite. Polysynthetic albite twinning is
the rule. Carlsbad and pericline twins were also noted
occasionally in combination with the albite law.
Compared with the feldspars of the gabbro the
plagioclase of the red rock is less altered and contains
much less secondary muscovite. Certain of the sections
are waterclear, especially near the outer edge,
reminding one of later and secondary feldspar material;
in such sections small dusty patches occur here and
there within the plate and disturb the general uniform
effect in polarized light. Wherever the dust particles are
abundant, the transparency decreases perceptibly and
also the birefringence, so that the outer rims of the
feldspars which are often colored intensely deep red and
are heavily charged with dust particles, appear nearly
isotropic in polarized light. Epidote occurs frequently
within the plagioclase crystals, but the size of its grains
and the freshness of the adjacent feldspar preclude a
possible direct derivation of the epidote from the
immediately surrounding material alone. It is evidently a
later product than the feldspar, a replacement mineral
deposited presumably from hot solutions which had little
general alteration effect on the invaded feldspars.—The
alteration to chlorite, which is less common, is also
usually after the manner of replacement, the chlorite
appearing in patches within the plagioclase sections,
particularly along longitudinal cracks. The dark red
portions of the plagioclase are less prone to alteration
and replacement of any kind than the lighter areas and
chlorite rarely appears in the outer margins of the
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plates.—Orthoclase was recognized in many of the
sections as one of the latest minerals to crystallize, and
then only in small amounts. It occurs either as a narrow
and occasional fringe about large plagioclase individuals
or as irregular grains often intergrown poikilitically with
quartz. The orthoclase was recognized especially by its
refractive indices determined by the immersion method
in refractive liquids. It is usually so filled with ferruginous
interpositions that ordinary methods with extinction
angles for different directions are not satisfactory. The
refractive index ng was found to be less than 1,530 and
n, > 1.515. Except for the widespread impregnation with
iron oxide, the orthoclase sections do not show great
alteration. Occasionally a microperthitic intergrowth of
orthoclase and plagioclase was noted, but was not of
widespread occurrence.

Colored constituents in typical red rock or gabbro aplite
from Mt. Bohemia are not common and occur only in
isolated grains and crystals, usually completely altered
to chlorite. In the near vicinity of the gabbro and in
sporadic patches increased amounts of hornblende and
pyroxene and magnetite appear, and are then identical
in all features with the corresponding gabboric colored
components, even in alteration products.

Apatite is variable in amount and occurs in needles and
short stocky prisms, often with a central dusty core and
sharply developed crystalographically.—Magnetite is
present in small quantity, both as an original and a
secondary constituent. The original grains are equant
and show occasionally alteration along definite lines with
formation of leucoxene as one of the secondary
products, just as in the magnetite in the gabbro.
Secondary magnetite occurs chiefly as sharp minute
octahedra scattered in secondary chlorite and uralite.
Titanite varies considerably in amount and in the size of
its grains, and rarely exhibits good crystal outline.
Zircon, which was not observed in the gabbro, was
found in many of the red rock sections. It appears in
characteristic short prisms, bounded by the forms, (110),
(111) and (331); has high refractive index and strong
birefringence, and is uniaxial with positive optical
character. In the thin section, the minute prisms are
often bounded along the sides by a brown, almost
opaque band, in part due to total reflection and in part to
a ferruginous coating. The alteration products in the
aplite, muscovite, epidote, chlorite, calcite and quartz,
resemble in every way those of the gabbro, with the
possible exception that, owing to the pronounced
miarolitic structure of the aplite, the alteration and
replacement products are often very coarse-grained and
show better crystal development than usual. That these
minerals are for the most part replacement products and
not the results of direct alteration is apparent from the
comparatively fresh condition of the feldspar in which
they appear and the unusual size of the individual
grains.

Two chemical analyses were made from a typical
specimen of the aplite, the first one of which, however, is

obviously incorrect and valueless for classification
purposes.
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1. Gabbro aplite, Mt. Bohemia, Michigan. Specimen 2
F. W. 12. Newell Cook, of Albion, Anal.

la. Molecular proportions of 1.

2. Gabbro aplite, Mt. Bohemia, Michigan. Specimen 2
F. W. 12. L. Kirschbraum, Anal.

2a. Molecular proportions of 2.

From analysis 2, the standard mineral composition
(norm) was calculated and the rock found to belong to
Class Il (dosalane), Order 4 (Austrare), Rang 3
(Alkalicalcic) and Subrang 4 (dosodic) of the new
guantitative classification; in brief, to be Bohemia 1
tonalose.
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In this classification, it should be noted that the rock is
on the border line between Rang 3 and Rang 2, and an
exceedingly slight change in the alkalies or in the
calcium oxide would change the rock to Bohemial
Dacose. Properly, it should therefore be called
Bohemial Tonalose-dacose.

If the limits of this paper permitted such a comparison, it
would be interesting to assemble the analyses of the
different types of red rocks in the Keweenawan
formation and to weigh their points of similarity from a
petrographic viewpoint.

Intermediate types between gabbro and

gabbroaplite. At the contacts between the gabbro
and the aplite, and also as patches and streaks in the
outcrops of both gabbro and aplite, transitional types
intermediate in composition between the two rocks occur
and partake in character of the features of each. Since
the difference between the gabbro and aplite is
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essentially one of the relative amounts of nearly identical
mineral components rather than in radical differences in
gualitative mineral composition, the intermediate rocks
may be roughly considered mixtures of the two end
members in different proportions. Certain textural
features are more pronounced in the intermediate rocks
than in either end member, particularly the
micropegmatitic structure and granophyric intergrowths
of quartz and feldspar (mostly oligoclase-albite) which
appear filling interstices between larger plagioclase
individuals, (Plate 1, Figs. 1-3). The aspect of many of
the intermediate rocks is such as to lead to the
supposition that they were originally oligoclase gabbro
which has subsequently been changed by the action of
salic magmatic solutions from the aplite and introduction
of much quartz and feldspar. Many intermediate rocks,
on the other band, appear to be simply differential
products in which the salic components of the original
magma were segregated to a certain extent. The
prevalence of pegmatitic inter-growths in these
intermediate rocks is significant in this connection.

Textural characteristics common to both

the gabbro and the aplite. The marked degree of
idiomorphism of the feldspar in both the gabbro and the
aplite and the accentuation of the same by the deep-
colored red borders afford an excellent opportunity for
the study of the periods of crystallization of the several
mineral components and the resultant textural features.
Modern theory considers rock magmas of this type to be
molten silicate solutions from which on cooling the
different minerals crystallize out. In the simplest case,
where the composition of the magma is such that it may
be considered to be made up of two minerals melted
together, in some definite proportion—in short, that out
of the magma only two components crystallize out,
physical chemistry teaches that in general on cooling
one of the two components will begin to crystallize out
before the second, and will continue to do so until in the
remaining magma the two components are present in a
certain definite proportion, called the eutectic proportion,
at which point both components will be precipitated
simultaneously. Obviously, the eutectic temperature is
the lowest temperature at which two components can
melt and may be very much lower than the melting point
of either component alone. In systems of more than two
components, there exist also eutectics or particular
combinations of the several components with lowest
melting points. In the crystallization of rock magmas,
these physical chemical laws apply, although often
factors enter into the problem which tend to disturb the
equilibrium of the system and to veil more or less
effectively the result.

In case equilibrium obtained during the crystallization of
a rock magma, the effect of physico-chemical laws
should appear clearly in the resultant rock; in general the
composition of the magma is not that of the eutectic, and
certain of the mineral constituents, even in a deep-
seated uniformly slowly cooling rock mass would begin
to crystallize out before the others and continue to do so

until the eutectic composition has been reached. As a
result, there is in general a more or less definite order of
crystallization in eruptive rocks, and the texture may also
be under favorable conditions holocrystalline porphyritic,
even in deep-seated, uniformly cooling rocks. The
researches of Zirkel," Pirsson,? and others have
established this relation conclusively; a recent paper by
Vogt3 also discusses the phenomenon in detail. The
conclusion is there reached that the texture of a
particular eruptive rock is primarily a function of the
length of its period of cooling, i. e., of the slowness of
cooling. That in rapidly cooling magmas, under cooling
and attendant super-saturation plays an important role
with resultant development of pronounced porphyritic
texture,—that the hiatus indicated by porphyritic texture
is caused directly by the supersation induced by
undercooling.

In the Mt. Bohemia rocks, the development of the
feldspars is peculiarly well suited to show the
phenomena of relative periods of crystallization.
Although the texture of the gabbro aplite in the hand
specimen might well be labeled panidiomorphic or
hypidiomorphic granular, a careful microscopic
examination shows it to be holocrystalline porphyritic
with well crystallized groundmass and idiomorphic
phenocrysts. (Plate 1, Figs. 3-5.)

The sharply bounded feldspar phenocrysts stand out
clearly against the finer, irregularly bounded feldspars
and quartz in the ground mass. Quartz itself does not
appear as a phenocryst. From the relations to be
outlined below, it is evident that the gabbro aplite
crystallized under deep-seated conditions, and is
therefore a good example of an, eruptive rock with
holocrystalline porphyritic texture, developed on slow
and uniform cooling. This texture is apparent throughout
the aplite mass. The ground mass of quartz and
feldspar varies from panidiomorphic granular to
micrographic, the latter being specially prevalent near
the marginal contact. Similar relations, though less
sharply and clearly marked, were also observed in the
oligoclase gabbro mass.

'Zirkel, F. Lelerb. d. Petrogr., 1893, | 737 et seq.
?pirsson, L. V. Amer. Jour. Sci., VII, 271-280, 1899.
3Vogt, J. H. L. Tschermak's Min. Pet. Mitth., 27, 105-126, 1908.

The intruded ophites and their contact

alteration. The rock complex which the gabbro and
aplite invades, consists chiefly of a series of
Keweenawan basaltic lava flows of different thicknesses
but all possessing common characteristics, which allow
them to be grouped together as ophites. They present
the usual features of this type of rocks which have been
carefully described in detail by Lane."

In the immediate vicinity of the gabbro contact, the
changes which have been produced by the gabbro or
the ophites are of an interesting character and deserve
brief mention.
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The normal ophites vary in texture from the typically
ophitic, in which large diallage crystals and even the
magnetite grains are inter-grown poikilitically with
idiomorphic plagioclase laths, to porphyritic texture with
amygdaloidal cavities, the latter textural phases being
confined to the tops and bottoms of the lava flows where
the rate of cooling was more rapid than elsewhere. The
mineral composition of the ophites in an unaltered state
is simple,—plagioclase, diallage and magnetite, with an
occasional olivine crystal, being the essential
constituents. The plagioclase occurs in lath-shaped,
idiomorphic crystals, polysynthetically twinned after the
albite law with occasional additional twinning after the
Carlsbad and pericline laws. It ranges in composition
from oligoclase to labradorite, andesine of the
composition of about Absg or Abz An, predominating;
zonal growth is common, the center of the crystals then,
as usual, richer in anorthite than the periphery. The
plagioclase alters readily to muscovite and epidote and
earthy products, the change in the plagioclase
progressing apparently hand in hand with that of the
diallage. Wherever the latter is fresh, the plagioclase is
also comparatively untouched and where the one is
highly altered the other is liable to be also. No original
orthoclase was observed, and as a secondary product,
only in the gabbro contact zone of the ophites. The
diallage of the ophites appears in anhedra of rounded
but not definite outline and intricately intersected by
plagioclase laths. It is nearly colorless when fresh with
the usual optical distinguishing features, and changes on
alteration to uralite, chlorite and epidote; but very little
magnetite appears as a secondary product in this
general process of alteration, in contrast with the
gabbroic pyroxene. Here the alteration is first usually
one of uralization and then to chlorite and earthy
products, although the direct change into chlorite does
occur. The uralitization is in fact especially characteristic
of the gabbroic contact zone rather than of the ordinary
altered ophites. Original olivine was nowhere observed
as such. Patches of alteration products consisting of
serpentine and chlorite and magnetite whose general
outlines and structure resembled altered olivine very
strongly, were observed in several of the specimens and
considered to be such. The alteration products of the
olivine were noticeably different from those of the
pyroxene in the same section. Magnetite appears in
grains, usually irregular in shape and allotriomorphic
even in conjunction with the plagioclase laths. The
actual percentage of magnetite present in the ophites is
apparently less than in the gabbro. Epidote, muscovite,
chlorite, sepentine, magnetite, quartz and calcite are the
alteration and replacement products and are in no wise
unusual. The uralite which occurs particularly in the
contact zone is not accompanied by the same amount of
secondary magnetite as the uralite from the pyroxene in
the gabbro.

'Michigan Geological Survey, Vol. VI, Part |, 1898.

The contact alteration effect produced by the gabbro on
the adjacent ophite is not noticeable over a large area,
the contact belt measuring usually only in few feet in

width. This measure applies, however, only to the zone
in which the alteration is pronounced and a decided
change in the appearance of the ophite has taken place.
The actual contact line between the gabbro and the
ophite is not sharply defined, and in certain instances
cannot be fixed with certainty within 1 cm. The contact
is closely welded. The chief characteristic of the contact
alteration of the ophite is a uralitization of the diallage, as
a result of which the pyroxenes, which before were
distinguishable chiefly by their lustre and mottled
cleavage faces, stand out with dark borders and give the
rock in the hand specimen a granular appearance. The
feldspars, moreover, become flesh-colored and red, like
the gabbro feldspars, and aid in emphasizing the
granular aspect of the cork. Secondary epidote is also
often abundant and replaces to a certain extent the
original plagioclase laths. In extreme instances the
original ophitic texture is so changed that at a distance
the difference between the altered ophite and marginal
phase of the gabbro is not pronounced on a casual
glance. Close inspection, however, shows at once
profound differences, so that in the field one finds no
difficulty in separating the two rocks.

The changes in chemical composition due to contact
alteration are evidently slight, judging from the two
following analyses, which were made by Mr. L.
Kirschbraum of the University of Michigan. The
analyses are not complete, and in several respects are
somewhat uncertain. They do show, however, an
increase in the amount of silica near the gabbro contact
and a slight oxidation of the ferrous iron. Analyses 3 and
4 are from the same specimens and made by Newell
Cook, of Albion, Michigan; they are at variance,
however, in several particulars with the actual mineral
composition, notably in Al,0; and the alkalies, and were
not considered sufficiently reliable for purposes of
classification.
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1. Normal ophite, Mt. Bohemia, Mich. Specimen 2 F.
W. 21. L. Kirschbraum, Anal.

la. Molecular proportions of 1.

2. Contact phase of ophite near gabbro, Mt. Bohemia,
Mich. Specimen 2 F. W. 37. L. Kirschbraum, Anal.

2a. Molecular proportions of 2.

3. Normal ophite, Mt. Bohemia, Mich. Specimen 2 F.
W. 21. Newell Cook, Anal.

4. Contact phase of ophite near gabbro, Mt. Bohemia,
Mich. Specimen 2 F. W. 37. Newell Cook, Anal.

Analysis 1 of the normal unchanged ophite places the
rock in class Il, order 5, rang 4, subrang 3 of the
guantitative classification of Cross, lddings, Pirsson and
Washington. The calculation shows, however, that
exceedingly slight changes far within the limits of error of
chemical work are sufficient to place this rock in class lil,
where it would be named Bohemial Auvergnose instead
of Bohemial Hessose. Properly, it should be called
Bohemial Hessose-Auvergnose. It is dosaline, docalcic
and persodic.

Analysis 2 of the contact phase of the ophite near the
gabbro is not greatly different from that of the original
material, but here the ratios are such as to place the
rock without hesitancy into Class lll, order 5, rang 4 and
subrang 3, and to name it Bohemial Auvergnose.

The quantitive classification of Cross, Iddings, Pirsson
and Washington is specially well adapted to show
chemical relations between rock magmas and by its use
chemically similar magmas are brought under one head.
A consideration of the three analyses, that of the
obligoclase gabbro and the two ophites, shows clearly
that the three rock magmas are chemically very closely
related, so closely in fact that practically they may all be
termed Bohemia Auvergnose, without straining the
classification. Texturally, mineralogically, and
geologically, however, the two rock types have little in
common but the inference that they are from the same
general parent magma and that the differences are due
primarily to their different geologic modes of occurrences
rather than to chemical differences, finds strong support
in the foregoing analyses. Since the ophite and the
oligoclase gabbro are of similar chemical composition, it
is evident that the effect of contact metamorphism by the
gabbro on the ophite can not involve great interchange
of material, and at most an addition, to the adjacent
invaded ophite, of silica and the elements contained in
the salic magmatic solutions given off by the gabbroic
magma. Hand in hand with this process .some changes
in the general equilibrium of the mineral composition of
the ophite might take place, but on the whole the total
effect should be slight and no profound changes be
noticeable over considerable areas in either gabbro or
ophite, and field observation bears out this theoretical
deduction.

GEOLOGIC RELATIONS OF
GABBRO; GABBRO-APLITE AND
OPHITES.

The field relations of these rocks have been investigated
in more or less detail by several geologists. Irving sums
up the results of his labors and those of his
predecessors on this area in the following paragraph:*

"Mt. Bohemia—the high point on the north shore of Lac
La Belle— shows immense exposures of luster mottled
melaphyres and olivine diabases on its southern flanks;
and also large exposures of two other rocks, viz., a brick
red augite syenite or granitic porphyry and a rather
coarsely crystaline uralitic orthoclase-gabbro. The
former of these two is seen on the upper part of the
mountain, and its relation to the adjoining rocks was not
satisfactorily made out, though it seems most probable
that it is intersecting. The other rock shows lower down,
on the southeast side of the mountain, and appears to
constitute an interstratified belt (not impossibly an
intersecting mass). It is the rock on which were chiefly
based the statements of Jackson, Poster and Whitney
and others, that the Bohemian Range is altogether
different as to its kinds of rocks from the more northern
belts. It constitutes, however, but a very small portion of
the mass of the range and belongs plainly enough to a
class of rocks which has been recognized at a number of
points in the extent of the formation and which includes
also some of the beds immediately over the
greenstone."

'R. D. Irving, Mon. V, U. S. G. S., 184, 1881.

Hubbard' observes that the rocks on the south face of
Mt. Bohemia are "so far as observed, like no other rocks
on Keweenaw Point, but resemble many rocks found in
place on the Minnesota shore of Lake Superior. The
strike of the traps in this vicinity is probably conformable
with that of the conglomerate at the south base of the
mountain, i. e., slightly north of east, although we had no
opportunity to determine the latter. The combined
gabbro and syenite are thus seen to cut the traps nearly
at right angles. The relations of the two former rocks
were not investigated. The augite syenite occurs at the
lowest part of the narrow neck and possibly elsewhere.
The rocks at several places on each side of the contact
are much altered and some of them contain a good deal
of fibrous hornblende. The conclusion might be drawn
that the gabbro had been altered by contact with
massive ophite. The latter would then be the younger,
and if so, the gabbro syenite complex would have
formed a peak around which the late flows of the
Keweenaw series were laid down. Examination of the
contact rocks at different points, however, and a study of
several thin sections under the microscope by Doctor
Lane, lead to the belief that it is the Keweenaw rocks
that have undergone the greatest alteration, and that the
so-called gabbro-syenite complex is a deep-seated
intrusion in them. This, too, in turn may have been
intruded and altered.”
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These extracts have been given in extenso as they show
that, even after Hubbard's examination, uncertainly still
existed as to the exact relations between these rocks.
The relation of the gabbro aplite (red rock or syenite) to
the gabbro was still an open question, while the relation
of the gabbro to the traps was decided largely from the
degrees of alteration of the two rocks and apparent more
intense alteration of the ophite. Although later facts of
observation agree with the conclusion that the gabbro
does intrude the ophite, the principle of allowing the
degree of alteration to decide geologic relations between
two eruptive rocks, both of which are highly altered, can
hardly be considered a safe one.

The opportunity for field work of greater detail on Mt.
Bohemia was fortunately afforded the present writer with
the result that the field relations of the three rock types,
the ophites, the obligoclase gabbro and the aplite, can
now be definitely stated.” The field studies have shown
clearly that the gabbro invades the ophite complex,
cutting across the strike of the formation, and producing
some contact metamorphism in the invaded lava beds.
The red aplite is slightly younger than the gabbro and
was frequently observed in the form of dikelets in the
latter. That the gabbro and aplite are closely related,
however, is evident from the fact that apophyses from
the gabbro into the adjacent ophites are generally aplitic
in type. Patches of the red aplite also occur within the
gabbro mass itself, especially wherever the size of grain
of the gabbro increases markedly and becomes more or
less pegmatitic in character. The field relations prove
that the red aplite is only very slightly younger than the
oligoclase gabbro, and that it crystallized while the
gabbro was very hot. The contact between the two
rocks is always closely welded and not infrequently the
one type grades so imperceptibly into the second that
there is no sharp line of division between the two. It can
be shown, moreover, by a comparison of the relative
size of grain of the two rocks near and away from the
contact, that the red rock in its crystallization was
influenced to a slight degree by the gabbro wall and is
therefore younger.

L. L. Hubbard, Michigan Geological Survey, Vol. 6, 72, 1898.

“First definitely stated by A. C. Lane in Fifth Ann. Rep. State Geologist
Michigan, p. 23v, 1903.

Lane's theory of the grain of rocks applied

to the Mt. Bohemia Intrusives.' In his
development of the general theory of the grain of rocks,
Lane has demonstrated certain laws which apply in this
case. The underlying assumptions on which Lane's
theory is based are the following: Let a magma of
known chemical composition be given, then a mineral
component crystallizing from such a magma will do so
most rapidly at some definite temperature, other things
being equal. Above its melting point, the mineral
component cannot crystallize, and too far below its
melting point the internal friction of the particles
increases so enormously that crystallization is greatly
impeded, and finally stopped altogether. It appears,
therefore, that the most favorable temperature for the

crystallization of any particular mineral component is
somewhere below its melting point, but not so far below
that the internal friction becomes a serious obstacle to
the acting crystallographic forces. The longer a magma
is held at such a temperature, then, the longer the
particular component has to crystalize out and to grow;
and the larger the resultant crystals, the coarser the
grain of the rock with respect to the mineral in question.
Now, the length of time any point in the magma can be
held at a given temperature is dependent on the relation
of its own rate of loss of heat to that of heat added from
adjacent sources. If heat be added just as rapidly as it is
lost, the temperature will remain constant; if it be added
more rapidly than it is conducted away, the temperature
of that point will increase; while if the loss of heat exceed
the amount gained, the temperature will decrease. A
highly superfused magma, on invading a fissure or crack
in some rock mass, comes to rest enclosed on two sides
by walls of the country rock. Its heat is gradually
conducted away by the country rock, and after a time the
temperature most favorable for crystallization at a given
point is reached. For different points within a cross
section of the dike the duration of such a temperature
range is different, and the size of grain will vary
accordingly. The relative temperatures of wall rock and
intruding magma and the degree of super-fusion of the
magma are decisive factors in this connection, other
factors being assumed to remain constant. Thus, since
the rate of diffusivity increases with the temperature
difference, dikes intrusive into comparatively cold rocks
show fine grained to aphanitic selvages, the size of grain
increasing continuously to within a certain distance from
the center of the dike. Dikes intrusive into comparatively
hot rocks may lose their heat very slowly and no
pronounced differences in granularity be noticeable from
the selvage toward the center; again, the conditions may
be such, that the margin of the dike is kept at the most
favorable crystallization temperature for a much longer
period than the gradually cooling central portion, with the
result that the selvage of the dike is coarser grained than
the central part. In both the preceding cases, the
country rock was considered hot and the rate of heat
conductivity from the intrusive dike into the invaded rock
walls accordingly low; coarser crystalization means
closer welding and less distinct selvages than in the
case of cold wall rocks.

'Compare Lane, A. C., 5th Ann. Rep. State Geol. Michigan, p. 236,
1903.

By assuming that the area of a cross section of an
average grain of a mineral constituent crystallizing from
a rock magma, is proportional to the slowness of cooling
of the magma or, in other words inversely to the drop in
temperature of that magma in unit time, Lane," and later
Queneau and Woodward? have referred the
mathematical treatment of the problem of the size of
grains to the general problem of the conductivity of heat
in bodies (i. e., in unit time the change in temperature
across a given section is proportional to the change in
rate of flow of heat across that section), and have
applied the mode of treatment originally outlined by
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Fourier to the granularity problem. Lane has considered
the different cases which may arise and illustrated the
results by sets of time-cooling curves, from which the
relative granularity of a dike intruded under given
conditions can be read directly.

It should be noted, however, that the fundamental
assumptions on which this theory is based do not
include several factors which may, under favorable
conditions, alter the results profoundly, and render them
misleading. No cognizance is taken of the change in the
composition of the original magma, as the crystallization
proceeds; it is, furthermore assumed that "crystallizers"
which tend to facilitate the rate of crystallization follow
the same laws of diffusion, while the latent heat of fusion
and several other factors are neglected whose effect on
the result may be significant.®> These facts, however, are
for the present at least so elusive and difficult of exact
measurement, that their effect cannot be estimated
guantitatively. The two factors, drop in temperature and
change in concentration as functions of the time, which
Lane uses, are both measurable and their effect is
obviously of fundamental importance. The results
obtained by their use alone, however, may be
considerably in error and in each case the possible
influence; of the neglected factors should be judiciously
weighed. Practical experience with the granularity of the
Keweenaw traps has proved that Lane's theory
expresses with considerable accuracy the changes in
granularity in those rocks. It is therefore of interest to
apply his theory of rock granularity to the Mt. Bohemia
exposures and to test the conclusions reached thereby
by reasoning along other lines. Several contacts were
studied with this end in view.

"Mich. Geol. Survey, Vol. VI, Part I; also Fifth Ann. Rep. State
Geologist, pp. 205-237, 1903.

A L. Queneau, School of Mines Quarterly, 23, 181-195, 1902; also
Am. Jour. Sci. 14, 393, 1902.

%See Lane, A. C., loc. cit., and also Festschrift, H. Rosenbusch, 1-19,
1906.

At a point about paces N. 250 W. 525 of S. E. cor. Sec.
29, T.58 N. R. 29 W. on the W. side of the fissure vein
gulch, the contact between the gabbro and red rock is
well exposed and an excellent opportunity afforded for
the study of variations in granularity on both sides of and
at different distances from the contact. The results may
be summarized as follows:
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A second set of granularity specimens in the red rock
was taken, starting at the point of the aplitic oligoclase
gabbro contact at steps N. 100 W. 600 of the S. E. cor.
Sec. 29, and working westward across the aplite mass,
which at this point was about 100 steps wide. Across
the entire dike, the general character and aspect of the
specimens is similar and uniform.
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Across this entire section the granularity of the rocks is
fairly constant and the specimens are notably similar in
general appearance, so similar in fact that only minute
difference’'s were detected and not of sufficient
importance to locate thereby the position of the
specimen in the dike relative to its margin.

A third set of specimens was collected across the red
rock mass on an E-W line beginning at the East contact
at the point, steps N. 240 W. 525 of S. E. cor. Sec. 29.
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The central portion of this cross section is slightly
coarser than the margins but the differences are not
great and, often the range in granularity locally exceeds
the gradual decrease in size of grain toward the
periphery.

These three sets of specimens show that on the passing
from the margin of the aplite toward the center the rate
of change in its granularity is not constant and uniform
throughout. The size of grain may decrease as the
contact approaches or it may remain fairly uniform
across the entire width of the exposed aplite, or it may
be variable nearby the contact and change rapidly from
point to point. Micropegmatite quartz-feldspar
intergrowths are as a rule more abundant near the
contact than in the center of the aplite mass. The
formation of secondary quartz and of chalcopyrite, and
the deepening in color of the feldspar rims seem
especially a feature of the contact region. These
relations show clearly that the aplite was intruded at a
time when the gabbro mass was still hot and not in a
position to conduct heat away rapidly. As a result, the
crystallization of the red aplite magma proceeded slowly
and uniformly. Convection currents would tend, under
such conditions of nice adjustment of equilibrium, to
bring masses of different temperatures together and this
might cause as great differences often in the size of
grain between the two halves of a single hand specimen
as may occur throughout an entire cross section.
Wherever the aplite is fine-grained near the contact, the
selvage appears less firmly welded, but wherever the
granularity changes but little near the contact, the
contact is closely welded and in fact, difficult to
determine with great accuracy. Near such a contact the
aplite gradually becomes richer in dark-colored
constituents; the gabbro takes up more and more
feldspar and quartz; micropegmatitic intergrowths
become the rule, and transitional phases between the
two extreme rock types result.

In brief, these facts, taken together, tend to show that at
the time of crystallization of the aplite, the gabbro was at
a high temperature, although its crystallization was
practically complete; that within the aplite magma
movements of considerable relative magnitude took
place, the currents being sufficiently important to bring
types of notably different granularity into juxtaposition;
that in the crystallization of the aplite, salic magmatic
solutions were active and aided not only to emphasize
the pegmatitic character of portions of the aplite, but also
to salify to a slight degree the immediately adjacent
femic gabbro.

WORKING HYPOTHESES TO ACCOUNT
FOR THE OBSERVED GEOLOGIC
RELATIONS.

Such relations between two eruptives, the one
crystallizing at a slightly later period than the second,
may be brought about in several different ways; the
aplite may be an intrusive into the gabbro in which case

we have to do with an intrusive within an intrusive; or it
may be a differentiation product of the gabbroic mass
which, by a process of segregation (fractional
crystallization aided by convection currents) was forced
toward the center of the intrusive mass and away from
the cooling and crystallizing peripheral portion; or
conditions may have been such that differentiation and
intrusion were active at the same time and the present
exposed! intrusive mass is simply the cross section of an
original volcanic neck, one of the feed channels for one
of the vast lava flows of the overlying Keweenaw
formation. Under such conditions, the first portion of the
lava to be extruded must have been of the normal ophitic
type, and is now represented by the oligoclase gabbro,
which crystallized as the outer shell against the adjacent
cooler country rock. In the later stages of the intrusion,
the composition of the magma then became more and
more salic, until finally, after the outflows had ceased
altogether, the magma still left in the neck solidified as
red gabbro aplite.

Still another possibility might serve to explain the
peculiar relations between the two intrusive masses. In
the formations underlying the Keweenaw formation, as
well as in the Keweenaw formation itself, are beds of
guartzite, sandstone and conglomerates. It might be
considered possible that the deep-seated oligoclase
gabbro mass on its intrusion included a huge block of
the intruded quartzite or sandstone, partly absorbed it,
and caused the whole to crystallize out in the present
form of gabbro aplite,—the included water within the
sedimentary mass only tending to aid the magmatic
solutions in the general process of wholesale
assimilation and recrystallization. This explanation,
which at first sight may appear highly improbable, finds
support in the fact that the recrystallized sandstones of
Pigeon Point, Minn., described by W. S. Bayley,*
resemble in many points the gabbro aplite of Mt.
Bohemia.

These different possible explanations may now be
considered somewhat more in detail.

That the two rock types are genetically closely related
there seems to be little doubt; that the aplitic type
crystallized, at certain points at least, later than the
gabbro, is also evident. Against the hypothesis that the
aplite is merely a large differentiation patch or salic bleb
within the oligoclase gabbro, the salic magma having
been forced, by a process of fractional crystallization,
aided by convection currents toward the center of the
solidifying gabbro, may be cited the sharp contact
selvage at certain points, which were so loosely welded
as to break apart and form channels for circulating
waters which deposited sulphide ores in sufficient
guantity to warrant extended prospecting, many years
ago, of the veins thus formed. It must be admitted
however, that differentiation has played an important role
in the problem.

The assumption that the aplite is simply a large
recrystallized inclusion of sandstone or conglomerate
through which the gabbro has broken and worked over
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by its magmatic solutions, is possible, but less probable
than the differentiation hypothesis, for it implies a nice
adjustment of chemical factors, both in the sandstone
and the gabbro, not to disturb the chemical uniformity
and close relationship to the gabbroic magma. The
observed presence of zircon in the aplite and not in the
oligoclase gabbro is a qualitative difference between the
two rocks, and might be considered an accessory of the
included rock mass, but it may also be accounted for by
the salic character of the red aplite magma which favors
the crystallization of zircon. No trace of an original
sedimentary texture was noted in the aplite. If the aplite
does represent a recrystallized included sandstone or
conglomerate, or other mass, the working over by the
gabbroic solutions and magma has been most thorough
and the adjustment of chemical differences so complete
that the aplite and the original oligoclase gabbro still are
closely related in many points.

The hypothesis that we have to do here with simply one
intrusion, the oligoclase gabbro representing the
composition of the intrusive during its earlier stages, and
the aplite the last remnant to remain in the channel and
to solidify in place is attractive at first sight, but is also
not free from serious difficulties. Assuming that the
gabbroic magma forced its way upward through the
Keweenaw series to the surface, it is possible that a
portion of the first ophitic magma did coat the walls of
the channel and crystallize out against the cooler country
rock. The molten lava, however, which then passed
through the channel could not have been very highly
superfused, otherwise a portion if not all of the
crystallized material would probably have been refused
and carried upwards. As the composition then changed
later to that of the red rock, by reason of the change in
original composition in the magmatic hearth below,
approximately the same temperature relations must
have remained or become slightly lower, otherwise the
gabbroic shell which had already crystallized would have
been remelted and this may have actually taken place at
certain points.

'U. S. Geol. Survey Bull. 109. 1893.

This idea of a single intrusion, the latter part of the
magma being more salic than the first, is not greatly
different from that of two successive intrusions, the
second being of the red aplite and taking place directly
after that of the gabbro or, if later, then in such large
amount that the gabbro was reheated to a very high
temperature. The occurrence of aplitic dikelets with
sharp selvages in the gabbro and as offshoots from the
gabbro into the ophites, points strongly to a more or less
thorough solidification and even formation of joint planes
at certain places in the gabbro before the crystallization
of the last of the aplitic magma.

In geologic reasoning, as in other lines of thought, as
many facts as possible are collected and hypotheses
framed which will account for the facts observed. It
happens in geology frequently that the facts observed
are not sufficient to decide definitely which one of two or
more hypotheses is the correct one. In the present

case, the data gathered do not seem sulfficient to decide
the question with absolute certainty. The different
plausible possibilities have been stated above, and it
now remains to determine which explanation is most
probable. Briefly, the gabbro is an intrusive mass into
the Keweenaw ophites and has produced contact
metamorphism in the same; the aplite and gabbro are
gualitatively very similar in mineral composition, and are
related chemically; the aplite is slightly later in its time of
crystallization than the gabbro and occurs also in the
form of apophyses from, the gabbro into the adjacent
ophites. In general, the contact action of the aplite on
the gabbro is exceedingly slight and noticeable only
microscopically in the increase of micropegmatitic
texture and tendency toward salification. The study of
the granularity indicates strongly that at the time of
crystallization of the aplite the gabbro was very hot.
Measurements on the map show that the surface area of
the oligoclase gabbro is about 25 acres and that of the
aplite about 3.3 acres; that the area of the surface of the
two masses is to each other approximately as 15 to 2.
With these facts in hand the task of sifting the probability
of the several hypotheses may now be taken up.

The assumption that the aplite is a recrystallized and
modified inclusion of sandstone or conglomerate seems
to find the least support. No textural evidence was
observed indicating such a relation and the chemical and
mineralogical data require a special composition of the
assimilated material to bear out the required relations to
the gabbro; furthermore, the aplitic apophyses from the
gabbro into the adjacent ophites as well as the aplite
dikelets in the gabbro itself, are strong objections to such
an hypothesis.

The second hypothesis, that the aplite is a much later
intrusion into the gabbro, seems also less probable than
the remaining explanations because of the contact
relations between the two and the granularity of the
aplite.

Three possible hypotheses still remain: (1) the intrusion
of the aplite followed directly after that of the gabbro; (2)
the aplite was the very last remnant of a large extrusion
through a volcanic neck, the gabbro being the first and
more femic portion; or (3) the aplite represents the salic
part of the gabbroic magma which was last to crystallize
and which was forced by a process of fractional
crystallization aided by convection currents from the
walls toward the center of the solidifying mass.

To the writer, the most probable explanation of this
occurrence is a combination of several of the foregoing
possibilities: That the aplite (foes represent the salic
portion of the gabbro which, by a process of fractional
crystallization and convection currents was segregated,
but that at the same time the upward movement of the
mass continued and the aplitic salic magma was thus
brought into contact with gabbroic rock in different
stages of crystallization and temperature. Such a
condition of crystallization it seems necessary to assume
in order to explain the observed occasional rapid
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changes in the character of the aplitic contacts with the
gabbro.

Considering the relations of the oligoclase gabbro to the
aplite from the view point of the several theories of
differentation which have been suggested, several
interesting facts may be brought out which have a direct
bearing on the general validity of any given theory. Of
the geologic fact of differentiation in the present case
there seems little doubt but by what process such
differentiation was accomplished cannot be answered
with any degree of certainty. Differentiation in the
molten magma by a process of molecular wandering and
the gradual separation of two district magmas which on
crystallization produced the gabbro and the aplite,
involves two assumptions, the immiscibility of silicate
solutions and molecular diffusion, both of which are
exceedingly difficult to sanction. In work with artificial
melts, immiscibility of silicate solutions has been
observed only rarely and even then may have been due
to incomplete initial mixing, while the rate of molecular
diffusion has been shown by Becker" and others to be a
very slow process indeed, too slow in fact to account for
differentiation on a large scale. On the other hand,
Brogger’ has made it evident in the eruptive rocks of the
Christiania region that such a geologic process of
diffusion has taken place and that in the diffusion mineral
forming molecules themselves have wandered, rather
than the free chemical oxides in variable proportions. In
the Mt. Bohemia gabbro and aplite, this relation holds
true, since the difference in mineral composition
between the two types is quantitative rather than
gualitative, the constituents of the two rocks being
nominatively the same.

These relations brought out by Brégger by extended
calculations of analyses of the different stated rock types
themselves, might have been foretold qualitatively at
least from an examination of the rocks themselves.
Each rock specimen consists of minerals in different
proportions, and each mineral therein is in turn in
general either of some definite chemical compound or a
solid solution of definite chemical combinations, as the
intermediate plagioclases, the amphiboles and the
pyroxenes. To pass from one related rock to a second,
it is therefore necessary that certain of these rock
mineral making chemical molecule combinations be
abstracted and that if such a division of the parent
magma does take place, the adding together of the
several differentiation products in their correct relative
proportions should reproduce its chemical composition
precisely.

‘Amer. Jour. Sci. 3, 21-40, 1897.
*Die Eruptivgesteine d. Kristiana-gebietes Il, 268-365, 1898.

These relations which were made specially clear by
Brogger in the Christiania region have been
strengthened by later observations from many parts of
the world, and in 1903 M. Schweig," suggested that
these relations might be explained on the principle of
fractional crystallization. This principle has been

recognized as an important factor in rock differentiation,
since the time of Ch. Darwin,? and has been applied in
various forms ever since, especially by J. B. Jukes,*
Durocher,” J. J. Roth,” C. King,® A. Lagorio,” W. O.
Brogger,? J. H. L. Vogt,® and especially by G. F.
Becker,™ and L. V. Pirsson."* Schweig directed
attention to the effect of pressure on raising the melting
points of minerals and concluded that at great depths the
temperature of the magma, might have reached such a
temperature that the first minerals to crystalize out did
so0, and being heavier than the enveloping magma,
tended to sink and segregate in masses near the base of
the magmatic hearth. On intrusion then the enormous
pressure was materially relieved and the original crystals
were reliquified and thus partial magmas of any size
whatever formed. The geologic lack of evidence of such
settling out of crystals of greater specific gravity in large
inthusive masses, however, is an important objection to
this hypothesis and has been used by Pirsson as an
argument against it.

Another difficult objection to it is the slight effect exerted
by pressure on the melting points of minerals. This
effect has been greatly overestimated by geologists in
the past and within the last two decades physical
chemists have been able to prove that its effect is
actually very slight indeed. The existing knowledge on
the subject in its application to rock minerals has been
recently summed up by Vogt*® who, starting with the
thermodynamical equation expressing the interrelation of
pressure and temperature on the melting point of a
chemical compound, shows that for a mineral melting at
1,200° C, at atmospheric pressure, a burial under a load
of nearly ten miles of rock (6,700 atmospheres) would
tend to increase its melting point only about 35°.

Notwithstanding these serious objections, it does seem
to the writer that Schweig's suggestion contains much of
truth. In a deeply buried, very hot magma of any size, it
is not probable that its material is in a passive, quiescent
state, but rather that convection currents are active and
that considerable internal movement is going on. On
cooling even under high pressure, crystallization will
tend to begin near the walls and roof; and even though
the crystals do not at once sink to the bottom, they will
tend to drag back and finally to accumulate in the cooler
parts of the magma. In the silicates crystallization
means usually shrinkage or diminution of volume, and it
is probably always an exothermic reaction, i. e., a certain
amount of heat (latent heat) is set free during the
process. This addition of extra heat, together with the
relative increase of water in the remaining magma would
tend to offset the gradual fall in temperature of the
magma and the resultant viscosity or molecular
immobility and thus to facilitate the process of
segregation of the early crystallizing components. The
decrease in volume caused by crystallization and
consequent diminution in pressure might not be greatly
effective in a deeply buried mass, but even there it might
tend partially to remelt and reassimilate the crystallized
material which however under the conditions would no
longer be so mobile and thus tend even in an originally
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uniform magma mass to produce partial magmas. In a
stock the relief of pressure by crystallization may be
considerable and coming as it does directly with the act
of crystallization can tend only to facilitate this type of
differentiation effected by fractional crystallization and
convection currents.

'Neues Jahrb. f. Miner., Beil. Bd. 17, 516, 1903.

®*yolcanic Islands,” London, 1844.

*'Student's Manual of Geology," Edinburg, 1857.

“Ann. d. Mines, 11, 1857.

*Die Gesteinsanalysen in Tabellarischer Ubersieht, etc.” Berlin, 1861.
®U. S. Geol. Explor. of the Fortieth Parallel," Washington, 1878. 1.
"Tscherm. Min. u. Petro, Mittheil. 8, 421-529, 1887.

8Zeitschr. f. Krist. u. Min. 16, 1890.

°Geol. Féren. Fohr., Stockholm, 1891; also Zeitschr. f. Prakt. Geol.
1893.

*Amer. Jour. Sci., 4, 257-262, 1897.

U, S. Geol. Survey Bull. 237, 1905.

The Highwood Mts. Bull. U. S. Geol. Survey, 237, 184, 1905.
¥Tscherm. Min. Petrogr. Mittheil 27, 105-176, 1908.

In any deep seated magma, it is readily conceivable that
the chemical equilibrium which is dependent on the
different factors noted above as well as on others, is so
nicely balanced as to be greatly influenced by even such
apparently slight changes as those produced by
considerable relief of pressure. The influence, moreover
of different pressures on the magmatic water and its
behavior in the magma may be of a different order of
magnitude and ought also to be taken into account.

The well taken objection by Pirsson to Schweig's
hypothesis, that of lack of geologic evidence of the
settling out of early crystals, in a magma, is obviated to a
large extent in the form presented above, which applies
to deep seated masses the same hypothesis used by
Pirsson to explain differentiation in laccoliths, but which
introduces at the same time, shrinkage by crystallization
as an active factor. In case the walls and roof
enveloping a magma mass were not much cooler than
the magma itself, there would be less tendency for
segregation of the early constituents at the walls, and
the streaky patches of early crystallization would be
evenly distributed throughout the mass so that no great
differences in composition on a large scale would result
in an intrusive batholith, and this has often been found to
be the case.

In the Mt. Bohemia exposures, the theory of fractional
crystallization, aided by convection currents and a
general upward movement of the magma as outlined
above, seems best to account for the actual relations
observed.

The assimilation-differentiation theory, as well as the
different theories of mixed eruption, which have been
applied in explanation of the phenomena of
differentiation in certain other localities, do not appear
feasible in the present instance. With the mixed eruptive

theory it would be difficult to explain the small aplitic
dikelets and offshoots from the gabbro magma, while on
the assimilation theory these dikelets are equally difficult
of interpretation. The assimilation theory involves
moreover a composition of the included and assimilated
mass which is not highly probable.—That the oligoclase
gabbro represents a portion of the ophites intruded and
melted down by the intrusive red rock is also not
probable. Against this view may be cited: the exposed
areas of the red rock to the gabbro mass which are as 2
to 15, the lack of contact action of the aplite on the
gabbro, and their strikingly similar qualitative
mineralogical composition.

The Keweenaw formation from the standpoint of
differentiation. The occurrence of the gabbro and the
red aplite together in such close genetic relationship has
a bearing on the entire Keweenaw formation.
Chemically, the oligoclase gabbro and the ophites are
practically identical, their differences being essentially
textural and mineralogical. There seems, therefore, little
doubt that the gabbro represents the deep seated
equivalent of the ophites. This being the case, one
might logically expect in the Keweenaw series lava flows
approximating the red aplite in chemical composition,
and such flows actually occur; for the Keweenaw
formation consists of alternating beds of ophite and other
textural phases of basaltic lavas, and more salic rocks
collectively designated as felsites, certain types of
which are chemically equivalent to the gabbro aplite.
The Keweenaw lava flows were extruded in part along
the floor and shores of an old sea, and, as along the
Atlantic seaboard of to-day, were more or less shattered
and attacked by the beating waves, and coastal
conglomerates thus formed. The more siliceous,
tougher felsitic rocks on eruption are evidently more
viscous than the femic ophites, and flow less readily and
evenly. Itis possible that on their eruption into the
water, the very rapid cooling tended to shatter them, at
least potentially, and thus to facilitate their breaking
down and reduction to pebbles and cobbles by waive
action. The ophites, on the other hand, are softer and
less resistant than the felsites, and may readily be
reduced to fine detritus by ware action. For these
reasons, probably, the coarser and more apparent
material of the conglomerates is felsitic in character.
Such relations indicate that the conglomerate beds of
the Keweenaw formation may well be considered as
derived in toto from the great lava extrusions which
make up an essential part of the formation. It is
therefore justifiable to consider the entire lower
Keweenaw formation as a unit, and to treat the rocks
composing it from the view point of the differentiation of
an original parent magma. With this treatment, the
formation of the copper ores, which, represent the
greatest natural resource of Michigan, should also be
included, and all facts, having a possible bearing on its
genesis, carefully scrutinized. In brief, a close study of
the succession of the Keweenaw lava flows,
supplemented with good chemical work and attention to
exposures of the deep seated equivalents of the lavas
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as observed at Mt. Bohemia, should afford not only
valuable scientific data on magmatic differentiation, but
also facts on the genesis of the copper ores which would
be of great economic, as well as scientific value.

That the felsites and ophites are genetically related is
indicated by similar occurrences in the diabase dikes in
the basement complex underlying the Keweenaw
formation. Near Marquette, diabase dikes outcrop
whose jointing cracks are often filled with small dikelets
of red feldspathic material not unlike certain felsites in
aspect, thus indicating that there also the salic portion of
the diabase magma finally solidified to produce such a
rock type.

'L. L. Hubbard, Report Michigan Geol. Survey, Vol. VI, Part II, 1898.

The melting regions of the gabbro and aplite in the
dry state. In recent discussions of the melting regions
of rocks, much emphasis has been laid on the theory of
eutectic mixtures, and the present instance might seem
to afford an excellent opportunity to apply this theory and
to consider the aplite the final eutectic of the gabbroic
magma. In physical chemistry it has been found that two
component systems are often by no means easy, while
very few three component systems have been
completely solved, and certainly not among the silicates;
and at the present time systems with more than four
components are not ventured upon by physical
chemists. As noted above, a eutectic is that mixture of
given components (minerals in our case) which has the
lowest melting point and is therefore last to crystallize
out. If the composition of the magma be not that of the
eutectic, then the excess components will crystallize out
first and finally the eutectic. But in the case of the
oligoclase gabbro and the red rock, the components in
the system are over four and the behavior of the
crystallizing magma can not be discussed properly until
much more is known of the behavior of the individual
components and the effects of magmatic water under
great pressure on such physical chemical silicate
systems. The mere fact that dark colored constituents
are relatively rare in the aplite argues against the idea
that it represents the eutectic of the oligoclase gabbro.
The holocrystalline porphyritic texture of the gabbro
aplite is another factor which argues against its eutectic
composition.

Since the field relations prove conclusively that the aplite
crystallized later than gabbro and presumably at a
slightly lower temperature the crystallization of both
magmas as deeply buried magmas having taken place
in the presence of considerable water under great
pressure—this we know from the character of the
minerals formed—it is a matter of interest to learn
whether or not the aplite melts down in the dry state, and
at atmospheric pressure at a lower temperature than the
oligoclase gabbro, and if so, what the temperature
interval is between the two.

At the request of the writer this task was undertaken by
Dr. W. P. White, of the Geophysical Laboratory of the
Carnegie Institution of Washington, and to him the writer

desires to express sincere thanks for the courtesy.
Powder (100 mesh) of both the aplite and oligoclase
gabbro was prepared and small portions of each
wrapped in platinum foil and placed side by side in a
platinum resistance furnace and heated and held for an
hour at a given temperature with a fluctuation in
temperature of not over 1°. Both were removed from the
furnace and examined micro-and megascopically. The
results are listed in the table below.

Ne, Temp. Time, Heamarks,

1 HEG® 1 he, Gabbea powder not sintersd. Nooomeliing observed. Aplite
wiwder slightly sintered; no meliing detected,

@ 1GE"  1he,  (iabbra very >.I||_-"|rl_r sintered. Mo melting noted,  Aplite mone
tightly sintered lhan in previous preparation. No melting
noded,

3 1@ Lhe,  Cabbro sntersd to some extent, but not melted.  Aplite baked
inte a lithoidd lump but not evidently  melted,

4 1133° 1 k. Gabbro tightly sintered but not :I.|:;|J:I.I‘£“:|'!|}' melted, Hed mck
shows distinetly melted cuter aurface.

5 1150° 1 hr.  Ouder surfnes of gabbro lump distinetly melisd in spots,  Bare-
faee of aplite lamp smaother and evidently mare r||l:|l1'|||,€|‘||.:,l
meelte] than gabbro.

The temperatures given in the above table were
determined by a carefully calibrated and tested
thermoelement and the probable error is less than 5°.
Both charges, moreover, were subjected each time to
exactly the same temperature, and the results showed
that the incipient melting down of the aplite begins at
about 1133°, while at 1155° the gabbro has already
begun to melt; in short, that although the aplite does
probably begin to melt at a slightly lower temperature
than the oligoclase gabbro, the temperature interval
between the points of incipient melting of the two is too
slight to allow very strong conclusions to be drawn from
the thermal data alone.

Copper hearing veins within the gabbro. At
numerous points in the gabbro mass, especially along
the east and west aplite contacts, copper bearing fissure
veins occur and have been prospected by numerous
test-pits and short adit tunnels. This work was
accomplished about the middle of the last century and
although unprofitable at the time has helped to a better
understanding of the geology. The metallic minerals in
the veins are chiefly sulphides of copper, chalcopyrite,
chalcocite and bornite and their oxidation products, with
some occasional pyrite and pyrrhotite in a gangue of
calcite and quartz. The veins vary in width up to three
feet, but do not carry sufficient copper values to be
commercially valuable. The sulphides penetrate
occasionally into the bleached and reddened wall rock
for a distance of 10 centimeters or more, but only in
small isolated patches. Along the walls themselves,
evidence of slipping parallel with the dip was often
observed and chlorite then appeared in quantity in the
slickensided zone.

There is strong evidence that the general fissuring of this
mass in a N. N. W. direction is part of a larger movement
or cross fracturing of the uplifted Keweenaw, since the
same zone of fissuring and vein filling has been traced,
by test pits and trenches, north as far as the Old
Mendota location.

It is a noteworthy fact that the copper in these veins
appears in the form of sulphides while in the Keweenaw
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ophites and conglomerates, and accordingly in most of
the mines of the region, it occurs in the native state.
Near the base of the Keweenaw formation, however,
sulphides and arsenides of copper are more or less
common and in this particular instance it is certainly not
a mere coincidence that in the deep seated equivalents
of the lava flows sulphides of copper and iron occur to
the exclusion of native copper. Although these veins are
later then the gabbro and the aplite, no decisive
evidence was gathered indicating how much later they
are and whether or not they may not have resulted from
the magmatic emanations of the gabbro massive itself.
The fact that chalcopyrite is scattered in small patches
throughout the aplite and is especially noticeable where
miarolitic structure is well developed might be taken to
indicate precipitation from magmatic solutions. No
minerals, however, which at the present time are
recognized as having been definitely formed from
magmatic solutions (tourmaline, etc.) were observed in
the veins. The reddening of the feldspars in the gabbro
walls of the veins is a characteristic feature and confirms
the conclusion that much of the reddening of the feldspar
was a secondary process superimposed after its
crystallization. The abundance of chlorite in the veins,
especially wherever movement has been active, is also
characteristic of these veins.

Summary. The intrusive mass which outcrops on the
south side of Mt. Bohemia, Michigan, consists of two
distinct rock types: (1) A peripheral mass of oligoclase
gabbro (Bohemial Auvergnose) occupying in plan about
25 acres; and unusual in its petrographic features,
especially in the fact that, although it is chemically an
ophite (gabbroic), its feldspar is chiefly red idiomorphic
oligoclase instead of the normal labradorite; (2) a central
mass of oligoclase gabbro aplite (Bohemial Tonalose)
covering in plan about 3.3 acres and consisting
gualitatively of the same general minerals as the
enveloping oligoclase gabbro, but in entirely different
proportions. The two rock types are genetically related,
the aplite antedating the gabbro slightly in its period of
crystallization.

The oligoclase gabbro intrudes the Keweenaw formation
and has produced some contact metamorphism in the
invaded ophites, its chief contact effect having been a
reddening of the plagioclase laths, uralitization of the
pyroxene and formation of much epidote with resultant
decided change in color and aspect of the ophite,
especially in its texture and granularity. Contact action
of the aplite on the gabbro was rarely observed and
found expression chiefly in an increase of the amount of
micropegmatite in the gabbro near the contact. The
contact between the gabbro and the intruded ophites is
usually sharp but occasionally the recrystallization of the
ophite has been so complete that the actual contact is
less distinct. Between the gabbro and the aplite the
contacts are usually of the transitional type, but
occasionally a sharp contact was recorded and there the
aplite is finer grained than usual.

The red aplite occurs not only as a central large mass,
but also as small dikes and patches within the gabbro
mass itself and as small apophyses from the gabbro into
the adjacent ophites.

From granularity relations within the aplite mass itself, it
is evident, on Lane's theory of the grain of rocks, that at
the time of crystallization of the red aplite, the oligoclase
gabbro was exceedingly hot and not much cooler in fact
than the solidifying aplite magma.

A consideration of the different possible working
hypotheses which might be invoked to explain the field
relations between the gabbro and the aplite has led to
the adoption of the theory of differentiation by fractional
crystallization combined with convection currents and
general upward movement of the magma.

A discussion of the different theories of differentiation
which have been proposed brings out the fact that
Schweig's suggestion of the influence of pressure on the
melting points of minerals and its application to
crystallizing rock magmas suffers from serious
objections (lack of geologic evidence of sinking of
crystals in molten magma, etc.), which may, however, be
obviated, in part at least, by applying the general
principle of fractional crystallization and convection
currents, even to deep seated magmas under great
pressure, and at the same time noting the effect which
the shrinkage produced by crystallization must have on
reducing the pressure and changing the equilibrium of
the chemical system.

The melting regions of the gabbro and the aplite in the
dry state were found by actual measurement in the
Geophysical Laboratory to differ so slightly that no
conclusions with respect to a possible eutectic relation
between the two could be drawn from the thermal data
alone.

Within the gabbro mass, and especially along its contact
with the red aplite, copper bearing quartz-calcite fissure
veins occur and are interesting because of the sulphide
form of their copper minerals in contrast to the general
occurrence of the copper in a native state in the intruded
ophites and conglomerates of the Keweenaw formation.
A correct theory of the genesis of the copper ores in this
region should account for the occurrence of copper and
iron sulphides to the exclusion of native copper in the
deep seated equivalents of the Keweenaw lava flows; for
the occurrence of both native copper and copper and
iron sulphides and arsenides in the lower members of
the series; and also for the great prevalence of native
copper and comparative scarcity of copper compounds
in the rest of the formation.

June, 1907. Geophysical Laboratory, Washington, D. C.
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Appendix.

A gabbro-diorite aplite. An aegirite-albite
dike rock from the Mesabi range. By Alfred
C. Lane.

The following analyses have been recently given by
Rozlozsnik and Emszt (Mitth a. d. Jahrbuch der K. Ung.
Geol. Reichsanstalt XVI, pp. 143-306, 1908, Central
Blatt. 1909), which are worth citing for comparison with
the red rocks described by Wright as well as this. The
characteristic feature, the increase in silica and alkalies
and the drop in lime and magnesia are quite parallel.
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1. Gabbro diorite aplite Emzst No. 11.
2. Gabbro diorite aplite Emzst No. 9.

On the occasion of the visit of the Lake Superior Mining
Institute to the Mesabi Range in June, 1908, through the
kindness of Mr. G. Hartley of Duluth, | looked over
samples from a deep hole which he put down near
Virginia, about one mile south of the Mohawk Mine. In
this hole most of the upper part was black slate, though
at the bottom iron ore was encountered, the specimen at
1984 feet being apparently composed of precipitated
silica or chert and occasional rhombohedra of
carbonates and iron oxides. At 2035 was the black
graphitic slate again, while at 2049 was the regular
guartzite. The long succession of black slates which
made up the upper part of the hole was interrupted at
630 feet by a light colored rock extending to 643 feet
which | recognized at once as a probable intrusive. The
sample 8-6-26-630 sent to Voigt & Hochgesang for
section proved of such interest that | had a number of
more sections made by E. Dominique of Paris, and will
describe them here.

Cross fracture of the drill core shows a flesh color, but
with a slight greenish tinge; here and there phenocrysts
of feldspar may be seen. These show both albitic and
carlsbad twinning under the lens and prove to be albite
or oligoclase very near albite. The lens also show very
distinctly slender dark green needles, which | at first took
to be amphibole, but which proved to be aegirite (or
acmite, the names apply to different colored varieties of
the same mineral). The main mass of the rock with the
lens shows laths of plagioclase which is albite, and a
reddish feldspar which is orthoclase. This latter is
clouded with and associated with white mica. An
estimate of the proportions of the various minerals from
a drawing in thin section by planimeter gives an average
of 6 per cent of the area aegirite. Various areas range

£

from 4.4 to 7.9 per cent. A casual inspection would lead
one to expect that there was somewhat more as it is so
conspicuous and striking a mineral, but still one can see
that it was only a small proportion of the rock as a whole.
Of titanite, calcite, leucoxene, etc., there is very much
less, which therefore would not be over 1 per cent.
Feldspars and white mica make up the rest. Itis very
difficult to estimate the quantity of the minute folia of
white mica, but my best estimate was 30 per cent
orthoclase and mica, 60 per cent albite with Ab: An
perhaps 6:1. This would then give us an estimated
resultant analysis:

Hiliea . P e L Gl
Alamina. ... ool e e m
Ferrle immn e e e e, 2
Sodivm oxide. ... oL oL . e 12

Podassinm oxdde. .. ... ..., P e [
Wator Paeraraaaa ttatmtmreanaprmsmsran Bk amaay 1

Ferrous iron enleium, magnesium and titanium exide probably ks than 175, each,

| do not think this estimate of the probable analysis of
the rock is over 1 per cent out, except possibly in the
case of sodium and potassium. Affiliations of this
analysis and rock with augite syenite and granitells of
Irving and the red rocks which are described by Wright
from Mt. Bohemia and by others from the Duluth gabbro
are obvious. As the dike cuts the upper Huronian it may
reasonably be supposed to be of Keweenawan age, and
there are two great intrusives with which it might be
connected. One is the Embarass granite, a pink
hornblende granite in large eyes of quartz often over a
centimeter in size and pink orthoclase crystals over an
inch in size. There is also microcline, green hornblende,
titanite, ilmenite and rarely andalusite, tourmaline and
garnet. This granite has a few dikes of lighter color,
finer, green, quartzose and lacking hornblende. It is not
likely, however, that a salic differentiation from this
granite would contain no quartz. This is certainly not
femic. A femic rock would contain more of the dark
colored minerals. The likeness of this analysis to that of
some of the red rocks (compare No. 12, page 54, report
of Mich. Geological Survey for 1904) is obvious, but the
elimination of lime and magnesia seem to have gone still
further. The very unusual occurrence of aegirite
suggests the possibility that from the iron bearing
formation below a certain amount of ferric iron may have
been absorbed, and so the quartz which is generally
described as occurring in these red rocks by Irving and
others may have been reduced to silicate of iron. The
position of the rock and the quantitative classification
can hardly be doubted. Its class is one. The femic are
less than one seventh of the salic ingredients in norm
and mode. Its sub-class is also 1 since quartz, feldspar
and lenads are more than seven times the corundum
and zircon which do not appear to exist in the mode or to
be expected in the norm. Its order is 5—Canadare,
since the quartz and lenads are less than one seventh of
the feldspar, for they do not appear to exist in the mode.
Its rang is certainly peralkalic for the soda and potash
are more than seven times the lime. There may possibly
be some uncertainty as to the sub rang, but in all
probability the potash is more than 1-7 and less than 3-5
of the soda. If it were more than 3-5 we should hardly
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have aegirite formed; if less than 1-7 we could not have
so much orthoclase and mica. This makes this aegirite
syenite a nordmarkose and mesabal nordmarkose may
be defined as an aplitic dike modification of the gabbro in
origin and nordmarkose in composition characterized by
predominance of ferric iron among the femic bases and
mineralogically by the combination aegirite plus albite
with no quartz or nepholite. Besides comparing it with
the gabbro aplites which it resembles in its porphyritic
texture, its dike occurrence and dominance of the
feldspar near albite and a similar proportion of silica, it
should be compared with the muscovadite of Grant, with
the heronite of Coleman and the allied alkali syenite
described by F. D. Adams * * (see also Rosenbusch,
Volume I, Part 2, pp. 592, 595 ("this not sugary"), 600
("the feldspar is like Bostonite™), 605, 608, 897 and 920.
A detailed microscopic description follows:

Aegirite. This is in very slender needles about .66 mm. long in
the direction of the vertical axis by .05 in the direction of the
clino axis. Cross sections at right angles to the prism are
flattened very markedly and (100), the front pinacoid is well
developed, as is characteristic for aegirite. The nearly
rectangular prism faces and cleavage are well marked. The
pleochroism is not very strong. For waves perpendicular to
(100) the color is yellow, at right angles thereto green. There
is not much difference between the pleochroism of the vertical
axis and that of the ortho axis b. The extinction angle is
extremely near to the vertical axis. An average of eight
observations is a little less than 2°. Comparing the two kinds
of longitudinal sections, the broad and narrow, the broad which
are nearly parallel (100) are much less pleochroic and the
birefraction is somewhat less, (850 retardation to 950 to 990 or
so for the maximum retardation, where feldspar is 150 and
mica 550, indicating a birefraction of .058 to .065), while the
birefraction in cross sections is hard to estimate because it is
so confused with the pleochroism, but is certainly not over 300.
The extinction is negative, so that we may compute that —2V
is somewhere about 65°, close to that of Langesund aegirite.
The pleochroism is also like that of Langesund, Eker and
Umptek. In powder the grains of aegirite almost never appear
yellow and extinction appears to be exactly zero negative so
that they are probably all lying on (100).

The refraction is strong.

There are few brownish sections which show no pleochroism
and are fibrous, have interleaved iron oxides, and while the
extinction is negative and zero they seem to have a birefraction
of only about six-sevenths of aegirite.

The feldspars are divided into two sharply separate
generations. The older phenocrysts while they have generally
the characteristic tabular form without any sharp boundaries
are sometimes plainly corroded; at other times they have the
irregular boundary of the hypidiomorphic rocks. According to
Idding's nomenclature the rock texture would be perpatic,
crystalline, mediophyric, inequigranular, phenocrysts, hiatal,
skedophyric, probably tabular according to M (010). The
extinction angles are as follows: 7°.8 to 29°.2 equal
illumination at 42°.8 with a Karlsbad twin K-22.9°-12°.2 equal
illumination at 50.8. Another 7°.4 and 15°.8; another 14°-13°;
another 14°-11°; another 14°-14°, etc.

The least index, 1.755; the greater, between 1.79 and 1.835.—F. E.
Wright.

On the whole the composition seems to be near Abgg
Any,. Compare Rosenbusch's diagram and Michel
Levy's diagram for AbsAn;. It is quite characteristic for
two sets of albite twins often to have extinction angles on
the same side. For instance 3.5 for both albite sets and
19 to 9 with 21.8. The powder immersed in fluid shows
that almost invariably the index of refraction is less than
1.545 and much of it less than 1.536 though some grains
seem almost exactly the same. A good deal is just
about 1.523. The plagioclase of the ground mass is
granophyric in Idding's sense, slightly trichitic and fluidal
in arrangement and mediophyric in size.

Orthoclase. The cement or mesostasis is largely
orthoclase. This is studded with minute folia of
muscovite. Occasionally this occurs in large and solid
areas. On the whole the muscovite may be said to be a
replacement for the orthoclase though it must not be
forgotten that the rock conies from a drill core, looks
fresh and has neither been exposed to ordinary surface
weathering or to very great mountain making
disturbance. There appears to be a good deal of this
mica and it is sometimes in such solid folia as to give the
impression that it is primary, or at latest pneumatolitic in
origin. The orthoclase and mica matrix gives a
somewhat poikilitic appearance. It is very difficult to
determine exactly the boundaries and proportions of the
orthoclase and plagioclase. By getting oblique
illumination, however, one can then recognize the
difference in refraction and little by little puzzle out the
areas. It may be that there is considerably more
orthoclase and mica than | have credited the rock with.

Titanite and ilmenite. There are a few small flecks of
opaque iron oxide not over 1-20 of a mm. in diameter
and these seem frequently to be surrounded with a zone
of that form of titanite (opaque, whitish with high
refraction and birefraction) which is known as leucoxene.
Very rarely small specks of calcite occur.

There is a little reddish iron oxide dust.

Annual Report for 1908 / The Intrusive Rocks of Mount Bohemia, Michigan— Page 21 of 22



BOARD OF GEOLOGICAL AND BIOLOGICAL SURVEY, 1908.
Ex OFFICIO:

THE GOVERNOR OF THE STATE,
HON. F. M. WARNER, President.

THE SUPERINTENDENT OF PUBLIC INSTRUCTION,
HON. L. L. WRIGHT, Secretary.

THE PRESIDENT OF THE STATE BOARD OF EDUCATION,
HON. D. M. FERRY, JUNIOR.

SCIENTIFIC ADVISORS.
Geologists. -- Dr. L. L. Hubbard, Houghton; Prof. W. H. Hobbs, Ann Arbor.
Botanists. -- Prof. W. J. Beal, Agricultural College; Prof. F. C. Newcomb, Ann Arbor.
Zoologists. -- Prof, W. B. Barrows, East Lansing; Prof. J. Reighard, Ann Arbor.

PERMANENT STAFF
LANSING
ALFRED C. LANE, State Geologist.
W. F. COOPER, Assistant.
H. R. WIGHT, Clerk.
HOUGHTON

A. H. MEUCHE, Engineer in Charge.

Annual Report for 1908 / The Intrusive Rocks of Mount Bohemia, Michigan— Page 22 of 22



	Contents
	Illustrations
	INTRODUCTION.
	GENERAL GEOLOGIC STRUCTURE OF KEWEENAW POINT.
	PETROGRAPHIC DESCRIPTIONS.
	The red rock intrusive.  Oligoclase gabbro aplite.1  (II, 4, 3, 4, Bohemial Tonalose.)

	GEOLOGIC RELATIONS OF GABBRO; GABBRO-APLITE AND OPHITES.
	WORKING HYPOTHESES TO ACCOUNT FOR THE OBSERVED GEOLOGIC RELATIONS.

	Appendix.
	A gabbro-diorite aplite.  An aegirite-albite dike rock from the Mesabi range.  By Alfred C. Lane.


