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TapLe XIX.

Keweenawan sedimentaries and the Lake Superior sandstone.

1 2 3 4 5 6 T

Si Oo. 55.09 63.09 69.7 75.19 87.02 82.60 TVOI8
Ale Oy 15.41 18.58 15.43 10.78 717 8.32 9.69
Fes O3 p ~ 3. 28 3
Fe O 9.04 i
AMeg O.. 2.49 1 .
Ca O.. 7.02
Na, O. 4.01 diff
KOl oo
H, O— 5.03 loss
H, O+ ine. CO;
TiOgver]e iy
P, O;.... CL 18
COog v
S, 04
Cu....... 1.70
Pd.......[..........
MnOgivif ool

................... 100.36 |.......... 92 oo oo
Sp. Grov oo 2.4312 L., 218 o

1. Calumet conglomerate slime undoubtedly is low in felsitic

material and one should add to it a proportion of material
like the analyses of Table VII. The analysis is nearly
that of a mixture of felsite and amygdaloid slime.

2. Nonesuch formation. White Pine drill hole 34 at 500 feet,

black chloritic slate. Analyzed by C. R. Guysander,
Cochrane Chemical Co. Appears to be a black sand con-
centration largely of debris as compared with 3 and 4, as
shown by the increase in amount of soda and magnesia,
and ferrous iron, and alumina.

In 3 and 4 iron is probably oxide and hydrate, and lime
carbonate. The characteristic difference as against Lake
Superior sandstone is the lower potash, but there is a
gradual transition.

3. Coarse red sandstone. Leighy’s on Bad River, Ashland Co.

Analysis by L. J. Sweet, Wisc. Geol., Sur., 111, p. 350.
The Sp. Gr. given evidently includes the pores.

4. Point Houghton, Isle Royale red sandstone. Isle Royale

Minn. Geol. Sur., Bull. 8, p. XXXIII, G. 8. No. 555. See
also 10th annual report, 1882, pp. 49-54. This was marketed
as Isle Royale brownstone by Burchan & Co., 117 Gris-
wold St., Detroit.
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Lake Superior sandstone

]\

|
s

Marquette brownstone,
less in Wadsworth’s

Mich. Geol. Sur., 1893,

Portage Entry redstone,
less in Wadsworth’s

Mich. Geol. Sur., 1893,
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Sharp-
report,
p- 157.
Sharp-
report,
p. 157.

Basswood Island, Apostle Is-
land. Sweet Wisc. Geol. Sur.,

111, p. 350.
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CHADPTER I11.
MICROSCOPIC PETROGRAPHY.

§ 1. HISTORICAL INTRODUCTION.

The mineralogical microscopic petrography of the fresh un-
altered Keweenawan rocks is not very complicated. Ilere again
as in the chemical work the most thorough and excellent recent
work has been done by Alexander N. Winchell.! But notes will
be found in the annual reports by . T Wright. Gordon and
myself. The older work of Wadsworth, Irving® and Pumpelly?®
was excellent for its time and a number of other papers are cited
by those authors, and need not be repeated here Suffice it to say
that almost all the work on this subject is found cither in the
United States, Wisconsin, Minnesota or Canadian Survey reports
and that all these Suarveys have done work upon Michigan rocks as
well as upon the rocks of their own region since the development of
the copper industry has been much greater in Michigan, thus afford-
ing better chance to study the rocks. My own work on the petro-
graphy is largely incorporated in Vol. VI of these reports and since
then I have done comparatively little microscopic work that
brought out new mineralogical facts. Perhaps the most interest-
ing is the recognition of a peculiar aegrite or acmite in a Kewee-
nawan dike rock cutting the Virginia slates.” I would call atten-
tion {o the carly use in Volume VI of Becke and Exner’s method
of determining differences of refraction (p. 154). One may grasp
a popular idea of this method and its later improvements if one
will hold a bottleful of water close to a window at one side. Then
one will see that the light coming in from the window suffers fotal
reflection on the further side of the bottle from the window. Thus
any object obliquely illuminated lying in a medium of less re-

1fitude mineralogique et petrographique des roches gabbroiques de I'itat de Minne-
sota, Ktats Unis, et plus specialement des anorthosites. 1909. Mineralogical and
Petrographic study of the Gabbroid Rocks of Minnesota; and more particularly of
the Plagioclasytes. American Geologist, XXVI, 1900.

*Copper Bedring Rocks of Take Superior, Monograph V. U. 8. G. S.

3Li§}1%10;ﬁ71 of the Keweenawan or Copper Bearing System. Wis. Geological Sur-
vey, Vol

‘Bibliographies seem unnecessary in view of those issued by the U. 8. G. 8. as
bulletins, but I would call attention to Tight and Herrick’s work on Michipicoten.
Bull. Denigon University. Some additional titles are given in an appendix.

Romingel’s section deseriptions are given in Vol. V., Pt. I, F. E. Wright’'s work is '

in the report for 1908 of Mich. Geol. Survey.
G. Lincio’s paper, Neues Jahrbuch fiir Min. (XVIII) p. 155, I do not find listed.
SReport for 1908, p. 304.

:
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fraction (if the border between the {wo media is anything like
ihe bottle) will have a similar effect—a bright border on the side
opposite to that from which the source of light is. It must be
remembered that the field of view is reversed in the microscope
<o that the effect is apparently reversed. If the index of refraction
of a grain immersed in a fluid is clery close to that of the fluid,
i may very easily be seen that for certain wave lengihs the index

of vefraction will be greater than that of the fluid, for others less.
Then those rays for which the index is greater will have, just like
the bottle, a bright border on the side furthest from the source of

darker

S.15432 . S.15170

ig. 16. Illustrates optical properties of altered olivine. Reproduced from Vol
v1, Part 1, Figure 23.
light which will, however, be distinctly colored. If, instead of
being a bottle, it is a bubble which is surrounded by a fluid of
higher index the bright spot will be on the side nearest to the
source of light, as may also be easily seen by shaking up the fluid
in the bottle and watching the effect on the bubbles, and if the
fluid is so near the index of refraction of the immersed grain for
some wave lengths above and others below we shall have the bright
border on the far side for one color and on the near side for an-
other. Practically the grains will be bluish on one side and yellow-
ish on the other. This method has been worked up very elaborately
lately. by Schroeder Van der Kolk and F. Ii. Wright of Washing-
ton and a series of fluids with different indices put up so that by
a little study one can tell whether a grain is above or below in
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index that of the various fluids and thus determine its characier.
Not only that, but if, as is generally frue, the polarizer of the
petrographic microscope allows the light 1o go through only in
one direction-—by revolving the grain we get the index for dif-
ferent dirvections much more closely than heretofore.

It has scemed, on the whole, best to place the detailed micro-
scopic descriptions in counection with the varioux cross-sections,
from whicli the specimens have come. We may also refer to the
paper by F. 2. Wright in ihe report for 1908, papers by N. 1. and
Ao N, Winchell above cited, ete. The fullest set of (10600) thin
sections were made from the Isle Royale drill holes. These sec-
tiong cover the range of textures so perfectly that it hasg seemed
needful to cut only occasional microscopic sections since, a list of
which will be found elsewhere. Beside those cut for the Survey
I have had cut personally from forty to one hundred of the Cape
Mamainse and other Keweenawan, but not Michigan, rocks.

§ 2. MINLERALS.

Olivine is the oldest of the essential minerals. When it oeccurs
it is most conspicuons near the margin of dikes and tops of flows.
It tends to be corroded in which case augite seems to grow at the
expense of it. When there is less lime there is more olivine de-
veloped. Its alteration (Isle Royale Report, Figs. 23-29) may be
to serpentine.- Occasionally if is to tale or brueite. Another line
of alteration is that of oxidation in which it turns red (Fig. 16)
and passes into a series of ambiguous minerals variously known.
The iddingsite of Lawson is similar. Rubellan was a name much
used by Rominger and Pumpelly.® The mineral described ag bow-
lingite by Winchell seems to be the same substance or at least
very similar. Biotite, perhaps, and hematite unquestionably also
occur. : '

Augite. As I have said in Volume VI, when the aungite is scarce
it is idiomorphie, lighter in color and appears to be diopside
(sahlite). 'When more abundant it is poikilitic or ophitic as ex-
plained and illustrated below. Winchell has described the aungite
of Pigeon Point very thoroughly and has given an analysis. (Cf.
Chapter 11, Tables 5 and 14).

It will be noticed that this analysis is not unlike the analysis
of most of the diabases and ophites, differing mainly in having
more ferrous iron magnesia and titanium. Winchell calls it
pigeonite and writes me that it probably also occurs elsewhere in
the Keweenawan rocks.

“In Mss. corrections Pumpelly changed ‘“‘rubellan” to chlorophaeite.”
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There is very often a tendency toward idiomorphism even in
ihe ophitic texture. This is sometimes entirely imperceptible in
ihin sections but on studying the flashes from a specimen show-
ing the Juster mottling it will often appear that they are elongate
parallel to the vertical axis, or bounded by straight lines which
have a definite crystallographic meaning. A slight tinge of violet
such as is given by titanium is especially common in ophitic augite.
The more markedly titaniferous kinds are rare. Decomposition
of augite to clilorite is very abundant but T do not think that all
the chlorite replaces augite. Some of it seems to occupy original
interstices left vacant or filled only with hot water in the crystalli-
zation and shrinking of the augite. Xpidote also replaces the
augite.  Hornblende seems to replace augite only in a very few
cages and then mostly when an augitic rock has been metamor-
phosed by injection with some later intrusive. There iz a zone
of hornblende developed from the augite around the Mt. Bohemia
c¢abbro as described by Wright on page 375 of the annual report
for 1908. (See also Vol. VI, p. 73.)

Feldspars. 1 have determined feldspars mostly by the method
illustrated on Plate V, Volume VI.” Almost always one can find
sections cut nearly parallel to the clinopinacoid (recognizable by
{he sharp lines between the albite lamellae) in which there are
at least three different directions of extinction and in such cases
cither from the curves given in Plate V or from those given in
Hosenbusch’s “Microscopic Physiography,”® or Winchell’s “Optical
Mineralogy” one can tell pretty nearly what the feldspar must be.
I owe to F. . Wright a set of fluids ranging in refraction from that
of augite 1.523 to that of anorthite 1.58 by which also the feldspars
¢an be readily defermined in a powder.

Quartz and other forms of silica. Very recently quartz has as-
simed a much greater interest owing to the fact that it has been
found that silica crystallizes in three different forms according
to the temperature and these limits are pretty carefully de
termined. I regret that most of the work was done before
the methods determined by Miigge and Wright and Larsen were
developed so that I am not able to speak as definitely as I
should like about this matter. Tridymite has never been found,
but in such old rocks it probably would in any case have been

changed to forms more stable at low temperatures by this time.

"By a careless error this plate reads % of Ab instead of An, and the lines con-
necting ends of extinction curves with percentage scale are not accurately drawn.
I think that these errors in the published plate do not affect my printed determina-
tions (certainly not in most cases) as they are copyist’s errors.

5p. 359, Fourth edition (1905).
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There is, however, little question from the form of the quartz in the
quartz porphbyries that much of that erystallized between 530 de-
arees and 800 degrees €. The vein quartz like that described by
Lincio® was formed at lower lemperatures.

Opaque Minerals. Magnetite is generally in octahedral grains
ihough very often they are more skeletalike in their form. It not
infrequently occurs when it seems to be the product of oxydation
accompanying hydration. Tn the {ypical melaphyres or cross-grain
it i¢ often clear that it formed after the feldspar as it is indented
v the feldspar laths. If T were going to do my work over again
and make a Jarge number of thin sections I think T should pay
especial attention to the abundance and form of the iron oxides. Tt
seems also to form as a by-product of the alteration of olivine to
angite and thus occurs in the rock forms crowded into the inter-
stices between the patches of augite. In the Isle Royale report
(p. 162) by a slip of the pen I wrote “olivine” patches.

Something that may be taken for magnetite is widely
distributed as a fine dust, but it is by no means certain
whether it is or not. In one dike north of Bessemer there seems to
he both graphite and magnelite present under conditions which
make it extremely hard to tell just how much is magnetite and
low much graphite in thin sections. I think the graphite is more
feathery. Im alteration spots and around amygdule cavities it
gathers into club-shaped and branching aggregates and sometimes
iron oxide outlines brecciated and fragmental and perlitic tex-
tures. Distinet erystalline and red hematite is more rarve. Ilmen-
its or titaniferous iron ore occurs and occasionally its white al-
teration product known as leucoxene. This seems to occur also in
some of the epidotic replacements. Ferritic discoloration gives to
the sedimentary beds and to the red amygdaloids their character-
istic color.

Green decomposition products or viridite. There is an old name,
—viridite,— which is a convenient one for the secondary hydrous
magnesian silicates of green color, which probably form an isomor-
phic series. Their optical properties have been fairly fully dis-
cussed in Volume VI, Part I, and also by Winchell in his recent
text-hook on optical mineralogy. It is probable that ferrous iron
is a very important constituent of the group. I can readily dis-
tinguish the three following varieties:—(1) Serpentine with its
usual properties after olivine, (2) delessite or iron chlorite, prob-
ably including such varieties as strigovite, ete. This is more bi-

9Neues Jahrburch (1904) Beilage Band XVIII, p. 155,
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refringent and more fibrous than (3) the ordinary chlorite. Chlo-
rastrolite, as Hawes says, seems to be a compound product of some
alicration which is changing to chlorite the hard amygdules of
<ome other substance, often prehnite. Chlorastrolite has been found
recently not only in Isle Royale on the patch indicated in my map
of Isle Rovale, Pl 1, where it was originally found but in a num-
Ler of beds on Keweenaw Point. For instance, a good deal was
developed in the workings of the Keweenawan Copper Company
af 1he Medora shaft, and it has been recognized by Dr. Hubbard at
o number of places on Keweenaw Point. It there occurs in an
amvedaloid which is reddened and decomposed, in which the decom-
position has gone on faster in the body of the rather coarse amyg-
daloid than in the amygdules. Under such conditions a change
{akes place around the borders of the prehnitic amygdules. In view
of what we know of the concentric character of amygdule filling.
however, it is not always easy to prove that the green chatoyant
effect of chlorastrolite is not due to an original rind of chlorite.
Again, the centers of the amygdules are sometfimes occupied by
quartz and I should not wish to say that thomsonite or some other
reolites may not sometimes be the original mineral rather than
prehnite. A. N. Winchell* (p. 410) seems to be inclined to think
that some “chlorastrolite” of mnorthern Minnesota should be
grouped under thomsonite. Tn any case the chemical reaction seems
very muech that which we have found to be characteristic of de-
composition, for instance, of the Calumet and Hecla boulders where
magnesia and iron. replaces lime and perhaps soda.

Laumontite is well characterized and its optical properties are
fully given by Winchell. Tt customarily has a reddish tinge and
iends to disintegrate to a sawdust-like powder. This ready loss
of water probably accounts for considerable variation in its opti-
¢al characteristics. Its index of refraction, however, is always low
and it seems to be, on the whole, more of a mineral to oecur in
cracks in joint-planes and the decomposition of the rock directly
{from them.

Thomsonite. In casual examination of drill cores T may have
often confused this with a pink fibrous radiating prehnite which
also occurs. Mesolite aand other zeolites may have been overlooked.

Wollastonite? In the Amherst mineral collection there is a
piece of considerable size labelled “table spar, Isle Royale” in
Jackson’s own handwriting as Professor Emerson informs me, and
of this he was kind enough to give me a small piece. I think there

*Optical Mineralogy, p. 410.
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can be no doubt that this is the same mineral as that referred to
in hix report on page 491 or at least the Isle Royale variety of it.

The Ambherst specimen is perfectly white, hardness 6 and more,
color snow white, as though it had already been heated. The Sp.
Gr. I found to be less than 2.7, the index of refraction (by immer-
sion in a serdes of fluids) is about 1.56, the bi-refraction is .022
and more, judging by the polarization colors (assuming thickness
not greater than breadth.) It seems, as seen through the micro-
scope under crossed nicols, that the granular aggregate is not en-
tirely liomogeneons but largely in irregular patches and as Winch-
ell says for Jacksonite, the elongation seems to be positive, the ex-
tinction angle practically zero. Tt does not, therefore, precisely
agree with any other mineral but on the other hand there seems
to be some confusion between this “table spar” or “Wollastonite”
and Jacksonite:

This Isle Royale table spar agrees with the Wollastonite of the
Cliff mine except in shade of color, that heing light flesh red.
With a hardness so much abore that of Wollastonite and its refrac-
tion less it can not be that mineral. Since the microscope shows
that it is an aggregate 1 do not carve to give it & new name. Dana
says that the anhydrous prehnite or Jacksonite is only calcined
prehnite (conceivably by some severe forest fire?). Perhaps the
table spar is produced in the same way. If the analysis is right
(Table VI) I know of no known minera] that it is likely to be. The
following is a letter from Prof. Ford.

New Haven, Conn., Oct. 28th, 1910.
My Dear Prof. Lane:

We have four specimens in the Brush Collection of so-called
table spar from Isle Royale. Oue specimen has a Smithsonian
label with it which reads “Jacksonite” and has also a label at-
tached to the specimen which says, “Jacksonite and Compact Table
Spar.” Then there are three other specimens identical in character
which rof. Brush has labeled pectolite. What tlie material really
is' T won’t venture to say but it is unquestionably not wollastonite.
I have asked Prof. Brush about the specimens and some of them
at least came from Whitney and are the original material.

' Most sincerely yours,
WM. E. FORD.

Cealeite is abundant in large crystals and amygdules, in replace-
ment and in veins. Bands of pressure twinning are not uncommon
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hut. may, of course, be due to the pressure in the process of prepar-
ing thin sections. Tt is very abundant as a cement in the conglom-
m'.;nvs but it has been suggested that it is more common near the
<irface than in great depths. Rocks charged with caleite are fre-
gquently poikilitie, large patches disseminated from th'e rock ex-
tinguishing together and having common cleavage. This produces
i l‘usi‘er mottling which must not be confused with that due to
sagite. .

Fpidote. This mineral is one of the most common xec(mdar): min-
erals.  The ferriferous canarv vellow variety, not the zoisitic va-
riety. is best developed. It occurs in veins in the fragments and
u'm'vntg of the conglomerates and in amygdules, and is very coms-
mon and the association with quartz is rather charactevistic. It is
often in sharp crystals.

Dutolite occurs mainly in rocks which ave quite highly decom-
posed. Tt is one of the later minerals after copper, more commonly
alter quartz and epidote. I had a section cut (sp. 20359) of some
datolite from the Winona mine which is studded with minute crys-
1uls of copper and separated from the (‘hloriﬁg country rock to a
farge extent by a thin film of copper.

&'yodules of porcelain-like datolite from the Franklin Junior Mine
similarly show the copper more abundant near the margin.

Copper.  When in microscopic size, copper seems to occur in
minute cubes or octahedra although the hextetrahedral and other
forms have been noticed in the large crystals described by L. S.
Prana and frequently found in mining.

Mica. The micaceous minerals, shading into chlorite and sericite
or tule on the one hand and. micaceous iron oxide on the other,
which occur in the decomposition of olivine and have been vari-
ously ecalled iddingsite, rubellan, and bowlingite, which is defined
hy '\(Vinchell as a ferriferous antigorite, are fully described by A.
\ . Winchell. Winchell says that goethite,—the bydrated iron oxide
which always occurs after olivine,—has a higher refringence, while
the jddingsite like all the serpentine group has a much lower refring-
ence than the olivine.  Unfortunately, I have not kept track of this
throughout my work but my impression is that most of the brown
specks which have been called rubellan in microscopic work by Pum-
pelly, Marvine, and Rominger and which T have heretofore called
iddingsite, have a relatively low refraction and should be classed
as bowlingite. It is quite clear in eomparing Winchell’s descrip-
tion (p. 360) with my description (p. 155)%° that we are dealing

See Isle Royale Report. Iigs. 23 and 29, and Fig. 16 of this report, Alvg A, N,
Winchell, “Optical Mineralogy,” pp. 359-360.
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with very similar substances, except that in his figure and in mine
different pinacoids seem to have been present,

Clay and kaolin, The clay of the fluccans has almost no action
upon polarized light and is a very finely divided aggregate.

Apatite seems to he a mineral which crystallized early in sharp
needles, or possibly slowly throughout the brocess of crystallization
but has g strong tendency 1o segregation. Possibly the little
needles simply floated in the residual magmas. Tt also seems fo
tecur abundantly in the interstices in the last crystallizations
from the mother liquor in needleg shooting across the cavities. It
snggests the presence of chlorine in these waters (See Sp. 17530, a
doleritic melaphyre, 75 paces N., 1050 W. of the S, E. 1 of see-
tion 33, T. 57 N, R. 32 W, below the Kearsarge amygdaloid in the
Allouey gap). '

Fluorite has been noticed but very ravely (Isle Royale, Ma-
mainse) and then always in association with the porphyries or
salic rocks, The very low refraction and the well-marked cleavage
are characteristic and there is g tendency to irregular blue pig-
mentation.

Sulphides are, on the whole, extremely rare. In fact, I think
I have seen disseminated pyrite only when I suspected or was sure
of contact action. Chalcopyrite is noticeable, for example, along
some of the lines of contact of apparently intrusive felgite at Mam-
ainse, and also neap the Mt. Bohemia intrusion in the Calumet and
Hecla Mendota section. T have not identified the more basic sul-

phides and arsenides which offer g splendid field for metallographic
work.

§3. TLXTURES,

The texture of g rock is defined by Iddings as “the appearance
which is derived from the mineral compounds and from the ground
mass of dense op glassy rocks,” and ig divided by him into three
features or factors,h(I,} the degree of crystallization,—the Crys-
tallinity, (2) the magnitude or size of the crystal—the granular-
ity and (3) the shape and arrangement and mutugal relations of
the crystals and amorphous parts. This hLe calls “fabric.” The
discussion of the relative coarseness of grain or granularity has
been of especial interest to me since the recent introduction of test-
ing by diamond drill cores hag given unusual opportunity to study
the change in texture and granularity as one passes from the
margin to the centey of the flow and this change in granularity ig
of very great help Practically. It is not Possible to separate. al-
together, in discussion these three factors since we find that, gen-

L
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free {rom viscosity is g question over whie), Physicists would dis-

agree although there e no doubt that ip many caseg the viscoseity
is practically infinite,
2y The fabric. 1y my Isle Royvale report, T divided the text-
ures into two groups according ag they were characteristic of the
central op marginal parts of the flows angd we might alsg divide
thein according ag they were characteristie of the salic o femic
magmas and according gg they were characteristic of the deeper
seated or effusive forms. Ip this classification we m
the f()l]()\\'.ing‘ textures:
fa) ¢ ‘cntral, femic, mainly clfusive, ophitic. This term T have
used to dengte g texture ip which augite acts as cement op matrix
and large batches often enclose idiomorphic feldspar in which the
lateral Dinacoid ( bmchy~pinacoid) is best developed ang often the
direction of the brachy-axis. An important feature of t)ig texture
is the fact that the feldspar hag its form sharply developed against
the angite, 4. N. Winchell ig inclined to Iay the main stress upon
this and thus broaden the use of the tepm ophite, Hig authority
for so doing ig derived from the first pa ber of Michel Lévy 1 intyo.
ducing the term, in whicp he uses the term ophitie, His arguments
for hig usage are given ip the Bulletin of the Geological Society of
Ameri(‘a, Volume 20, pages 661 to 666. Op the other hang I pub-
lished quite g discussion in g foot-note on page 227 of the Igle Roy-
ale Report, of the two deﬁnitions, and in the Bulletin of the Geol-
ogical Society of America, Volume 18, page 648, T gave o short note
on the ophitic texture to accompany some llustrations from lan-
tern slides of the ophitie texture as T understood it ag a variety of
the poikilitic, foHowing the definition given by Michel Lévy in nig
“Structures et Classification des Roches Eruptives,» Page 28. The
facts seem 1o be that Miche; Lévy has used the term in g broader
and in g Somewhat narrowep Sense and that there has Dbeen fairly
continuous nge by two schools,—one using it in the nAIToOwer senge
which will pe fonnd quoteg on page 227 of the Isle Royale report.
I translate it “When the last element consolidated ig 4 bisilicate
( generally PYroxene) its areag without thejp OWn proper exterior
form are larded witp older crystalg, Those of {he feldspar notably
are elongated ip the direction of the edge between (001) angd {010)
and ave flatteneq parallel to -( 010), and the ensemble takes 4 char-
acteristic appearance which | have described ang fignured since
1877 under the name of ophitic textyre» In the earlier

ay distinguish

paper
upon which Winchel] relies we find that more stress iy laid g pon the
. e ———

YBull. Soe, Min, Francaiso, Vol. VI, 1878, p. 157.
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the term diabusic we may have to introduce Solme new ferms to
replace ophitic in the narrower sense, In Tdding’s discussion of
poikilitic texture Jo recently proposes to subdivide the poikilitic
texture, calling the matriy crystals. the oikocryst and the enclosed
erystals chadaervsts, and giving a sevies of terms from per-oikic
to per-chadie, according to the relative abundance and the rela-
tive size of the two. They may come in use, [t is possible that
some such term s poikilophitie may prove to be desirable and nec-
esgary, but it must he remembered that the rocks 1 call ophite
and ophitic would :lso e catled ophitic by A. N, Winchell, and in
Rosenbusch's Iagi edition (V. 11, P14, Fig. 4) the illustration of
ophitic structure is gy admirable illustration of ophitic structure
in the narrower sense i which I use it, It does not seem wise for- me
to make g change from my previous usage just now., expecially as
on the whole it secms to me that Michel Lévy, though he has used
the term in both senses seems really to have the narrower sense
mainly in mind and sSimply included rocks to which the broader
term morve diveetly applies when they occurred in connection or
as transition forms from the narrower senge. One must, then,
remember that in this report the terms ophite and ophitic also im-
ply Tuster mottling if the rock is fresh and the grain coarse enough,
I would have kept the term Juster mottled melaphyre, were it not
very cumbersome when one wishes to add further descriptive ad-
jectives and repeat the expression over and over again, as we must
in the detailed sections,

A luster mottled texture is often visible in hornblendic rocks
when it probably is a rvelic of the same texture in an originally
angitic rock. For instance, just south of the road from Ishipeming
to Negaunee about three-fourths of g niile east of Ishpeming is an
amphibolite with 10 . poikilitic patehes that I take to be an
inheritance from an ophitic augite texture. In the contact zone
of the Mount Sohemia  gabbro and I think also in  some
coarse luster wottled yock south  of  the Porcupine Moun-
tains  the derivation in this way can be readily seen for we
find the patehes of augite changing to hornblende round their mas-
gin so that there ix g rim of hornblende with an augitic less lus
trous center, :

The augite seems to drive the corroded remmants of olivine before
it in its growth. T Suppose, too, that any interstices which were
left would be hetween the different erystals of augite which seem
to have been the last consolidation in a typical ophite. Thus when
the rock is altered o exposed to weather the cenfers of the au-
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in Diving's Monograpli.’® Plate IN. which shows pretty well in
black and white reproduction (1’1, IV, ¢). Before leaving the <ul-
ject of the ophitic texture it may not he Inappropriate to mention
its derivation from the Greek word for reptiles—ophidians—and
in Plate IV g4 T reproduce for comparison a photograph of a Gila
monster which My, Jesse Myers kindly took for me,
by Doleritic (pL VIT, Sp. 17998, This term I used ip ‘he
Isle Rorvale report for a texture in which the feldspar was much
coarser relative to the augite than is generally true in the ophite.
The term doleritic has always heen applied to rather coarse grained
rocks of the hasaltic and diabase families, A recent suggestion
has been to apply it to rocks of these famities in which the feldspar
can be easily recognized with the eve or the lens, while horublende
O pyroxene cannot. This ig the definition Suggested by Iddings,
Chamberlin ang Salisbury in their Geology, Volume I, p. 417, and
adopted by Pirsson (“Rocks and Rock Minerals,” p. 198). It is
obvious that my definition of the texture is not out of harmony with
this macroscopic definition since if the feldspar could be recognized
and the pyroxene not, it would pe likely that the feldspar would be
relatively coarse, though perhaps not really in larger grains than
the angite, since it is easier to recognize feldspar with character-
istic twin striations than to separate augite from hornblende, It
is, however, true that I have applied the term “doleritic texture” and
“doleritic stregks” in my descriptions of the Cross-sections (cf.
Isle Royale, drill hole 111, sp. 15126) to specimens which Pirsson
might call “gabbro,” e, g, that figured in Plate VI1I, that are so
coarse that both the feldspar and the augite can be distinetly recog-
nized by one who is practiced. The fact ig that one will find in the
heavier beds (more frequently in some than in others) streaks
which appear to bhe almost sharply separated from the rest of the
rock. In many cases they might readily be taken for intrusions
and yet if one wil study one will fing that there is o definite con-
nection between their coarseness and the Ccoarseness of the sup-
rounding rock, and that they never ocenr very close to the margin,t
and will, T think, finally conclude that they are due to some sort
of differentiation by which some of the ingredients have gathered
together in 1'he11'»1=000s.ws of cooling and produced a magma more fga-
vorable to the coarse arystallization of the feldspar. Thig may be
dne to some suel action as that which produces gy stratification
banding in water with very finely divided clay slowly sed tling in it,

BUOS Geol. Survey, No. .
IThough oceasionally, e, g. in Bed 35 of the Clark-Mon(rea] section (Chap. v, §2)

it seems ay through the 1{<)t welding of two flows had civen a doleritic texture.  The
original contaet representing a cooler grreak in the joint hed should be
nr grain.,

oxtra coarse
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sore inclined to think that it is due to ﬂ,le~:E(7anm.1ir§§
o “{0197 ineralizer. say water vapor, or the like. in ccf ;ha
e 1(;1«;1?{1111:11 1;0( a ‘disﬁnttt tendency toward sepal'zn;?ﬁ(olnzo’;
e tng and ater beari o magma. In some o 3 18 =
s b‘“]?ih‘en‘(lhll(:lll::o‘i:l jf\‘ul:::k ofﬁthe Central Jni;lf?..li)n‘?)lz\;ll
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”“'0_“‘11;)’ o 1\{131_"]111 he cuts the “Greenstone” up into the dlffE‘I,QIth
?f ldl(;1%111fi;)%‘:L'J(ZCRiver section 91 to 108.*7 All of these belong
heds s Eag

one mmense I[ a fli AIal Vin d()eS nO‘ seemnt ‘” lla‘e
n 1 OW. ].] t fe ure A

rasped. He describes two types,—the ligpt type and tthgldf;;
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of Iron oxide. Against them not only

Is the feldspar sharply
hounded by the augite

but may often he Seen to have its ervstalline
form, Figure 7 of Report for 1903, herewith reproduced as Figure
17 illustrates this. ana Figure 3. Plate \7T of Volume VI which js
a photograph, not g drawing, shows the sanie thing, not so sharply
and uiore or Jess disguised. witl a tendency toward
tion of the feldspar. Close to the center of the fig]
down 1o the lef{ i« dcavity hetween three fair
erystals which is lined with the
these interstices niight prope
tases. no doubt, the fillin

an agelomera-
d and a little
Iy large feldspar
tibrous chlorite ring. The filling of
Iy Le called secondary but in wome

£ began long before the rock had lost ity
original heat. Indeed, it may have been pretiy closely associated
with the original cooling.  If 1 u4m right in thus regarding these
Streaks and this testure it Is a superficial equivalent to deep-seated
begmatites and similay rocks.  The tendency to this doleritic text-
ure seems {0 he characteristic of Some beds more than of others
and these doleritic streaks appear at times to be f
Nome engineers have correlated from drill hole
but if T am vight as to their
Yet their presence is a pretty
corvelation can often e m

One thing I would emphasize before feaving this subject and that
is that while the grain varies in these doleritic streaks and is not al-
Ways uniform ag tompared with the more luster mottled rock iy
which they may often geeur, Yet after all, in o broad way they too,
are coarser the farther they are from the margin of the flow, and
whereas near the margin. we may find little doleritic streaks in
which the feldspar is two or three millimetres long, in the Targer
Hows it may be several millinmetres or ag Marvin says an e, The
characteristie feature is not the absolute size of the feldspar but its
size relative to the augite

and to the feldspar of the
not doleritie, rock. To this we may

airly persistent.
to drill hole by them,
origin such a correlation isx unsafe.
sure sign of a rathey heavy flow and
ade by thix fact.

surrounding,
add the tendency toward idio.
morphic charvacter ip the augite and open interstices,
tions of this tendeney of the doleritic stre
coarser flows, and coarser near
and 116 of the Centr
as well ag the

For illustra-
aks 1o be coarser in the
the center of those, see Beds 112
al mine section, Belt 42 of the (]

ark-Montrea],
ireenstone,” especi

ally in ity upper part,
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ighly (A]]m:a(‘ﬂ?llillili\; 1’(‘}(‘[111’(;’ may be represented. It }Si 1{)1]1e
and T(A‘Specmu'\) f:)*’( t];‘lt‘ flle: feldspar occurs with very <10n§‘1dL“1 ?] .
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e we m ¢ rase as agelomerated porphy )
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tinnous ;m(ii th-%(‘l : :);me of the flow may be toward the mmglni
oty 1 ]/n“'t*lsl'(‘lln ikn‘ﬂle grain which would result er011¥ 1 1L
B ]31'331: ﬁ(j;l (Cf. PL. VII.) In a glo-merop()rph)11t:(,‘
very fust cons;(ﬂ; (: be.‘t \"G‘l’\' considerable hiatus b‘e'tw!(’e‘en the Atm\‘x)z
flow there may .tTluv’e‘u* zhe n;argin and an almost (:onvhm'ml’ %nlti
o fdds}}aj*- n"ith every gr-zrlda‘tion between what Iddings »cd‘bs
t;)“whd’ﬂtle (jl(iﬁ;[‘ullli::hﬂ faln‘;c. These feldspars d((; ?Ot s?r(iil;tlg i;}
e seriate a b ese feld B ot e
:‘ndi(-:llly different in (31’161111(33)1] cfm]l:ll;()sg;on ;T):nwzle ltheyl vonerally
i (’1‘igin ﬁ;;) . %iii\lfltg 1\\*112’[ % have called thocrysr@s and
e oo tats, fﬂl“é;ef and distinctly hiatal crystals wnh‘ no
- b.l“(.)\t‘OCILVSta‘]S- '1'\;’('3& of the ground mass do, howe\jer,o;ccu:
Hﬂ;m{rml:ht? 1:r-1’rl§ri:t}(: ((>f certain beds. One of the most importan
and are characteristic
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of these is the foot wall of the Kearsarge lode. (1. VI, Sp. 17956,
and Mandan d. 18 g1 99 ft.) The g’l0111e17<)porph,\'1'~itic is a type of
texture which oceurs especially in the Ashbed series ; for instance, in
the beds near rhe‘l’e\vzlbjc worked by the Quiney mine, but some
signs of (L texture occur ajl through the serjes In many of the
more feldspathic melaphyres, especially in g group helow the Wol.
verine sandstone in the Central mine section, Beds 97-115. in the
Torch Lake Mining (v‘,‘ompnny section, Beds 30-39, Holes 4-7.

(d) Porphyritic hiatal, (P1 V11, Sp. 17956 and Mandan d. 18
at 90 £t} We have Just spoken of this texture in contrasting it
with the Q‘lomem])01‘1)]1}'1'1' tic. - Tt must not he imagined that in this
texture feldspar individuals do not occasionally
tegethier.  Almost all plagioclase is
texture the difference in size and s
cliaracter between the eryst

group themselves
& group of twins, but in this
hape and sometimes chemical
als of the older generation and the
erygtals of the younger is much more marked than in the glomer-
oporphyritic or seriate porphyritie texture except possibly near the
margin of a flow, for in the latter, where fine grained, very close
imitation of the hiatal porphyritic fabric may be found. The fabric
I have now in mind is one in which the porphyritie feldspars are
found several millimetres, in fact at times centimetres long, while
the feldspars of the ground mass may not he recognized with the
naked eye. Tn fact, such rocks are very likely to have g peculiarly
tine grained blue-black, densge, aphanitic ground mass and such
blue-black traps can often be recognized even when Phenocrysts are
not present. In other words, these rocks are distinctly magnophy-
ric in Tddings’ use of the term, while the g]omemporp]1)71'iﬁc rocks
are normally, but not always, mediophyric.

All the above textures apply primarily to the basic or femic rocks.
The salic rocks have their own textures but so far as the pheno-
Crysts are concerned al] are much more porphyritic hiatal, Though
the plienocrysts may be of any size they are usually sharply distin-
guisled from the ground mass. The ground mass of the felsites
is usually a fine grained mosine of quartz and feldspar but some-
times the quartz becomes poikilitic by simultaneons extinetion show-
Ing an orentation over areas which include g ot of other things
enclosed, such ag feldspar and iron oxide. Not J‘nfrequent’]y these
of quartz as with
that these textures
ation of an originally
to textures Involving more e8-

Poikilitic quarty areas surround phenocrysts
an awvreole or halo. T am inclined to believe
of poililitie Quartz are due to secondary alter
glassy oround mass, Coming now
pecially ground Mags —
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“I1. Sp. 17956) is due to gas
tirygdalsidal texture (PLOVIIO 8p. 17956) o e
A 7 These bubbles are abundant at t
. » - larg § seem to occur
i 1d tops of flows,  Oceasionally large onek,1 o1 ot
o E and ) ‘ - L t to fi "
. 1 in toward the center. It iz not infrequent R
qlso we H i ’ . so |
" orained red mud or ash filled with what seen Lo to be e
1 23 Y 2 5 ] 7 . : - i ]
“‘M 1‘15\"(‘1111\"*(1111()& produced by the tm'nmg-; of thdL “The e
. f1 i"h?'ou‘)‘h the heat of some overlyving bed. s ae
e oun hit :maller and finer an
: - i iites, smaller a ‘
Iaveer and rounder in the op s o the amyadules

(e) ‘
bubbles more or less filled.

i < 10 £7 0 YS'
Jdrawn out in the more feldspath:i 10(‘1\n o fners 1 fold.
. i ', the grai 116 > ;
N wargin of the flow, the g -
as near the margih 1 e e acording
o 1wsumes forked and skeletal forms such ah z;‘? ; nce it
APar. ass $ ) - : § e o (
'] xm;-mn18 characteristic of crystallization w ]n§ } q}ﬂow e
: (‘]]'Hl(‘} below the fusion point. From the botto(;n, (i))(: ow Hhes
;7 ] 7 ‘ : 3 -Cal. . AR e
i‘ ubbles may rige up in long tubes, thef,so c.allimfe}_ A,
" . : xposed, for instance,
§ ipe amyg s are well exposed, : e .
D eseme Thus there may be a little of the lower
i 3 3 CY” - . .
just north of Bessemer. Y ot s amsadadoid o
'p‘n*t of a bed which would be classe{ 8 I/ e
rer er a foot or {wo. ,
enerally, however, not ove - S e
?«"111‘ - iﬁéen found convenient and necessary to af?bune 3
P | cactly ‘op of the flow.
top of the amygdaloid was exaet!) the top e O les and
}( f)  The microlitic texture which occurs arou (\vf g Les o
‘ 4 1, an
i igure 5 ate VI, Volume VI, ‘
is show cgure 5 of Plat
elsewhere is shown in Figur ‘ e 111 i
late already referred to in Irving, and in g e
rosenbuschs i 1t is characterized by }
] sch’s Physiography. is cha ; | ' et
Rosenbusch’s Physiog . G,
i; > last generation of ground mass is composed of fe qé(i e
{the last g : om ¢ t
sedles ;erham something like 0.1 millimetre long a el o be
e S P S S 't ! o . . )
e slender. Instead of heing tabular they are mo
more s . § >
rismoidal. o o has be die
b There are a number of textures here which maj hped : (}; e
ruisher r alike that it is har
i i ‘hi re 80 closely alike that il
tinguished but which are e it o, e ot
] Jdiﬁ’erence Many of the melaphyres ha Jo the el
e ‘ ) T . . L . e o " : .
the ; itic texture when the augite remains still in the gla 5) o
A — : In either case there is really
This also occurs around amygdules. In eithe A e e
k LI'Jd@pfu‘ in the rock and so we get feldspar po; phy ],wwever
more 1e1dspe . - ’ oinal forme or,
- treme margir , .
- similar fexture. In the ex ' reven
R [ invariably forked and are
‘ spar microlites are almost invariably. f ‘
» feldspar microlites ¢ . , ne e
“]1_( 1 to }e(ncloqe glass and assume skeletal shapes, and ad 1Thiq Ijg
-, o e e oo Iy arranged. AT
( the whole a little less likely to be regularly al“ﬂ;h do s
on the o litt e re A !
perhaps the hyalopilitic texture proper and l?la)] ) e In mos
7 o s i ( “ithin a few inches o : margin.
' ions which are cut within « ( ‘ 1
f the sections whic o chen of the mare.
{I'l) rever scen it when the record implies that it we
o et { xterior the flow.
than a foot awayx from the actual exterior of

rist Riere 1 Schmelze i e, D03, pp. 134-135.
istallisieren und NS¢ elzen, Leipz 1903,
N pisty ; IS IS o .




140 KEWEENAW SERIES OF MICHIGAN.

On the other hand, y texture which is rather characteristic of

the feldspar porphyries is lable to have the feldspar somewhat

coarser and especially 1o have the feldspar crystals arranged in

somewhat parallel flow lines, A particularly good illustration of
this ix found in g feldspar POIphyry which seems to cut an oplite

i the Mendota clross-xection,

L The vilrophyric texture feenerally  glassy ground Nass )
seems nsually to be confined to a few millimetres from the contaet.
In the femic rocks, the melaphyres and porphyrites, this is probably
as far as it went, In the felsites and salic rocks it extended much
farther. In the basic rocks It ix brown and Yellow and seems to
be largely decomposed,

(thy The wormal crystallization of the quartz feldspar eutectic, it

it ervstallizes direetly from aqueons solution in the first place,
seems to be in the rock intergrowth which I have called micropeg-
matite. A good adjective perhaps is graphic. The texture is heay-
tifully illustrated in Iddings’ ¢hapter on the rystallization and
Texture of Igneous Rocks.” When microscopic, Iddings calls it
micrographic.  This micrographic texture ocenrs in the interstices
of the Bessemer gabbro and the center of most, it not all, of the
large diabase dikeg.! It also occurs in some of the porphyvries.
It is also very common in the pebbles found in the conglomerates,
It is so mneh more common there than in the igneous rocks that it
i a strong argument in favor of Wadsworth's view that it may
be a secondary texture of the Name nature as the poikilitic aureoles
of quartz and the quartz feldspar mosaic of {he felsite, Lrving
agreed with Wadsworth in hig interpretation. 1 can not personally
agree with that interpretation, for Feasons explained quite fully
i my diseussion of the quarty diabases and the granophyric dia-
Dases (which Iddings would call the graphophyric¢ diabase), in nmy
Isle Royale report, but the relative abundance of this texture in
the pebbles i certainly puzzling.  Can we assume that it is pri-
mary and also secondary in the presence of hot water?

(i) Another texture of the salic rocks is the spherulitic or micro-
felsitic.  In some of the porphyries near the Bare Hills described
by ITubbard, the rounded balls, known s spherulites, ocenrring
in the felsites are very well shown. These also occur in the Porcu-
pine Mountain porphyries. 1t is due o the rapid growth of quartz
feldspar eutectic from centers of crystallization in a salie magna
and is sometineq, perhaps always, a nmicroscopie or submicroscopie
radial intergrowth of quartz and feldspar aggregate in the micro-

. _ —_—
8ee Vol VI, rt. 1., 1. XVI ana report for 1908, L VII.

N 141
KEWEENAW SERIES OF MICHIGAN.

- described by
Thix is very fully and beautifully describe A
i cture Thix is very ;
oraphic texture.

¥
Tddines. iwtic of the salic rocks is a granu-
M(lf“‘“ vnother texture characteristic of the salic rock ag

1]y A -

. oTains 1)9111?' pe-
cate of quartz and feldspar. none of the FM waic “Thi\‘
. HUOTEYE .« . s - o 11108 (”\ »
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. 3 Trich the peculiarly v . VI
tfaceons in whic ' et X" Volume )
'”]/ trated as shown in Figures 1 and 2, Plate VI of d mav be
sF1 ds o . o . .
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harged with epidote. but before this change the] f "] ble silica
chiarge o SN t of wolu S ¢
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whi¢ eSS . s . ir forn ay
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« . ™ S, + ‘
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‘§ 4. LIST OF

15000-16004

16401-16473

1647416482

16483
16541-16564
16650-16676
1667716679
16780-16782
16873-16880

16906-16907
16908-17057

1705817132

17133

17134-17236

1727517342

17343-17448

17449-17551

SPECIMENS OF KEWEENAWAN FROM sPp. 15000 ON.

are 'frmn Isle Rovale and mainly sectioned. The
sections are in the Ashbed and Central Mine
group of flows. Uy to 16400 they were also fron;
Isle Royale, mainly mot secrionéd.
are from Tamarack No. 4 shaft. Down to 16445
ma.in]y Ashbed gronp, down to 16437 above con-
mainly Ashbed group, down to 16457 above/ Con-
glomerate 14, (See Annual Report for 1903./)
and 16490-16500 and S, 16515-16534 are Tama-
rack Xo. 3 shaft down to the Allouvez (‘mw]on(]—
erate No. 15 at 16500, T
mffrom Tamarack No. 5 shaft. continued hy
17634-176S6. ’ h
are from  Centennial cross-cut, Calumet to
Osceola.
are from the Central Mine. {Fig. 31).
are from Eagle Harbor, Se(‘:ﬁon 23, T. 38, R. 31
are from the Copper Falls Mine. ' '
are from T. 58, R, 32, Ashbed group.
are from Copper Fallg, Central é(ecti()n.
are from the Lac la Belle and Mendota section
(.Se(\, Vol. VI, Pt. 2—a number of thin see-
tions). ‘
are f‘l'om a long cross-cnt from the Quiney Mine
1‘111’11’1:111;: below it in the lower Ashbed an”d Cen-
tral Mine groups. Only one section 17066 -—an
ash.
;is :i’i'nm Keystone Location. {Rec. 30, T. 58, N
37 W.) sectioned; also 172134 - wise—
were further speéiniens in T.{')’S,O;gel?‘g.] Sfeor Hub-
bard’s work on Bare Hill, ete. (Vol. \'j, Pt. -II )
are from the Franklin Junior é(f‘(i‘ﬁOﬂ ((Seev v 0‘1
VI, Pt. II) continued by ‘ B
Mt. Bohemia rocks for I, L. Hubbard (see
Vol. VI, Pt. 11). \
J:;_re along lines of contact with occasional sec
alli;]zdﬂ](l)igl’ pf](l;] :]\t;’ 11:;];1)]13‘1"@, dolerite, ophite,
are from Section 33, T, 58 N, R.31 W,
are miscellaneous specimens.

L
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176G36-17653

17654-17686
17686-17689
17690-17695
1769517715
17715-17868 %

17992-17999
19401-19703

19704-19775
19735-19740
20039-20340

20351-20354
20356

20357
20358
20359
20580-20427
20429-20442

20443-20446
20447-20458

20461-20485
20485

20486-20500
20501-20559
20560-20562
20563-20598

20600

are from Franklin Jr. cross-cut (See 20429).
Figuve 40.

are from Tamarack 5 shaft.

are Gratiot Bluff felsite.

are near South Range near hill north of belt.
are various specimens in Ontonagon district, a
few of them sectioned. 17705 is a glomeropor-
phyrite.

Copper vein, prehnite, melaphyre boulder.
Atlantic Mine cross-cut. Chapter V, § 16.
Franklin Jr. (See 17342) section and drill holes
sections Nos. 17982, 17991, TFigure 40.

Drill cores, Manitou holes.

are between Winona and Rockland, deseribed by
P. 8. Smitlh, typewritten. A few thin sections
have been made with notes by Lane.

West of Ontonagon.

Old Colony cross-cut. Chapter V, § 10.

Black River section with Gordon’s notes. (Re-
port for 1906.) '
Ashbed group on south side of Portage Lake,
Section 35, T. 55 N., R. 34 W,

Sectioned eastern sandstone, Wyandotte drill
hole 13. Chapter V, § 21.

Amygdaloid conglomerate, Wyandotte drill 9.
Sectioned, epidotic sediment, Wyandotte drill 5.
Section of datolite, Winona Mine.

Superior trench and shaft. Chapter V, § 14.
Franklin Junior, 4th level cross-cut, of Section
17653. Ch. 'V, § 11.

Franklin Junior, 21st level cross-cut. Ch. V,
§ 11.

Miscellaneous illustrative specimens from va-
rious locations.

Maniton section.

M. 3. 122,

Mendota ophite and intrusive felsite porphyrite.
Mount Bohemia. '

Torch Lake sections, 20575 Minong type. Ch. V,
§ 10.
Altered boulder of Calumet and Hecla.




Michigan GerJogical and Publication 6, Geolegy 4.
Plate TV
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;, < SIM 1 s
il ;p‘ :;“‘J‘“']) Copper and silver from 0ld Colony lode.
; Speo 20602 Caleite and copper in two generations.

Qo 00T s . .
Nso 20617206200 Diamond drill core set, used in Plate VI, from
< oo St Mary's Challenge exploration
< AGI.90699 1, - )
§ ; m{-,.-(m.)(\ Calumet and Hecla White Pine explorations
escriptions of the following thin secti i N
g thin sections will be scatter
o on o ¢ found scattered
Sp. 19086
) Rp. 17982 Steamed sediment.
Sp.o 17998 (Oligoclase
Sp. 1799¢ (f)hgm].ls(, Ab Angy. Inte the hanging of the Pewa-
bic Lode. o |

\‘ ). <) :):’ - (52 . g
Spe 20356 The earlier sandstone. Marvine’s Conglomerate 6-8
or sediment. f

i‘ J DI~ Q -
] Spe 20358 0w yaudotte Hole 5 at 307
i Sp. 20359
(A PHOTOGRAPI OF AN OPHIDIAN, THE GILA MONSTER, TAKEN BY JESSE
MYERS OF THE Z00LOGICAL DEPARTMENT OF THI MICHIGAN AGRICULTURAL
COLLEGE.

(B OPHITIC MOTTLING BROUGHT OUT NEAR A SEAM OF CHLORITID FROM
THI MANITOU SECTION 3 D. 3 N., AT 543 FEET DIPTH; IN THE GRIENSTONI,
THIC BASE OF WIHICH I8 ABOUT 72 FEIT AWAY. THE DIAMETER OF THI: CORI
IS 7-8 OF AN INCH.

(C.) THI: BEFFECT OF OPHITIC TEXTURE IN THIN SECTION, HALF-TONE RE-
DUCTION OF PLATE IX, MONOGRAPH V, U. 8. G. 8., BY R. D. IRVING. FROM A
MELAPHYRIE IN THI SOUTHEAST QUARTER OF SECTION 9, T 51, R 12, MINNESOTA,
ENLARGED ABOUT 4.7 IN DIAMETER.




Publication 6, Geology f.
Plate V.

Michigan Geelogical and
Biological survey.

i
i
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TRACKS (?) ON RSLAB OF NONESUCH SHALE, PHOTOGRAPHED BY J. T. REEDER.

DIMENSIONS OF SLAB ABOUT 10 X 14 INCHES.
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CIHADTER IV,

THI GRAIN OF THE IGNEOUS ROCKS.

§ 1. INTRODUCTION,

This chapter logically belongs with the chapter on microscopic
petrography but the grain or coarseness of many of these rocks
can be made ouf without the use of the microscope. Since its varia-
tion has practical importance and as I have made some especial
study on the same, it has seemed to me best to make a separate
chapter of my studies.

Igneous rocks, as their name implies, have been formed through
the loss of heat, aided or retarded by changes in pressure and in-
cluded gases (mineralizers). Treat, heat or caloric (the ancient
phlogiston) as an imponderable substance, and we may group it
with the gases as a solvent, and say that consolidation is largely
or wholly due to diffusion of solvents through the margin. In other
paperst I have discussed the general theory of the matter, but as
some of them are out of print and the report for 1903 is defaced by
a number of errors in printing, I will give an abstract here correct-
ing some errors but omitting details.

The Keweenawan rocks most often occur in dikes, sills, sheets
and lava floods,—forms, one of whose dimensions is so much less
than the others that the position and distance from the margin in
this direction is the important factor. It is not the only important
factor, for the chemical character is, of course, of fundamental im-
portance. The more viscous {practically the more feldspathic) the
magma, the finer grained. The process of growth may be stopped
in one of two ways, either the available molecules are exhausted
or the magma becomes so viscous that they can no longer be pulled
out. In the former case it may be simply that the rock is all con-
solidated and wholly crystalline, the mineral in question being the
last one formed. It may also be that the remaining molecules are
soluble at a given temperature and pressure and may go into en-
tirely different crystal molecules, and indeed the crystals formed

iBull. Geol. Soc. Am., Vol. VIIL. (1896), pp. 403-407; Geol. Rep. on_Isle Royale
(Geol. Sur. Mich., Vol. VI., 1898), pp. 106-151; Am. Jour. Sci, (4), Vol. XTIV. (1902),
pp. 893-3905; Bull. Geol. Soc. Am., Vol. XIV (1903), pp. 369-406; Ann. Rep. Geol.
Sur. Mich. for 1908 (1904), pp. 205-287; Do. for 1904 (1903), pp. 147-153, 163:
Am. Geol. Vol. XXXV. (1905), pp. 65-72; Jour. Canad. Mining Inst, Vol. IX; “Dic
Korngrisse der Auvergnosen.”” Suppl. to Rosenbusch Festschrift (1906); Report Geol
Sur. Mich. (1908); T. S. G. S. Monog. LII, p. 407.

19




146 KEWEENAW SERIES OF MICHIGAN.

may be redissolved, For instance, we find plain indications in the
Keweenawan rocks that g magnesium silicate forms as olivine at
high temperatures, hut that if the part molten rock remains near
certain lower temperatures long enough the olivine already formed
may he corroded and augite molecules formed instead. Thus for
a certain distance in from tle margin the olivine may be sharp
and conspicuous, and farther in may be only in corroded grains.

One important factor, however, will be the rate of cooling. For
as the rock fluid or magma cools it tends to become more viscous
and that retards both the formation of centers of crystallization
and the flow of molecules to them and in general for a given com-
position of rocks the slower the cooling the coarser will Le the
grain. In the viscons feldspathic rocks the power of crystallization
is low. Hence feldspathic rocks are extra fine grained. On the
other hand augitic rocks of a composition something like Bunsen’s
normal basalt are always visibly granular within thirty feet of
the margin. Felsites in similar masses will be recognizable by their
porcelain-like fineness.

The retention of solvent gases seems, as we have mentioned in
discussing the doleritic and ophitic or poikilitic texture, also to
aid the power of feldspar crystallization, so that the last formed
feldspar is likely to be coarse relative to the augite in intrusives,
pegmatites and doleritic streaks. On the other hand, it appears
that the surface melaphyres flowed and kept pretty well stirred
up in temperature until they were cooled to within 10 per cent of
the crystallizing point of augite, and that consolidation took place
from the margin to the center before the center had cooled much,—
for the grain of the augite (as theory would lead us to expect in
such a case) increases from the margin to the center. Theoretically,-
we should find that there could be 2 rapid rate of increase propor-
tional to the distance from the margin for a short side zone which
was crystallized before the adjacent rock had heated up appreciably
and there would then be a transition (fairly sharp) to a slower
rate of increase. This, if the degree of superfusion is small, and
the initial temperature not over 5 per cent more than the crystal-
Iization temperature, will continue from the margin to the center
and be proportional to the distance from the outer margin of the
contact zone. The augite of the Keweenawan melaphyres which
crystallized veally followed these laws o a rough degree of numeri-
cal accuracy. The contact zone and rapid rate of increase ix con-
fined to a belt usually less than ten feet. The inner rate of increase
(which T have called A, the outer €7) s fairly uniform for any

KEWEENAW SERIES OF MICHIGAN. 147

one flow? and in the lustre mottled melaphyres or ophi{fes 1t 1151{(:;1127
heiween 1 mm. in 10 and 1 in 20 feet, or S{Ey 1 ml}n». in3 toz n:e]CQS
In the more feldspathic flows, like the Ixem's;u'ger foo}. 1 Lf ‘]S
The maximum rate of increase mnst.depenq on t]le-1(1t;0‘ 0” q;e
cosity and consolidation. The very hlghevs.t inner rate o '1111%(3( § ‘
is a '1‘:11‘0 of 1 mm. for each 8.5 feet, but in the large majori ; ot
¢ases the rate comes out 1 mm. in somewhere })etwee}l 11 an.d 1.6' iel.
This yefers to the linear diameters of the zmg}te grains as indicatec
by the mottlings on the drill cores. . (Pls. IV and VI.)

§2. GRAIN NUMERICALLY DEFINED AND RECOGNIZED.

To take up this matter more precisely, while “e know ﬂmti so‘m]e1
rocks are coarse grained and some fine grained, just as groc? sge .
coarse and fine granulated sugar, it is not at all necessary tha
all the different minerals that make up a rock sh(_)u]d be f)f th(i sz;n‘]e
grain. This is not generally true. It is also quite p.ossib]e tha 111(13
;~1O]np8]’illg different parts of one 1’001? mas.s‘, one m?nelafl 1;;21}??‘,31 -
coarser, another finer. Whether this is so is a' matter of obsex (‘
tion. In any precise work the grain of one mineral must}be cont
sidered at a time. Still it is a matter of common observation thaw,
some rocks like pegmatites have a generally coarse eﬁect,‘ ofhelds
mineralogically alike, aplites say, are generally much finer gl»*allne .

The coarseness of grain of a given mineral may be deterfn(lin](;é{
by the linear dimensions of ifs crystals or by the areas covered by

: in cross-section.
fh(]3?{2:1:311;(;1]y, it is generally more rapid and convenient 1',(.) COT-
pare linear size,® though the areas appear to vary more directly

rith the slowness of cooling. .
\Vl’,tl‘}lll(jjgrjig of a mineral may then be determined })y takmg }[;E
average of breadths of the grains.. I have S()meh.me:s us§ e
average of five of the grains ( makmg sure of full-sm‘.ed.ones(‘r.,,

not working on clipped corners, by taking tl‘le‘ la{*gerst within a blYeM
area large enough to include numerous grains, like the field of v1e\\£
of the microscope, or a square centimetr‘e“, etc:). Another Way. o
measuring the grain is by varying magnification. If o-pe secho;i
magnified five diameters, appears as coarse as another, Wftﬁ.‘mayls01 Si

its grain is one-fifth as coarse. In the Isle R(?y'ale section 1;1

of the work was done with a micrometer eye-piece, one of whose

divisions was about equal to 1/30 mm. So I took three observa-

2Cf. the data found for the Greenstone, especially at the Mandan and Manitou loca-

o i i (XX 1898, p. 143) has demonstrated

i g 1. Reichs-Anst., XXXII ; D L& s den
1hsaIt{0§Jl<§q?11méze;11‘1é I‘)Z;)%%rgggal to linear niegsureménts of mineral grains in section,
as A. N. W'inchell has called to my attention.
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tions, for by adding them and pointing off two places one can get
the average dimensions in mm. at once.

The grain of a rock we may regard as the grain of characteristic
and dominant constituent minerals.  If it is to he studied with
relation to the margin of an igneous rock it is important that the
mineral should be one whiclh formed after the fluid rock magma
came to rest. The last formed constituent ig generally that which
conforms more closely to the laws of cooling. for (1) heat given ont
by chemical rearrangement is less and (2) even its own latent heat
of erystallization is taken up largely by pre-existing minerals and
thus disturbs the simple cooling effect less; (3) the abundance of
granules already present tends to prevent undercooling and bring
on crystallization promptly, as fast as the temperature drops so
that it is possible; (4) initial irregularities in temperature are
more likely to have been smoothed out.

My most important and interesting results have been obtained
on the augite which is the last formed essential ingredient of many
of the traps,—those that run about 48 per cent silica and 10 per
cent lime, such as are Very common in the Keweenaw series. It is
the cement or mesostasis.

The size of grains of this augite is often quite readily recognized
with the naked eye. Of course it can always be told in fresh rock
by examining thin sections under a microscope, Tt may also be
recognized without the microscope :— (1) by the flashes of light
reflected from the large faces which extend all over one individual.
Rocks so reflecting have been called Iuster mottled melaphyres and
ophites. They are poikilitic. (2) Again the iron oxide and olivine
seemr 1o have been crowded away from before the augite as it
formed, though the feldspar is enclosed. Possibly there is some
porosity between the grains. There should be. Thus the alteration
to chlorite and serpentine always begins at the outside of the augite
and works in, and as we have mentioned there are color patterns
formed which are recognizable to the practiced eye,~—sometimes on
joint planes, sometimes on smoothed surface:s,y whether polished or
unpolished, rounded pebbles or as illustrated in drill cores. They
are more faint on fresh fractures, but even here there is a faint
purple and green mottling often mentioned by Marvine. In general
the augite centers are less greenigh.

(8) 1f the rock is exposed to the mechanical erosion of the rain,
the interstices weather back and leave a warty, pock-marked ap-
pearance so that the rock fifty years ago was called varioloid green-
stone. Tllustrations of the appearance of the drill cores and of
the weathered surface are found in Plates IT to VIT.
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§ 98 GRAIN DEPENDENT ON RELATION TO THE MARGIXN.

T .
\When igneous rocks occur in elongate fgrms. over five ’Umex 1(115
Jong as L]ii(‘,k, the distance from one margin :1]01}(3 .needv g.(]nfltna‘;
he ;-¢;11si<]m-c<]. There are <§><<’:(epﬁon.s, however, to T'hls, (\& W Liglﬁe:
escapes info a cavity (a bubble which thm ﬁH(}d'JS .‘1rn‘ Am(,l\ _,1 riti,c
aronind which we find in consequence a f{ner gmm.j lvhevno f o
sireaks due perhaps to segregated 11111101‘3]1201’§ are ot helr e‘n;p jlo. h
'()('(‘;l{\‘i()']'léll])' (Sp. 15743) we find a finer grain near a (:1}1(32'\\ e
might be explained by-supposing that the. rock was a sh»ff \‘js;c?uls
::];;SS and cracked in cooling like the basaltic columns before crystal-
e
]M‘ll\l';'en a rock erystallizes there are two factors concerned. 1 ,Thi
ane is the power of crystallization, to wﬁ‘,.ﬂ]e nymbfr of c1 xsta
granules forming in a unit volume in a unit .Of ’r,‘lme.. If, for in-
:lmlce, we heat up a glass above a certain point it will comﬁmevnce
{o devitrify and the higher we raise the temper‘atu.r‘e the mmel;l api;
idly will it devitrify and the more numerous will the spec sisl o
('1‘\"St',ﬂl]i1]e devitrification become. Obviously the n.umber qf these
will put a distinet limit on the size of the crystal into Whl.Ch fmy
one center may grow. This is known as the power of .crys;ta.lh'zatlon.
1f the substance has not high power of eryst:'llhza.tlon it m‘ay
be cooled so rapidly that it becomes a stiff SO‘h.d glass and 1?16
crystals will not appear at all. Then upon raising the tempera-
(n're we shall find that at some temperature, 0‘.ften about that a:c
which the glass begins to soften, the crys’ralln;le center§ appea.l..
The temperature where there is greatest po-welio‘r cr)jstall'lzatlon is
sometimes considerably below that of perceptible .V]seosfcy, some-
times much higher and nearer that of the fusion point. ',["he poxy*er
of crystallization always seems to decrease near the fusion pmpt,
but filiS‘ must be partly, at least, because the Iatent.hea.t of crys?ak
lization is given out and raises the surrounding fluid 'to i.he f:l]‘S]OIfl:
point and so checks the action. The power of cr, 'stall.lz‘atl(—)n is nol
so Inversely proportional to the viscosity as the velocity of crystal-
]M’,Z;‘Eiosn‘second factor is the rapidity of Crystalli%ation or .lme?lfr
velocity of growth of crystals in millime.tres- per minute. ‘ This dif-
fers in“ different directions. We ordinarily assun?e that t.he plaiie?
of cleavage are planes of greatest molecular density. It is natur ar
to infer that in attractions lying in these planes the molecular at:
tractions will be strongest and there will be a ’renden‘cy to grea.tm
This is, indeed, true in a general way. Minerals which

growth.

) o 0 ;
Tammann, G., Kristallisieren und Schmelzen, 1903, pp. 134, 140, 161,
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have an ample supply of material generally are elongated and grow
out fastest in the direction of cleavage. If there are two cleavages
concerned, the direction of elongation is most likely parallel to
their intersection. That this is not the only factor concerncd, how-
ever, and that the mutual attractions of various crystal atomls and
molecules play a part is shown by the fact that crvstals have dif-
ferent forms when crystallizing from different solutions and that
minerals which have very poor cleavage,—for instance. quartz—
very often have a marked tendency to elongation. Ho“;even it is
so-generally frue that we may rely on it with some (-unﬁden(‘é that
erystals which form rapidiy with an ample supply of nourishment
are elongate. This is particularly characteristic of the feldspars.
Near the margin of a flow the very small and minute feldspars of
the so-called microlitic and trichitic texiure are, as will be seen
Irom the measuremenis given in the Isle Royalel section, perhaps
five to ten times as long as they are broad, and in such (feldspvurs
the elongation is often parallel to both of the cleavages. In the
coarser feldspars, elongation is likely to be more than three times
j,llzlt of the breadth and the form is more that of a tablet. It is
true also of the augite that even in the grains which form the last
interstitial patches there may be often discerned a distinet tend-
ency of clongation parallel to the vertical axis and to the cleavages.
Now, obviously, if the different individual grains of a mineral t(:u‘-e
i(?imnor])hic and not interfered with by others their size in different
(].n'e(:tions must depend very largely upon this velocity of crystal-
lization. This veloeity of crystallization is, however, in some éases
fxt east, not independent of {he temperature itself. Apparently
it increases as the temperature falls below the temperature of
satration o1 fusion and attains a constant maximuni, some five, or
:1('<,=01:(1i1.1;: to Doelter’s idea, twenty or twenty-five (1(’;;.}"1"(}0,% below
?]m fusion point. Aceording to Tammann, however, the veloeity
is really greatest at or close to the fusion point and the power O'f
crystallization would be greatest were it not for the heat given
at the latent heat of fusion, which raises the temperature and?‘hﬁg
checks the action. It this heat could in some way be conducted
away then the viscosity would steadily increase ll;'ld the velocity
of crystallization decrease continually below the temperature of
saturation.

This velocity of growth must depend upon the rate at which
molecules can be drawn in, and this in turn must be diminished
by the viscosity,—the internal friction of a fluid. The viscosity
of a fluid is, indeed, measured in just this way, by the xrelocif;f

)
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with which steel balls will move through it drawn down by the
attraction of gravity.

We may look at it another way. The femperature of a body
depends on the mean velocity of its molecules.  As the tempera-
iure falls a smaller and smaller number of molecules then will
in « given time pass on their paths within the range of a growing
crvsfal where they will be added to it. Tammann’s experiments®
slhiow that the erystals formed while the solution was only one
degree to five degrees below the saturation or fusion temperature
were larger and less elongate, and bounded by more difterent cry-
stal forms so as to give on the whole more nearly equal dimensions;
{hat from five to thirty degrees beneath the melting point they be-
come move prismatic and are more regularly arranged with reference
to the direction of growth and cooling. At lower temperatures
vet, they fend to enclose glass and become forked. This has a
direct Importance to us for we may infer regarding the augite
patches in the ophitic texture that since they are so equant in form
ihey were formed before the magma fell much below the crystal-
lizing temperature and therefore in a very lited range, while
on the other hand the extremely microlitic forms of some feldspar
crystals near the margin suggest at once that there was a consider-
able undercooling of the magma before they were formed.

The crystallization of any molten rocks or solution is due to a
change in conditions. In the igneous rocks, as the name implies,
loss of heat is the important factor. But as we have said it is not
the only one.  Change of pressure is another. Loss of some ingred-
ient promoting fluidity like the evaporation of water from solution
is another. Such an ingredient is known as a mineralizer.

We may remember the three factors as T. M. P, not temperature
alone, but temperature, mineralizers and pressure. When we wish
to emphasize the conjoint effect of the first two factors we speak of
aqueo-igneous fusion.

The effect of loss of pressure may be greatest by indirectly promot-
ing the loss of mineralizing gases.

[t niay be proved experimentally and theoretically that the slower
the Joss the coarser the grain, and in particular the slower the
cooling the coarser the grain. And it may also Le shown that
1he less the drop, that is the less the difference in conditions between
those of erystallization and those of the country rock foward which
the molten mass is cooling, the slower the cooling and hence other
things being equal the nearer the country rock is to melting the

SKristallisieren und Schmelzen,
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coarser the grain, Ixamples of slow or slight change of conditions
and coarse grain ave rock candy and rock veing. Pegmatite must
be another.  Agate cavities have waulls lined with relatively rapidly
precipitated silica. Often at {he center is quartz in larger crystals,
more slowly formed as the supply became slower and slower,
Diffusion and loss of gasex or mineralizers follow Jaws like those
which apply to the Joss of heat. The fundamenial principle is that
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¢ 1here js at a given point a change of state (for inﬁtagcye,ﬂ]osvs zi
jemperature) in time there must he nOt,],mrd‘\j f1 Sieav )’ Oﬁ‘q’n@;ﬂ
wmuch transmitted as received, but .an .nccelelmedvﬂf)\}] (;1 ? e‘,ivz,d
in space, the amount transmitted being increased over that rec

hy amount lost.* . .
- ’]‘11111(? gl(l;(e)?al principles have been better expressed Ly Wright in
ihe report for 1908 than I can phrase them.
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/72 J ) o g + cooling of the same igneous sheet as g . ' for
V4 argind oFf Corfact Zope : | oF ;)%ra%{?i‘esSztllso“osl‘d;hlllgtecso ling of aisiatice ‘as ;b;;‘ﬁigs%g Zurves being given for
; i 7] H x aced. > Tor .
| 22 & L4 973 448 L78/ 7_/ e 23 ?Illfgegglgeels)gg}[};é:faélllﬁ‘?gﬁgg ?%uilltl)giu;sdp at from the 1'igéht hand side. There are also
1 V. p G0 . 0 o 0 (74 lines showing the effect of varying diffusivity. See text.
o i re at any given time of an in-
Fig. 18.  Curve showing cooling of lava shoeet and heating of a_contact zone sup- The curves showmg the ten]p@l‘iltllle d I8 1s N Howed
; Dosed to be one-fourth the breadth of the lava sheet on either side. The abscissa . . heet placed between two others which are allow
1 {x) represents the time, the lapse of which is measured from left to right. The definite CO()llllg' sheet p . lotted
i temperature for different times is given by a series of curves for a number of points kent at constant J[enlperatures outside can be plo
! equally spaced from the center of the flow to the margin of the contact zone which to heat up but kept a R .. b n-
is supposed not to be heated at all. It will be noticed that outside the ‘curve for . . rious difﬁculty if we suppose dlffllSlVlty to be co
| the margin where the temperature begins half way between the initial temperature of without any seriou
[ the contact zone (which is(iaken as zero) and %ihe initial temperature of the lava b%
sheet, the curves first rise as the contact zone heats up) and afterward fall. The 3 i his statement becomes
i diffusivity is supposed to be constant and in getting the scale of time from the curves “In ma(ghe(‘;‘;}EC?ld?ﬁﬁ%’;‘g this i« wenerally faken as constant
found as functions of (q) the total breadth (c) was assumed as 100 feet and the Y u/ j} , function of u and x and t but is generally take
diffusivity (a%) as 400. These curves may Dbe considered as contours of a surface where a® lsule?}if‘fus%vily .
which would represent the connection hetween temperature (v) time (t) and posi- ard called the :

tion (x). There is also given in dots a curve representing the variation of h (see
text) with the temperature for early times when it ig independent of the time.
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s)mnt. Such curves I have given among other places in the Isle
Royale report (Vol. V1) and in the annual report for 1903 for
three diffevent widths of the outside sheets.” In this 1'01)01'1f I; give
a slightly different set showing the cooling in case the oﬁi«hle *1?@01’
Uué belt supposed to be heated at ihe nnirgin. isi 011(;—1'011;-r11 ’(;f 1l .
lm?'al thickness of the hot sheet of rock and Gne-,ﬁxﬂl of the 1’(){'211?
thickness supposed to be affected. To show the connection b(;f’weon
The 1"111‘0(% “aviables, temperature (v}, the position in ’17'110 sheéi‘ '11{d
its dl,’qmu(:e from the margin (x) and the time () 1'-equi1'-o§ 71"0:41]]\/'
a suwrface which may bhe represented by contour li‘nés and ili 'I<‘1'<l:ur“e
18 .:md Figure 19 T have given two views of the surface (m: i1

which the absecissa is the time and the ordinate the (‘(‘H'};}(‘]"ﬂ'[llll";
and the contour curves are équally spaced distances ﬁ’om‘1]1()7/(‘('*111‘01‘
of the flow. In the second figure the abscissa represents ”l(’, d]S
tance from the center of the flow and the ordinate the 1011’1’)01‘:}1-
ture as before while the curves represent  different, not (( zzdll

sptced epochs in the cooling. ’ e

§4.  CRITICISMS.
7 Now fl perfectly fair criticism has been made upon my work by
],)(}O,l,wrh and Harker,” viz,, that T have considered in m;’ work on
iheA theory of the variation of coarseness of grain m:\in!]\' the dif-
]flulilfn of hteali‘, ]l'hat I have assumed the diﬁ(usivitv Con;mﬁtj an&
ave negiected the importance of such weiohty 1 :

: : [ oy - and absorption of latent
?10:1 t which T have just mentioned. Tt will be found, however, that
oy very first paper I noted the fact that {he (']le:)]‘\’ w‘;s ’i]’](’()];l:
p']ete and I have always found in practical :11)1)]it;11’i(;n§ }il‘lt :
siderable corrections were due to other factors ﬂmﬁ til(xqt‘( w]('ml}
liad been mathemati cally treated and yet it is :11\§':1\7S 110("(}’;@&1;]?1
mlly problem in physics to do just 1,111';1,—4'0 :Lssuméu 5r1 1dezl( \f 1]i
of affaivs much more simple than the real and then jitﬂe bv htj]((’
as one finds variation in the real from the ideal to h;v l‘(; app‘hf/
the necessary corrections. T have found in the augite <;f the Hinl)
11’{61:11}]1)'1"@8 or ophites and in many other cases aO‘;eement eno 0’11
with the numerical theory to make /it of practical :d ‘ o ‘uzjl
scientific value. e e heliere

~AS to the disturbing effect of undercooling and the latent heat
given out in erystallization there are certain factors which m:;y

“In the curves figured by Q : i

abscissae arayes figured y Queneau and copied unfortunately by Iddings t
iliet}‘ogenesis, 13.145%)01L101131 to the time, but to a function thereof. g the
Natural IIistory of the Igneous Rocks, pp. 219-221,
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diminish its importance. One is that the rocks are composed of
different minerals so that the effect is distributed at various tem-
peratures. Another is that some of them crystallize quite slowly
even when undercooled so that the giving forth of heat by the
Jatent leat of cryvstallization is distributed. With regard to the
very last mineral crystallized, the augite of the ophites say, a
large portion of the rock may be already solidified and so only
a very small quantity be crystallizing, the heat of which will be
absorbed by the whele rock, thus diminishing and diluting its effect.
Tlie effect produced can be studied experimentally. Compare the
curves of cooling plotted by Vogt.*

§5. ALLOWANCE FOR VARYING DIFFUSIVITY.
As White hias remarked, the effect of crystallization can largely

he allowed for by assuming that the diffusivity is not constant.
This we know is the case anyway. The diffusivity of a rock changes
with the temperature. The change is ordinarily not very great
during the important range except in case of erystallization. In
this case it is and may be infinitely little. Now if we take the
equation du/dt==a® (d*u/ (dz)?) and assume a to be constant and
compare it with another equation du/dt==f(u) (d*u/(dx)) we can
use the solution of the first for the second if we will take the sue
cessive values of x so that f(u)/a*=(dx)*/(dz)? that is to say,
if we cat up the body into a series of layers parallel to the margin
each offering the same resistance to diffusion of heat. These will
not be of equal thickness at different temperatures, nor will the
total number in a given thickness of dike be constant. But sup-
pose we try to find the connection between these Iayers and their
thickness and the femperature and the position. Tor this purpose
we may take the figure (19) in which curves for the equation with
a constant diffusivity are shown with the distance from the center
and the temperature (x and t,) as abscissa and ordinate. Iet this be
the solution for z. At the initial temperature divide off the scale
of x into a number of equal indefinitely small parts, BD-—=dx=dz,
when n=—v=1 and at this temperature they will all represent the
same diffusivity and the same distance and the same widih of suc-
cessive layers offering the same resistance to the flow of heat. DBut
as the temperature falls the diffusivity will-change and if we con-
nect each of the points at the top (e. g. D) with points like E rep-
resenting the breadth of a layer having the same diffusivity as the

gilikatschmelzlosungen, Pt. I1I, P11 and 4; Fig. IV. See also e. g. Fig. 12 of
Day and Allen on the “Isomorphism and Thermal properties of the feldspar’ showing
the distribution of heat absorption in melting orthoclase.

e
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initial layer (BD) the ordinate curves instead of being straight R - ST
lines and parallel 1o ihe vertical axis will vary as DEF shown in S scate bt g = i
the figure and will give us then the corresponding thickness. : ]

If then we take our uz curves for the solution of
du/dt=a* (d*u du?)

i and for each point with a given temperature t shift 1he abscissa
i over as given by the zx curve we should have a servies of curves to
solve the equation du/dt=f(u) (d*n ‘dx®) that would be fairly sat-
isfactory. did we but know f(u) and were that f:u'rl:s' uniform,
but for the fact that in solring dn/dt==a*d*u/dz* and getting these
curves we have to use auriliary equations which involve the scale

.7854 -

Scale |of temperatures,if u,
T

Scale of temperatures if ue

/
f‘//?////’
J

of x and if we suppose it to rary we suppose also to vary there- ‘ S — I —
with the breadth of the dike und its contact. It is only then in o e e ee il [T 5 A —

initial cooling where the breadth of the dike is not important and
no cther factor involving linear dimensions but x and a comes in

CURVES OF COOLING—MARGIN TEMPERATURE CONSTANT |

+ ig maet 3 T P o . e » ' Fig) 20. This shows the cooling of an igneous sheet, the margins of which are

that this method could be used. We have been using practically f Kept At a constant temporature. tiken ag 06 and l}.oepreséme% by the bottom line of

9 var P A4 L 3 : : 3 . . . iagram. The temperatures are represente y ordinates, ree  d

a variable scale of distance and thickness that implies that the o enat e perature corresponding to different values of the initial tem-
Teky = - 3 < c r1 g 3 N in s " i ame as used in e A2 :

thickness and width of the igneous mass and contact zone will be : B e et T T e e L IS G e 28 used I O el e " e

/| . N A . » * the
initial temperature of the igneous sheet (that is, its excess of temperature over t :
surrounding rock) is taken gat 1. The abscissas to the right represent the lapdsetlof
time, the main scale at the bottom being proportiomal to dec. log. ¢ and ti; anC rv]ees
“scales above being proportional to m, and ¢, which are Qefmed in the text. dutt e
for twelve equidistant points from center to margin are in full lines, and lltl 0 heih
¢ lines two curves still closer to the margin, one twenty-fourth and one ‘for y—(:,ilg t
1 of the distance to the center respectively. Also for curves 1.2, 4, and 2 webln 10? e
by dashes the points where the curves of approximate solutions .(obtamed ¥y {Jskre}g
the first terms only of equations 1 and 2) leave the curve which we have' z}mari
them to represent. This shows the error which we make in using such approxi

variable from time to time and temperature to temperature. This
method of solutjon, therefore, is not sound and can only be looked
1! to in early cooling (and linear increase of grain) for cases in which
the size of the mass or contact is of little importance, that is for
crystallization which takes place before the center has cooled. More-

over, we know very little about the diffusivity as a function of wu. 1 tions.
At present and for this report all we need is to note that the tend- M P (v _p )+ (P —p )---
ency of decreased diffusivity is to crowd the curves of Fig. 19 into u, T m me+m  Tmg - m 2mg+m 7 2m,—1m
. . 3 . . 25

the corner B and that if augite (the last mineral consolidated) in- | @) _‘Z_ A, sinvrx/c%—%g' sin3mwx/c + 95,, sin5mwx/c- - -

. . . . i u
creases in grain clear to the center, much of the crystallization must where: °
have taken place in this early time. _ ' u is the temperature after a certain time (t);

The mathematical investigation is therefore of real importance, | u, is the initial temperature;

t is the time from the beginning of cooling;
x is the distance from the margin;

¢ is the thickness of the flow;

a2 is the diffusivity,

§6. MATHEMATICAIL TREATMENT. ‘ —
m == X/2?L,\/ t=xm,/c

but may be skipped over lightly by those not especially interested
so that they may come to the conclusions, at the end of the chapter.

GENERAL FOrMULAE FOR Rock GRATX.

MARGINAL TEMPERATURE FIXED. m, = 0/2&\/ t=cm/x

| . . .. . == — mwlc-2 = (w/2m,)?
| In an injected sheet of uniform temperature and diffusivity whose walls are kept nat Iogg - e (/2mo) )
g at a’fixed temperature the temperature may be expressed in two kinds of series, : P~ = —m2dm is the probability integral of which there are numer-
N o

: one of definite integrals of the probability integral type, the other the ordinary

Fourier series terms; the former most applicable at the early stages of cooling, the
| latter in the later stages of cooling. 1

Curves showing the manner of cooling, at first fast at the margin and slow at the

center, then later slow at the margin and faster at the center are given in Figure 20.

ous tables, The report for 1903 and Johnson’s “Theory of Errors” contain them.
™ == 22 /7 =31416

‘Sec Byerly, “Fourier's Series.” articles 49-30: annual report for 1903, p. 210 (mis-
prints corrected here); and A. I. Queneau, Am. Jour. Sci., 1902, p. 393.

et
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Formula (1) is the Woodward-Queneau formula and converges most rapidly at
early times and near the margin when m, is greatest.

P varies but little from 1 if m is much over 2, and for the center cooling
that means if mg >> 4,

Formula (2), which I used in the Isle Royale report?, converges much more
rapidly for large values of t the time or . When formula (1) ceases to give a result
approximate to the third decimal place, a couple of terms of formula (2) will usually
give it. The linear grain will be expressed by the formula (where k depends on the
power of crystallization of the mineral under the given conditions and will be as-
sumed independent of the temperature and time, except as later provided):

@3 g=k \

For ordinary igneous magmas where probably according to Doelter du is often
not over 40° and u, and u are to be reckoned in hundreds of degrees dt and du may
be treated by the infinitesimal caleulus or that of finite differences.

In any table of the values of u in the terms of x and t, such as are given in the re-
port for 1903, we find the ratio dt: du as the quotient of the corresponding conse-
cutive differences of argument and funetions respectively, for the same value of x.

We deal with the partial derivative of t relative to u, x being supposed con-
stant, that is.

A glance at equation (2) shows, what is not so clear in (1), that it is only the
ratios u/u,, x/¢ and a/c which are involved in determining t, moreover our
tables are not constructed directly with t as an argument, though u/ u, is the fune~
tion. I found it convenient to express (3) otherwise and introduce instead of ¢
a variable h (and m) where

(@) he= L/
—du/u)/(m/ugy)?

Then (3) may be written *

¢ k
")) o= - . -
5 g e

ke

The advantage of doing this is that h proves to be a rather peculiar function of

i
u, X and t, in that it is for quite a range of temperatures close to .8863 :\:’l:f’

u/u,
m

for a wider range is and, especially for early times before the center has

cooled when u/u, is practically Pm, is independent of x, and its values are given
by the following table, corrected from that in the report for 1908 in which a line
unfortunately slipped out.

2See Byerly, lourier’s Series, Article 60, ex. 1.
“The steps are somewhat more fully given in the report for 19083.
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Varves oF h Berore CENTER HAS COOLED.

msDmu / ug

Pum=u/u, m h =

(u/u,)?
0 0 V7 /4
1125 1 .8863
L2227 .2 .88
.3286 .3 .88
.4284 4 .88
.5205 5 .88
.6039 .6 .87
6778 7 .87
7421 .8 .86
7968 .9 .85
8427 1.0 3
.8802 1.1 .80
.9103 1.2 .78
.9340 1.3 75
.9523 1.4 .70
.9661 1.5 .67
9763 1.6 .64
.0838 1.7 55
.9891 1.8 .49
.9928 1.9 .45
.9953 2.0 .39
1.0000 infinity 00

In Fig. 18, a curve is drawn giving h when it is a function of u/u, only (for early
times) by the aid of which curves of relative coarseness of grain may be obtained
readily for various positions and temperatures up to the time where the tempera-
ture at the center drops off.

The curves of grain are best located by their tangents and values at critical points.

At the margin

k 1 1
(6) g = C’x where C' = i W Vrao

and C' is the rate of increase at the margin—something that may be observed.
The grain at the center (E) we most readily find from equation (2). If there isa

belt of uniform grain, (as I remarked in the Isle Royale report) D; —:117 is a funec-
o

tion of u not varying with varying x. This can be only if in (2) the expansion for

S— is practically confined to the first term. For the differentiation of (2) gives

@ ﬁ Dt u =sin zx/c (Dt q == — m2a2 ~2q) - - -
== — w22 -2n/4 u/u, if terms after the first are neglected.
This will be the same for a given value of u regardless of x, and from (3) we find
~— writing E for g and substituting (7)
S ck 1 ck
® = Twe T anva
L then should really vary between the value of g derived from Eq. 6 if the increase
kept up to the center, that is Ce — kf . L . *%
’ 2 2ay/ h " 2 (u/u,)s

just found in (8) which does not depend upon the initial temperature u,. The

and the value
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ratio of these two is also the ratio of the distance from the margin at which
the grain would be equal to that at the center if the marginal increase kept up
(which we may eall the belt of marginal increase) to the distance from the margin to
the center. It is
I3 hy's - . .
() R about 4 10 .5 of u/u, when the width of the contact
Cre/z2 = u,/u

zone is inappreciable.

Cf. TFigure 21 below,

MaRGINAL TEMPERATURE NoT Fixep,

When we come to consider the case that the sheet is supposed to have heated a
contact zone, a formula whieh we found in the Isle Royale report enables us readily

to construct the curves of decreasing temperature, which are shown in I igures 18-

and 19,

This formula is as follows: —If v represents the temperature at a time t of a point
at a distance of z from the center of a sheet the thickness of which is 2w with a con-
tact zone of breadth y on either side, so that the whole zone affected or c is equal to
2w+ 2y. then—

(3) v=13% (uwrzs-+ Uw-z)
where uw 4, is the temperature which would exist at the same time t after the
beginning of cooling and conditions otherwise the same (except that its margins
are kept at a constant temperature) in a sheet whose thickness was equal to ¢ at a
distance of w-+z from the margin and uw-z is the temperature at a point at a dis-
tancejof (w-z) from the margin in the same sheet. Or if (w-z) becomes negative—
that is, the point lies in the contact zone-—we must assume

(14)  uw-z = gy (in the contact)
Now if we let x” be the distance of the point in the sheet with a contact zone from the

margin of the sheet—that is x’'— g —Z—W

(15) v=134@ux+ 2y +uy)

Thus we can obtain the curves of these figures either graphically (very rapidly)
or by taking means of appropriate rows of the table of solutions of the case where
the margin is kept at a fixed temperature, g table which is given in the Isle Royale
report for an initial temperature of 7854, and in the report of 1903 for the initial
temperature of 1,

Thus expressing the grain of the sheet with a contact zone y on each side as s
certain function g () of x’ measured from the outside of the contact zone, of v the
temperature of erystallization of u, temperature of injection, of y the width of the
contact zone and of k, which may represent such factors supposed to be invariant
as diffusivity and power of crystallization, we may proceed to locate curves of rela-
tive coarseness of the grain by their values and tangents (rates of change) at certain
important points,

AT THE CENTER,

Here
(10) v = uy whence we have
(11)  Center grain
g (k; x/ = 0/2: vy Ugs Vs C) =8 (ki X ==, Uy, Uo, ¥ == 0, C.)
The expression for the grain at the center will be, then, like Eq. 3,




fehi Annual Report for 1906, Plate V1
Ueoinical Suney of Michim

PLATE VI,

Typical ophitic drill cores, Photographic pl

: ate after Annual Report for 1904,
1 Plate XVII.

The cores are arranged with that nearest the bottom at the extreme left, as follows:
20620, 20619, 20618, 20617, Depth in drill hole 250, 232, 202 and 172 feet. Dis-
tance from margin at 257 feet, 4, 13, 28 43, Apparent grain 0.5 to 1,1%02, 2to0 3,
3 to 4 mm. Thin sections 1.5 t0 .74, 2 to 1.34, 3 to 2.8, 4.5 mm. 20618 analyzed.

250 232 202 172

APPROXIMATE DISTANCE FROM MARGIN, IN FEET:
4 13 28 43

LUSTER-MOTTLING IN DRILL CORES OF OPHITES
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11 the cooling has gone on so far that there is a belt of constant grain at the middle

(m, <L 2.5 practically) then by Eq. (8).
c - ck ck
(12 sk, X == S Or X =W, U, U, ¥, ) =E=— e == —
12) el 2 ° & yu, * vu/u, anyy

The grain does not depend on the initial temperature, only on the difference be-
(ween the temperature of crystallization and that of the country rock, being greater

{ac less this is.

At THE MARGIN,

(Consolidation temperature nearer that of country rock.)

Here.

(13) v=1%uy whenee we find that the grain at margin, if u < u,/2 is,

(11> g (k) X=Y,V, U,V C) = JQig (kl ny 2\', U,; O, C)'

1f u/u, is so low that this value falls in the second period, i. e, my,<C 2.5, and
{he grain is that of the belt of central grain as in (12)

ke 1
Wi, RV,

Comparing equation (14) and (15) with (11) and (12) we infer that if the tem-
perature of consolidation is low enough the grain may be the same from center 1o
margin. Otherwise it may be shown to be coarser at the margin if u < u,/2.

(] 5) g (k7 X, :yz v, uo7 y: C) =

(Consolidation temperature nearer that of injection.)

Inasmuch as v =1/2 uy, at the margin, so long as uy, has not dropped from
u,, v will be equal to u,/2. During this time the cooling will be as though the
t{emperature at the margin were fixed at 0. It will be the same as that of a
sheet of constant marginal temperature (which is taken as 0) of which the initial

. . u . ..
temperature will be u,/2 and u will be v— —2-.  The expression of grain in terms

of the ratio u/u, we must change accordingly.

168) gk, x=x+7v,v, U,y ¢ =gk x,v— 1;" ’ 1;° 0, 2w), where 2w ==

¢--2y and going back to equations (5) and (6) we find
k x’ V2

an g=qy= %
’ Wu, gy / 2u 3
2(=-—1
v2(5o—1)
. . s2 X .
Where h’ stands in the same relation to ‘i - 2¥ _1ashto s and a2, iLe,h
2wy, c s

. . . . . . . x’
is for points close to the margin crystallized in early fimes independent of S

(this will be true for the linear rate of increase of grain at the margin) and while it
depends on ?u—v— — 1 it will vary only between .7 and .87 if ]211 — 1 is less than
gel o

966, 1. e., Vl}y« is <~ .983. That is unless the crystallization is practically coinci-
o]
dent with the consolidation B’ is roughly constant, until the center has cooled

appreciablv,

21
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—ada_= AN 3
18) = 27t f Mo
| S x/
| Sy _x
(=9 \ 54
YEET
Snee fl— —1
2w |
cmy VG )
X ‘ v
d = —1
Ug
7 e . e
in which t as a function of X ang 2% 1and M, = (,fL Vide ) must  be
2w U, 2w

7
taken from a table like Table I, Report for 1903, using z{ for the distance,
2w

Oy

Z— ~— 1 for the temperature,
U,

INTERMEDIATE ZONE,

The curve of cooling of the extreme margin thus indicated may become practically

coincident with a curve of cooling of a sheet of reference with width ¢ and fixed.

marginal temperature of 0, If that is 30,
19) v =1} ugy = uy

when 2y represents the distance from the margin of the point whose cooling is rep-
resented by the curve of cooling of the sheet of reference (Figure 20), with constant
temperature at margin, with which the curve of cooling of the fmargin becomes
coincident. If the cooling has gone so far that it can be represented by the first
term of Eq. (2) we can see that Eq. (19) can be true and that

o ~ o lq sin =Y 2y 7y

U, 2 c c

gives us a simple trigometric equation to solve to find y’

: Ty dn—1 1 ¢ 2y

21) =2 — sin g sy 22

c ¢

= sin

But we also see that if y is so small, that is, the contact zone so small, that sin 2
7y’ /¢ is proportional to 2 7 y /¢ then vy’ will be the same proportional to vy, and
more generally, if it is so small that sinn =y /¢ is proportional ton = y /¢, to
the number of terms of Eq. (2) covered by n will ¥’ be proportional to y and eq

(19) be true, Not only that, but in equation (1) if v/u, =P y and if
22Vt
4
P oys is nearly proportional to Y which it isif Y- < .33, then to the same
Y gl 2al t U,
23Vt
extent will:
22) - v 1 ILZOV = % (constant X ) Qy“:
u, u 2av't

= (constant X) yiir_
2av ¢
and v = uy
That is to say if the contact zone y is small enough so that 2 v ==ug2y becomes
0.33 u, before the center has cooled perceptibly, or the marginal temperature becomes
say 1 /6 of the initial, the cooling at that margin will be the same as at a corres-

ponding point of the sheet of reference whose walls are kept cold. At the same .
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/ime the cooling at the center is the same as that of another point in the reference

<heet, at a distance ,f)’_ — y from the wall. The cooling on two planes, center and

juargin being the same as on two planes of the reference sheet, the cooling betwe.en
must be the same, except that due allowance must be made for the different (%13-
{ance apart of the two sets of planes. The distance of corresponding planes being
(hus proportional we obtain a formula:

S ks
©3) gk, x, v,u, Yy, c)=g Kk, CT":X;’V <+ y,u,u, 0,e)=Ax"+ B

if 2siny = c==sin2y r ¢ nearly.
At the center (23) reduces to formula (11) and writing o
g = Ax’ + B and the expression (k ¢/ay/y) K comparing it with Eq. (3), and
(5) we find ) , ]
@ A= Kooyl 1
c 2y

b2t/ ug

’ 1
25 B = I< ‘X"“ B Ry R e
25) C hvo (u/uye

The equation (23) is the equation of another tangent to the curve of grain if we
consider A and B constant. It will appear in the case of small contact zones at a
point of minimum curvature. o

It is of importance as the rate of increase A is most characteristic of the
Keweenawan flows. It becomes more and more important, and repres‘ents more
and more of the curve of grain, the less the contact zories are and the more immediate
the crystallization. . .

It may be distinguished from the other tangent to the curve of grain by the fact
that it does not give a 0 grain at the margin. We notice, too, that

B -2y ;2w r W

4 . —_ [T
26) A Y 2y-2y Y w2y 7wy
This is always positive unless y + y' > 1/2, 1 e, unless.the contact zone is
greater than the width of the dike > ¢/4 on each side, and is for small contact
zones practically proportional to the contact zone. . .
If a series of observations of grain give a value of B negative or very smaI.I it is
pretty likely that they refer to the equation y = €’ x’ and that the value of B is due

to the errors of observation.

APPROXIMATE FORMULAE.

If we make certain simplifications, which can generally be done Witl?out ap-
preciable loss of accuracy, we ean obtain formulae not bad to handle numerically.
| @y+yY) 3. This we

c-2y
may do when the contact zone is relatively small. We will also -introduce h’ as
before and call v/u, = 72 and we have the following formula: o

(27). ¢ =K/cl 2v/u, — 1) = K/ch' 2/ — 1)i.  As K/c‘: k/av U, C’
is independent of the size of the dike or the contact zone, and is the marginal
rate of increase. B

(28) A=X/ch(v/u}V 2 =K /chf3V'2, from (24).

29) B =Ky'/ch(v/u,)} V2 = Ky’/ chf? V'2, from (25).

430) E =K/ nl/\T/TO = K/=f, and is independent of initial temperature,

Assume that y is equal toy’ and that the fraction

re
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From (28) and (29) we can determine y’, the effective contact zone, which is
B/A.
. B
31) vo= -
@1 A

If y comes out less than 1/12 of ¢, we may be sure that so far as the contact
zone is concerned our approximate solutions are close, From (28) and (30) we can
find ¢ in the terms of A} EE and IX—that is, we can sometimes by observation of the
grain determine the thickness of the dike before it was completely penetrated if
from a general knowledge, or from Eq. 30 we could infer /. Moreover, we can find
f in the terms of A, E and ¢, and if {? does not come too near to unity we may feel
that our approximate formulw and results from them are not likely to be far out.
We can also find K in the terms of A, E and ¢, or if we have also Eq. (27) we can
either check on our observations or get along without ¢ or some other factor. From
formulwe (27) and (28) we can find f in the terms of C’ and A, although the equation
is a cubic. It is quite rapidly solved by approximation. We can then find K/e.

Then let a certain observed rate of increase of grain, represented by the slope of
a certain straight line tangent to the curve of grain be s.  We may not know whether
it represents C or A as we have said. We shall have either /? = u/u, = E/. 45 hse
— from equations (30) and (28) letting s = A; or from equations (30) and (27)
letting s = C/

32) 2f*=1 + (/45 h'sc)t (2r%. This equation is solved approximately
in Figure 21. Thus it will be comparatively easy to obtain the alternative values
of v/u, on the two hypotheses. Since 2v/u, is always between 1 and 2 and the
cube root varies but slowly, it will be easy to insert an approximate value in (46)
and obtain nearer approximations. Moreover having found v/u, we can go on to
find K.

(33) K—=zBf=zF \/;_* — CelY (2f? — 1) — Ach 3 V2.
[

In formulae 24 and 28, in the expression for A, as v approaches u,, h will approach
zero and so the expression for A might become infinite, That would imply that the
nearer the initial temperature is to the temperature of a consolidation the greater
will the gradient A become but of course this is limited by the fact that at a tem-
perature very close to that of a consolidation the lava flow would be so viscous as
no more to flow. The temperature above the consolidation point at which the
magma becomes sharply fluid is very much less for magmas and glasses containing
lime than for those which contain soda and therefore a coarser and better marked
rate of increase and a more distinet development of the A gradient is noted in the
lime melaphyres. At the same time there is distinet signs of a limit here, and the
A gradient is, so far as I know, never over one millimetre in seven feet. From this
we can draw an inference regarding the temperature at which a lava is fluid enough
to flow compared with that of the formation of augite.

An interesting question is where the various tangents meet—that is, where will
the zone of marginal grain become equal to that of the center. If we refer to the
equations of the three tangents we have the following formula:

34) x',,=E/C=ch Rfz2—1)i/=/,
where X’ is the abeissa of the meeting point of tangents representing the rate of
increase of grain at the extreme margin C’, and that at the center.

The solution of this approximate formula as well as (in dots) curves representing
more accurately the actual relation for three different breadths of contact in terms
of x',, /¢ ==E / C’ cis given by the full line of Figure 21 (Fig. 6 of the annual report
for 1903) repeated here for these values.
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1f instead of expressing the ratio of superfusion as a function”of the marginal rate
of increase (7 the grain at the center E and the total width affected it be expressed
in terms of the distance from margin W we may roughly express the relations in
words by saying that I, the grain at the center, is less than that which would be
found if the increase at the margin, kept up proportionately to the superfusion, and
the drop from the initial temperature to that of crystallization is to the initial tem-
perature (reckoned from that of the country rock as zero), as the thickness of the

central belt in which the coarseness would be about as much as at the center is to

fsomewhere between once and twiee) the total thickness.

. — 2w — 2R /C
35y YoM _ EWoT 2/
(35) U, 2w(x1or2)
Diagram i i the if the of

consalidation arid the grain of a dike ht the center.compardd with
what it would Be if the rates of incrdase at the margin kept up to

P center,

) 2
N r
Coatact
190 ogo b.70 b\&ﬂ

viu,

Fig. 21. S shows E /C’c, or the ratio of the grain at the center to that which would
be reached if the rate of increase at the margin kept up for a distance equivalent to
the whole zone affected. The full curve is the approximate solution given by
equation 34 of the text. The dotted curves were computed for particular widths
of the contact zone as shown thereon.
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Similarly

where (x',,+y") /¢ is"_]e%s than 4; and finally equations (27), (28), and (29 will
determine a point
B7) Xy, =B/ A)—y D (1— _1,.)‘2 1.

2 h

(36) ', = (E—B) /A = 45 hef2z — vy,

BULL GEOL. SOC. &M VOL 14, 1902. PL. 58

‘§2
A CURVES SHOWING THC VARSATION OF GRA1A 45
OCPLRDENT ON THE COOLING, 1N A OIKE WMICK (S
SUPPOSED TO MAVE & BROAD CONTACT ZOKE,OF

MALE THE BREAOTH OF TWE OIKE W FACH 310€,
708 RATIGS GF THE TCWPERATURE CF COWSOL/DAT(ON
(v )10 rus.omiTiar TemesRatuRe(y,) of

140, .52,.60,.90 RESPECTIVELY,

T -
CONTACT 20NE MARGIR

CENTER

ZTANGENTS TO CURVES OF GRAIN ~BROAD CONTACT ZONE

BULL. GEOL. $OC. AM vOL. 14 1902, P ST

“ CONTAGT 208% °, maARG § CEnTER

TANGENTS TO CURVES OF GRAIN ~NARROW CONTACT ZONE

Irig. 22. Illustrates the variation of coarseness of grain from the margin to {l
left to the center at the right in flows, intrusive dikes or sills which hage ei;(thz}r“:e
{a) a broad contact zone; or (b) a marrow contact zone in which the contact zone
heats up and cools down quickly. The curves are dotted in. Important tangents
to them are drawn in full lines. The decimal figures adjacent to each curve indi-
gate the ratio of the temperature of consolidation to that of initial~ injection or
intrusion, the temperature of the country rock being taken at zero.

From formule (35) and (36) we shall not be able to find the width of the contact
zone, but we may if we know over what range some of these formule are closely
applicable. If, for instance, formula (27) holdsat least to a value x’, it may be
shown that

2y is not less than x’ / P—1[2(u / u,)—1 or 2w]
Also in equation (37), if we know exactly x’, ’
63 y— (& mih —1)x), = (14t T}:T — L)%,

2 b’
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(' must always be greater than A and between C” and A there is the relation

(39) (A: - (}l,;i/;?_(?’*ﬂ /fﬂ)é) (

C

h .
ap te values of f2==u/u, of about .80 s nearly 1 but as u/u, gets above

1 -
90 it rapidly diminishes but does not fali below T Thus for small contact
vV 2

Zones i
o V2 12
40) o 2 (2
“0) A 1toy g ( ! 2)
) . c—2y 2w w0 . AYL 1

Again as ¢ — 2y = 2w we find E:-ny# ’2? = Fw—2y | W—y =1 /(1 W ) Y

v o
sothat if y/ == w - == ®

A

Some of the tangents just described are shown in Fig. 22,

§7. APPLICATIONS.

If the initial temperature and diffusivity of igneous magma are
not dependent on the position and time, whatever crystallization
takes place at the margin before the center or margin has cooled
appreciably follows the law that the coarseness of grain is propor-
tional to the distance from the margin (the 11’1:11@111 not varying
in temperature either because kept at a constant temperature or,
it it iy the eountry rock, because it has not departed much from
it, at a temperature half-way between the initial magma and
country rock temperature).

On the other hand the crystallization that takes place after the
center has cooled down considerably should be uniform in grain
or not less than that at the center.

This belt of uniform grain will occur, if at all, near the center
and, as we have said, the greater its width the nearer to the crystal-
lization temperature must the marginal temperature have been.
In this belt the size of the grain may not depend on the initial tem-
perature at all but besides being proportional to the size of the
dike and the power of crystallization, and inversely proportional
to the square root of the diffusivity, will be the greater the less
the difference between the crystallization temperature and the tem-
perature of the country rock down to which cooling is taking -place.

If the temperature or other conditions of crystallization are
nearer those of the country rock than those of the magma, there
may be no marginal zone of finer grain.

There may be a belt of coarser grain than that at the center.
It should be at the margin if the initial marginal temperature is
just above that of consolidation. The higher the temperature of
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consolidation the farther in and less defined the belt must be if
present at all. To be at all appreciable it must be close to the
contact. 11 is produced as the contact zone approaches the maxi-
mum temperature if attains. The fact that the grain of a rock
may be coarser at the margin than at the center, considering loss
of heat alone as a factor in crystallization, is not easy to see at
first glance. It means that the margin cools more slowly not ot
the same time, for of course it cools first, but at or through the
same range of temperatures. This may be made more clear by
looking at a figure of cooling with a broad contact zone (Fig. 185.
We sce that the curve of cooling at the margin takes about half
a year fo drop .1 in temperature, from .5 to .4 of the initial
temperature, while the center, when it gets down to the same
range, passes through it in not much more than a quarter year. We
may make this slower cooling at a given temperature at the margin
seem more reasonable by the following considerations.

The rapidity of cooling depends among other things on the
amount of drop to be made. Now at the beginning {he contact
country rock is cool, the drop marked, and the cooling rapid; ac-
cordingly, for that part of the dike that cools and crystallizes dur-
ing that time, the grain is fine. But as the country rock heats up,
‘while it is heating up the interval down to which the dike of molten
rock must cool is growing less and =0 the crystallization is very
much slower, the grain much coarser than were the contact zone
kept at a fixed temperature. Later the contact zone cools too,
with the dike as a whole. Now while the contact zone is heating
up and the dike cooling down the parts at the contact are held a(t
2 temperature just about half way between the initial tempera-
ture of the dike and the country rock. Thus the conditions are
favorable for very slow crystallization in the part of the dike then
crystallizing. '

A uniform grain throughout like some of the dikes in the Mt.
Bohemia oligoclase gabbro may then indicate one of three condi-
'ti01.1rs. (1) An excessively hot magma. I have not seen any yet
which scemed to me attributable to this cause. (2) The retention
of some mineralizer which makes the crystallization point rela-
tively low. This condition may hold not only in veins but in many
aplitic and pegmatitic dikes. (3) The fact that the country l’OCi{
itself was relatively near the fusion (respectively solution) Lpoint,
as in the case of dikes injected into granites or gabbros which have
-only just consolidated. i

liffusive rocks generally have broader marginal zones of grain
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inerease than intrusives for (1) the magma is likely fo be less hot,
in fact to flow and keep stirred up until it stiffens near the crystal-
lization point. (2) Loss of mineralizers is likely to raise the crys-
tallization point. (3) The country rock is relatively cool and if
wot will absorh a large amount of heat, making the thermal con-
tact zone narrow. Marginal belts of coarser grain I have never
observed.

As amatter of faet most of the Keweenawan ophitic melaphyres
do show an increase of grain, especially of augite, from the margin
to the center. The rate of increase, however, is not strictly pro-
portional to the distance from the margin except for a short dis-
tance near the same. There is a narrow contact zone of a meter
or less which lLeated up first, and a zone of corresponding width
inside the dike in which the grain of the angite increases quite
rapidly and proportionally to the distance from the margin (at
the rate ). 'Then later the contact zone and all cooled and for
the part then consolidated the grain increase changes to a smaller
rate (A) which is more nearly proportional to the distance from
a point outside the exterior of the contact zone.

But the rapid marginal rate of increase is usually confined to
the first few feet, and can be determined only by careful micro-
scopic work. The rate of increase is, on the whole, mpre uniform
in the lower part of each flow than the upper, wheve the amygdules
and probably original eddies in the flow introduce uncertain fac-
fors. '

My orviginal empirical rule for the second rate of increase (A)
was that in the commonest type of Keweenawan flow, the ophitic
melaphyre with about 10 per cent of CaO composed of about 55
per cent labradorite and 30 per cent augite, the grain of the augite
in millimetres was, allowing a margin of 1 mm. each way, equal
to 6 per cent of the distance in feet from a point 20 feet outside
the margin, or at the rate of 1 inch in 400 feet (1 mim. in 16 feet).
More scientifically expressed the ratio is 1:4800 or .00021.

Turther investigations indicate that the main rate (A) may be
somewhat higher, up to .00046 (1 mm. in 8 feet) without being
marginal. It must not be forgotten that this formula from eye ob-
servation is rough, covering really two different theoretical gradi-
ents.

Towever, the errors in measuring grain are of the same order,
and there are also errors which come in fromy unequal original tem-
perature and variation in composition, such as produce the varia-
tion from ophitic to doleritic texture.
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PRACTICAL APPLICATIONS OF OBSERVATIONS OI' AUGITE GRAIN IN OPHITES,

1. Amygdaleid  inclusions, bombs. or streaks and doleritic
streaks in the body of a flow may be distinguished from the main
amygdaloid top by ihe more regular and persistent diminution of
grain toward the latter.

2. The extra coarse flows are extra thick and extra persistent
and may be identified by the maximmun grain. For instance, the
“Greenstone™ just above the Allouez conglomerate extends f{rom
Keweenaw Point to Isle Royale and down the point to Portage
Lake, though it thins in this latter direction. The augite mottles
are as large as 3 inches across where it is thick. The Mabb ophite
with a grain of over 7 mm. comes shortly above the Baltic lode.
One may thus identify a flow as a unit.

3. One may, from an extra slow' increase of grain in diamond
drill holes, infer that the bed is being traversed obliquely. One
must have due regard to the possibility of being deceived by a
different rate of increase of grain due to some other cause,—differ-
ent chemical composition, for instance.

But if the same bed is cul by different holes traversing it at different angless one
can often feel fairly safe. For instance, Hole 5 at the Challenge exploration (Chap-
ter V, §18) was put down through a heavy glacial ‘overburden 143 feet where little
or nothing was known as to the dip. The slow increase of ophitic mottling in the
bed from 143 to 257 feet led Dr, Hubbard quite correctly to infer that it was trav-
ersed quite obliquely and had a dip of 60° or more. (See Pl. XVII, report for
1904, PL. VI, and Fig. 59 of this report).  Another illustration is Empire section,
Figure 24, Hole 5, Belt 51.

4. If a variation in grain can be noted on two sides of a shaft,
a cross-cut, or an outcrop, the direction of finer grain is probably
that of the nearer amygdaloid or conglomerate, and the coarseness
of grain will indicate the probable distance.

This is of especial use in a drift covered country whers it is
often impossible to sink exactly on the amygdaloid ashbed. This
principle was used in fixing the position of the Allouez in the
Empire section. (Fig. 24.)

Good illustrations of the importance of grain in determining dip will also be found

in the southern part of the Mandan section, where I was led to infer a steep dip
from observations in vertical holes before it was otherwise proved.

5. A sudden variation in grain in crossing a seam may indicate
a displacement and guide one in determining its character and
amount. (Cf. the Isle Royale section, drill hole 10 and the Chal-
lenge exploration.)

5See Bed 32 of the Clark-Montreal section.
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6. It will often be possible to tell how far there is yet to go
{0 traverse a bed after it has been more than half penetrated. for
it will begin to get finer again.

In this way it was possible to say that a Calumet and Hecla drill
hole near Shaft 21 which was stopped by an accident was just about
30 feet from its goal.

7. A uniformity and system in grain may distinguish small
outcrops from large boulders. This principle and principle 4 were
also made use of near Shaft 21, Calumet and Hecla, where there
were some dubious outerops of the hanging of the Kearsarge lode.

Q. Conversely, a very coarse grain indicates a very heavy bed
of trap, and thus gaps in a geological section may be filled. It
does not, for instanece, require continuous trenching or exposure
by drilling over the Greenstone to make sure of not missing amygda-
loids.

9. Large masses (30 feet or more) of aphanitic (porcellanic)
rocks, if igneous, are likely to be felsitic.

10. Intrusives are often characterized by extra coarse feldspar,
and relatively narrow marginal bands of finer grain near the
margin.

11. Beds without variation of texture (or actually coarser) at
or near the margin are intrusive.
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