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OUTLINE.

This bulletin comprises a discussion of the distribution, origin,
properties, classification, and adaptability of the clays and shales
of Minnesota. An attempt has been made to test all the more impor-.
tant deposits with sufficient exactness to determine for what pur-
poses they may be used. Detailed results of these tests are arranged
by counties.

The technical terms used in the discussion are briefly explained in
the sections on “ Physical properties ” (pp. 20-40) and “ Technology ”
(pp- 49-67). Washing and mixing clays are processes recommended
for experiments in technology.

Certain areas are recommended for prospecting and development.
Refractory residual clays and kaolins are found in the central and
southwestern parts of the State. Semirefractory clays are some-
what more widely distributed and should be sought by drilling.
The area of Decorah shale in southeastern Minnesota is mapped in
detail. The upper Huronian slates near Duluth may be found wor-
thy of development, as it is believed that excellent fancy brick can
be made from them by a small addition of red-drift clay.

The general character of each geologic formation and the charac-
ter of the clay products made from it by the several methods of
manufacture are set forth.

The gray drift is widely distributed and is one of the most impor-
tant sources of clay in the State. After its limestone pebbles have
been removed, which can be done at an expense not so great as to be
prohibitive, it can be made into excellent draintile, for which there
will be an increasing market as the swamp lands of the State are
drained. Some details of the process are given.

Deposits suitable for common brick are abundant and widely dis-
tributed in many accessible localities in the eastern part of the
- State. The red laminated clay of the eastern counties makes good
red brick and may be used as a slip glaze for semirefractory ware.

The Minnesota products are not mfel ior to those now brought in
large quantities from Wisconsin, Iowa, and Illinois at unnecessarily
high prices.

1t






CLAYS AND SHALES OF MINNESOTA.

By Franx F. Grour.

INTRODUCTION.
_SCOPE OF PAPER.

This bulletin gives the results of an investigation of the clay
resources of Minnesota made during 1912 and 1913. In general the
object of the work has been to assist in the development of the clay-
resources of the State. The broader problems of ceramics are treated
only incidentally, but some of the important scientific conclusions
of the American Ceramic Society, of the Bureau of Standards, and
of surveys of other States are briefly reviewed in order that they may
be more readily available to those whose chief interests are technical
and commercial. A more extended treatment of the scientific results
of the investigation will be published later.

Specifically, the object has been to investigate the brick supply
for every town of 1,000 or more inhabitants and for every county in
the State, to ascertain the extent of several deposits now developed
at only a few points, to find new deposits, and to determine the
qualities of these deposits and of certain mixtures so as to ascertain
whether it is possible to produce refractory wares, pottery, paving
brick, and other high-grade products.

ACKNOWLEDGMENTS.

The work for this report was done by the United States Geological
Survey, in cooperation with the Minnesota Geological Survey. Mr
E. K. Soper assumed the responsibility for the field work and county
reports for those counties south of Minneapolis and St. Paul, includ-
ing the mapping of the Decorah shale. Mr. Soper also wrote the
section on the technology of clays and cooperated in the preparation
of the section on the geology of Minnesota.

Acknowledgments are given to Messrs. Oliver Bowles, G. L. Har-

rington, and F. M. Handy, who assisted in the work; to Messrs.
13



14 CLAYS AND SHALES OF MINNESOTA.,

Frank Leverett, F. W. Sardeson, and A. W. Johnston, who con-
tributed certain geologic data; to Mr. Jefferson Middleton, of the
United States Geological Survey, for lists of producers and statis-
tics of production; to the Bureau of Standards, for tests; to the
Minnesota School of Mines Experiment Station, for firing tests; to
the experimental engineering department of the University of Min-
nesota, for tests of the products; to Mr. J. G. Houghton, Minneapolis
inspector of buildings, for tests of brick and tile; and to Dr. C. P.
Berkey, for unpublished data. Illustrations of some modern clay-
working machinery have been copied by permission from catalogues
of the American Clay Working Machinery Co. and Chisholm, Boyd
& White Co. The work in the field has been greatly facilitated by
the friendly cooperation of the commercial clubs and other organiza-
tions of the several towns throughout the State and by the aid of
many individuals. Sincere thanks are due to Mr. M. C. Madsen, of
Hutchinson; Messrs. E. S. Hoyt and J. H. Rich, of Red Wing;
Dr. O. C. Strickler, of New Ulm; and many others.
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of loess loam and river valleys deriving their iron coloring matter
from the northeastern drift; (2) alkaline laminated clays of loess
loam and river, valleys charged with lime (enough to destroy the red
color), which is derived from limestone of the northwestern drift;
(3) Cretaceous alkaline clays, mentioned as occurring up the Minne-
sota Valley. Forty-two plants producing red brick and. 18 producing
lighter cream-colored or gray brick are mentioned. Cretaceous clays,
then used in a few potteries, were recommended as probably deserving

» more extended use.
1884, 1888, 1899, and 1900 Minnesota Geol. and Nat. Hist. Survey Final Repts.,
vols. 1, 2, 4, and 5; issued subsequently to annual reports of progress.

Contain many references to clays.

1897. Sardeson, F. W., Glacial deposits of Driftless Area: Am. Geologist, vol
20, p. 392. '

Mentions loess deposits of southeastern Minnesota.

1902. Berkey, C. P., Origin and distribution of Minnesota clays: Am. Geologist,
vol. 29, p. 171.
Groups the clays of the State as follows:

Residuary: (1) Kaolins from the Archean gneisses; (2) common
residuary clays, grading into loess.

Transported: (1) Sediments—Huronian slate, Ordovician shale, and
Cretaceous shale; (2) glacial—till, lake clays, and stream clays; (3)
recent alluvium; (4) loess.

1906. Ries, Heinrich, Clays: their occurrence, properties, and uses, New York,
John Wiley & Sons.

Reports that the residual clays are of little value and emphasizes
the Cretaceous clay of Red Wing and the widespread Pleistocene
clays.

»
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GEOLOGY OF CLAY. 15
CLAYS IN ADJOINING STATES.

" In North Dakota along the Minnesota boundary throughout a belt
many miles wide brick plants have used the silts of Red River
valley, which cover the drift so deeply that the lower formations are
not well known.

In South Dakota the area along the Minnesota boundary is mostly
covered with drift.

In Iowa, near the Minnesota boundary, the area, though mostly
drift covered, is underlain by sediments ranging in age from Ordo-
vician to Cretaceous. The most important clay product made from
these sediments, so far as Minnesota is concerned, is the Mason City
tile, made of Devonian shale. The Devonian rocks extend only a
very short distance into Minnesota. The Cretaceous on the west and
the Ordovician on the east are little used in Iowa. :

In Wisconsin occur red-burning glacial deposits that extend a few
miles into Minnesota along the greater part of the border. Red brick,
such as that made at Grantsburg, Wis., is the main product of the
widespread laminated clays. Loess covers a large part of the Drift-
less Area in Wisconsin and in southeastern Minnesota and overlaps
the older drift to a certain extent.

GEOLOGY OF CLAY.
DEFINITION.

Clay is defined in two ways—as an earthy aggregate consisting
essentially of kaolinite or some nearly related hydrous aluminum
silicate and as any earthy mass that becomes plastic when wet. Usu-
ally a clay fulfills both these conditions. The mineral kaolinite has
the composition H,Al,Si,0,; its specific gravity is 2.6. It is mono-
clinic in crystal form, white (unless impure), and insoluble in dilute
acids, though decomposed by hot concentrated acids. Halloysite,
pyrophyllite, cimolite, bauxite, and opal are often found in associa-
tion with kaolinite. Shale is a term frequently employed in the same
sense as clay, but as a rule it is applied to hard laminated clays, gen-
erally of marine origin.

ORIGIN.
MINERALS FROM WHICH CLAY IS DERIVED.

All or nearly all the clay minerals are secondary in origin, being
formed by the hydrous alteration of other silicate minerals that
make up the so-called crystalline rocks. The most common of these
minerals are orthoclase (potassinm-aluminum silicate), albite
(sodium-aluminum silicate), anorthite (calcium-aluminum silicate),
muscovite (hydrous potassium-aluminum silicate), biotite (iron-

-
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16 CLAYS AND SHALES OF MINNESOTA.

magnesium-aluminum silicate), and hornblende and augite (complex
silicates, containing as a rule iron, magnesia, lime, and aluminum).

WEATHERING.

By various natural reactions some or all of these minerals are
altered to kaolinite or related clay minerals. Orthoclase, albite, an-
orthite, and muscovite are of greatest interest, the others being of
importance only because they introduce impurities into the resulting
clays. The particular circumstances under which natural reactions
produce kaolinite, especially in large bodies, from other minerals
have been much discussed. Possibly the action of hydrofluoric acid
may form kaolinite from orthoclase at great depths in the earth, but

o e Sy TR T
—t-_l—-',—:tr—r%::!-
2T Limestone T

Fi1GURE 1.—Sketch showing the origin of type§ of clay. The primary rocks shown are
granite, pegmatite, and limestone. Where these rocks have bLeen long exposed to the
weather the soluble constituents are more or less completely removed, leaving clays
(a) and (d). The pegmatites are probably, in many places, partly altered before ex-
posure and are deeply kaolinized. Clays of any sort exposed on a sloping surface are
subject to wash by the rain, and such clays that have been transported short distances
are known as colluvial (b). Clays carried by streams and deposited in a flood plain
are alluvial (¢).

it seems probable that little if any common clay has been so formed.
The slower but more general action of weathering at the surface is of
much greater importance, and kaolinite is the commonest product of
such weathering, though under some conditions aluminum hydroxides
may be the end products. (See fig. 1.) :
Weathering is usually but not invariably accompanied by erosion
and sedimentation. It includes both chemical effects, known as de-
composition, and mechanical effects, known as disintegration, which
are usually simultaneous and closely related. Many rock minerals
are partly soluble in circulating water, and as a part of the mineral -
is removed, water may combine with the residue, producing hydrous
minerals. These are usually softer and more loosely bound together
than the original rock, and are hence more easily affected by mechani-
cal processes, such as erosion by flowing streams carrying sediments,
by wind-blown sand, or by ice, the pounding of the waves, and the
unequal expansion resulting from alternations of heat and cold. All
the mechanical processes break up rocks into finer particles and give
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the circulating waters easier access to the material and enable them
better to bring about decomposition. :

The solvent action of circulating water on minerals is greatly in-
creased by the presence of dissolved gases and minerals. Carbonic
acid and oxygen are especially effective, and the organic products of
bacteria and other animal and vegetable life are in general note-
worthy.

The results of rock weathering depend largely on the relative
amounts of decomposition and disintegration. A powder formed
chiefly by the breaking up of crystalline rocks must naturally hive
properties different from those of powders left by the chemical solu-
tion of part of the rock. One is termed “rock flour” and the other
“rock rot.” Glacial erosion, for example, is mainly mechanical and
yields rock flour. The finest particles that result from: weathering

of either sort usually constitute a clay, which, from the nature of its.

formation, is likely to contain remnants of the original mmerals
from which it was formed. : A .

An elaborate discussion of weathering, with a bibliography, is
given by Buckman. ’

Comparison of fresh and weathered portions of two Minnesota
rocks may be of interest, though each of the rocks is variable and it
is not altogether certain that the altered rock is derived from one
of exactly the composition of the fresh rock.

Anolyscs of fresh and weathered rocks of Minnesota.

Granite gneiss of | Diabase lava flow
Morton. of Pine County.

n Weath- | Average | Weath-
Fresh. | ‘ered.d | fresh.b | ered.b

L N et ameeaeaan 63. 61 60. 61 57.65 43.33
Aluminga.. .oooioiiiuiiiiiiiiiiiiiiaa, PR s 16.71 18.12 14.97 20. 42
Ferricoxide...coeiiieeneiiennnnnaaiiaa, [ 5.69 7.5 6.05 13. 57
FOrroUS OXid6 . .o nonnon s LI 2.78 } ' 4.23 |eeueennn..
Magnesia....c.cceenn..- ettt eactaaieiemeasnceeaseaaaan 1.63 1.14 4.00 5.17
175 4T 4.03 .03 4.30 27
s PP 1. 68 .54 2.01 35
Potash..... 2.49 3.56 3.18 5.46
03 ] 1 ) PR .28 .33 4.24
Combined wat: 61 7.20 1.91 5. 54
Titanfum oxide. . 1.8 92
Miscellaneous P P I Tt P
99. 23 100. 29 100. 87 99. 29

o Analysis b&r A. D. Meads. b Analysis by F. F. Grout.

EROSION AND SEDIMENTATION.

The processes of erosion and sedimentation have a very intimate
relation to the accumulation of workable clays. Particles of clay

1 Buckman, H. 0., Am. Ceramic Soc. Trans., vol. 13, p. 336, 1911.
64310°—
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formed by weathering are finer than those of sand and gravel and
when washed by water are often separated from them. The carrying
power of running water depends largely on its velocity, and a stream
which under normal conditions would gather up and carry particles
of clay might not flow fast enough to carry grains of sand except
at times of great floods. This separation tends to cause the accumu-
lation of large bodies of clay free from sand. Some streams flow
fast enough at all seasons to carry both sand and clay, yet their bur-
dens may be sorted where they reach a lake or the ocean; their cur-
rents are at first only partly checked and they deposit the coarser
sand near shore and carry the clay farther out. Similarly, shore cur-
rents and waves separate sand from clay and may deposit the clay
farther from the shore.

ALTERATION.

After the formation of a clay, geologic processes may modify it in
many ways. Circulating waters may leach from it certain soluble
elements or, on the other hand, may deposit mineral matter as cement
or as concretionary masses. An analysis of a common type of con-
.cretion is glven in the discussion of Anoka County (pp. 113-118).
Again, an increase in temperature may dehydrate a clay and change
the mineral combinations. Most clays accumulate in nearly hori-
zontal tabular masses, but these masses may be folded or faulted by
later earth movements. :

In Minnesota the most notable alterations are probably the leach-
ing and oxidation of the. upper layers of the clay and the deposition
- of concretions at lower levels. By this process a glacial deposit of
“rock flour ” may become altered to a more plastic kaolinite or even
to minerals like bauxite, with an excess of aluminum. Leaching
may improve some clays by removing the lime. In the Red River
valley only the upper layers of the clay, from which the lime has
been leached, are serviceable for brick material. The leaching has
also improved them by somewhat reducing their plasticity and
shrinkage, which are still too great in the lower joint clays: On the
other hand, the leached surface clays (gumbo) at Wrenshall and
Princeton show too much shrinkage and are more plastic than the
lower clays, which are much better for brickmaking, though they are
higher in lime content and in some layers are injured by concretions.
The widespread gray drift of the central part of Minnesota is com-
monly somewhat leached to a depth of a few feet; in some places it
has been much improved by removal of the lime, but in most places
weathering has merely oxidized the iron minerals, changing the color
to a yellowish gray but leaving the other properties essentially un-
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changed. The gray unaltered clay has, if anything, greater plasticity,
and shrinkage than the altered clay. (See fig. 2.)

GEOLOGIC TYPES OF DEPOSITS. .
RESIDUAL CLAYS,

The weathering and superficial decay of granitic igneous rocks
have in some places produced a sheetlike mantle of clay of great
lateral extent and as much as 100 feet thick. As a rule such deposits
follow the irregularities of the original rock surface, their base de-
pending more or less closely on the water level and the topography at
the time they were formed. Another less common form of residual
clay results from the alteration of igneous dikes. Still other residual
clays result from shaly sedimentary rocks. The impurities depend
largely on the completeness of the alteration. The analyses of Min-
nesota material given in the discussion of weathering (pp. 16-17)
furnish an example of partial alteration.

Figure 2.—Sketch showing the influence of thickness of drift overburden on the depth
of weathering of clay. Many blue-gray clays weather yellow when the organic matter
and iron are oxidized and the lime leached out. This weathering affects even some
clays that are buried under drift; but if the drift is thick, the oxygen and leaching
solutions do not reach the clay so freely.

Some kaolinite is present in the altered rocks, and all such residual
clays that burn white are called kaolins. Ries® has summarized the
theories of the origin of kaolins. -

TRANSPORTED CLAYS,
MARINE DEPOSITS.

Sedimentation in the sea, usually at a distance from the shore,
produces clay deposits which tend to have great lateral extent as
compared with their thickness. Both horizontally and vertically
the clay body may grade into limestone or sandstone, and vertically
it may alternate with these rocks. In Minnesota the Decorah shale
is a good illustration of such alternating beds. Subsequent concre-
tionary action may add to the impurities; or leaching, under favor-

1 Ries, Heinrich, Am, Ceramic Soc. Trans., vol. 138, p. 73, 1911,
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able conditions, may decrease them. TIf later marine formations
cover the clay deeply, their pressure may consolidate the clay into a
shale. If the shales are later exposed by erosion, they weather back
into soft clays. :

LAXE CLAYS,

Lake clays originate in much the same manner as marine clays,
the chief difference being in their extent. The clays near Heron
Lake, Minn., seem to have originated as lake.deposits.

ALLUVIAL CLAYS.

" Rivers that carry large amounts of fine sediment vary in the

~ rapidity of their currents at different times and in different parts of
- their channels. Where flood waters spread over the bottom lands

and where an eddy or other irregularity reduces the current very
greatly sandy clays are likely to be deposited.- These conditions are
most common along the wide flood plains of the larger streams.

GLACIAL CLAYS.

The glacial drift as carried by the ice may have only a small pro-
portion of clay, but this small proportion may be concentrated into
valuable deposits by the flow of water from the melting ice.

The abrasive action of the ice has in some places ground up con-
siderable amounts of rock to a fine powder that has not been exten-
sively decomposed. This so-called rock flour has many of the prop-
erties of clay and has been used as a brick material. It appears that
in some places decomposition has later turned some of this flour
into kaolinite.

Many lake and alluvial clays of glacial origin resemble lake and
alluvial clays that are not connected with glacial action, but they are
of sufficient importance and extent in Minnesota to warrant separate
mention. (See Pl 1.)

SLATES. ’

Some great accumulations of clay in the older formations of Min-
nesota have been deeply buried and have been so greatly altered as
to change their mineral composition and physical properties. These
are classed as metamorphic slates.

RELATION OI TYPES.

The several geologic types of clay are not always easily distin-
guished in the hand specimen or even in the field. Even the funda-
mental genetic distinctions between residual and transported clays
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are often most difficult to apply, and there are many gradations be-
tween the several types. The origin of the clays as here outlined
bears little traceable relation to their applicability as ceramic mate-
rial. One marine shale may be a good fire clay and another a fusible
slip clay without any ascertainable distinction in the mode of their
formation.

MINERALOGIC AND CHEMICAL PROPERTIES OF CLAY.

Few clays approximate very closely the composition of the mineral
kaolinite. Alteration of original minerals is seldom complete, and
the residues contaminate the product. Transportation and deposi-
tion rarely exert such selective action as will yield pure kaolinite.
Other minerals are deposited with the kaohmte, and after’ deposition
many solutions affect the deposits, rarely in a way to improve its
quality. Each of the modes of formation, however, has produced
some very high grade clays and many notably useful deposits.

CONSTITUENTS OF THE CLAYS.

CHEMICAL COMPOSITION.

The chief chemical constituents of clay as estimated by common
rock analysis are shown in the following table. Each constituent,
whether abundant or rare, has a somewhat definite relation to the
physical properties of the clays and the wares burnt from them, but
- any conclusions based on such analyses must be very generalized.

Approzimate range in percentage of certain constituents in clays of several.
types, compiled from miscellanedus sources.

" Brick clay. Pottery clay. Fire clays. Paving-brick clay.

Maxi- Mini- Maxi- Mini- Maxi- Mini- Maxi- Mini-

muim, mum. mum, mum. mum. mum, mum, mum.
Silica. . .ooeeeennan... 91 34 87 45 97 35 70 55
Alumina............. 44 10 35 14 49 2 25 11
Iron oxide . 32 [} 7 0 3 0 9 2
Lime. . 15 0 10 0 2 0 3 0
Magnesx - 7 0 5 0 1 0 3 0
Alkalies. . 15 0 7 0 3 0 4 0

ESSENTIAL CONSTITUENTS.

SILICA.

Silica (Si0,) is present in the clays in a variety of forms. As
quartz it is free from chemical combination. It is an essential con-
stituent, forming 46 per cent of the kaolinite or the fundamental clay
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substance, and is prominent in the many silicates from which
kaolinite may be derived and which form secondarily with kaolinite.
Silica, therefore, usually constitutes more than 50 per cent of the
clay. The highest amount of silica in the ordinary clay silicates
(p. 15) is about 65 per cent in pyrophyllite, and if the silica ap-
proaches that figure some of it probably occurs free as quartz. It
is not considered an active flux, though when mixed with kaolin it
lowers the melting point considerably. In the form of sand it may
have a beneficial effect on the clay in reducing excessive shrinkage
and plasticity. Its compounds are as a rule hard and rocklike when
anhydrous, and to them is due the hardness of burned clay.

ALUMINA.

Alumina (Al,Q,) is also an essential constituent of kaolinite, of
which it -forms 40 per cent, a larger proportion than in any other
common mineral. Some residual clays in' Minnesota- are- exceptional
in having more than 40 per cent of alumina. Lean sandy clays may
have less than 10 per cent.. Alumina is also present in most of the
common clay silicates. As the basic element of kaolinite it is the
most essential metallic element of clays and is in every way desirable.
On it depend the properties of both raw and burned clay.

COMBINED WATER. -

Combined water (F,O) is the third important oxide in kaolinite,
of which it forms 14 per cent, and it is found also in other minerals.
As numerous anhydrous minerals are mixed with common clay, few
analyses show as much as the theoretical 14 per cent of combined
water. Burning expels it, leaving open spaces and thus increasing
porosity. If it is very abundant sudden expulsion may cause “ pop-
ping ” or burst the ware into fragments.

NONESSENTIAL CONSTITUENTS (IMPURITIES).

MECHANICAL AND HYGROSCOPIC MOISTURE.

Oven-dried clay greedily absorbs moisture from the air in con-
siderable amounts, even as high as 10 peér cent of the dry weight.
This amount of water in a clay powder seems to have no appreciable
effect in making the clay appear moist. As dug from the bank most
clay contains water in even larger amounts, as much as 40 per cent,
in the capillary pore spaces between grains, without being very
soft. The relation of water to clay is further discussed in connection
with plasticity (pp.80-32). A clay that remains firm with a high per-
centage of water is likely to shrink greatly in drying. If the water
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is not removed before firing it must be removed in the kiln. This
delays to some extent the firing and the later oxidation.

LIME COMPOUNDS,

The most abundant form of calcium in clay is the carbonate, cal-
cite (CaCO,). This may be residual from the original rock or it
may have been transported and deposited with the clay mechanically
or by the action of organisms or by circulating waters. It may be
finely disseminated or may occur in laminae, strata, or pebbles. TIts
effects vary with its condition.

If finely divided and disseminated in the clay, calcite acts as a
flux. At some temperatures above 600° C. carbon dioxide is evolved, _
and the lime (calcium oxide) remaining acts as a powerful base,
combining with the acidic elements of the clay, mostly silica, to form
fusible salts If the temperature is not high enough to effect this
fusion and combination, the fine-grained lime remains in the burned
product and after exposure may be hydrated (slaked) by the mois-
ture of the elements without much harm. If the temperature is high
enough to cause fusion, the lime becomes a dangerous ingredient, re-
ducing the range between incipient fusion and viscosity. A high per-
centage of lime makes it impossible to produce vitrified ware safely,
but the exact percentage of lime that is allowable for a particular
product is not determined with certainty. Good clay for common
brick may contain as much as 15 per cent of lime. If the proportion
of lime is about three times as great as that of iron and if the tem-
perature is high enough, the red color ordinarily resulting from iron
is changed to buff.

leestone pebbles in a clay cause more serious difficulties than °
finely divided lime. In burning, the pebbles give off large volumes
of gas concentrated in certain spots, and the lime formed has a
tendency to expand and destroy the ware. The temperature may be
raised to the point where the lime reacts with the bases, but the
pebbles are usually so large that reaction is only superficial. Before
they are completely vitrified most bricks would be softened to a
viscous condition. Worst of all is the effect of the lime formed
from the pebbles after burning. As the brick is exposed to moist air
or weathered, the lime hydrates and swells. Very small grains do
not disrupt the ware, but pebbles can break even a large well-burned
brick; and many kilns of clay containing them have been burned
Wlthout the production of a thousand satisfactory brick. To avoid
these disastrous results, several processes, all of which involve added
expense, have been devised. (See pp. 55-57.)

The variations in the mineralogic and physical condition of the
elements in a clay make it impossible to predict with certainty from

(=]
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an analysis how the clay will behave in the fire or what will be the
‘value of the burned ware. The foliowing table gives analysis of
the gray drift as dug from the ground, unfit without washing for
brick or tile, and of a good clay that can be sent directly to the brick
machine. With the ‘lnalysns of the original clay dug at Hutchinson
(No 1) may be compared that of the average ¢lay used, after Wash~
ing, as given in the section on McLeod County (p. 193).

Analyses of calcareous clays.

Fine-
Pc?;)b]g grained
L, Y- clay.b
T .

11 PO OO 58,85 53.32
ATUIING . ..o e 7.25 8.87
Iron oxides . 497 N
T4 L £ Y 3.45 6. 62
Lime. ; A ‘- 9. 42 . 9.2
Soda-. 1.37 * 6. 60
Potash 1.76 02,26
Ignitio 11.20 6. 07
MoiShure. . ... e s .. 2,10 1.94
THRDIUM OXIAet o oo .ottt ’ .36 .37
100. 73 99, 97

e Hutchinsan gray drift; requires washing to remove pebbles befcre use.
b Last Grand Forks, siit of Red River va.l.ey, used without treatment.

Besides this uncertainty as to the effect of the lime reported in
analyses, due to textural differences, there is a variation in the effect
of lime, due to the presence of other impurities and the proportions.
of the several oxides, even if the textures are uniform. If two sub-
stances like lime and clay combine to form a fusible mixture, the:
particular mixture which fuses at a minimum temperature is called
a eutectic. An excess of lime over the proportion required for 4
eutectic mixture will not flux so actively as the eutectic proportion.
Therefore, the amount of lime that is most injurious in clays is un-
certain and varies with the other constituents, but the proportion
of lime that commonly results in rapid vitrification is stated to be
from 2 to 8 per cent. Very few clays containing more than 15 per
cent of lime can be utilized for ceramic products of any sort, but.
it has been demonstrated in practice that certain clays containing
a much hlghﬂr percentage make good common brick. No such clays
are known in Minnesota, however and a high proportion of lime is
taken as a sign that the clay is unﬁt for brlckmakmg.

If the lime is present in the clay as a silicate, such as hornblende,
instead of as the carbonate, cilcite, the eutectic will contain other
ingredients and vitrification may bé more gradual. Iron and the
alkalies, if present, also affect the fusion of lime and clays, making
it still more difficult to predict their behavior. Lime is never added
to improve a clay, though small amounts of calcareous clay might.
be added to some of the Minnesota fire clays to strengthen the brick.

L)
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Gypsum, the sulphate of calcium (CaSO,), may be an original
constituent of clays or it may form in clay by a reaction of sulphuric
acid from iron sulphide minerals on crystals or veins of calcite.
At high temperatures its effect on fusibility is much the same as
that of calcite. It may produce an efflorescence in burning or after
" exposure to the weather. A caveful study of the effect of gypsum
on clays has been made by Kramm.

JRON OXIDES AND SULPHIDES,

Iron is the main coloring element in clays, both raw and burned.
Its compounds are easily fused and form easily fusible mixtures.
Iron combines with oxygen in several proportions in hematite, limo-
- nite, magnetite, and the silicates. Hematite or ferric oxide (F e,04),
more or less hydrated, is the most common. In vitrification its effect
on clays is generally good as it causes only a gradual softening of '
the heated mixture. Many analyses of clays show both ferrous and
ferric oxide, but this is not of special importance, for in burning,
after the early oxidation stage, all the iron is in the ferric form. It
can be oxidized or reduced at will, by regulation of the fire, and
color and fusibility of the product vary with the treatment it re-
ceives. If much organic matter is present, the oxidation of the iron
may be delayed and the ware may be entirely ruined by the persist-
ence of the ferrous compounds which differ greatly from the normal
ferric compounds in fusibility and color. The total iron oxide in
clays ranges from a trace to over 30 per cent. The coloring and
other effects it produces are complex and are discussed in the para-
graph on heat effects.

The carbonate of iron, siderite (FeCOS),and the several sulphides
of iron, Jargely pyrite (I‘eS ), are somewhat more fusible than the
oxides, but if the temperature is raised slowly they give off their
acid vapors and become ferric oxide. -

MAGNESIA.

Magnesia is a common constituent of the original silicates from
which impure clays are derived, but most of the magnesia is removed
in solution by weathering, and only traces of the silicates are usually
found. Along with the calcium carbonate, some clays contain mag-
nesium carbonate, apparently formed by reaction of circulating
water solutions on the.calcite. Dolomite, a mineral containing both
calcium and magnesium, is common in Minnesota, and its effects
may be assumed to be much like thosé of calcite. Magnesia does not

1Kramm, H. R, T‘ffccts of gypsum on clay: Am. Ceramic Soc. Trauns.,, vol. 18,
p. 703, 1911,
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increase the rate of vitrification so much as lime, nor does it destroy
the red color of the oxidized-iron compounds so readily as lime.
Sulphate of magnesium is a soluble salt which is sometimes reported
in clays and which is capable of producing an unsightly efflorescence.

SULPHUR.

Sulphur occurs in iron, calcium, and magnesium compounds. In
whatever form it is originally present in the clay, it soon becomes
oxidized in the kiln, forming the gases SO, and SO, and, if metallic
oxides are available, compounds known as sulphates. The gases
formed must escape, even from_ the interior of a brick, and some-
times the sudden expansion, due to the escaping gases, does some dam-
age. The sulphates formed are largely soluble, and if the tempera- -
ture is not high enough to destroy them they may cause unsightly
efflorescences. At a temperature of 800° C. more than half of the
sulphur is given off and above 800° C. part of the remainder is
very slowly removed. At the vitrification point the- sulphates are
mostly destroyed and gases given off. These gases may cause swell-
ing and “bleb” structure. Pyrite (FeS,) and gypsum (CaSO,.2H,0)
occur in the Cretaceous and Decorah shales of Minnesota.

ORGANIC MATTER.

The organic matter scattered in the clay is usually of a peaty or
bituminous nature and is lower in specific gravity than most min-
crals. It may give the clay a color ranging from green or blue
to black or brown. It is thought by some that organic matter in
colloidal form is the chief cause of the plasticity of clays and their
dry tensile strength, but the relation is still uncertain. Much
organic matter may accompany lean, weak clays.

In the burning process organic matter disappears, forming car-
bon dioxide and water vapor at temperatures depending largely on
the supply of air. During its combustion it acts as a fuel and may
cause a sudden rise in temperature. It has more affinity for oxygen
than iron has, and it usually burng out completely before iron is
thoroughly oxidized. It is this relation to the oxidation of iron that
makes organic matter troublesome in certain clays. Furthermore,
the removal of carbon leaves the clay mass porous and much lighter
than it would otherwise be and causes a very high shrinkage when
the mass is heated to the point of vitrification. If the ware is not to
be vitrified, however, the porosity may be desirable, as it makes the
product of lighter weight. For fireproof buildings, if an extra light
brick is wanted, as much as 20 per cent of sawdust is often added to
the clay to decrease the final weight. ’
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TITANTUM, COPPER, MANGANESE, AND PHOSPHORUS,

Titanium, copper, manganese, and phosphorus are commonly,
present in clays in small amounts only, and their effects are not im-
portant. Experiments indicate that if exceptional quantities are
present each of them has a decided effect on the quality of the burned
clay. Titanium, the most abundant, commonly forms less than 1
per cent of the clay and affects the fusion point of pure fire clays
only a few degrees centigrade. ‘

Manganese compounds are the only ones of the group that are
ever purposely added to effect changes in the product. One-fourth
of 1 per cent of manganese will noticeably change the color of many
wares. The changes commonly desired are from red to brown or
from buff to gray. The usual precedure is to mix one part of
" powdered manganese dioxide and nine parts of clay with water into
a thin slip, and to use this as a stock-reagent to be added to the clay
in amounts to be determined by actual practice. Speckled brick are
made by using granulated instead of powdered manganese.

ALKALIES.

Soda, potash, and small amounts of lithia are reported in clay
analyses. These are present as remnants or residuals of the original
alkaline silicates from which the clay minerals have formed, as
partial decomposition products and less abundantly as other salts.
Most of them, such as the feldspars, are no more plastic than sand
and have about the same effect on the raw clay, but some, such as
the micas, are soft and slightly plastic. In burning, these alkalies
act as powerful fluxes and cause a slow and very desirable kind of
vitrification. For the highest grades of chinaware, orthoclase, the
potash feldspar, is usually added in definite proportions. As ortho- .
clase melts it forms a highly viscous fluid, whose viscosity decreases
very slowly as the temperature is increased. ¥t can thus be melted
without rapidly losing its form. Other alkaline minerals behave
similarly, but the exact behavior of each is not clearly understood.
Potash is much the most abundant and soda next, but few clays
contain lithia in determinable amounts.

STATE OF MINERAL COMBINATION.

The constituents mentioned above behave differently, according
to their state of combination—that is, their behavior depends on the
minerals which are present in the clay. The minerals observed in
the clays of Minnesota are kaolinite and related aluminum silicates,
pyrite (or marcasite), quartz, hematite, limonite, calcite, dolomite,
siderite, hornblende, micas, gypsum, feldspars, chlorite, staurolite,
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rutile, and glauconite. - Other minerals likely to be present are the
oxides of manganese, as well as alum, epsomite, and zeolites. No
systematic classification has been devised to indicate the minerals
or elements present, but such terms as calcareous clays, ferruginous
clays, and micaceous clays may be used to indicate the presence of
impurities. :

" Rational analyses of clays are attempts to estimate by chemical
tests the proportions of the several minerals contained. If a clay
is of high grade and contains only a few minerals (except in minute
traces) such an estimate is easily made by determining the per-
centage of the clay soluble in certain reagents and making a few
simiple chemical determinations. For example, potters have long
used- a combination of clay substance, feldspar, and flint, mixed
according to some definite formula.. By first treating the crude clay
“with hot conceritrated sulphuric acid -and later with a solution con-
" taining 5 per cent of sodium carbonate, the clay substance or kaolin-
ite can be dissolved and its amount determined. In the residue of
- feldspar and flint the determination of either the alkali or alumina
- ig sufficient to determine both minerals. Then the potter can add
flint and feldspar to meet the requirements of the formula. When
- the' flint, feldspar, and clay have been derived from similar sources
and treated in similar ways, such an analysis gives easy and satis-
factory control; but with a new ‘clay deposit or a change in the
grinding or treatment it will be found that materials having the
same rational analysis will vary a good deal in behavior. If the
clay. is impure, containing as it may a dozen or more minerals, it
is absurd and misleading to report the material as consisting only
of clay, flint, and feldspar.

The flint is often reported as “free” or “uncombined” silica.
For cement mixtures uncombined silica is less desirable than com-
bined silica, and the rational analysis thus serves as a test of the
availability of a clay for the manufacture of cement.

VALUE OF CHEMICAL TESTS.

Chemical tests can determine very little as to the applicability of
clay to any specific purpose. Certain general relations may, how-
ever, be stated:

1. High-grade clays, suitable for use in making refractory ware
and as kaolins, should show nearly the percentages of alumina and

. water shown by kaolinite and should not be too high in silica. They
should contain little else. Commonly accepted though arbitrary and
not wholly reliable limits place the permissible total content of lime,
magnesia, and alkalies at not over 4 per cent and of iron oxides at
not over 3 per cent. ‘
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- 2. Fusibility is more or less closely related to the amount of im-
purities, and the relation is useful even if inaccurate, especially in
considering refractory clays. In general, the greater the total sum
of ﬂuxmrr impurities the more fusible the clay Detalled calcula-
- tions are seldom of value.

3. The color of burned ware can be roughly foretold from the
amounts of iron and lime. Clays with 3 per cent or more of iron
oxide tend to burn red, unless an excess of lime is present. Other
matters are involved, as for example the evenness of distribution
and fineness of the grain of the iron and lime and the character of
the gases in the klln .

4, The shrinkage is related in some indefinite way to the water
content. Usually a clay containing much hygroscopic water is.plas-
tic and has a high air shrinkage. A clay with much combined water
and organic matter will show high fire shrinkage on vitrification.
A high proportion of silica usually accompanies a rather low. water -
content, low shrinkage, and low plasticity.

5. The rate of vitrification is hkely to be undesirably rapid 1f as
much as 5 to 10 per cent of lime is present, especially if the lime is
accompamed by other fluxes.

6.  Soluble salts likely to produce efflorescences are 1ndlcated by
sulphur. Some analyses include estimates of  soluble salts.”

7. The particular chemical constituents for making cement ‘can be
estimated. :

8. A comparison of two chys of snmlal type can sometimes be
made by one or two chemical determinations.

All except the last two of these relations can usually be determined
more accurately, in less time, and at less expense by physical tests
than by chemical tests. The physical tests are more accurate because
the behavior of a clay varies not only with the composition but also
with the texture and theé combination of elements. Ior this reason
not many analyses have been made for this report. Widespread
types have been analyzed, however, and the effects of washing, both in.
practice and in laboratory tests, have been studied by analyses of
all the materials involved. '

PHYSICAL PROPERTIES OF CLAYS.

As clays are made up of many different materials, mixed in an
infinite variety of proportions, it'is to be expected that the range
in their behavior and applicability will be great. Some of the quali-
ties of the mixture called clay are extremely important and are the
very foundation of most of its uses. These are plasticity when wet;
shrinkage on drying; tensile strength when dry; behavior when
heated, including temperature of fusion, rate of vitrification (tem- .
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perature range), shrinkage and loss of volatile parts, and color and
toughness (strength and hardness) of products; and miscellaneous
properties, such as slaking, bonding power, specific gravity, porosity,
fineness, feel, odor, taste, and homogeneity.

PLASTICITY.

By plasticity is meant ability to be molded, involving change of
form without rupture, and strength to retain the molded form, so
that when complex forms are built up they are self-supporting. By
virtue of plasticity, clay is molded into and retains the forms re-
quired for great building blocks or preserves the finest lines of the
artist’s -tool. ,

Unfortunately there is no simple means of determining with accu-
racy the degree of plasticity shown by clays, but anyone who has
handled a great variety of clays can easily tell whether a clay is of
high or low plasticity and can distinguish different kinds as well as
different - degrees of plasticity. For example, some clays run
smoothly through a dle and some will drag at the corners; some are

“ rubbery ” and some “ waxy.” These minor variations, though hard
to define clearly, are readily felt by the expert and may affect the
uses of the clay. It is common to speak of clays as “ very plastic”
(“ fat” and “rich”) or “nonplastic” (“lean” and “ poor”).

In practice, if a clay is too plastic it is too difficult to mold, and its
plasticity must be reduced by the addition of nonplastic material,
usually sand or burnt clay (grog). The preheating experiments of
Bleininger showed a similar reducing effect on plasticity. (See p. 34.)
If it is too lean a highly plastic clay may be added, though not

valways with satisfactory results; for instance, a plastic clay that is
not refractory can not be added to a lean fire clay without injuring
its refractory character. For these reasons other methods for im-
proving plasticity have been sought. Fine grinding may be bene-
ficial. A common method of increasing plasticity is to leave the clay
exposed to weather and frost for a season. The exact nature of the
effect thus produced is uncertain, but probably it extends both to the
fineness and to the proportion of colloidal matter. A third method
is the addition of alkalies, a01ds, salts, organic colloids like tannin,
or other solutions.

In “tempering a clay ” (preparing it for molding) water is usually
added according to the judgment of the worker. Some clays are of
proper consistency when dug from the pit. Different clays and
different processes of molding require different proportions of water.
The percentage of water present at the proper consistency for mold-
‘ing by hand is often called the “water required ” or the * water of

~ plasticity.” It varies with the judgment of the operator but is usu-
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ally reported because a large amount of it indicates a tendency to
crack on drying.

Plasticity is of such fundamental importance that its origin and
causes have been the subject of much investigation. The minerals
from which clays are derived are not notably plastic; neither are the
majority of residual kaolins as first formed. No particular propor-
tion of a certain chemical element, no particular physical property,
and no particular geologic process has been determined to be neces-
sary for the development of plasticity in wet clay. Yet no other
mineral powder is so plastic, and no other has been made so plastic by
the addition of reagents.

Study of the plasticity of clay must be directed, first, to finding
an explanation of the ability of the clay to flow without fracture,
and, second, to finding an explanation of its strength or resistance
to flow, even when it can be molded by the use of force.

The flowage is ordinarily thought to be due to the water added.
It is well known that the addition of water to any fine powder lubri- .
cates it, and if enough is added the whole mass becomes somewhat
fluid and can be molded. This seems to be generally agreed upon and
understood. Disagreement arises, however, in explaining the
strength of the wet mass. Water has so little viscosity that it would
seem at first glance that enough water to cause lubrication would
result in very slight viscosity—mno strength at all.

For the strength shown by wet clay two explanations, and thus far
only two, have been offered, and both are explanations of the con-
ditions under which water is rendered more viscous than in its ordi- °
‘nary state. One theory explains the increased viscosity of the water
as being due to dissolved material and, as dilute solutions of ordi-
nary matter are not very viscous, to colloidal solutions—solutions of
the particular form of matter known as colloids. This theory has
met with widespread favor. The other theory attributes the vis-
cosity of the water to a strong attraction between the clay grains and
water, called molecular attraction, which is active through only a
short distance. ‘ .

The colloid theory is based largely on the known presence of col-
loids of some sort in a clay;' on the analogy between some of the
properties of clay, such as hygroscopicity, adsorption, and dry tensile
strength, and those of some colloids (mostly organic); and on the
fact that the addition of colloids improves the plasticity of lean clay.
But, as opposed to a full acceptance of this theory at present, no one
has yet shown that the colloids in a clay are quantitatively sufficient
to produce the results. Neither has anyone succeeded in making a

1 Schloessing, T., The constitution of clays: Compt. Rend., vol. 69, pp. 376, 473, 1874.
Grout, I, F., and Poppe, I, Plasticity of clay: Am, Ceramic Soc. Trans., vol. 14, p. 71,
1912,
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nonplastic mineral powder as plastic as common clay by the addition
of colloids. The colloids in clay no doubt i improve the plastlclty and
may be considered as a partial cause of it.

The molecular-attraction theory is based on the fact that when
a liquid wets a solid a very thin film of liquid adheres to the solid so
strongly as to be practically bound and is certainly rendered infinitely
more viscous than the water outside the film* A calculation in some
detail 2 shows that the amount of water required to produce such a
film around each clay grain and fill the pores between such enlarged
grains is about equal to the water usually added in tempering. The
calculation, however, applies to any fine mineral powder, and it re-
mains to be shown why the viscosity should be greater with clay than
with other minerals. The essential fact at the basis of the theory is
‘that molecular attraction varies with. the nature of the solid and
liquid involved and seems to be greater between clay and water than
between other minerals and water. Changes in plasticity on the ad-
dition of chemicals may be ascribed to changes in the nature of the
solutions, and consequently in the molecular attraction. - This also ex-
plains why some kaolin is plastic and some lean, for it is the chemical
constitution (as distinet from composition or elements present) that
determines the attraction. The molecular attraction, on which this
theory is based, seems to be quantitatively sufficient to explain plas-
ticity. As. factms that modify plasticity colloids are probably. of
first importance. Fineness and shape of grain also have their in-
fluence on the amount of water bound in the viscous films.

SHERINKAGE.

The attraction between clay grains and water is so great that it
is usually assumed that in plastic clay a film of water envelops each
clay grain. The drying of such a clay would naturally affect the
size of the mass. The outer part of the plastic mass, being exposed
to air, gives up its water and the space between grains either de-
creases, resulting in a contraction of the mass, or remains open,
béing filled with air instead of water. However, under ordinary
conditions, capillarity draws water from the center toward the drier
outer part, and the lubricating action of the water allows a slight
readjustment in the whole mass. As a total result the same amount
of clay remains with a smaller amount of water, the film having
become thinner throughout, without any great change in arrange-
ment. The process may be continued until the clay grains are no
_ longer well lubricated. When the clay grains are actually in con-
tact, the removal of water can no longer bring them closer, but there

1 Daniell, Alfred, A textbook of the principles of physics, 34 .ed., p. 306, Macmillan Co.,
19011, .
2 Grout, F. F., and Poppe, F., op. cit, p. 75,
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remains some water in the pores which will gradually be taken into
the air and be replaced by air. Shrinkage may be measured as
volume shrinkage or as linear shrinkage. It is usually assumed that
one may be calculated from the other on the basis of volumes being
proportional to the cubes of lines. But this is not always true, as a
flat plate of wet clay will dry more rapidly from the large flat sur-
face than from the edges, and the greater part of the shrinkage will
be at right angles to the flat surface. Shrinkage ranges from 1 to
15 per cent linear measure and from 3 to 48 per cent volume measure.
In the arts the shrinkage of clay is important. If bricks or china-
ware of a certain size are required, allowance for shrinkage must be
made by molding them just enough larger than the required size.
If large masses of clay must bé dried or if shrinkage is great, there
is often danger that the outside will dry and shrink faster than
internal readjustment can take place.. The rate of capillary flow
varies with the fineness of the grains, the distance to be covered, and
other factors. If cracks form or the shape is badly distorted and
warped, the mass is injured if not entirely ruined. The phenomenon
is identical with the formation of cracks on the surface of a mud
flat. In the arts the process is called checking. If the shrinkage is
great it may be necessary to dry masses the size of common brick
with great care for a long time to avoid cracking. Many clays
otherwise of good quality are now neglected because they check so
badly on drying. Such clays, which are often spoken of as “joint
clays,” are, as a rule, highly plastic, but require much water to de-
velop their plasticity. There is, however, no constant relation
between shrinkage and plasticity. = Sandy clays and flint fire clays
and kaolins show little shrinkage. The accepted remedy for check-
ing is the addition of sand, “ grog” (burnt clay), or other non-
plastic material—just such material as corrects excessive plasticity.

TENSILE STRENGTH.

The term “tensile strength ” usually means the tensile strength of
dry clay. The strength of wet clay is not tested except in so far
as it relates to plasticity. Probably the measure of crushing strength
would be more useful, as clay ware is more often subjected to pres-
sure than to tension. Usually, however, a clay of good tensile
strength is strong enough, and the test is more easily made by fol-
lowing roughly the standard methods of testing cement. The tensile
strength of clays ranges from 30 to 350 pounds to the square inch:
100 pounds is enough for most purposes. From the plastic state
to the dried state the tensile strength increases continuously. Clay
grains, originally separated by films of water, have been left in inti-

64310°—19—3
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mate contact by the evaporation of that water and at last adhere to
one another strongly. The gluelike nature of any colloids that may
have been in solution also manifests itself as the water is removed.

EFFECTS OF HEATING.

The effects of heating are so complex that the subject must be
subdivided. Heating decreases plasticity, tensile strength, and
shrinkage; drives off certain volatile products; induces important
chemical reactions; causes progressive fusion, which can be studied
at several stages; and affects the quality of the product, including
its color, shrinkage, toughness, hardness, and strength.

PREHEATING.

Bleininger * has made an exhaustive study of the effects of tempera-
tures up to 400° C., in the hope of finding a means for correcting the
defects of clays that check or crack badly in drying.  His results
show that most clays after heating to 250° to 300° C. require less
water to make them plastic and have less plasticity and air shrink-
age. Subject to certain limitations, which are clearly discussed in the
paper cited, preheating offers valuable commercial possibilities in
Minnesota, for there are immense bodies of joint clay in the Red
River valley. :

EXPULSION OF VOLATILE MATTER.

Hygroscopic moisture is as a rule completely removed from the
clay ware before it is placed in a kiln for firing. During firing a
series of products is removed, whose nature depends somewhat on
the impurities of the clay. The most prominent constituents driven
out are water, hydrocarbons, carbon dioxide, and sulphur, each of
which requires a different degree of heat for its expulsion. Oxygen
may be driven off or combined with the clay, according to the condi-
tions of firing. Firing at red heat increases the porosity without,
much change in the size or strength of the ware. A too rapid in-
crease of temperature and evolution of gases may break the clay mass
with an explosive violence that may injure the ware near by. Snap-
plng of this sort is seldom troublesome if care is used in removing
water. If it is really troublesome and can not be prevented by
thorough drying, it may be lessened by preheating.

The burning of the organic matter in the clay produces heat, like
the addition of more fuel, and may cause a sudden undesired rise
in temperature. Iron should be oxidized at 500° to 600° C., yielding

1 Bleininger, A. V., Iffects of preliminary heat treatment on the drying of clays: Bur.
Standards Bull,, vol. 7, No. 2, 1911,
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normally a red color if abundant, but the oxidation may be delayed
if oxygen is excluded by the evolution of other gases. At a tem-
perature somewhat higher than 600° C. the carbonates, chiefly cal-
cium carbonate, begin to give off carbon dioxide and leave a chemi-
cally active lime residue in the clay. Sulphur may be evolved and
oxidized from sulphides like pyrite at low temperatures but remains
‘in sulphates like gypsum until very high temperatures are reached.
If fusion begins before all these gases are evolved, the clay mass will
swell and become vesicular or “blebby ” and be ruined.

‘CHEMICAL REACTIONS.

The oxidation and reduction of clays are complex, depending on
the supply of fuel and air and on the temperature of the kiln as it
rises to the successive fusion points of the several compounds present in
the clay. Furthermore, reactions may produce a liquid from two
solids which are in contact, even if the temperature is not high
enough to melt either. The familiar example is ice and salt, which
become liquid when mixed, at temperatures below the melting point
of either. In clays lime and silica are examples of such substances.
The fused material later acts as a solvent, which absorbs other min-
erals and which at this high temperature in fluid or semifluid condition
is chemically more active than before. As silica is usually the chief
acidic oxide present, the main products are silicates of indefinite
mixed composition. After firing, these melted silicates solidify, form-
ing the cementing material between the more solid grains and giving
the rocklike quality to the finished ware. To them is largely due the
character of the final product; if they are tough, the ware will be
tough ; if brittle, the ware will be brittle; if too scanty, the ware will
be soft; and if too abundant, the ware will be deformed or melted.
It is probable* that the chemical nature of the melt largely deter-
mines its toughness, and that magnesia, iron, and the alkalies give a
tougher product than lime.

FUSION.

The formation of the fused silicates is progressive, increasing as
the temperature increases. The first liquid to form, if kept at the
temperature of formation, may dissolve some considerable portion of
the surrounding minerals without becoming less fusible. If the tem-
perature is r'used other minerals and combmatlons become fused fmd
dissolve still other materials.

The fusion of the clay is therefore to be studied as a progressive

- and not as a sudden change from solid to liquid. Three stages are

1Grout, F. I.,, and Brown, H. H., Relation of composition and properties: Am, Ceramic
Soc. Trans., vol. 14, p. 355, 1912,
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usually noted—incipient fusion, vitrification, and viscosity. The
4 temperature of fusion” is usually considered to be that of viscosity
-under no load. Fusion under load * is a test applied only to refrac-
tory clays.

At incipient fusion only the minerals and combinations with the
lowest melting points are fused. If the fused parts are abundant, the
whole mass, when cooled, will form a steel-hard product, so that h‘er-
ness of the product is the common sign of incipient fusion. This
degree of fusion causes very little shrinkage. Common brick usually
require no further heat, and fire clays are not often burned even to

this stage.

At v1tr1ﬁcat10n enough of the clay has fused to fill nearly all the
pores between the unfused grains, but unfused material is still abun-
dant and the fused portion is so viscous that the ware keeps its shape.
Shrinkage is usually high. A large amount of high-grade ware is
burned to or very near vitrification. Porcelain and chinaware bodies,
flooring tile, paving and foundation brick, and sanitary ware are
usually vitrified, and some also receive a glaze, which makes the ware:
quite impervious to water. Many vitrified bricks are used for ordi-
nary building, as they are more durable and resistant than common
brick, and some have better color.

At a still higher temperature the clay becomes viscous, its unfused
particles being quite surrounded and suspended in the fused and
liquid portion, and the mass flows, losing its original form. When
brick piled in a kiln have been burned to the approach of viscosity
they may stick together and, if not too greatly deformed, may be
broken up into blocks of about the size and shape of brick with the
rough, irregular surface of broken stone. Such brick can be used
~ in producing many artistic effects and have become popular under

the name “ klinker brick.” (See Pl. I1, A4, B.) The actual tempor-
ature of viscosity, commonly noted as the fusmn temperature, varies
widely.

RANGE OF VITRIFICATION.

A most important point in determining the applicability of a clay
to different processes of manufacture is the range of temperature
between incipient fusion and the viscous state. In firing a kiln
full of clay ware the combustion chambers can not be so distributed
as to give absolutely uniform temperature throughout. Well-made,
expensive kilns can approach uniformity very closely, but all are
likely to show a variation of a few degrees. If it is desired to fire
a brick to vitrification at 1,200° C., the top or bottom courses may

"1 Bleininger, A. V., and Brown, G. H,, The effect of heating fire clays under load: Am.
Ceramic Soc. Trans., vol. 12, p. 337, 1912,
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A. SMOOTH AND CLINKER BRICK FROM B. SMOOTH AND ROUGHENED BRICK
WEST ST. PAUL. FROM COON CREEK.

C. BRICKLETS BURNED IN LABORATORY TEST.

D. LIMY CONCRETIONS IN GRAY LAMINATED CLAY.
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reach only 1,160° and the brick nearest the fire may reach 1,240°.
Tf the point of incipient fusion is only 40° below the point of vitri-
fication, the underburned brick will not be salable. But if the
incipient fusion is 100° to 200° below vitrification there is every
reason to expect that all the brick fired within 40° of the point of
vitrification will be so nearly vitrified as to be entirely satisfactory.
On the otlier hand, if the viscous state is reached at 1,240°, the brick
near the fire will be waste, but if it is not reached for 200° after
vitrification the brick burned to 1,240° will no doubt be of good
quality. The lcsses due to underburning and overburning may be
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as high as 80 per cent of the kiln. Underburned brick may be
returned to the kiln, but they never equal brick directly fired to the
proper point.t

The importance of determining the range in temperature during
fusion has led to a careful study by Purdy 2 that resulted in recom-
mendations for tests of porosity and specific gravity as a measure
of vitrification. The accompanying diagrams (figs. 8 and 4) give
a general idea of the method used in distinguishing the applicability
of a clay from its behavior. By firing bricklets of clay to several

1 Grimsley, G. P., and Grout, F. F., Physical tests on West Virginia building and
paving brick : West Virginia Geol. Survey, vol. 3, pp. 293-294, 1906.

2Purdy, R. C., Pyrophysical and chemical properties of paving-brick clays: Illinois
Geol. Survey Bull. 9, pp. 277-278, 1908,
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different temperatures and determining their porosities a curve
showing the rate of vitrification can be drawn. This curve, if com-!
pared with Purdy’s diagram, will indicate the applicability of the’
clay. In practice, however, the behavior of a clay is much more
commonly judged by inspection of the bricklets burned to several
different stages. A knife will easily show the steel-hard brick
burned to the point of incipient fusion, and a glance will show the
deformation of the bricklet burned to the viscous state. If these
stages are widely separated in temperature, the clay can be safely
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vitrified. The temperatures to which common clay wares are burned
are shown in the following table in terms of Seger cones:?

Cone.| °C. °F. | Cone.| °C. °F. |[[Cone.| °C.-| °F. |fCone.| °C. °F.
022 590 | 1094 07 | 1010 | 1850 91 1310 | 2390 24 | 1610 | 2930
021 620 | 1148 06 | 1030 } 1886 10 | 1330 | 2426 25 | 1630 | 2966
020 650 | 1202 05 | 1050 { 1922 11 | 1350 | 2462 26 | 1650 | 3002
019 680 | 1256 04 | 1070 | 1958 12 | 1370 | 2498 27 | 1670 | 3038
018 710 | 1310 03 | 1090 | 1994 13 | 1390 | 2534 28 | 1690 | 3074
017 740 | 1364 02 | 1110 | 2030 14 | 1410 | 2570 27 | 1670 | 3038
016 770 | 1418 01 | 1130 | 2066 15 | 1430 | 2606 28 |- 1690 | 3074
015 800 | 1472 1] 1150 | 2102 16 | 1450 | 2642 29 | 1710 | 3110
014 830 | 1526 21 1170 | 2138 17 | 1470 } 2678 30 | 1730 | 3146
013 860 | 1580 3 1190 | 2174 18 | 1490 | 2714 31| 1750 | 3182
012 890 | 1634 41 1210 | 2210 19 | 1510 | 2750 32| 1770 | 3218
011 920 | 1688 5| 1230 | 2246 20 | 1530 | 2786 33 | 1790 | 3254
010 950 | 1742 6 | 1250 | 2282 21 | 1550 | 2822 34| 1810 | 3290

09 970 | 1778 7] 1270 | 2318 22 | 1570 | 2858 35| 1830 | 3326
08 990 | 1814 8 1290 | 2354 23 | 1590 | 2894 36 | 1850 | 3362

1 Seger cones are small cones made of clay and chemicals so mixed that they soften at
known temperatures, as indicated above. More accurate pyrometers are seldom needed
in clay work.
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Temperatures for burning common clay wares, mn terms of Seger cones.

Cone.
Common brick . 012-01
Hard-burned common brick I - 1-2
Buff-faced brick_ 5-9
Fireproofing ______ 03-1
Terra cotta___ S 02-8
White earthenware _ - 89
Fire brick —_ o 5-14
Porcelain 11-13
Sewer pipe___ . 3-7

QUALITY OF THE PRODUCT.

The several steps in the process of heating have important effects
‘on the quality of the product. Color is due largely to the content of
iron or manganese, but in the firing it is modified by the oxidizing
‘or reducing gases and by the degree of vitrification. Shrinkage be-
comes notable at the beginning of fusion, is complete at thorough
vitrification, and may be replaced by swelling if gases are evolved
after the formation of much glass. Hardness, strength, and tough-
ness are all low until fusion begins; after that they depend on the
quantity of glassy cement produced until vitrification is reached;
after that they depend on the character of the glassy cement. Lime
pebbles are causes of very serious difficulty. (See p.23.)

MINOR PHYSICAL PROPERTIES.

Slaking is the quality by which a dry lump of clay tends to absorb
water and fall to pieces when immersed. Clays that slake promptly
are easily rendered plastic without fine grinding.

Bonding power is the ability of a clay to hold in suspension less-
plastic material and to render the whole mass plastic and strong. It
is usually though not invariably good if plasticity is high.

The specific gravity, porosity, fineness, feel, and color of raw-
clays may bear some relation to their availability for certain uses,
but no one has yet discovered a system by which any useful property
may be judged from these qualities.

Fineness of grain probably affects the fusibility and rate of fusion
of impure clays but is less effective in high-grade clays.! The par-
ticles in a clay range in size from less than 0.001 millimeter to the
size of a coarse sand. In general the finest particles approach the
composition of kaolinite, though in some clays lime and iron also con-
centrate in the fine portions. The coarser particles are in general
more siliceous.?

1 Hofman, . O., Am. Inst. Min, Eng. Trans., vol. 28, p. 440, 1898,
2 Grout, F. I, West Virginia Geol. Survey, vol. 3, p. 61, 1906.
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Homogeneity might be considered a physical property and is of
importance in the application of clays to industries, as the variable
clays need more careful selection and mixing.

CLASSIFICATION AND ADAPTABILITY OF CLAYS.

CLASSIFICATION.

BASIS,

Clays have been differently classified for different purposes. Com-
mercially, use is the basis of class names. Geologically, origin is
most important. Technologically, the properties of the clay are the
best points of distinction. These methods of classification are here
kept distinct, as the combination of several methods nearly always
results in confusion and overlapping groups.

CLASSIFICATION BY USES.

The uses of clay are listed by Ries? as follows:

Domestic.—Porcelain, white earthenware, stoneware, yellow ware, and Rock-
ingham ware for table service and for cooking; mzjolica stoves; polishing brick,
bath brick, fire kindlers.

Structural—Brick, common, front, pressed, ornamental, hollow, glazed;
adobe; terra cotta; roofing tile; glazed and encaustic tile; draintile; paving
brick; chimney flues; chimney pots; door knobs; fireproofing; terra cotta lum-
ber; copings; fence posts.

Hygienic.—Closet bowls, urinals, sinks, washtubs, bathtubs, pitchers, sewer
"pipe, ventilating flues, foundation blocks, vitrified bricks.

Decorative—Ornamental pottery, terra cotta, majolica, garden furniture,
tombstones.

Minor uses.—¥ood adulterant; paint fillers; paper filling; electric insulators;
pumps ; fulling cloth; scouring soap; packing for horses’ feet; chemical appara-
tus; condensing worms; ink bottles; ultramarine manufacture; emery wheels;
playing marbles; battery cups; pins, stilts, and spurs for potters’ use; shuttle
eyes and thread guides; smoking pipes; umbrella stands; pedestals; filter tubes;
caster wheels; pump wheels; electric porcelain; foot rules; plaster; alum.

Refractory wares.—Crucibles and other assaying apparatus; gas retorts; fire
bricks; glass pots; blocks for tank furnaces; saggers; stove and furnace bricks:
blocks for fire boxes; tuyéres; cupola bricks; mold linings for steel castings.

Engineering works.—Puddle; Portland cement; railroad ballast; water con-
duits ; turbine wheels; electric conduits; road metal.

Some of these uses are of sufficient importance to give chss names
to clays, as f0110WS'

Fire clay. Brick clay. Paper clay.

Slip clay. Glasspot clay. Tile clay.
Stoneware clay. Paving-brick clay. Sewer-pipe clay.
Sagger clay. Paint clay. Pottery clay.
Terra cotta clay. Adobe clay. China clay.

1 Ries, Heinrich, and K(i}umel, H. B., Clays and clay industry in New Jersey: New
Jersey State Geologist Final Rept., vol. 6, pp. 213-214, 1904.
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These terms are never used in a restricted sense. The same term
may be applied to widely different clays, and different terms may
be applied to similar clays. It is hoped that these terms will be
used less as the properties of the clays become better known.

CLASSIFICATION BY GEOLOGIC ORIGIN.

A classification of clays by geologic origin gives the following:

Residual :
From igneous and metamorphic rocks.
From sediments,
Colluvial.
Transported :
Marine.
Estuarine,
Lacustrine,
Alluvial (flood plains and terraces).
Glacial : :
Till. ‘
Lacustrine.
Alluvial.
Eolian, loess.
Metamorphosed slates.

CLASSIFICATION BY PHYSICAL PROPERTIES.

Classification by physical properties should be based primarily on
the most important and secondarily on the less important properties.
Plasticity, strength, and behavior in the fire are the major properties,
and of these fusion is fundamental. If the plasticity or strength is
insufficient it can be easily corrected by the addition of some propor-
tion of other clay, but if the process of vitrification is unsatisfactory
it is very difficult to remedy. Hence, the primary division should
be based on heating behavior. The following classification, however,
is not ideal, because there is some overlapping between the several
grades of clay indicated:

Refractory (fusing above cone 27) : Main uses.
Barthy, usually residual, nonplastic______ China clay.
Plastic - - Ball clay and plastic fire clay:
Flintlike, . nonplastic Hard fire clay.

Semirefractory (fusing above cone 10) :
Vitrifying gradually:

Red burning. — —-.Sewer pipe, paving brick.
Buff or cream burning . _____________ Stoneware,
Vitrifying suddenly_ .= ____ —--Low-grade fire clay.

Nonrefractory (fusing below cone 10) :
Vitrifying gradually: . :
Red burning ~--- Vitrified brick, foundation brick,

sewer pipe.
Buif or cream burning._____________ Foundation brick, sewer pipe.

Vitrifying suddenly - Common brick.
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Subdivisions of semirefractory and nonrefractory ciays may be
based on their degree of plasticity.

SPECIAL CLASSES.

In addition to the comprehensive systems of classification special
names are used to designate certain peculiarities. “ Shale,” one of
the commonest, is used to indicate an indurated and generally lami-
nated clay. The word is not applied to surficial deposits that have
never been buried under later sediments, for few of these are lami-
nated. Hardening (induration) is brought about by pressure, and
cementation is effected by precipitation of mineral matter. The ex-
treme of the hardening procegs is to be found in the development of
slates, which are metamorphic rocks. Of those not classed as meta-
morphic rocks, probably the “flint clays” of the coal measures rep-
resent the maximum hardening. These may be grouped with shale,
properly enough, though they are not usually so distinctly laminated
as typical shale. Weathering reduces shale to its soft original state,
probably by dissolving its cement, The term “slate” is incorrectly
but very commonly applied to shales, especially to shales of the coal
mines. “Soapstone” is applied, also incorrectly, to a shale that
has a soapy feeling, which is probably due to a magnesian impurity.
“Tire clay ” is a miner’s term for any clay below a coal bed, but as it
is usually supposed to mean a refractory clay, its use to connote
position is incorrect and confusing. Joint clay is very fine grained
plastic clay which shows so great a tendency to shrink on drying
that it almost invariably cracks. A great many adjectives, such as
calcareous, ferruginous, and micaceous, are used to designate con-
spicuous impurities. It may also be worthy of note that geologic
age is often used as a criterion for distinction, as Archean, Creta-
ceous, and Pleistocene clays,

Knowledge of the qualities that are essential in the clay for the
production of certain grades of ware is most important for one who
is about to develop a deposit. These qualities can be only briefly
and in some cases not very definitely stated. The relation between
the various systems of naming a type of clay and its uses is not
always definite. Each system is of value, however, in its proper
place. The physical properties are the most necessary to ascertain.
The effects of impurities are discussed on pages 22-27. The age of a
clay is worthy of note, chieflty as a help in finding more deposits.
Ancient clays are much like recent ones, but in general the older
formations are igneous or metamorphic, and the only clays they
contain are either much altered slates or the residual products formed
by recent decay of the old rocks.
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The relation between mode of origin and properties or uses ig
equally indefinite. Residual clays formed from igneous rocks vary,
with the completeness of alteration and the character of the original
rock. -If thoroughly altered they contain little, if any, of the origi«
nal minerals except quartz; iron oxides and muscovite are abundang
impurities. If iron oxide is lacking, the kaolinite can be washed
clean and used for china ware, though nearly all of it requires some
plastic addition. Residual clays formed from sedimentary rocks
differ somewhat from those formed from igneous rocks. Among
transported clays the variety is great. In some parts of the country
it is possible to find a transported clay that is suitable for almost
any use to which clays are adapted. Estuarine, lacustrine, and gla-
cial clays occur in similar variety. River clays are more likely to
be sandy and impure, and will generally make nothing better than
common brick.

True slates are seldom used in making clay products, but it is
believed that excellent building material can be made from some of
the Minnesota slates.

RELATION OF PHYSICAL PROPERTIES TO USES.

Common-brick clays should be capable of being molded into brick,
should burn hard below cone 1 (2,100° F.), and shouid have a popu-
lar color. Somewhat higher plasticity is required for stiff-mud .
brick than for soft-mud brick.

Clay for front brick should be more plastic, so that the brick'
may hold their form better and present smooth surfaces and square
corners. Their color after burning is more important than that
of common brick. Front brick are nearly always burned steel-hard, '
and should have a good range of vitrification to avoid heavy losses
from deformation.

Hollow brick and ﬁreprooﬁng blocks are made to attain 11ghtness
in weight. Other properties being equally good, the lighter and’
more porous product is the more deS1mble The clay must be plastic
enough to work in an auger machine with a die for the hollow'
center. If the bonding power is good, it may be desirable to add
sawdust to increase the porosity. . The brick should have fair tensile
strength. The color of the burned product is immaterial, but the
red blocks are usually ferruginous and somewhat heavier thm the
lighter-colored ones. The burning must produce strength and dura-
bility in the product rather than hardness or density or beauty.
Specifications for these products have been formulated and pub-
lished.

1 Eng. News, vol. 47, p. 177, 1902.
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Foundation, sewer, and sidewalk brick, which may be exposed to
wet, freezing, and thawing, differ from common brick only in their
degree of vitrification. They must be so well vitrified that water
can not enter in such a way as to disrupt the brick on freezing. It
should be possible to vitrify the brick very completely—to a porosity
of only 4 or 5 per cent—without leaving many soft brick or many
viscous, deformed brick in the kiln.

Paving bricks and blocks require material of the same type as
foundation, sewer, and sidewalk brick, with an added toughness.
This is even mort important than completeness of vitrification and
is attained with some clays by stopping the heat before vitrification
is complete. As yet no way is known by which toughness of product
can be inferred from the composition and properties of raw clays,
and it is necessary to try them in actual practice.

Clays for draintile are similar to those used in making stiff-mud
brick. The form of a tile is such that it tends strongly to warp
and crack in drying. If a brick clay is free from this tendency and
does not show auger laminations, it will probably make draintile.*

Wall and floor tile are made from buff-burning clays or white
porcelain mixture, but more attention must be given to color, and, for
some purposes, a special glaze is necessary.

Terra cotta clay must be very highly plastic and very strong to
retain the complex ornamental designs into which it is worked. It
is usually selected with great care to obtain uniform color and free-
dom from cracks. It should have a good range of vitrification but
is only partly vitrified in manufacture.

Clay for sewer pipe must be much like that for paving bricks,
The product is not subject to the same severe abrasion, but the forms
are so large and thin walled that high strength is necessary. Only
a small amount of shrinkage is allowable, as warping and cracking
are fatal defects. The dark product demanded by the market is
usually obtained by adding a salt glaze.

Clay for porcelain, pottery, china, and other domestic and sani-
tary ware requires the highest degree of preparation and control.
It must be plastic and free from sand, and it is generally washed. It
must be strong to hold its shape and must not shrink so much that it
warps. It must burn white or very light and must partly vitrify
without losing its form. The range in temperature between the
beginning of its vitrification and the point where it attains the
viscous state should be over 200° F.. The product should be tough
and strong. Much of it should be capable of receiving a glaze with-
out being cracked and without subsequent breaking away of the
glaze. '

1Tests for good draintile have been formulated by the American Society for Testing
Materials (Proc., vol. 11, p. 833, 1911). .
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Refractory clays must primarily stand in the structure desired,
at high temperatures, and they must withstand repeated heating
and cooling without losing their strength and infusibility. Many
of the refractory clays are nonplastic and few are burned to incipi-
ent vitrification. It has become a custom not to expect high plas-
ticity of refractory clays nor much strength of the product. But if
the brick are too weak, additions of plastic clay or bonding ma-
terial must be made, even at the expense.of fusibility. Fire brick
are sometimes wanted with very coarse grain and open texture to
prevent the rapid conduction of heat. Such brick are produced by
the addition of large amounts of crushed burned clay (“grog”).
For other purposes clay is desired that burns to a very strong,
dense body at medium temperature and weakens or softens only at
a very high temperature.

Clays for minor uses must meet varied requirements. Paper clay
should be white, free from sand, and of good plasticity. Slip clay
should be fusible and so fine grained that i1t will remain for a long
" time in suspension in water. Paint clay is so impure with ferrugin-
ous minerals as to have a dense color, usually red or brown. Adobe
is any clay that will dry hard in the sun. Tuller’s earth is an im-
pure clay which has the property of absorbing coloring matter from
oil. Deposits of several of these different types have been reported
in Minnesota, but none have been much developed.

TESTS OF CLAYS.

SAMPLES.

All clay deposits visited in Minnesota were carefully sampled so as’
to get representative material. Pits were sampled by cutting a
groove from top to bottom of the working face, and undeveloped
deposits by boring several holes with a 2-inch auger. The samples
taken for the Bureau of Standards weighed about 100 pounds and
those for the University of Minnesota about 25 pounds. The results
may be accepted as good indications of quality but are not by them-
selves sufficiently conclusive to warrant large investments.

CHARACTER OF TESTS,

Plasticity, strength, shrinkage on drying and burning, burned
color, and character of vitrification may all be determined in the
laboratory. If toughness of the burned product is essential, however,
adequate data can not be obtained from a small laboratory shmple
and factory tests of carload lots are necessary. Factory tests should
also be made on clays intended for glazed ware. ‘
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~ The following tests were made in the laboratory of the University
of Minnesota, and the more important were checked by the United
States Bureau of Standards with a somewhat better equipment.

Time of slaking of a half-inch dry lump was noted. The sample
'was then ground to 40-mesh, if it seemed désirable.

Plasticity was noted by feel and reported in six degrees—very
high, fairly high, high, low, very low, and sandy.

Ten bricklets, 4 by 1 by,1 inch, were molded in a single brick mold,
under a pressure of 300 pounds, one side being cut with a knife edge
to get the proper dimensions. Volumes as made were fairly con-
stant. ~ Several briquets were made for tensile tests.

In measuring tensile strength no high degree of accuracy was
attempted. Results usually differ for different operators, and as
much as 30 per cent on different tests by the same operator. For
this reason a test of a single briquet was sometimes considered suffi-
cient, unless it showed exceptionally high or low results. Below 50
pounds to the square inch is considered poor; 50 to 150 fair; above
150 high. Correction must be made for shrinkage. ‘

The effect of rapid drying on tensile strength was tested. The
general effect of rapid drying is manifested by the appearance of
cracks and checks and is commonly recorded as a personal judgment
of the operator. Checks are supposed to indicate weakening of the
briquet. In many of the university tests it was found by &. M.
Handy that rapid drying was injurious to the strength of the briquet
even when checks did not show prominently.

An adhesion test, developed by Mr. Handy, aims to show whether
a clay loses tensile strength when forced through an auger brick
machine. Wheén clay products are molded on an auger machine the
clay is mixed very thoroughly by knives and by the auger, both of
which cut through the clay and press it forward through a die. In
most clays the pressure is sufficient to join firmly the parts that have
been separated in the machine. In some clays, however, the adhesion
is much less than in others, and in some it is very poor. In the test
worked out by Mr. Handy a newly molded tensile briquet is cut
transversely, and then pressed in the molds at 800 pounds to see if
a firm union can be effected between the divided parts. This is at
least partly analogous to the action of the auger. None of the briquets -
iso treated were of high strength, but those that showed defective
auger structure had a tensile strength below 20 pounds to the square
inch.

The molded bricklets. were weighed when wet and again when
oven-dried. The loss in per cent of dry weight was “ water of plas-
ticity.” The use of oven-dry weights makes the reported water in-
clude hygroscopic water, and the totals are higher than the average
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reported by other investigators; however, this seems to be the only
logical procedure, for the hygroscopic water is variable.

The volume of the dry bricklets was measured in a modified Seger
volumeter, in kerosene.

Burning was conducted at several temperatures in a large gasoline-
fired muffle measuring about 12 by 18 by 6 inches. The colors were
nearly as bright as in actual practice. The bricklets were stood on
enid (see Pl II, O) and may have begun to be deformed at a some-
what lower temperature than if they had been laid on one side. The
temperatures were very nearly uniform through the muffle. The
rate of heating and temperature reached were shown by a recording
pyrometer and the use of Seger cones.

The burned bricklets were tested for hardness, color, and freedom
from deformation.

Undeformed bricklets were weighed, boiled four hours in water,
and weighed again, the difference showing the weight of water
absorbed.

The volume of the saturated bricklet was measured in the volu-
meter, in water.

The porosity was determined by the formula

absorption in grams

Porosit er cent) = - - - 100
v (p ) volume in cubic centimeters N

From these measurements it was possible to calculate or report
slaking time; water of plasticity; plasticity; air shrinkage (volume
shrinkage was obtained directly from measurements and linear
shrinkage was calculated from volume shrinkage; only linear shrink-
age is reported) ; tensile strength; effect of rapid drying; probable
injury from auger structure; behavior at several temperatures, in-
cluding fire shrinkage (volume and linear; only linear is reported),
color, hardness, per cent of absorption and porosity, and special
characteristics, such as checkmv and black coring; and range or rate
of vitrification.

Refractory clays were made into smaller bricklets and burned
in a Meeker (compressed-air) muffle furnace.

The large number of gray-drift clays that are rendered useless
by limestone pebbles made necessary a modification in treatment.
The Minnesota plant which is most successful in removing these peb-
bles operates at Hutchinson on material containing 70 per cent of
grains fine enough to call clay and 30 per cent sand. About 9 per
cent of the mixture is lime. It was thought that a determination
of these ratios in other deposits would be of more value than an
attempt to burn brick from the pebbly clay. In conformity with
the practice at Hutchinson, very little material coarser than 20-mesh
was used. The sand was separated and caught on a 100-mesh sieve.
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The few analyses made are of value in estimating the availability
of fire clays and in comparing the clays of different formations. Two
sets of vitrified brick were subjected to a rattler test by Edward
Orton, jr., at Columbus, Ohio.

The kaolin burned white and was glazed to ascertain whether the
color was satisfactory. : :

Several mechanical analyses were made by the use of a centrifuge,
according to the methods of the United States Bureau of Soils.! In
most mechanical analyses it is common to class all particles smaller
than 0.005 millimeter as “clay.” In the analysis of soils this is one
of several fractions resulting from the analysis, each of which is of
about equal importance; but in clays these fine particles are uni-
formly abundant and it is advantageous to make a special classifi-
cation of the finest material. Coarse sizes are not abundant in clays
and may well be thrown together as coarse sand. The following
groups were therefore adopted in this work, and the results were
checked by microscopic measurements:

Mechanical classification of grains in clay.

Diameter in millimeters.

Fine clay . Less than 0. 001
Coarse clay - R e _ 0. 001- . 005
Silt : — - .005—- .05
Fine sand — 05— .5
Coarse sand - Larger than .5

The samples were air dried before and after separation, and the
total of the fractions was usually 96 to 100.7 per cent of the sample
used to start with. The analyses were recalculated to 100 per cent.

The quality of products was tested in the engineering department
of the University of Minnesota, and other available records were
added.

RELATION OF TESTS TO PRACTICE.

As an example of the relation of tests to practice, comparison may
be made of the clays of Coon Creek, West St. Paul, Red Wing, and
Wrenshall, all of which have been largely used. All the clays slake
promptly and develop fair plasticity. That from West St. Paul is
the most plastic and is found to work somewhat stiff. Each has a
tensile strength of more than 100 pounds to the square inch, which
is usually considered necessary for ceramic work. The sandy red
drift of Coon Creek shows the smallest shrinkage in drying (5 per
cent), but none of the clays show more than 8 per cent, which is
small enough to insure against danger of serious warping or crack-
ing. Rapidly dried briquets made from these clays were just as
strong and free from checks as those slowly dried.

17. 8. Dept. Agr. Bur. Soils Bull. 84, Washington, 1912,
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In firing, these clays are typical of the groups to which they belong.
Under vitrification (see fig. 8, p. 84), Pleistocene clays, like the lami-
nated clay of Wrenshall and the red drift of Coon Creek, show a sud-
den drop in porosity, and the older shales, Cretaceous and Decorah, a
much more gradual decrease. This rate of decrease and the relation
of low porosity to the viscous state largely determine the uses of the
clay. The university tests show that the clay of Wrenshall can not be
burned to a very low porosity without danger of melting out of shape.
The clay of Coon Creek shows unusual resistance to fire for a few de-
grees after a somewhat sudden drop in porosity. The shales of West
St. Paul and Red Wing both show a very gradual falling off in poros-
ity as the heat is increased and, though not tested in the university
laboratory to a porosity below 5 per cent, they can easily be burned to
a product of that density without danger of melting. The two shales
differ most remarkably in the temperature at which the lowest
porosity is reached, that from West St. Paul being well burned at
about 2,150° F., and that from Red Wing requiring 2,700° ¥. The
shale of West St. Paul contains so much organic matter and fer-
ruginous fluxes that black cores and vesicular texture are likely to
develop unless it is slowly and carefully burned. The color of the
product is indicated very definitely for each clay.

These results would be sufficient to warrant very definite conclu-
sions as to the uses of the clays, which are now being used for the
purposes for which they are best suited. The clay of Wrenshall will
produce a porous but good common brick. The clay of Coon Creek
will yield a much harder, denser brick, suitable for harder usage, as in
foundations, public buildings, and even pavements. The clay of Red
Wing is of still higher grade and will make light-colored vitrified
ware like stoneware, as well as light-colored paving brick. It is used
only for stoneware, and the more ferruginous varieties for sewer pipe.
A shale that vitrifies at so low a temperature as that from West St.
Paul is usually believed to give a product that even if well burned
will not have the resistance to abrasion required of a street pavement
nor the strength needed for sewer pipe. The shale of West St. Paul,
however, is eminently fitted for high-grade brick and tile.

TECHNOLOGY OF CLAY.
By E. X. SopEr.
PROSPECTING.

TGSUAL METHOD OF PROSPECTING.

Most of the developed deposits of clay have been found by men
occupied in other pursuits, who had the requisite knowledge and

64310°—19——4
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skill to observe the signs about them and to investigate what others
would pass by unheeding. One who has become familiar with the
appearance of a clay will recognize similar material elsewhere.

There is not a farm in Minnesota that does not contain some clay,
good, bad, or indifferent, in deposits of greater or lesser extent.
Common brick clays are so widely distributed that it is unwise to
prospect for them in places far from lines of transportation, except
for local trade. In many places, however, a little prospecting for
material to supply such local trade with better brick than are now
made would be worth while. A plowed field, an excavation along
a road, a well, a posthole, or the bank of a stream may reveal clays
-of a type known to be -of value. The most common clays lie near
the surface and may be found by examining any place where the
soil has been removed. If there are no such places a dirt auger,
with an extension handle, is the simplest means of making the neces-
sary excavations. Some clays do not lie so near the surface and are
not so easily discovered. Yet, if they are fire clays or kaolins, they
may be worth some effort at prospecting and development.

STRATIGRAPHIC PROSPECTING.

The stratigraphic method of searching for clays proceeds on an
assumption that is fairly reliable, if used with caution. Where
sedimentary formations lie in nearly horizontal layers, as in the
southern half of Minnesota, it may often be assumed that they are
continuous underground, even if concealed by soil and vegetation.
For instance, the rock formations of southeastern Minnesota are
well exposed at many places in bluffs, at the top of which is a lime-
stone containing fossils that prove it to be the Galena. Below this
limestone come, in order, the Decorah shale, the Platteville lime-
stone, and the St. Peter sandstone, each with a definite thickness
and character. If near Faribault, for example, there should be
found a number of such exposures of uniform character, and if at a
particular place no formation except the Galena crops out, it is
safe to conclude that under the surface at that place the Decorah
shale lies at the same elevation as it does in other parts of the area.
Such an assumption is useful in finding some clays.

A line of springs along a hillside also often gives evidence of clays
underground. Rarely, when conditions seem to warrant it, drill
holes and shafts are sunk to considerable depths in search of clays.

ECONOMIC CONSIDERATIONS.

Common clays are so widely distributed in Minnesota and in most
other States that the choice of a deposit to exploit depends princi-



TECHNOLOGY OF CLAY, . 51
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pally on the marketing conditions. To be valuable, clays must be
near a market or near some line'of easy transportation. Some very
excellent clays in Minnesota are destined to remain untouched for
years because they are too inaccessible. At present it will not pay
to haul fire clay or pottery clay by wagon to any distant railroad
point for shipping. The price in 1915 for good fire clay was about
‘$1.50 a ton, and the cost of a wagon haul would absorb most of the
profit at that price. The cost of labor, fuel, and other material -
should also be considered. A few high-grade clays may sell for
enough to overcome the handicap of unfavorable market conditions.

After studying market conditions and finding a clay, one should
determine before a plant is erected, first, the amount of clay; second,
its general character; third, the conditions of working, including
accessibility of all materials needed in the working; and finally, if
all these are favorable, the exact and detailed character of the clay.
Each of these items deserves the most careful attention.

CLAY PLANTS.

LOCATION.

If a clay deposit is extensive, like the glacial clays in Minnesota,
the success of a plant may depend on the location selected. The
relation to transportation facilities is most important. No matter
how fine its quality, the clay is worthless if it is inaccessible, and
for this reason prospecting in regions remote from transportation
facilities is useless. It is also necessary to consider the overburden
with regard to stripping operations. Another essential consider-
ation is the drainage, provision for which is in many places diffi-
cult and in some flat regions can be made only by pumping. The
possibility of mixing different clays controls the location of many
plants, though foreign material whose admixture will improve the
grade of the product can often be profitably brought from a con-
siderable distance. Some sand also must usually be available for
mixing with the fat clays used for common brick. Most high-grade
clay products, such as chinaware, stoneware, and terra cotta, are
made from mixtures rather than from run of bank material.

The exact location of the buildings and yards with respect to the
clay pit is a matter that deserves more attention than it usually
receives. In numerous places yards and buildings have been placed
over the best clay in the deposit and must be moved before the clay
is excavated. The plant should be arranged so that the material
may progress from, pit to machine, to drying racks, to kiln, and to
shipping point in regular sequence, without any great distance be-
tween points and without retracing its route. (See fig. 5.)
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o

MINING THE CLAY.

Open pits are most commonly used for obtaining the clay, under-
ground work being too expensive except for kaolins and fire clays.
The expense of mining underground is affected by the size of the
bed, the drainage, the roof, and the depth. In Minnesota the high-
grade clays are well situated except that the roof consists of shale
or drift and is not strong.

Pick and shovel are used on most chys and the best Darto of
variable high-grade clays may be carefully selected. Uniform clays
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requiring no selection in the pit may be excavated with a plow and
scraper or with a steam shovel, which in large plants is the most
economical. (See Pl. XIII, A.) Blasting is not usually necessary.
Any overburden is removed by similar methods. Where land is
valuable for farming and the pits are shallow, as in the Red River
valley, the soil of the overburden is spread on the bottom: of the
worked-out pit.
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- Drainage is an item of expense in some places. Ditches are most
economical if an-outlet can be found, but in many places pumping
is necessary.

Deep pits are worked in benches, though in a deposit of firm shale
where proper protection” can be pr ov1ded as at West St. Paul, high
vertical faces are worked by undermmmg and caving. " In some
other States, where high-grade clays occur in peculiar forms, special
methods of mining have been adopted. The southern kaolin de-
posits, for example, are worked by a series of circular or square pits.

TRANSPORTATION FROM PIT TO PLANT.

Where the plant and the clay bank are close together excavation
and transportation are combined by the use of scrapers and similar
apparatus. Horse carts and cable-dump cars are very commonly
used. In some of the larger deposits in hilly ground aerial tram-
ways and even chain conveyors are used. Where the clay lies along
a navigable stream or lake, like many deposits in Minnesota and
Wisconsin, barges can be used both for transporting the raw material
to the factory and for shipping the finished product. There are but
few plants in Minnesota where the raw clay has to be hauled far.
At present it will not pay to haul even good fire clay or pottery clay
by wagon to a distant railway shipping point. The only Minnesota
clays extensively shipped any great distance are the Cretaceous
clays of Goodhue County. The raw material from these deposits
is loaded on flat cars and hauled to Red Wing, a distance of 12 to
18 miles. Another part of the product is shipped to Hopkins for
‘the Minneapolis sewer-pipe plant. Some high-grade clays may
prove sufficiently valuable to warrant transportation for a consider-
able distance.

DRAINAGE.

Pits in clay deposits that underlie flat areas are usually drained
by pumping, especially if they are deep. Many thin clay deposits
can be drained by a proper system of trenches. Too little attention
1s given to drainage at many clay plants. Where the deposits are
on steep hillsides improper drainage may cause caving.

PREPARATION OF THE CLAY.

PRELIMINARY TREATMENT.

Some clays, after being dug and brought from the pit to the yards,
require preliminary preparation before they are ready for thé mold-
ing machines. Many clays are rendered more plastic after weather-
ing, and in a few localities where greater plasticity is desired the
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material as it comes from the pit is spread out in the sun for several
weeks or months. Other clays are mixed with sand or some different
clay. Very few yards use the best clay alone; as a rule more or less
sand is mixed with it, especially for making ordinary brick and tile.
The most common practice is to take the fun of bank material, in-
cluding a foot or two of sandy-surface soil. The sand increases the
density of limy clays and decreases the air shrinkage and sometimes
. the fire shrinkage.

~ If the clay contains sticks or large pebbles or concretions they are
sometimes picked out by hand. Hard clays and shales must be
crushed, and if the clay contains the top layer of soil it may include
some pebbles, which must be either crushed or removed. For some
shales fine crushing is absolutely necessary to obtain plasticity.

GRINDING.

The commonest types of crushing and grinding machinery are
dry pans, jaw crushers, disintegrators, and rolls. Ball mills are
sometimes used for very fine wet grinding. Clays of ordinary hard-
ness and toughness do not require crushers or rolls and can be
worked up directly in wet or dry pans. Rolls are used more than
jaw crushers because of the tendency of the clay to pack and clog
the crusher. The commonest combination used in Minnesota con-
sists of rolls and pug mills. The dry pan is a heavy pan supported
and driven by a vertical shaft. Within the pan are two or more
heavy mullers or wheels supported on a horizontal shaft. As the
pan revolves, the mullers are rotated in the opposite direction by
‘their contact with the pan, grinding the lumps of clay. (See Pl III,
4:) Several types of disintegrators are on the market, but the com-
monest break up the clay by impact against the bars of opposite
revolving cages or by the impact of flying hammers attached to axles
revolving in opposite directions. As the axles revolve the hammers
are flung out by centrifugal force and beat the clay to pieces.

WASHING.

Many higher-grade clays, such as kaolin and stoneware clays, are
washed after disintegration to remove sand and other impurities of
a harmful nature. The disintegrated clay is mixed with water to a
thin sludge and settled in a series of shallow tanks. The sand set-
tles out rapidly in the first two tanks and the finer clay substance is
kept in suspension longer and is recovered in the lower vats. This
wet cla,y (slip) then passes through filter presses to remove the re-
mainiig water, and the resulting cakes are tempered or are dried
for shlpment The details of the process now applied at Red Wing
are described in the Goodhue County report (pp. 165-173).
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A. DRY PAN.

B. DOUBLE 8-FOOT WET PAN.
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SOFT-MUD PPICK MACHINE FORMERLY USED AT JACKSON.
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SCREENING.

After grinding or washing it is usually necessary to use a screen to
separate coarse or uncrushed material from that ready for molding.
Dry pans combine the grinding and screening by means of perfora-
tions in the bottom of the pan.

OVERCOMING THE TROUBLE FROM LIMESTONE PEBBLES.

METHODS,

Many poorer-grade clays for brick and tile are not washed, be-
cause the value of the product will not offset the extra expense.
However, the gray drift that is so widespread over Minnesota must
be cleaned before it can be used for the manufacture of high-grade,
ware. Limestone pebbles are its chief defects, for after the clay is
burned they will slake, swell, and destroy the brick. They can be
removed or rendered harmless in several ways. If they are not too
abundant, fine grinding may be sufficient. Fairly fine grinding and
immersion in water after removal from the kiln will render the lime
harmless. The addition of some salt with the water used in tem-
pering the clay seems to prevent the swelling and slaking of the lime.
By drying and gently grinding, so that the clay is disintegrated and
the harder pebbles left, it is possible to catch most of the lime on a
screen. The use of certain machines® will remove pebbles from
plastic clay. Washing, however, is the most effective process and
has been commercially successful in a plant that uses material such
as can be found in nearly every part of the State. This plant is de-
scribed below.

HUTCHINSON PROCESS.

At Hutchinson, in McLeod County, the gray drift is cleansed of
limestone pebbles by a process that is probably not duplicated in
America. The washing machinery occupies a space not over 20 feet
square and 15 feet high and washes 130 yards of clay in a day. The
clay from the bank is hauled by cable car to the washer, where it is
mixed with an excess of water and agitated by a series of vertical
rods fastened to a rotating crossbeam. The harrow-like motion of
these rods tends to throw the larger pebbles toward the center and
leaves the fine clay and sand suspended and distributed throughout
the washer pit. A bucket elevator of continuous operation dips into
the pit near the center and removes the gravel. The gravel, if
cleansed, forms a by-product of consider able value. At the sides of
the pit a screen of proper mesh allows the escape of the fine sand and

1The Diesner clay cleanser: Brick, vol. 31, No. 5, 1907,
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clay to one of a series of open ponds in which they are allowed to
settle. After a time some of the water is pumped off and the rest
is left to sink into the ground. The sand naturally settles close to
the intake of the pond, and the clay is carried to the farther side.
‘After partial drying the material is taken to the stiff-mud machine,
where the clay and sand are mixed in approximately the same pro-
portions in which they existed in the drift before the washing.
Experiments are in progress to determine whether the clay is im-
proved by standing in the settling ponds all winter. The gravel is
gold for concrete. Both the clay and the sand contain a consider-
able amount of calcium carbonate (see analyses in report on McLeod
County, pp. 191-193), but if care is taken to remove the coarser sand
the lime does no harm, and it is certainly less abundant than in the
.unwashed drift. The phnt at Hutchinson uses three round down-
" draft kilns, and plans are made to double the capacity. It has been
found pos51ble with this clay to produce a very good draintile and
hollow building block, so that the production of common brick has
become secondary Retently most of the tile made from clay have
been of small sizes; the gravel by-product was used with cement for
larger tile. M. C. Madse_n, of Hutchinson, has been developing this
process for about 20 years.

A large plant of this character, shipping its product over a con-
siderable territory, would meet the competition of plants using clay
that is free from limestone pebbles and that is therefore more
cheaply worked. " A local plant of medium size, however, could suec-
ceed, and there is room for several such plants in the Western and
northern parts of the State.

GRINDING AND SCREENING.

If the clay is not too heavily charged with limestone pebbles, it
is possible that a method cheaper thm washing may be apphed
 According to Binns and Coates:?*

Lime grains as large as would be rejected by a 12-mesh sieve are objection-
able even in small quantities, for though the brick may not be ruptured there
is apt to be an unsightly spalling of the surface. To be entirely safe, lime
grains must be ground to pass a 36-mesh siéve. Lime as fine as this may be
present in a proportion as high as 12 per cent. “The danger of rupture from

lime grains may be almost completely avoided by a saturation of the brick
on being drawn from the kiln.

SATURATION OF THE BURNED BRICKS.

Saturation of the freshly burned and cooled brick is especially
effective if the brick are very porous. Clays that burn to a very
dense body would probably be more affected by the lime content than
those making soft, porous building brick. This treatment has been

1 Birns, C. F., and Coates, M. A,, Am. Ceramic Soc. Trans.,, vol. 14, p. 22, 1912,
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tried at several places on the gray drift and, though partly success-
ful, has not yielded so high grade a product as that obtained by the
washing.

COLORING.

Special colors are most commonly obtained by adding compounds
of manganese or of iron. At Preston the red color of the brick is
improved by the use of “mortar-color” red in the molding sand. A
similar process is reported from Menomonie, Wis., and Winona,
Minn., and may give satisfactory results elsewhere in Minnesota.
At other places a glaze or slip is used to impart the desired color. A
salt glaze is common, especially on sewer pipe. Pottery, stoneware,
and fancy face brick may be covered with a thin layer of some slip
clay that is known to burn to the desired color. Where a slip is used
special care must be taken that the difference in shrinkage between
the slip and the body of the ware is not too great, for uneven shrink-
age may cause the slip to peel or crack.

MIXING.

Many of the best plants in the United States mix clays from two
sources. Very little of such mixing is done in Minnesota, though
tests show that it would much improve some of the products, espe-
cially those made from slate and red clay near Duluth. Careful
mixing is practiced at West St. Paul, where the upper and lower parts
of the Decorah shale are unlike. At most clay banks, however, mix-
ing is effected merely by running the scraper from the top to the bot-
tom of the bank.

PREHEATING.

Some defective clays may be greatly improved by preliminary
heating to 200° to 300° C. (see p. 34), particularly joint clays, which
are too plastic to work easily and which crack badly on drying.
The process will probably be used in certain parts of Minnesota,
where the only clays available are joint clays. The expense is not
great, but in most places clays that do not require such treatment are
available.

TEMPERING.

Before the clay is molded it must be thoroughly mixed with water
until it attains the required degree of plasticity. This process,
which is called tempering, may be carried out in the soak pit, the
ring pit, the wet pan, or the pug mill.
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SOAX PIT.

The soak pit is a square or circular pit in which the clay is m ed
by hand or by horsepower. As a rule the sides of the pit a1 of
natural earth, unboarded, though planks or stones may be pl ed
on the bottom. The clay is dumped in, usually without any ‘e-
liminary crushing, and is mixed with water. Many pits hav ‘a’
vertical post in the center with a rod so attached that a horse may
rotate it and thereby mix the clay. The soak-pit method is ap-
plicable only to the soft-mud process. (See p. 59.)

RING PIT,

The ring pit is similar to the soak pit, except that it is invariably
circular, has permanent walls, and has a post in the center, to which
is attached a long horizontal rod which carries a wheel. As the
horizontal rod is revolved about the vertical post the wheel travels
back and forth along the rod, from the center to the outside of the
pit and back again, thoroughly mixing the clay and water. The or-
dinary ring pit has a capacity of 3,000 to 8,000 brick a day.

WET PAN.

The wet pan is similar to the dry pan (see p. 54), except that it
has a solid instead of a perforated bottom and can ordinarily be
emptied only when it is stopped. Some lumps of clay, therefore, al-
ways remain in the bottom. Its chief advantage is that it grinds
and mixes at one operation. (See Pl III, B.) It is used in making
sewer pipe, fire brick, and paving brick.

PUG MILL.

The most common method of tempering in use at the larger plants
is that employing the pug mill. This mill consists of a cylindrical
trough in which revolves a shaft carrying arms or knives set at an
angle. The clay, with water in proper amount, is fed into the
upper end of the mill and is forced by the revolving arms toward the
lower end. On the way it is thoroughly mixed, all lumps are broken
down, and the whole is kneaded into a plastic mass. The method
and rate of feeding the clay to the mill will differ at different plants
but are usually controlled by some mechanical device. Pug mills are
made in different lengths, and as the thoroughness with which the
clay is mixed depends chiefly on the length of the trough, the ma-
chine must not be too short for the clay to be used. Many ma-
chines are not long enough and do poor mixing, and poor mixing
invariably results in a poor grade of brick. When the pug mill is
used in conjunction with the stiff-mud method of molding (p. 60), a
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special combination of pug mill and auger machine is usually
employed, by which the clay, after being mixed by the revolving
arms, is forced out at the lower end through a die in the shape of &
long bar or ribbon. .

In Minnesota numerous pug mills and combination pug and auger
machines are used. At the smaller plants ring pits are nearly always
employed. At some brickyards, as the result of improper mixing,’
many lumps of clay half an inch or less in diameter are allowed to
get into the brick without being crushed. ™This is undesirable and
causes the splitting or breaking of the brick.

WEDGING.

In many pottery plants the washed clay, after it comes from the’
pug mills, is given an additional tempering by kneading by hand orj

in rolls. This treatment is called wedging.
MOLDING.

BRICK MOLDING.

There are three methods of molding brick—the soft-mud process,!
the stiff-mud process, and the dry-press process.

SOFT-MUD PROCESS.

Bricks may be manufactured by the soft-mud process either by
hand labor or machine. Hand-molded brick made in this manner
are known as slop brick and are now made only at the small yards.
The molds, which contain compartments for six brick, are first wet
and sanded. Into these the molder flings the wet clay from the
soak pit with some force, so as to fill all the corners. The tops are
cut off by a wire stretched between two-sticks, and the brick are
taken to the drying floor, which is usually only a level place in the -
vard, and are turned out of the mold on a sanded surface. When
part dried they are turned on edge. A good molder can turn out
several thousand bricks a day by this method. ;

For machine-molded soft-mud brick the clay is put into a pug
mill that pushes it into a hopper from which it is forced by a plunger
into molds beneath. These molds have been sanded by hand or by a
special mechanical device. As the plunger is withdrawn the hopper
is again filled with clay from the pug mill. The filled mold is re-
moved by a lever-operated mechanism and an empty mold put in
its place. (See P1. IV.) Brick molded by the soft-mud process have
fine sanded surfaces. The machines have a capacity of 8,000 to
15,000 brick a day when driven by horsepower. and 20.000 to 35,000
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when driven by electric or steam power. The. soft-mud process is .
adapted to clays of low or medium plasticity and is the one most
commonly used.

STIFF-MUD PROCESS,

Stiff-mud molding is almost never done by hand. Clays of mod-
erate plasticity are mixed with considerably less water than is used
in the soft-mud process to a sufficient stiffness for the wet ware to
be handled without danger of deforming it. There are two types
of stiff-mud machine—plunger and auger. The plunger machines
are essentially the same as those employed in the soft-mud process,
but their use has been rapidly diminishing and is now restricted to
the manufacture of sewer pipe. Practically all stiff-mud brick are
now made by the auger machine, which consists essentially of a pug

FIGURE 6.—Auger machine and wire cutter. Sketch from catalogue of American Ma-
chinery Co.

mill, in which an auger is placed at the end of the shaft. After the
clay and water are mixed by the blades on the revolving shaft the
plastic mass is taken up by the auger and forced from the lower end
of the machine through a die, in the form of a continuous ribbon or
bar of clay. By changing the die, common brick, c¢ylindrical drain-
tile, hollow building blocks, fireproofing, and other shapes can be
made in the same machine. As the ribbon of clay comes through the
die it passes on a traveling belt to a cutter, which may be operated
automatically or by hand. Nearly all stiff-mud brick are now cut
automatically, by wires placed on a revolving wheel or on a bar
operated by a lever. (See fig. 6.) The brick may be side cut or end
cut, and they have smoother surfaces than the sand-molded brick.
‘Any pebbles in the clay may cause difficulty in the cutting, though
usually the difficulty is not serious. " (See P1. V, 4.) Auger machines
tend to produce a laminated structure in some clay, which weak-
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A. WIRE-CUT BRICK MADE FROM PEBBLY CLAY.

B. AUGER STRUCTURE IN AN OVERBURNED BRICK.

C. BRICK DRYING IN OPEN SHEDS.
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B. FOUR-MOLD DRY PRESS BRICK MACHINE.
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ens the brick and renders them practically worthless. (See PL V,
B.) TUnless the dies are well lubricated the soft clay may stick to
the corners and tear, producing rough, ragged edges. Generalization
as to the behavior of any type of clay is not possible.! The-form of
the die can usually be adjusted to remove the worst trouble. The
only other factor capable of control is the tempering, and this re-
quires personal and careful attention. By proper adjustment the
process can be made to roughen all sides of a brick and produce an
imitation of the popular “klinker” brick. The capacity of a stiff-
mud auger machine ranges from 45,000 to 60,000 brick in 10 hours.
In some machines double or triple dies are used and the output is.
correspondingly increased.

RE-PRESSING,

It is often desirable to re-press brick that have been molded wet.
Soft-mud brick are likely to be somewhat irregular in size and to come
from the machine with comparatively rough edges. Re-pressing im-
proves the shape, increases the density, and makes better face or front
brick. Stiff-mud brick are.also sometimes re-pressed in order to
remedy the laminated structure produced by the stiff-mud auger ma-
chines (p. 60), which cons,lderably lessens the tensilé and crushing
strength. * The additional pressure, however does not always obllt-
erate the lamination. In general, where dlfferent shape is desired,
where rounded corners or smoother surfaces are wanted, or Where
there is a tendency toward lamination re-pressing is beneﬁcial. The
re-pressing is done in a plunger machine. The brick are placed in the
molds wtomatically and are pressed to any desired shape for which
» mold can be made. This process is used in making complex forms
such as interlocking roofing tile.

DRY-IRESS PROCESS.

The dry-press process is so named from the fact that the ground
clay is molded into brick in its natural dry state without being mixed
with water to a plastic mass. It is not, however, strictly a dry
method, for there is usually 5 to 15 per cent of water in the clay as it
comes from the dry pan. The process is best flchpted for the produc-
tion of fancy and front brick, but at many of the larger plants com-
mon brick are now molded by this method. The clay should be
ground to pass a 16-mesh screen. The dry-press machines are of the
plunger type and the clay is fed from the charger into the molds.
The plungers descend upon the powdered clay, and at the same time

1 Artz, W. H,, Flow of phstlc clay through dies: Am. Ceramic Soc. Trans., vol. 11,
p. 411, 1909,
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the bottoms of the molds are forced upward, so that the brick are sub-
jected to pressure from both sides. The pressure is considerably
greater than is applied in any other process. The bottom of the
mold continues to move upward after the upper mold is withdrawn,
so that the brick is forced up and out onto the dry table. (See Pl
VI, B.) The molds are heated by steam to prevent the clay from
sticking to them. As the air contained in the ground clay is com-
pressed and imprisoned in the brick and, unless given an opportunity
to escape, would expand and spoil the brick on the release of pressure,
the faces of the molds are provided with minute air holes. This pre-
caution is not necessary in any of the other processes. Brick molded
by the dry-press process are ready for the kilns directly after mold-
- ing and do not need to be subjected to preliminary drying. The
advantage of dry pressing is chiefly that smooth brick with sharp,
true edges are produced by a single molding process. Two, four, and
six ‘mold machines are on the market. The capacity of the six-mold
machine is about the same as that of the soft-mud machine.

HOLLOW WARE AND TILE.

Draintile, hollow brick, hollow tile, fireproofing, and terra cotta
are molded by a stiff-mud process not essentially different from that
employed for molding stiff-mud brick. Products of almost any shape
can be made by the stiff-mud method by changing the form of the
dies, but different clays are necessary for the different kinds of ware.
Almost any good plastic clay that has a moderately high tensile
strength and not too much shrinkage and that would make a good
common brick can be used for cylindrical draintile.

SEWER PIPE.

Sewer pipe are molded in stiff-mud machines of the plunger type.
The essential parts of the machine are two cylinders connected by a
piston—an upper steam cylinder and a lower cylinder into which
the clay is fed. As the steam enters the upper cylinder, the piston
is forced down on to the clay and presses it through a die at the
bottom. At the end of the stroke the pipe thus molded is cut and
the piston is raised to allow more clay to enter. (See PL VI, 4.)
Elbows, turns, and combined shapes are molded in plaster casts, each
half of the pipe being molded separately, and the two being cemented
by slip clay. As the clay dries the air shrinkage loosens the pipe in
the mold and permits its removal.

POTTERY,

The processes used in the manufacture of pottery and chinaware
are so complex and require so much specialized skill that detailed
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4. BRICK DRYING ON CARS IN TUNNELS.

B. HOLLOW WARE DRYING ON A FLOOR.
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A. SCOVE KILN, SHOWING HOW BRICK ARE PILED.

B. ROUND DOWNDRAFT KILN AT HOPKINS.
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discussion is not warranted in a report of this nature. Certain shapes
are hand molded, but machine molding on wheels is most common.
Round ware is generally molded by jolly wheels and lathes. Some
forms are pressed or poured into plaster molds. All pottery is dried
in rooms where the moisture and temperature are carefully con-
trolled.

’
GLAZING.

Little cheap earthenware is glazed, but the hlgher grades of stone-
ware are either slip or salt glazed.!

DRYING.
METHODS,

All brick and other ceramic products except those molded by the
dry-press method have to be dried before burning in order to-free
them from the excess of water of tempering. If the clay shrinks
greatly or if the products are complex in form, the process requires
great care. It may even-be necessary to place the wares first in a
room in which the air is not very dry, and it is often best not to
apply heat until drying is well advanced. Drying may be effected
in open yards, sheds, and pallets, or drying floors and tunnels.

Bricks are commonly dried in pallet dryers—long, low, narrow
sheds with open sides and movable roofs. The wet brick from the
molding machine are placed on small boards called pallets, which
hold about six bricks each, and are carried on trucks or on a travel-
ing belt along alleys between the drying sheds, where they are placed
on shelves in the open air. (See Pl. V, ¢.) In the smaller yards
and at most soft-mud brick plants the brick are placed on ground
that has been smoothed off and are allowed to dry in the sun with
only boards (“hacks”) to protect them against rain.

Drying floors are similar to open-yard dryers, except that they
are permanent and that at some plants they are partly covered by
a roof. (See Pl. VII, B.) .

- Drying tunnels are cylinders or tunnels artificially heated to about
120° C. by the waste heat from the kilns or the power plant. The
wet brick from the molds are loaded on cars, which are run through
these tunnels very slowly (see P1. VII, 4), remaining in them for a
length of time that depends on the amount of moisture in the clay,
the quality of the clay, and the behavior of the clay-on rapid drying.

1 For a detailed description of the manufacture of pottery and other ceramic products
see Ries, Heinrich, Clays, their occurrence, uses, and properties, 1906.
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EFFLORESCENCE.

Brick made from some clays become covered during the process of
drying by an efflorescence, the water in the clay dissolving out soluble
salts and depositing them on the surface of the brick as it evaporates.
Calcium sulphate is the most common salt thus formed; others are
sulphates of magnesium, potassium, sodium, iron, and aluminum.
Occasionally carbonates and rarely silicates are formed in this way.
Efflorescence during the drying process can be prevented by leach-
ing the clay to dissolve out the soluble salts, by adding barium salts,
by using pure water in {empering the clay, or by careful drying.
A simple test to determine the approximate quantity of soluble salts
in the clay will often indicate which process would be best to use.

BURNING THE CLAY.

KILNS. .

The numerous types of kilns in use have been described and classi-
fied by Beyer and Williams.?'

UPDRAFT KILNS.

The most common type of kiln is the temporary updraft scove
kiln (Pl. VIII, A), which is used at nearly all the smaller brick-
yards. The bricks are built up into a rectangular open-work mass,
under which are left a series of parallel arches running through the
pile and spaced about 2 feet apart. After the pile is built up it is
surrounded by a closely built two-brick course wall, daubed over
with wet clay. It may be covered with a board roof supported on
a frame outside the kiln. The kilns are only temporary and must
be rebuilt for each new batch of brick., They are used only for
common brick and can not be heated to high temperatures. Their
use necessarily involves a high percentage of loss around the arches
from overburned brick and probably another serious loss around the
outer wall from underburned brick.

Another type of updraft kiln is the permanent scove kiln, which
is similar in principle to the temporary scove kiln except that it
has permanent walls on two or three sides but no roof.

Pottery may be burned in updraft kilns that have compartments,
chambers, muflles, or saggers to keep the ware from direct contact
with the flames.

1Jour. Ind. and Eng. Chemistry, vol. 2, p. 373, 1910.

2 Beyer, S. W., and Williams, 1. A., Technology of clays: Towa Geol. Survey Ann. Rept.,
vol. 14, p. 288, 1904. See also Snyder L. C, Clays and clay industries of Oklahoma ;
Oklahoma Geol, Survey Bull. 7, p. 81, 1911.
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1)0\\’VD]!A1‘ T KILNS.

Downdraft kilns may be either round (Pl VIIIL,-B) or rectan-
gular and are provided with permanent fire boxes qlong the outer
walls. The hot gases pass through flues to the top of the kilns,
down through the spaces between the clay ware, out from the bot-
tom of the kilns through the flues, and upward through the stack.
Downdraft kilns have distinct advantages over those of the up-
draft type, although they cost considerably more. Their temper-
ature can be more exactly controlled and can be raised higher, and
they waste less in overburned and underburned products. In the
updraft kiln, if the lower brick become overheated, the entire mass
may melt and sink -down, a danger thwt is 0bv1ated in the down-
draft kiln.

CONTINUOUS XILNS.

A continuous kiln consists of several chambers connected with
one another and with a central stack. The heated gases pass from
one chamber to another and finally out the stack, the waste heat.
from one chamber being utilized in preheating the next. In a prop-
erly operated continuous kiln the clay ware in some of the cham-
hers is being cooled; in others it is being burned at maximum tem-
perature; and in still others it is just being placed in position all
at the same time. The continuous-kiln system is especially adapted
- to larger plants; and, though it is chiefly used for products of the
better grade, it is employed in many plants for burning common
brick. The first cost of the continuous-kiln system is greater than
that of other kilns, but many advantages are claimed by the manu-
facturers, as follows: Saving of fuel (only one-third of the fuel is.
required) ; better, more uniform burning, and consequently a more
uniform color; fewer seconds and culls; less labor for firing; longer-
Yife; less cost for maintenance and repairs; no smoke; less ground
space for a given daily capacity ; less handling of fine ware; superior-
arrangement for water smoking; and easier supervision and control..
The greatest disadvantage of the continuous kiln is that it can be.
used only by the larger plants, its high first cost being prohlbltlve
to smaller companies.

FUELS.

The fuels that can be used in burning clay products are wood,
crude oil, coal, and natural gas. In Minnesota the fuel is usually -
wood or coal. A producer-gas plant is installed. at one of the con-
tinuous kilns. The smaller plants nearly all use wood. Crude oil
and natural gas are used only in regions where these materials are
cheap or where wood and coal are not to be obtained. Natural gas,
is, however, the ideal fuel.

64310°—19—5
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BURNING PROCESS.

No matter what type of kiln is used, great care should be exercised
in burning, and the temperature should be kept under constant con-
trol. Unfortunately, few of the smaller plants make any effort to
measure the temperature obtained in the kiln, In the eommon scove
kiln accurate measurements are impractical, but in the permanent
downdraft kilns measurements could easily be taken, and the more
frequent use of Seger cones or some other form of measurement is
urged. (See Pl. XI, A4, p. 88.) The practice of estimating the tem-
perature from the settling of the upper corners of the ware or from
simple inspection is not much better than a guess and is the cause of
much waste. .

The physical and chemical chandes that take place in burning are
dehydration (p. 34), oxidation, and vitrification (p. 36).

Some weathered glacial elays
River clay
Archean-residual clay

Buff-burning Cretaceous clay
Red drift

§e ]

g%‘® S
L]
®

Oxidized gray drift
Recent swamp and lake clays

Decorah shale
Some Cretaceous clays
, Fresh gray drift

%’@ @‘o'-

90 120 150 180 210 240 270
Minutes

Red burning:Cretaceous clay - _-'4
30

F1curE 7.—Diagram showing the gradual oxidation and disappearance of black cores due
to organic matter, when brick are kept at red heat. :

Oxidation affects only clay that contains organic matter or iron.
All common ware must be oxidized before being vitrified. More
losses and trouble in burning are due to mismanagement at this stage
than at any other, for if the clay begins to melt before oxidation is
complete the evolution of gases usually puffs the ware out of shape.
A black core or an appearance called “blue stoning” often results,
even when no swelling occurs. (See fig. 7.) TLack of complete oxi-
dation may be due to the density of the fine clay, the evolution of
gases from the clay, an excess of fuel and gases, or too great thick-
ness of. pieces of clay to be oxidized. Vltuﬁcatmn 1s chscussed on .
pages 35-37.

The rate of cooling should be carefully controlled. There is often
as much danger from too rapid cooling as from too rapid heating.
The percentage of loss from underburr-‘xed, overburned, or broken

10rton, Edward, Am, Ceramic Soc. Trans., vol. 5, p. 377, 1903,

\
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products varies in kilns of different types but is directly dependent
on the care exercised in burning. Owerburned brick may at some
plants be sold as the popular “ klinker ” brick and are even imitated -
by an artificial roughening process. (See PL II, 4, B.)

Minor points in connection with burning are glazing, flashing,
and efflorescence. Glazing is sometimes accomplished by throwing
salt on the fire when the k11n is at its hottest. Flashing is a process
by which the color of the products containing iren can be brightened
and changed ; it depends on the regulation of the supply of fuel and
air, Efflorescences may form in the kiln quite independently of any
action of the soluble salts in drying, apparently as a result of the
action of combustion gases in the kiln.

TECHNOLOGIC SUGGESTIONS.

The clay products shipped into Minnesota at present include much
brick and tile of grades no better than those produced within the
State. This seems to be the result of lack of equipment for producing
large quantities and consequent inability to accept large contracts.
Good-sized plants should install numerous labor-saving devices and
better and more economical machinery. Special attention should be
directed to washing, or to any other process that might make the
'wwlespread gray drift available for draintile. Expemments in mix-
ing clays should be made for they may result in the development of
some high-grade products. Other detailed suggestions are made in
the county descriptions (pp. 111-251).

USE OF CLAY PRODUCTS.

Whether or not a brick or tile is satisfactory in practice depends
not only on the method of manufacture and on the qualities of the
raw material, but also largely on the skill with which it is used in
construction. If brick are laid in poor mortar or in such a position
that they are subjected to constant wetting and drying out again
efflorescences are almost certain to appear. If tile are laid hap-
hazard, without calculating the necessary grade and efficiency, they
can not be expected to be satisfactory. If the best of brick are laid
in a street without a proper foundation the pavement will not stand
well. For these reasons the following notes may be of value to the
users of clay produects, '

PAVING BRICK.

Brick and paving blocks of different sizes are probably more used
in paving work than asphalt, stone, and wood blocks combined.
They have many advantages, among which are ease of traction,
good foothold for horses, minimum dust and mud, adaptation to all.
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street grades, ease in repairing, ease in cleaning, slightness of absorp-
tion, pleasing appearance, and ease of laying.

Many towns in Minnesota use paving brick on their streets, but
their general use has been greatly delayed because there are com-
paratively few localities in the State where such brick are manu-
factured. Clay suitable for paving brick is widespread in Minnesota,
and no doubt when these deposits are developed the use of brick for
paving will become much more common.

In some States, notably Ohio.and Pennsylvania, paving brick are
used for country highways, but it is unlikely that they will soon be
put to that use in Minnesota, although’ there is sufficignt clay in the
State to insure a goed supply.

The cost of brick pavement varies with the local cond1t10ns, but
until recent years has been $1.50 to $2 a square yard, including a con-
crete foundation. The cost of maintenance can be kept down to the
minimum by prompt repairs. When a soft brick shows signs of wear
“it should promptly be replaced by a good one, for a hole once started
is rapidly enlarged by the wheels of passing vehicles, which break the
surrounding bricks. The life of a good brick pavement is stated to
be 15 to 20 years urider moderate traffic. The brick are usually laid
upon a 6-inch layer of Portland cement concrete covered by a 1-inch
cushion of rolled sand. The brick are laid with their long dimensions
at right angles to the curb, and either cement or asphalt is poured in
the joints. They are then rolled to insure.a firm setting, and are
allowed to remain undisturbed till the cement has set.

DRAINTILE.

Soils which are not readily freed from an excess of water and which
are suitable for agriculture should be drained. A closed drain is
better than a ditch, for it is permanent and wastes no land. If the
ground-water level is less than 4 feet below the surface for any length
of time, the soil will have too much water and should be underdrained.
Underdraining improves wet soils by permitting earlier working after
rain, by permitting the deeper growth of plant roots, with corre-
sponding increase of the portion of the plant above ground, by fur-
thering the circulation of the air through the soil, producing chemical
changes necessary to plant growth, and by permanently loosening the
surface soil, with consequent attraction (by capillary power) of the
deeper-seated ground water.

Tile drfunacre may be extended on land adapted to profitable farm-
ing until water from an ordinary rainfall is all passed down into the
soil and the excess is carried away through the underdrains without
injury to the growing crops and without surface washing of the land.
This, of course, would involve a very considerable enlargement of the
work, much more than has been contemplated by many farmers.  In
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the early days of tile drainage the opinion was entertained by some
that only the low, wet places, sloughs, or ponds needed this improve-
ment of soil conditions, and a few people may be still of the same
opinion; but the change among intelligent farmers and other land-
owners has been radic: 11 S

Thorough work in drainage involves the construction of under-
drains in parallel lines, near enouoh together to affect the soil and the
subsoil about alike, and to lower the water level to a point where it
will not injuriously affect the growing crops and will permit the cir-
culation of air through the soil and subsoil above the water level.
. The following suggestions are taken largely from an article by

Billingsley : *

". In planning to drain a field or any given area, of land, the general
surface configuration of the land should be carefully studied and
levels taken. It is important to know definitely where the best outlet
should be located to afford a free flow of water, and where the main
and subordinate drains should be placed to insure the most efficient
drainage. It is also important to know what fall can be had in the
several drains, including the main and lateral drains, for the reason
that drains having considerable fall do not require as large a tile
as those having slight fall.

. Again it is important to know the character of the soil and sub-
soil. If they are open, the lateral drains may be laid from 60 to
100 feet apart; if the soil or, more particularly, the subsoil is reten-
tive or close, allowing the water to percolate only slowly through
it, the drains need to be closer together (from 30 to 50 feet apart).

Still another important factor to be considered in the general plan
is the amount of water that flows on to the land to be drained from
land adjoining. This flow of water, if considerable, must be pro-
vided for by using larger tile for the drains that 'will necessarily

carry it from the nelfrhborlmy land.

After determining '111 these factors the entire systcm should be
outlined on paper, including the levels, mains, submains, and lateral
drains, the sizes of tile to be used, and the depth of the drains.

The work of construction properly begins at the outlet, which
should be so placed as to give the greatest fall and most direct out-
flow of water. The main drain at the outlet should be as deep as
conditions will allow or the perfect working of the system requires,
not exceeding ordinarily 4 or 5 feet.

The size of the tile to be used depends upon the area to be drained,
the inclination, or fall, the depth of the drains, and the character of
the soil and subsoil. Prof. R. C. Carpenter has prepared the follow-
ing estimate of the number of acres drained by tile of different sizes:

1 Billingsley, J. J. W., Clay Worker, October, 1908, p. 386.
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Number of acres drained by lile of specified sizes.

Inclination, 3-inch. [ 4&inch. | 6-inch. | 8-inch. {ll)inch. 12-inch.
One foot in—

A 8.4 17.0 47.7 98.0 | 170.4 296.0
100 e et iieacaieaaecceaeearesaaaes 57 11.9 33.1 69.2 | 120.6 190. 5
. .5 9.5 26.6 56.0 97.3 154.4
.9 8.2 22.8 48.0 8.9 132.5

.5 7.5 20.4 42.4 74. 4 117.0

6.9 18.4 38.2 65.5 107.0

5.9 16. 5 34.6 60.3 90.7

5.2 14.8 30.1 54.0 81.6
4.8 13.3 28.0 48.6 74.0
4.1 11.4 24.0 41.9 65.0
........ 10.2 21.2 37.2 56.0

To insure sufficient capacity to carry the water from 10 acres the
use of tile at least 4 inches in diameter is recommended. Besides, it
is claimed that larger tile give better aeration of the soil.

The depth of the drain also affects the size of the tile. Other con-
ditions being equal, the greater the depth the smaller the tile re-
quired. Drains laid at the depth of 3 feet and 80 feet apart would
afford very little drainage to the soil midway between the drains in a
close, retentive clay soil but would probably be satisfactory in an
open soil.

Ditches should be only wide enough to work in conveniently and at
the bottom should be only wide enough to lay the tile. Tile laying
is begun at the outlet and is continued up grade. Unevenness at
the joints is to be avoided.

Lateral or side drains should enter the main drain at an acute
angle, so that the water they carry will not interfere with the cur-
rent of the main drain.

Minnesota has large areas of swamp land which when once drained
raise excellent crops. Drainage with cylindrical clay tile has many
advantages, and the manufacture of draintile should become of much
greater importance in the next few years. Fortunately the State
possesses an abundant supply of raw clays from which good tile
can be made,

GEOLOGY OF MINNESOTA.:
By Frank F. Grour and E. K. Soree.
PHYSIOGRAPHY.

Minnesota is made up largely of gently undulating plains under-
lain by glacial drift alternating with belts where the surface is
rougher, owing to the irregular heaping up of glacial drift as termi-

1TFor the main features of 4he discussion of the geology, credit is due io Winchell,
N. H., and Upham, Warren, Minnesota Geol. and Nat. Hist. Survey Final Repts., 1884,
1888, 1899, 1900 ; and to Hall, C. W., and Meinzer, O. E., Geology and underground waters
of southern Minnesota: U. S. Geol. Survey Water-Supply Paper 256, 1911,
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nal moraines. In many places these moraines are bordered by nearly
flat tracts underlain by sand and gravel deposited by glacial waters.
Both these flatter areas and the moraines are pitted with abundant
depressions, known as kettleholes. The hollows and many larger
Iow areas are poorly drained, and in consequence lakes and swamps
are very numerous, particularly in the nerth-central part of the
State. In the northwestern part there is an extensive flat plain which
was at one time covered by the waters of a great lake, known as
glacial Lake Agassiz, and a much narrower area bordering Lake
Superior was also flooded by the waters of a succession of temporary
glacial lakes known as Lakes Duluth, Algonquin, and Nipissing.
Though the mantle of glacial drift is generally thick there are numer-
ous. places, especially in the eastern part of the State, where tho
bedrock is exposed or but thinly covered.

Southern Minnesota, considered broadly, is a low plateau, the
southwestern part of which reaches 1,900 feet above sea level, or 500
feet above the rest. This higher part extends into South Dakota
and has been named the Coteau des Prairies. The next highest part
of the plateau is in the southeastern part of the State, in Mower
County, where the elevation is 1,400 feet above sea level.

In the southeastern counties the streams have cut deep gorges with
precipitous walls. In much of this district the glacial drift is thin,
and in the eastern parts of Winona and Houston counties there is no
drift at all, this being part of the great Driftless Area of the upper
Mississippi Valley. In these deeply dissected areas rock outcrops
are numerous, and here and there are flat-topped mesa-like erosion
remnants and rock towers like ancient castles. Most of the Driftless
Area and some of the adjacent drift-covered tracts are covered by a
thin veneer of dustlike clay, or loess, which ranges from. 1 to 12 feet
thick, averaging 4 or 5 feet. This loess tends to smooth over any
small irregularities in the surface. It reaches its maximum thick-
ness in stream valleys and depressions, and is absent from many of
the higher knolls and rolling prairies.

Northern Minnesota possesses a more varied topography. The
northwestern part, which was covered by glacial Lake Agassiz, is as
flat as a floor, except for a series of low gravel ridges that repre-
sent former beaches of the lake. The north central and the north-
eastern parts are more undulating and contain numerous morainic
belts. In the southern part of Otter Tail County three morainic
belts converge to form the Leaf Hills, which rise 250 to 300 feet
above the general elevation of the surrounding land. Otter Tail
County also contains 430 lakes,* not including swamps and ponds—

"a greater number than any other county in the State. - The extreme

1 Terry, C. M., Minnesota Geol. and Nat. Hist. Survey Final Rept., vol. 2, p. 535, 1888.
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northeastern part of the State has a rather rough topography and it
includes the highest point in Minnesota. Here several low “ ranges”
of pre-Cambrian rock trend approximately N. 70° E. and rise from
1,800 to 2,000 feet above sea level.

The principal drainage system is that of Mississippi River and
its intricate net of tributaries. In the northwestern part of the State
Red River is the main stream; and in the northeastern part a con-
siderable area drains to Lake Superior.

GEOLOGIC HISTORY.

The rocks of Minnesota range in age from the earliest Archean
granites and schists to the Recent alluvium. The columnar section
(P1. IX) shows the principal formations in the State, arranged in
tha order of age, with the oldest at the bottom.

ARCHEAN PERIOD.

The Keewatin epoch was largely a time of volcanic activity. The
basalt lava flows, which were both subaqueous and subaerial, were
profoundly metamorphosed and softened to the so-called green
schists over much of the area, both before and after the deposition
of the Algonkian sediments. Small amounts of sediments were de-
posited, especially near the end of Keewatin time. v ' -

In Laurentian time acidic granitoid and gneissic masses were in-
truded into the Keewatin, mostly as great granite batholiths. Their
relation to the Keewatin is complex, and some outcrops show evi-
dence that the granite magma stoped and absorbed parts of the basic
rock. North and northwest of Lake Superior the granite intrusions
are enormous. The age of the granite on the southwest along Min-
nesota River is less certain. .

After the Archean pericd closed erosion was long continued, the
region was subjected to notable earth movements, and the rocks were
metamorphosed.

ALGONKIAN PERIOD.

As a whole the Algonkian was a period of sedimentation.as con-
trasted with the Archean, though marked igneous action occurred
at intervals. Two main divisions of Algonkian rocks, each of con-
siderable thickness are represented in Minnesota—the Huronian
series below and the I{eweenawan series above.

The earlier Huronian sediments, which have been called lower-
middle Huronian, were clays and graywacke sands. Some igneous
action also occurred at this time, yielding a variety of products. De-
position extended from northeastern Minnesota westward, and the



U. 8. GEOLOGICAL SURVEY BULLETIN 678 PLATE IX
APPROXIMATE
ERA SYSTEM AND GROUP AND FORMATION. SECTION. CHARACTER OF FORMATION MaxpauM CLAY-BEARING VALUE
* SERIES, : : THICKNESS .
b (FEET).
Recent. Alluvium, etc. Contains alluvial clays.
g | B
8 a Glacialldrift, Igouléier clay, saind,
§ ¥§ Pleistocene. gf:;s a,n:idssl%(‘:’xsaét‘e lakeand river 500 Contains large amounts of good clay.
(&4
g 8
'3 Soft blue and gray shale and in-
§ Cretaceous. %g'f:g; ggltfs'tone coherent sands,white sandstone, 500 Contains much high-grade clay.
2 (Upper Cretaceous). Basal Crotaceous clay. and white clay. Fire clay.
g .
Dovonion. Limestone zm.d sandstone. 100 Contains thin heds of clay.
Magquoketa shale. Shale, dolomite, and sandstone. 100 Contains but little clay shale.
Semeb s Limestons and shale 20 | Goniene P cod Sey i
Platteville limestone. Contains no clay. e
White an llow sandstone and .
Ordovician. St. Peter sandstone. some Sh‘;lgf ¢ 200 Contains no clay.
Shakopee dolomite. Yetlow buff, pink, orred dolomite. 100 Contains no clay. -
,g; Oneota dolomite. Buff to reddish dolomite. 200 Contains no clay.
N
§ Jordan sandstone. Coarse-grained white sandstone. 200 Contains no clay.
St. Lawrence formation. Dolomite, shale, and sandstone. 200 Contains small amount of shale.
Cambrian, Franconia sandstone. M;tal;:;:::s sandstone with grecnsand 100 Contains 10 clay.
Dresbach sandstone and Fine-grained white sandstone and
underlying shales and shale; limestone beds toward 450 Contains some sandy shales.
sandstones. - base.
? : : . .
M Algonkian (7). Red clastic series. Red sandstone and shale. 1,750 Contains but little available clay or shale.
Conglomerate and sandstone. Conglomerate and sandstone. 500 Contains very little clay.
8
B
:
B
> » .
Y] Eruptives. Gabbro, diabase, and granite. Unknown. | Contains no clay of value.
AV 1
v/t +/, ./.'\~'. i
P VISV AI7 va
t/‘ 4 L,,v( : >AV<
. A ne¥ac<
Acidic and basicintrusives. > Unknown. Contains no clay.
7/
il
)
8
=]
g
2
w | Virginia and other slates. Black to dark-gray carbonaceous 3,000 Contains no clay except residuals.
g slates. Slates may be used after crushing.
&
|2
[N
]
b
2
=T —
Biwabic and gunflint for- === -__—_E_— — —{ Taconite, iron ore, ferruginous 800 Contains very little clay.
mations. chert, and paint rock.
:g Pokegama quartzite. Q‘;i’;ﬁf;ﬁg;},“{}asg“’"“ slate, coa- 200 Contains no clay.
_e? ,\,1‘\/\\\'1\/\\—£\ -
< GitantsRange and otherin- VAR AW \’/ -\ Gray hzmd px&ulf g{&nite, rrinite
" trusive granites ite I~ N1/ A porphyry, dolerites, and lam-, yUpimown.
porphyry, and (foierites. AL ,\,\\/ -, ! , prophyres. ! Contains no clay.
. AN N -
g ”:'/\\/\\/\’/ A
g
=
o]
g
[=3
g
;:
[0}
; e
_g Q00,00 0!
‘s o000
g 28 5750,
3 Y9050 0 d
= 1Q:00'0 0 D 0!
2 L0 D000
° bQOO.O,O‘o [=9
g o QLeOds g . i - .
0 L'o. 0 T reen to gray slates, graywackes, 5,000 Contains much slate but no clay.
§ Slztl%sél%;:{e‘:ackes, andcon o °°2)?> Qéoé% i co ng 1015;1 Ftee gray 5 s y
ite residual clay; decomposi-
Residual clay. W&: p?(sjduct. Y decomp
g 2
K : : ITEARAN N . o Unknown. :
9 Intrusive granites, gneisses,and 'y =" /> \/\ Granites and porphyries in part Contains large amounts of residual clay and
E porphyries. 1=\1sV7 ,7 | altered to schists. kaolin beneath the drift.
R '\\ et \"‘ X 1\;
/ I’\ /\\ // N\ {_\\ /
T N7 N L
5 NprINi N2y
g 1 = o] .
E W
. hert. d jas-
) Soudan formation. AT it nd oo Contains no clay.
P~
R e |
-
b —— —]
= ¥ x X X X x
.‘3 x % x X = %
B X % L : x x b4
8 « ok om oo . .
W Green schists, porphyries, Ely |X—_"-—"-——"1 Greenstones, green schists, por- |Unknown, Contains no available clay.
and other green stones. o X % X x X phyries, and iron ore.
X X X X R ox
x
O - S
x % X X %X %
x X X X x x
v v e % ox

GENERAL GEOLOGIC SECTION OF MINNESOTA.




GEOLOGY OF MINNESOTA. 78

beds may have covered mozt of the Archean area in the State, but
they were later removed by erosion from much of the northern
area. Further earth movement and metamorphism occurred. '

The upper Huronian sediments (Animikie group) were deposited
over a relatively plane, eroded surface of Archean and lower-middle
Huronian rocks. The advance of the sea was marked by the deposi-
tion of thin conglomerate and sandstone, above which were laid
down the iron-bearing formations of the Mesabi range, and above
these some other slates. The abrupt change from sand to iron-
bearing formation indicates a sudden change of conditions, probably
to be explained by basic eruptions rather than by topographic or
climatic changes.

The upper Huronian rocks are much less altered than the earlier
rocks, but in central Minnesota were rendered schistose by the heat
and pressure attending the intrusion of large volcanic masses, prob-
ably for the most part Keweenawan. The quartzite of the Minnesota
River valley may have been deposited as sand at this time.

The Keweenawan epoch began and ended with normal sedimenta-
tion but ingluded vigorous igneous action, both intrusive and ex-
trusive. The sediments of this age are relatively thin, and most of
them, from their red color, poor assortment, and alternation with
lava flows, may be considered probably land deposits. Most of the
material of the middle and upper Keweenawan sediments was de-
rived from the dominantly basic Keweenawan igneous rocks. These
sediments lie unconformably above the Huronian, but their exact
relation to the Cambrian is not a simple problem. No profound
metamorphism has occurred since the beginning of the Keweenawan
epoch.

The Lake Superior basin was developed partly in Keweenawan
time, and lavas now dip under the lake on each side. The large
area on the north shore is of special interest on account of the great
gabbro mass (Duluth gabbro) and the series of flows and intru-
sions easily studied in the shore cliffs. Granites and diabases,
probably of the same age, extend southwestward to central Minne-
sota near Little Falls, and diabase dikes as far as the Minnesota
River valley.

The red clastic series shown in the well records of the region
around Minneapolis and St. Paul is regarded as probably Algon-
kian, though it may be Cambrian.

CAMBRIAN PERIOD.

Prolonged erosion at the end of Keweenawan time was followed
by the deposition of a sandstone on the eroded slopes of all the earlier
formations. Above the profound unconformity thus produced the
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strata vary little from the horizontal, furnishing a strong contrast
with the earlier rocks. In some places, as at Taylors Falls, a sand-
stone in contact with tilted Keweenawan lavas contains marine fos-
sils and is well up in the Cambrian. . On the other hand, from Mora
to Fond du Lac there is a sandstone with some shaly layers near
the base that is nonfossiliferous and may be continuous with the
upper Keweenawan sandstone. With this exception the sediments
seem to be marine. A great basin in the southeast quarter of the
State contains a series of Paleozoic rocks from the Cambrian up.
In the middle of the Cambrian period some minor change of con-
ditions caused the deposition of shale and magnesian limestone (the
St. Lawrence formation), after which sandstone (the Jordan) was
again deposited. ‘

ORDOVICIAN PERIOD.

Without any apparent unconformity the deposition of sediments
continued after the Cambrian. The lowest formations included in
the Ordovician system are the Oneota and Shakopee dolomites, made
up mostly of dolomite, with a few sandy layers and lenses.

Above these dolomites lies the St. Peter sandstone, 80 to 200 feet
in thickness and consisting of very pure quartz in well-rounded .
grains. Locally a thin, shaly bed appears about 40 feet above the
base, and another thin shale is very persistent between the sand
and the overlying Platteville limestone.

The Plémtteville, usually 12 to 20 feet, but in places 30 feet thick, is
a shaly magnesian limestone of varlable quality.

Upon the Platteville was laid down the Decorah shale, Wh1ch now
“crops out in places from the Twin Cities southeastward. The period
of its formation favored alternately the deposition of shale and that
of limestone, and the resulting rocks show variable alternating mate-
rials in layexs from an inch to several feet in thickness. At St.
Paul the exposed shaly beds are 80 feet thick, but farther southeast
they thin considerably. With included hmestone layers the maxi-
mum thickness of the formation is about 100 feet. The shales are
green but weather brown from original pyrite. TFossils are numerous.

After the deposition of the shale with limestone layers there was a
gradual increase in the proportion of limestone. The Galena lime-
stone in Minnesota (including some shale layers) makes up 50 to
100 feet or more of the section. Because of absence of exposures its
maximum thickness is unknown. Careful paleontologic work is
needed to locate accurately the boundary between the Galena and
the Decorah. However, no shales of value have been found much
above the base of the Galena.
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The Maquoketa shale is variable both vertically and horizontally,
being full of sandy and calcareous lenses and irregular beds. It has
a thickness of about 100 feet.

DEVONIAN PERIOD,

After a period of erosion 50 to 100 feet of Devonian sediments
were deposited. Thesé constitute the northern part of a large mass
in Towa. In Minnesota the main portion of the rock is sand and lime-
stone, but it includes some shaly bands, and by long weathering has
formed residual clays, as at Austin.

PRE-CRETACEOUS EROSION INTERVAL.

The period of erosion that followed the deposition of the Devonian
rocks must have been long. Weathering was widespread and pro-
found. No rocks are known which indicate any deposition of sedi-
ments in Minnesota until Upper Cretaceous time. No important
diastrophic movements are indicated, and it is not probable that the
elevation above sea level was great or that the topography was rough.
In many places the Cretaceous and glacial deposits rest on earlier
rocks which have been very deeply weathered. Archean granites.
and gneisses, extending over many counties, have been kaolinized
to depths of 10 to 100 feet. If any considerable relief had existed
when or after the weathering took place, erosion of these softened
rocks would have been very rapid. The period of weathering is also
indicated by the decay of Paleozoic sediments, yielding residual
clays.

CRETACEOUS PERIOD.

The Cretaceous sea encroached upon Minnesota from the west and
southwest, and Cretaceous clays and sands and in a few places lime-
stone now unconformably overlie Archean, Algonkian, and Paleo-
zoic rocks. The clays contain marine fossils of Benton age. The
southwest quarter of Minnesota is almost entirely covered with such
sediments, except for the prominent quartzite knobs which probably,
represent islands in the Cretaceous sea. ‘

Occurrences in North Dakota and some thin deposits extending as
far east as the Mesabi range have been thought to indicate that
similar Cretaceous deposits underlie the drift in the northwest quar-
ter of Minnesota. However, it is known from recent wofk of Frank
Leverett® that Paleozoic sediments underlie the drift in this part of
the State, and hence that any Cretaceous sediments that were de-

1 Personal communication,
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posited between the Mesabi and Dakota areas have been removed by
erosion. From the Mesabi range along a belt extending through
southwestern Minnesota, however, outcrops’ of Cretaceous beds are
sufficiently numerous to justify mapping the formations as continu-
ous, and well records and the drilling on the Cuyuna range confirm
the connection. :

¢ Toward the southwest were accumulated as much as 500 feet of
sediments that consist chiefly of impalpable clay and fine sand, such
as would be derived from thoroughly weathered granites. Since the
recession of the sea in late Cretaceous time the region has not been
again submerged. Probably there was extensive erosion before Pleis-
tocene time and during the ice invasions and the interglacial stages.

QUATERNARY PERIOD,
PLEISTOCENE EPOCH.

By FRANE LEVERETT.

Just before the Pleistocene epoch began the larger features of ihe
topography of Minnesota were much the same as now. The advance
of the ice, however, scoured out some valleys, filled in others, and de-
posited drift over large areas, entirely changing the details of topog-
raphy and drainage. The drift deposits over a large part of Minne-
sota west of Mississippi River above the mouth of the Minnesota are
200 to 300 feet thick and in places reach 500 to 600 feet. They are
much thinner in the eastern and southern parts of the State, where
over large areas there is only a mere trace of drift and in but few
places does it exceed 100 feet. The retreat of the ice, by melting,
formed marginal lakes and swollen, heavily silted streams, with fur-
ther deposition and modification of topography.

The" Pleistocene deposits show a peculiarly complex history, re-
cording not only recurring stages of glaciation separated by long
stages of deglaciation but also a complexity of ice movement within
a single glacial stage. In the latest stage (known as the Wisconsin
stage) there was one movement into Minnesota from the northwest,
another from the north, and a third from the northeast; and pos- -
sibly there was similar complexity in earlier stages. These move-
ments were not synchronous in their advance, culmination, and wan-
ing, but each hdd its time of waxing and waning. The interpreta-
tions of these complex conditions as yet are incomplete, and the
-relations of ice lobes are at best only approximately known.

The oldest glacial deposit, known as the pre-Kansan or Nebras-
kan drift, is almost completely buried beneath later deposits. The
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-attenuated edge of this drift may be exposed outside the Kansan
drift in the southeastern counties. -

Clayey and silty deposits found in a few places under the Kansan

-drift may represent accumulation in the Aftonian interglacial stage.
They are, however, thin and of small extent and are rarely seen in
either natural or artificial cuts.

The Kansan drift is extensively exposed in the southeastern part
of Minnesota and in Pipestone and Rock counties in the south-
western part. It is generally of clayey texture, but as a rule carries
limestone pebbles. It contains local pockets or lenses of marly
pebbleless clay. :

Weathering has somewhat modified the character of the upper
part of the Kansan drift, and wind has coated much of the surface
in the southwest corner of the State and some of it in the southeast
part with several feet of loess, a pebbleless deposit of fine dust.
Recent wash has moved some loess and some drift down sloping
hillsides and so mixed them that the precise mode of origin of some
particular clay banks may not be easily determined. The possibility
that some of the glacial clay may have been deposited at the Towan
or Illinoian stages of glaciation need not be considered in this con-
nection. .

The Wisconsin gray drift, which was depgsited by an ice sheet
moving from Manitoba across western and southern Minnesota, is
largely of clayey texture, but, like the Kansan drift, contains many
pebbles, a large part of which are limestone. In places some lenses
and pockets of pebbleless clayey material are included in the stony
clay.

The Wisconsin drift that was deposited by glaciers invading
eastérn and central Minnesota from the north and northeast is in
large part stony and sandy and contains very few bodies of silt or
clay.

Locally streams of water from the melting ice spread fine sandy
clays over what are called outwash plains.

The lake silts laid down. in bodies of water in the western part of
the Lake Superior basin and in the Red River basin are in places
very thick, as at Wrenshall, but generally there is only a thin de-
posit of lacustrine sediment in the deep pools of these old lake beds,
and in certain localities there is only sand.

On the borders of the Lake Superior basin red boulder clay
was deposited in large quantities; it is now dissected by steep gorges.

In addition to the great glacial lakes of the Lake Superior and
Red River basins, there were numerous small lakes or ponded areas
along the border of the ice, in which silt. was deposited. Such an
area lies north of Princeton at the large plants of Brickton, and
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similar areas lie farther east along the northern border of-a district
which was occupied by a lobe of ice that extended northeastward
from the Misswmppi to the St. Croix Valley, above the Twin Cities.
These clays were, in places, overrldden by the later advances of
the ice. :

RECENT EPOCH.

Since the final disappearance of the Pleistocene glaciers there have
been only slight modifications of the surface and very little accumu-
lation of material or removal by erosion. A few lakes and swamps
have been' drained, and a few have been filled. The large river chan-
nels have been silted up.

‘GEOLOGIC FORMATIONS AND THEIR CLAY DEPOSITS

ARCHEAN SYSTEM.

The rocks belonging to the Archean system in Minnesota consist of
greenstones, granites, gneisses, schists, and small amounts of altered
sediments (slate, jaspilite, and dolomite), which underlie all other
formations and constitute the base upon which all subsequent strata
were laid down. In northern Minnesota these Archean greenstones
and granites crop out at many points and include ¢he productive
iron-bearing formatiohs of the Vermilion iron range. In the western
part of the State hornblende and biotite schists and granites under-
lie the Cretaceous formations in many localities, where they crop
out or have been reached by deep wells. Gramte and gneiss crop
out in central Minnesota and are known by well records to underlie
the greater part of southern Minnesota.

In the southwestern part of the State the upper portions of the
Archean rocks that are covered by Cretaceous sediments are in-
variably decomposed to white clay, as is clearly shown in the numer-
ous wells throughout the region and in the few outcrops. The clay
" 1s in places 50 feet thick and grades downward into rotten granite
of various shades. Its upper portion grades upward into the Creta-
ceous sedimentary clays, and the dividing line between the two has
rarely been determined. It is more than probable that the upper
parts of some of the very thick bodies of white kaolin that have been
reported are residual clays reworked into the Cretaceous sediments.
The clay in these deposits was formed long after the Archean period,
but the exact time is uncertain, and they will be referred to in this
report as clays residual from the Archean.

Much of the residual clay is of excellent quality. Outcrops are
known chiefly along the Minnesota Valley from New Ulm up to
the vicinity of Montevideo. Well records show these clays in Big
Stone County at a depth of 250 to. 600 feet, in Chippewa County

——
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at about 700 feet, and in Lac qui Parle County at 150 feet. Prob-
ably the clays are very extensive and continuous in the counties north
and west, where well records are not available. However, if the
pre-Cretaceous weathering affected the granites in the northern
part of the State, erosion by ice probably removed all traces of the
products.

The following analyses of the clay as mined and one of the clay
after washing are available. (See also analysis of a decomposed
gneiss, p. 17.)

Analyses of residual clays.

1 2 3 4 5 6
Silica......... eeeneneerscaesnaen 43, 86 45.92 41.71 62. 04 37.88 60. 05
%lumim ................ 8 20.84 32 gé 25. 54 26. 96 27.55
erric oxide..... et . 3

%&errouq OXide.coioneinainnaaanan 6. ;g } 1.89 1?' ;i 1 32

agnesia. S 022 |, . .
Lime... | Very small. | Very small. IS O Trace. .38
Boda Not det. Not det. L1 } 05 .31
I’otns Not det. Not det. Trare, |f*=""="""" ) 4.26
. 14.12 .69 | ieeeaoals . 5.30
.11

1. Clay from Morton; F. F. Grout, analyst. U. 8. Geol. Survey Water-Supply Paper 256, p. 310, 1911.
2 Clay washed fromadocomposed granite, Redwood Falls; F. ¥. Grout, analyst. U. S Geol. Survey
Water—Squly Paper 256, p. 310, 1911,
Clay from decomposed gneiss, Birch Cooley, near Morton; A. D. Meade, analyst.
4, Clay, lpﬂrtlyanalyzecl by L. f3 Pease.
1. “ha};% lts%; Average of three analyses by S. F. Peckham. Minnesota Geol.and Nat. Hist. Survey,
VO
g Igaolm (Archean), green or pink fo white decayed schist.” Minnesota Geol. and Nat. Hist. Survey,
vol 5, p. 730, 190
This widespread residual clay can probably be used after washing
for making porcelain and chinaware. A rough washing test in the
laboratory on a few samples from widely separated localities shows
that about 50 per cent of the crude product can be washed through a
100-mesh sieve. This finer fraction of the clay burns to a clear
white, which even after being glazed darkens very little. These
clays are the most refractory in Minnesota and are capable of being
used for the highest grade of clay products. Their plasticity and
tensile strength are low, and even if they are used only for brick
they need a plastic bond. In firing they become hard at about cone 3
(2,200° T7.), though in this respect they vary rather widely, and the
temperature of viscosity is much higher. They remain porous to

high temperatures.
ALGONKIAN SYSTEM.
HURONIAN SERIES,

In Minnesota two divisions of the Huronian series have been rec-
ognized—the lower-middle Huronian and the Animikie group or
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upper Huronian. These two divisions are separated by an uncon-
formity, and the Huronian as a whole is separated by unconformities
from the overlying Keweenawan and the underlying Archean.

The lower-middle Huronian includes no clays but consists of
granites, granite porphyries, dolerites, slates, graywackes, and con-
glomerates and their metamorphosed equivalents. The sedimentary,
series attains a thickness of 5,000 feet in the northern part of the
State. It lies unconformably upon the Archean and crops out in
general in a belt around the Archean area, except where concealed
under drift. ‘

A number of distinct formations belong to the Animikie group or
upper Huronian. Among these are the acidic and basic intrusive
rocks, the Virginia and other slates and schists, the iron-bearing
Biwabik and Gunflint formations, and the Pokegama ‘quartzite.
The Sioux quartzite is thought by some to be equivalent to the Poke-
gama quartzite and by others to belong in the lower-middle Hu-
ronian, ‘ ' '

The Huronian rocks crop out only in the central and northeastern
part of the State, except the Sioux quartzite, which occurs in the
southwestern part. The slates.cover the largest area and attain great
thickness. Their mineral composition is very different from that of
an average shale or slate.!

None of these Huronian rocks contain any clay deposits of im-
portance, but experiments made in connection with the preparation
of this report show that some of the slates exposed in Carlton
County, when mixed with a small amount of common clay from the
drift, will make a handsome fancy brick of high quality. They
must be crushed, as they do not slake nor become plastic. The Sioux
quartzite contains some layers of a silicified shale known as pipe-
stone, but as none of them are more than 4 feet thick they are of no
importance in the ceramic industries. Some layers of clay in the
iron-bearing Biwabik formation are so ferruginous that they are
called paint rock. This paint rock does not melt at a temperature as
low as might be expected from its high content of iron. Where
necessarily removed in the course of iron mining it can be used in
brickmaking, though it is not especially desirable. An analysis
may be found in the report on St. Louis County (pp. 225-230). Re-
sidual clays from mica schist crop out along Mississippi River in
Morrison County, and though they are not so refractory as those from
the Archean they fuse at a relatively high temperature. An analysis
may be found in the report on Morrison County (pp. 197-200).

1Van Hise, C. R., and Leith, C. K., The geology of the Lake Superior region: U. 8.
Geol, Survey Mon. 52, p. 612, 1911,
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KEWEENAWAN SERIES.

The Keweenawan series in the eastern and northeastern parts of
the State is made up largely of flows of basic igneous rocks and in-
cludes no clays. Some of these flows alternate with sediments, which,
however, were in large part derived from the flows and are highly
ferruginous and feldspathic and not suitable for use as clay. At
Two Harbors, on the north shore of Lake Superior, lenses of these
sediments a few feet in length and a few inches in thickness were
sampled to determine their exact character. An analysis of shaly
sand rock, probably Keweenawan, is given in the report on Lake
County (pp. 186-187). Along Snake River, just below Pine City, a
larger bed of essentially. the same material occurs.” The clay from
these deposits does not slake or become plastic, and it remains sandy
and soft to a temperature of 2,300° F.

ALGONKIAN (?) SYSTEM.

RED CLASTIC SERIES.

Sediments known as the red clastic series, probably of the same
age as the Keweenawan igneous rocks, are known in the eastern
and southeastern parts of Minnesota and have been provisionally
assigned to the Algonkian (%) system. In the south they underlie
Upper Cambrian sediments and are known only from well records.
They are probably of the same age as the red sandstone agd shale
(locally called Hinckley sandstone) that crop out unconformably
above the Huronian from Lake Superior southwest to Mora. Shaly
layers are especially abundant near the base of the red clastic series.
An analysis of this shale from the vicinity of Fond du Lac is given
in the report on Carlton County (pp. 134-140).

CAMBRIAN SYSTEM.

The Cambrian system embraces, in order of age (the oldest being
named first), shales and white sandstones, the Dresbach sandstone,
the Franconia sandstone, the St. Lawrence formation, and the Jordan.
sandstone.

LOWER FORMAT.ONS,

The lower formations, including the older sandstones and shales,
and the Dresbach and Franconia sandstones, are made up of 550
feet or more of fine-grained white sand with shaly beds and sandy
shales and thin layers of limestone toward the base. The best expo-
surés are along St. Croix River north of Stillwater and at Dres-
bach, on Mississippi River just north of the Iowa line. Siliceous

64310°—10—6
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shales of variable character occur at these places, but the deposits are
not likely to be of importance as clays because of their small size and
inaccessible position in river bluffs. Their behavior under firing is,
however, not unfavorable.

ST. LAWRENCE FORMATION.

Overlying the Franconia sandstone is the St. Lawrence formation,
which consists of buff-colored dolomite interbedded with shale and
sandstone. The shale is greenish, and toward the top of the forma-
tion there are several thin layers of greensand. The total thickness
of the formation is about 130 feet. The best outcrops are found
along Mississippi and Root rivers, north of the Iowa line, but the
formation underlies practically all of southeastern Minnesota, ex-
tending as far north as northern Washington County and westward
to a point beyond Mankato, where it crops out in the Minnesota River
valley. The shales are too thin to be of value as brick material.
They are so sandy that they shrink very little up to the point of
viscosity. The porosity can not be reduced below about 20 per cent.

JORDAN SANDSTONE.

The Jordan sandstone, the uppermost formation of the Cambrian
system in Minnesota, consists of 75 to 200 feet of white to brown
sandstone, without any clay. It is confined chiefly to the southeast
corner of Minnesota, and its outcrops are best seen in the Minnesota
River valley north of Mankato and in the bluffs along the Mississippi
from Hastings to the Iowa line.

ORDOVICIAN SYSTEM.

The Ordovician system in Minnesota is composed of the following
formations, named in order from oldest to youngest: Oneota dolo-
mite, Shakopee dolomite, St. Peter sandstone, Platteville limestone,
Decorah shale, Galena limestone, and Maquoketa shale.

The Ordovician rocks are confined to the central and southern
parts of the State, where they rest conformably upon the Cambrian.
They have a very slight general dip to the south.

ONEOTA DOLOMITE.

- The Oneota dolomite is a buff to reddish dolomite that crops out
in numerous localities along valleys and river bluffs in southern
Minnesota. The texture of the rock ranges from compact to crys-
talline, but the crystalline variety is the more typical. The forma-
tion is from 75 to 200 feet thick. It contains no clay.
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SHAKOPEE DOLOMITE.

The Shakopee dolomite also contains no clays. It consists of a
maximum of 100 feet of yellow, buff, or red magnesian' limestone,
which differs from the Oneota in color and in its finer grain and
greater sand content. The Shakopee crops out along the Mississippi
and Minnesota river bluffs. In much of south-central Minnesota it
forms the surface upon which the drift has been deposited.

ST. PETER SANDSTONE.

The St. Peter sandstone consists in the main of a fine-grained,
loosely consolidated white sandstone, which weathers yellow. It
ranges from 80 to 200 feet in thickness, but the average is some-
what-over 100 feet. In most parts of southern Minnesota the St.
Peter is covered by either late Ordovician sediments or drift or by .
both, but it crops out along the Mississippi and its tributaries from
Minneapolis south.

There is a 2-foot bed of shale at the top of the St. Peter sandstone,
but it is of too small extent to be of value.

.

PLATTEVILLE LIMESTONE.

The Platteville limestone has an average thickness of 12 or 15
feet and reaches a maximum of 30 feet. The rock is a magnesian
limestone that ranges in texture from compact to thoroughly crystal-
line and in color from buff to blue-gray. It crops out over large
areas in southern Minnesota from the Twin Cities southeast. It con-
tains no clay of value.

DECORAH SHALE.

Lying on top of the Platteville limestone 1s a series of green shales
with a maximum thickness of more than 100 feet, though the com-
mon thickness is much less than this—probably not more than 50
feet. Interbedded with these shales are numerous layers and lenses
of hard granular limestone, some of which are composed almost
entirely of fossils. In places these limestone layers constitute more
than one-half of the total thickness of the formation. They range
in thickness from 1 inch to several feet, but most of them are less
than a foot thick. At the base is usually a thick shale (about 10
feet), above which the shale and limestone alternate in similar layers.
The shale is fissile and crumbles easily. The map (PL X) shows the
area of workable Decorah shale but not the total extent of the
formation. The upper part of the shale grades on the south into
limestone.* The northern and eastern limits shown on the map are

1Sardeson, F. W., Galena series: Geol. Soc. America Bull,, vol. 18, pp. 179-194, 1907.
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eroded outcrops. On the west and south the Cretaceous and De-
vonian rocks overlap the Decorah and make it inaccessible, and even
in the area where it is mapped the glacial drift covers some of it so
deeply that it is quite beyond reach. In the extreme southern part
of Minnesota the formation thins to about 30 feet. At Cannon
Falls, as at St. Paul, it reaches a maximum thickness, but north of
St. Paul it is entirely eroded away. Throughout the southern part
of the State it is very gently folded, and its elevation above sea level
ranges from 1,000 to 1,300 feet.

The Decorah is one of the most, valuable clay formations in Minne-
sota. The shales, when crushed and pulverized and mixed with
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water, yield a greenish plastic clay that is used extensively near
St. Paul and in Goodhue County for the manufacture of pressed
brick, fancy brick, hollow ware, draintile, and common brick. The
St. Paul plants are the most favorably situated in respect to mar-
kets, but others might be developed at Faribault, Rochester, and
Cannon Falls, The high grade of-the product eliminates most of
the competition with common brick.

The plastlclty of the Decorah shale is very high, but its shrmlmge
is not excessive. The tensile strength of the dry clay is about 125
pounds to the square inch, and the linear air shrinkage is 8 per cent.
In general the shale burns red, but it can be burned green and brown
or mottled by reduction dumng firing. It requires a much lower
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temperature for vitrification than most clays, about 1,800° F., but
has a good range between incipient fusion and viscosity (see ﬁor 8),
and therefore can be e‘lsﬂy vitrified without loss.

The fire shrinkage is not excessive. Paving brick have not been
produced from the Decorah, but they may yet be made from it.
When burned at a little over 2,000° F. it produces klinker brick. The
upper layers of the Decorah differ slightly in color and behavior
from the lower ones. In many outcrops this shale contains so much
organic matter that careless burning of it will result in “black
cores.” Care must be used to attain complete oxidation. Even if oxi-
dation is long continued and thorough, gases are evolved at high
temperatures (probably from the reactions of sulphur and iron),
which cause swelling and deformation. These can be avoided by
careful control of the burning. An unswhtly efflorescence '(kiln-
white) also appears on some products, but it is seldom of great ex-
tent and was not seen in any brick burned to a high temperature.
Analyses of the Decorah shale are reported in the discussion of
Dakota County (pp. 149-153).

The shale is exposed in only a few places and should be sought by
the stratigraphic method of prospecting. (See p. 50.) The top of
the shale is likely to be marked by series of springs on grass-covered
hillsides. Tests made at the University of Minnesota show that
bricks made from the Decorah shale are of excellent quality. Soft
red brick, not burned to vitrification, have a strength of 1,500 pounds
to the square inch, and partly vitrified bricks with a rather high
porosity still evident have a strength of over 3,100 pounds to the
square inch.

GALENA LIMESTONE.

The Galena limestone overlies the Decorah shale or in part grades
into it. (See fig. 33, p. 207.) It consists of granular or massive lime-
stone that caps the hills in the southeastern part of Minnesota but
is exposed in few places, owing to the loess and drift covering. In
typical outcrops, as in Flllmore County, it contains only a few beds
of shale, which are of no value, as they are but a few inches thick
and shale free from limestone could hardly be obtained from them.
Fragments of the dry shale slaked in three minutes to small lumps.
The plasticity and tensile strength of the shale are fairly high.
It requires 22 per cent of water for molding. Its air shrinkage is
5 per cent. At low temperatures the burning results in a salmon-
colored product without any fire shrinkage and with an absorption
of about 28 per cent. It becomes buff and hard at cone 4 (2,210° F.)
and turns gray at cone 6 (2,282° F.) but is still undeformed at even
higher temperatures, though wholly melted at cone 12. The lime
in the soft-burned bricks slakes and destroys the product.
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MAQUO!&ETA SHALE.

The Maquoketa shale in Minnesota is an alternation of dolomitic
shale and limestone, with shales too thin te be of value. Outcrops
are known only in Fillmore County, where it has a maximum thick-
ness of 80 feet. The dry clay slakes in 10 minutes. Its plasticity is
fairly high, and it requires only 15 per cent of water for molding.
Its tensile strength is about 100 pounds and its air shrinkage less
than 8 per cent. It can safely be dried with artificial heat. Several
samples burned to the temperature of cone 2 were buff in color,
showed no fire shrinkage, and had an absorption of 27 per cent. The
clay does not become hard at cone 3 (2,174° F.), and it becomes
viscous at cone 6 (2,282° F.) and therefore can not possibly be burned
to a hardness approaching Vltrlﬁcatlon Only one sample of the
Magquoketa shale was available.

DEVONIAN SYSTEM.

The Devonian rocks in Minnesota, which consist of not more than
100 feet of sandstone and limestone with some shale, overlie the Ordo-
vician unconformably. They are confined to the extreme southern
part of the State (Mower, Fillmore, and Faribault counties), into
which they extend from Iowa. The shales are not of specially high
quality and are too thin to be of much importance as a source of clay.
In the vicinity of Awstin marly layers of the Devonian have been
used to mix with an overlying plastic clay, which has been described
as Cretaceous but which may be residual from Devonian rocks.* . The
effect of the added lime is to improve the working quality and
lighten the color.

Where Bear Creek crosses the line between Fillmore and Mower
counties the shale beds were found to be as much as 1 foot thick and
to show every indication of extending over considerable territory.
They are yellow to buff in color, are very sandy and lean, and, of
course, could not be separated commercially from the interbedded
limestone. The shales slake in about four minutes and develop
surprising plasticity, considering their sandy appearance. They
require about 20 per cent of water for molding. Their tensile
strengthr is nearly 100 pounds to the square inch. They can be
dried rapidly without danger of cracking, and they retain their
tensile strength even after being cut apart and pressed together.
Their air shrinkage is about 3 per cent. At very low temperatures
the burning tests yield a salmon-colored product, but at the higher
temperatures buff celors prevail, as indicated in the table.

1 Sardeson, F. W., The so-called Cretaceous deposits in southeastern Minnesota: Jour,
Geology, vol. 6, p. 679, 1898.
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Cone No. Color. Shrinkage. [Absorption.
Per cent. | Per cent
06 | Buff. .. it
2 l..... 4 1 23 o
5 lieeen L L R A

The clay becomes hard at cone 03 (1,994° F.) and viscous at cone 6
(2,282° T.).

CRETACEOUS SYSTEM.
GENERAL CHARACTER.

The Cretaceous rocks found in Minnesota consist of soft sand-
stones, shales, and clays and locally have thin beds of conglomerate
at the base. They lie immediately below the drift in much of the
western part of the State and also in numerous scattered areas in the
southern, central, and northern parts. OQutcrops are few on account
of the drift cover, but numerous well records have helped to show
their general distribution. Their maximum thickness in Minnesota
is about 550 feet. Their upper portion is composed chiefly of soft
blue or gray shales and clay (Benton shale) ; lower down they con-
sist of white sandstone and ka<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>