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THE OCCURRENCE OF GROUND WATER IN THE
UNITED STATES

WITH A DISCUSSION OF PRINCIPLES
By Oscar Epwarp MEINZER.

INTRODUCTION.

The writer has planned and partly prepared a series of six papers
on ground water in the United States. These papers are to deal with
(1) occurrence, (2) origin, discharge, and quantity, (3) movement and
head, (4) quality, (5) recovery and use, and (6) ground-water provinces.
The present paper is the first of the series.

The writer is indebted to many colaborers for assistance in preparing
this paper, especially to the following members of the United States
Geological Survey: M. R. Campbell, who read the entire paper;
E. W. Shaw, C. E. Van Orstrand, A. F. Melcher, and C. K. Wentworth,
who examined Chapter I; W. C. Alden, who examined Chapters II
and IV with special reference to their statements regarding glacial
geology; E. S. Larsen, who examined a part of Chapter IT; G. W. Stose,
who examined Chapter III; T. W. Stanton, who e*mmmed Chapter
IV; L. W. Stephenson, who examined the parts of Chapter IV that
relat;e to the Coastal Plain; C. W. Cooke, who furnished many un-
published data on the geology of the Coastal Plain; Miss M. G.
Wilmarth, who gave valuable help in compiling the geologic sections;
D. G. Thompson and Miss Norah E. Dowell, who furnished original
data on the mechanical composition and porosity of various sedimen-
tary materials; B. H. Lane, who made valuable criticisms of the
text; and Martin Solem, who had charge of the preparation of the

illustrations.
1



Cuarrer I. PRINCIPLES OF OCCURRENCE.
ROCKS AS RECEPTACLES OF WATER.

The rocks that form the crust of the earth are in few places, if any-
where, solid throughout. They contain numerous open spaces, called
voids or interstices, and these spaces are the receptacles that hold the
water that is found below the surface of the land and is recovered in
part through springs and wells. There are many kinds of rocks, and
they differ greatly in the number, size, shape, and arrangement of
their interstices and hence in their properties as containers of water.
The occurrence of water in the rocks of any region is therefore
determined by the character, distribution, and structure of the rocks
it contains—that is, by the geology of the region. Most rocks have
numerous interstices of very simall size, but some are characterized
by a few large openings, such as joints or caverns. In most rocks
the interstices are connected, so that the water can move through the
rocks by percolating from one interstice to another; but in some
rocks the interstices are largely isolated, and there is little opportunity
for the water to percolate. The interstices are generally irregular in
shape, but different types of irregularities are characteristic of different
kinds of rocks. The differences in rocks with respect to their
interstices result from the differences in the minerals of which they
are composed and from the great diversity of geologic processes by
which they were produced or later modified.

POROSITY OF ROCKS.
DEFINITION OF TERM.!

The porosity of a rock is its property of containing interstices.
Some authors have used the term to refer only to minute inter-
stices, which they call pores, but in comparison with the size of the
earth itself even the largest openings are no more than pores, and
the term ‘“porosity’’ is much more useful if it is made to apply to-all
openings, instead of only to openings having an arbitrary limit of size.
Porosity is expressed quantitatively as the percentage of the total
volume of the rock that is occupied by interstices or that is not
occupied by solid rock material. A rock is said to be saturated
when all its interstices are filled with water. In a saturated rock
‘the porosity is practically the percentage of the total volume of the
rock that is occupied by water.

1See Gregory, H. E., and others, Military geology and topography, p. 114, New 3aven, Yale Univ.
Press, 1918 (chapter on water supply prepared chiefly by O. E. Meinzer).

2



PRINCIPLES OF OCCURRENCE. 3

CONDITIONS CONTROLLING POROSITY,

The porosity of a sedimentary deposit depends chiefly on (1) the
shape and arrangement of its constituent particles, (2) the degree of
assortment of its particles, (3) the cementation and compacting to
which it has been subjected since its deposition, (4) the removal of
mineral matter through solution by percolating waters, and (5) the
fracturing of the rock, resulting in joints and other openings. Well-
sorted deposits of uncemented gravel, sand, or silt have a high poros-
ity, regardless of whether they consist of large or small grains. If,
however, the material is poorly sorted small particles occupy the
spaces between the larger ones, still smaller ones occupy the spaces
between these small particles, and so on, with the result that the poros-
ity is greatly reduced (fig. 1, A and B). Boulder clay, which is an

F1oURE 1.—Diagram showing several types of rock interstices and the relation of rock texture to porosity,
A, Well-sorted sedimentary deposit having high porosity; B, poorly sorted sedimentary deposit hav-
ing low porosity; C, well-sorted sedimentary deposit consisting of pebbles that are themselves porous,
so that the deposit as a whole has a very high porosity; D, well-sorted sedimentary deposit whose
porosity has been diminished by the deposition of mineral matter in the interstices; E, rock rendered
porous by solution; F, rock rendered porous by fracturing.

unassorted mixture of glacial drift containing particles of great vari-

ety in size, may have a very low porosity, whereas outwash gravel and

sand, derived from the same source but assorted by running water,
may be highly porous. Well-sorted uncemented gravel may be
composed of pebbles that are themselves porous, so that the deposit
as a whole has a very high porosity (fig. 1, C). Well-sorted porous
gravel, sand, or silt may gradually have its interstices filled with
mineral matter deposited out of solution from percolating waters,
and under extreme conditions it may become a practically imper-
vious conglomerate or quartzite of very low porosity (fig. 1, D). On
the other hand, relatively soluble rock, such as limestone, though
originally dense, may become cavernous as a result of the removal
of part of its substance through the solvent action of percolating water

(fig. 1, E). Furthermore hard, brittle rock, such as limestone, hard

sandstone, or most igneous and metamorphic rocks, may acquire
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large interstices through fracturing that results from shrinkage or
deformation of the rocks or through other agencies (fig. 1, F). Solu-
tion channels and fractures may be large and of great practical
importance, but they are rarely abundant enough to give an other-
wise dense rock a high porosity.

POROSITY OF GRANULAR DEPOSITS.
RELATION OF POROSITY TO ARRANGEMENT OF GRAINS.

The most common type of water-bearing materials consists of
deposits composed of fragments of rock that were more or less
rounded by wear before they were deposited. In such deposits the
water exists in the irregular spaces that remain between these frag-
ments or grains. To investigate the water-bearing characteristics of
such material Slichter? first made a theoretical study of the most
simple case-—an ‘‘ideal soil”’ consisting of spherical grains of equal
size.

(K ok

A B c

FIGURE 2.—Sections of four contiguous spheres of equal size. A, Most compact arrangement; B, less com-
pact arrangement; C, lcast compact arrangement.

He described the conditions with these simple assumptions, as
follows:

In order to study the nature of the pores, we may separate out from the mass of
the soil eight contiguous grains in such manner that the lines joining their centers
form an equilateral parallelopiped or rhombohedron, as represented in Plate I, 4,%
in which the white rods mark the position and direction of two of the pores. By
studying the properties of the pores of this rhombohedron we may arrive at the
properties to be assigned to the pores of the entire mass of soil, since this rhombo-
hedron constitutes the element of volume, or the unit element, which, if repeated,
will give the entire mass of soil.

If the grains of soil are arranged in the most compact manner possible, each grain
will touch surrounding grains at twelve points, and the element of volume will be a
rhombohedron having face angles equal to 60° and 120° (fig. 2, A). If the grains are
not arranged in the most compact manner the rhombohedron will have its face angles
greater than 60° (fig. 2, B), and each sphere will touch other spheres in-but six points
but will nearly touch in six other points. The most open arrangement of the soil
grains which is possible with the grains in contact is had when the rhombohedron is
a cube (fig. 2, C).

sSlichter, C. S., Theoretical investigation of the motion of ground water: U. S. Geol. Survey Nine-
teenth Ann. Rept., pt. 2, pp. 305-328, 1899.

3 The numbers of the illustrations cited have been changed to conform to those of the present paper.—
O.E. M.
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Plate I, B, shows the rhombohedron formed by joining the centers of the spheres
of Plate I, 4.

If we imagine a soil made up of particles arranged so that the lines joining their
centers form cubes, the percentage of open space to the whole space, or the so-called
porosity, can be found by dividing (1) the difference between the volume of a sphere
and the volume of the circumscribed cube by (2) the volume of the circumscribed
cube, which gives a porosity of 47,64 percent. If the particles are arranged as com-
pactly as possible, as in Plate I, 4, the percentage of pore space can be found by
dividing (1) the difference between the volume of a sphere and the volume of a
rhombohedron whose acute face angles are 60° and whose edges equal the diameter
of the sphere by (2) the volume of this rhombohedron, which gives a porosity of 25.95
per cent. This fact is shown nicely by considering that the pieces of eight different
spheres which make the rhombohedron of Plate I, B, can be placed together so as to
make a perfect sphere. If is plain that the eight pieces would make a complete
sphere even if the face angle # had not the value 60° but had any other value up to
90°. If we measure the porosity of a soil composed of grains of nearly uniform size,
we shall find a large variation in the results, depending largely upon the manner in
which the soil was packed; but usually the porosity will lie within these limits.

The pores through such an ideal soil are capillary tubes of approximately triangular
cross section. The pore enlarges slightly in area as it follows the surfaces of the
spherical s0il grains and then diminishes again to its former value.

RELATION OF POROSITY TO SIZE OF GRAINS.

It will be noted that the size of the grains does not enter into
Slichter’s calculations. If other conditions are the same; a material
will have the same porosity whether it consists of large or small grains.
Thus, although there is wide range in the porosity of each of the four
principal types of granular deposits—gravel, sand, silt, and clay—
there is probably no great difference in the average porosity of the
different groups. On the whole, silt and clay are. about as porous as lm,: ﬁ/

b tn $e: /s o
sand and gravel. A3. recexT wor o “Z
P’c We‘.,pr-xe’/‘:c’lq w:d’e v ﬁgyl); /7z/2at~o$
RELATION OF POROSITY TO SHAPE OF GRAINS.

Natural sedimentary deposits differ from the ‘‘ideal soil”’ investi-
gated by Slichter in being made up of grains that are not perfect
spheres and that are not all of the same size. The shapes of the grains 4« Z7
differ considerably, according to the character of the minerals of cémje/
which they are composed and the shapes of the original fragments; o%..
also according to the kind and amount of breaking up and wear they
received before they were deposited. Irregularity in shape results in .~
a larger possible range in porosity. Tosome extent the irregularities
tend to counteract one another, but it is believed that the porosity of

many deposits is increased by the irregular, angular shapes of its
constituent particles.

RELATION OF POROSITY TO DEGREE OF ASSORTMENT.

Variety in size of grain, or the degree of assortment, is of funda-
mental importance with respect to the porosity of a deposit. A
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deposit composed of lerge grains of uniform size has a high porosity,
and a deposit composed of small grains of uniform size has an equally

.~ high porosity; but a deposit composed of a mixture of grains of these

&}

two sizes has a much lower porosity. If small grains are added to a
deposit of large grains the small grains will occupy the interstices
' between the large ones, thereby re-
ducing the amount of void space
(fig. 1, A and B). If in the open-

R ing between the spheres shown in
figure 1, A, a small sphere is placed,
P 3 this small sphere will occupy space

Fi6URE 3.— Diagrams showing reduction in poros-  that would otherwise have been
ity caused by addition of a large grain (R) toan empty or Occ“pied by Wat,er——tha.t
aggregation of small grains. « . . .

is, it will reduce the porosity to the
extent of its own volume. If large grains are added to a deposit of
small grains, they will fill with solid rock the spaces which they occupy
and which would otherwise be occupied by an aggregation of the
small grains with their intervening interstices. Those interstices will
thus be replaced by solid rock, and the porosity will be correspond-

inglyreduced. This is 100 | San ¢

illustrated in figure 3, / ‘L(;%

in which @ represents a ga %o / T Ve V4
deposit of nearly uni- Yugo (;,’/ ;" Aof |
form grains and brep- 53 z/z \7_ z°/ ,/
resents the same de- §§ ™ [ I /’ z"( /V

posit with the addition 9 60

of a large grain orrock :r;;" 50 l 'r m] I (/ Sl
(R) thatcontainsnoin- gy / [ °I / Z/
terstices. Obviously, E?_ 40 l f

the large rock has dis- @4 3, /
placed a number of ggzo / : l ’
interstices and re- 9<“ [rine }/

duced the porosity of 310 // / e / // / Coarse
the deposit. ¢ o —1 ¢ /

The amount of vari- 0l .03 .05 .12 .24 .46 98 £.20 6.20 12.60
ation in size of grain, DIAMETER OF GRAINS IN MILLIMETERS

FiGURE 4.—Diagram showing mechanical composition of materials
or the degree Of !?,SSOI‘t- used in experiments by Hazen. The lines representing diameters
ment of 8 deposﬁ;, can of the particles are spaced according to the logarithms of these

be quantitatively ex- demeters

pressed by means of a mechanical analysis in which are given the
proportions of the sample that consist of grains of specified sizes.
The mechanical analyses of eight samples examined by Hazen* are
givenin the following table and are graphically represented in figure 4.

4Hazen, Al'en, Experiments upon the purification of sewage ar< =rater at the Lawrence experiment
station: Massachusetts State Board of Health Twenty-third Ann. Rept., for 1891, pp. 420431, 1892,

. s"lgg/j ve %5,‘{/‘;””& ,*107( %W&‘{;’Zfb‘b /7,'7 4
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Mechanical composition of materials used in experiments by Hazen.

Per cent of total sample by weight.
Diameter of grains
(millimeters).

No. 5. | No. 4. | No. 2. | No. 9. | No. 6. | No. 1. | No. 5a.| No. 16.

LT
EEEEE
RREEsECL

EEE

Effective size of grain in millimetersa.
Uniformity coefficient ...............

aThe gﬂfg%‘g e size ;ggmm as defined by Hazen, is the diameter of a grain of such size that 10 per cent
of the sample (by weight) consisis of smaller grains and 90 per ceit of larger grains.

In order to have a simple quantitative expression of the degree of
uniformity in size, an arbitrary quantity is used—the uniformity
coefficient. This is the ratio of the diameter of a grain that has 60_
per cent (by weight) of the sample finer than itself to the diameter
of a grain that has 10 per cent finer than itself. This coefficient can
be obtained from a mechanical analysis such as those given above,
or it can conveniently be obtained from a curve representing a
mechanical analysis, such as those shown in figure 4. In explanation
of the uniformity coefficient and its relation to the graphic represen-
tation of mechanical analyses, as in figure 4, Hazen makes the fol-
lowing statements:

For study and comparison the results have been plotted and are shown in the
accompanying diagram [ﬁg. 4}, the height of a curve at any point showing the per cent
of material finer than the size indicated at the bottom of the diagram. The lines
representing the diameters are spaced according to the logarithms of the diametérs of
the particles, as in this way materials of corresponding uniformity in the range of si: sizes
of' heir particles give equally steep curves, regardless of the absolute sizes of the
partlcles thus greatly facilitating a comparison of different materials. Thisscale also
shows adequately every grade of material from 0.01 to 10 millimeters in a small
space, and without unduly extending any portion of the scale. * * * If all the
grains of a sand were absolutely of the same size, the uniformity coefficient would
be 1; with most comparatively even-grained sands the coefficient ranges from 2 to 3;
with No. 6 and No. 5, the figures are about 8 and 9, respectively; and some extremely
uneven sands have coefficients as high as 20 or 30; but the data in regard to the action
of such materials is as yet limited.

In regard to the relation of the uniformity coefficient to the poros-
ity, Hazen ® makes the following statement:

The amount of open space depends upon the shape and uniformity in size of the
particles of sand and is independent of their absolute size. The materials which
have the sharpest rise on the diagram [fig. 4], indicating the greatest uniformity in

$0p. cit., p. 432.

§ -~
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size, have the greatest open space, while the sands having a more gradual rise pack
more closely; .the finer particles occupy the spaces between the larger stones, greatly
reducing the open space.

Obviously, the uniformity coefficient is an index to the porosity.
The larger this coefficient the smaller the porosity. The relation for
the samples whose mechanical analyses are given in the preceding
table is shown in figure 5.

POROCSITY, IN PER CENT BY VOLUME
36 37

32 3 34 35 38 33 40 41 42 43 4 45

10
° No.5
-}
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[o]
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3
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2
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0

FIGURE 5.—Diagram showing relation between the porosity and the uniformity coefficients of materials
used in experiments by Hazen.

DATA ON POROSITY.

The porosity of different materials ranges from only a small frac-
tion of 1 per cent to more than 50 per cent. Much of the newly
deposited material of the Mississippi Delta has a porosity of 80 to 90
per cent.® A porosity of more than 40 per cent, however, is rare
except in soils and in recent deposits that have not had time to
settle. A porosity of less than 5 per cent may be regarded as a small
porosity; one between 5 and 20 per cent as a medium porosity; and
one greater than 20 per cent as a large porosity.

As already shown an aggregate of perfect spheres of solid matter
of equal size has a porosity between 25.95 and 47.64 per cent. As a
matter of fact, well-sorted, uncemented sedimentary deposits com-

s Shaw, E. W, unpublished communication. See also Sorby, H. C., On the application of quantita-
tive methods to the study of the structure and history of rocks: Geol. Soc. London Quart. Jour., vol. 64,
p- 214, 1908,
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monly range between these two extremes, but sedimentary deposits
that are poorly sorted or considerably cemented have a much lower
porosity. Most soils, however, although being far from uniform in
size of grain, have a high porosity, more than 50 per cent being
common. Lying at the surface, they are not compacted, and by cul-
tivation and other processes they are kept in an especially open con-
dition. They are composed largely of particles which consist of
aggregates of smaller particles, as shownin figure 1, C. Sedimentary
deposits that have become so thoroughly cemented or otherwise altered
that the original spaces between the grains have been entirely filled
and rocks that were originally compact, such as granite, may have
very little space that is unoccupied by solid mineral matter. Frac-
tures and solution channels, even if they are of considerable size, are
generally spaced too far apart to give any high percentage of void
space. The following statement by Fuller,” based on the work of
Ellis,® is instructive in this respect:

Recent investigations in Connecticut, made by E. E. Ellis for the United States
Geological Survey, have shown that in the ordinary granites and gneisses of the region
the water occurs largely in the vertical jointg, which have an average spacing of
between 3 and 7 feet at the surface. At depths of more than 50 feet the spacing is
greater, owing to the dying out of subordinate joints. At still greater depths there
appear to be very few water-bearing joints, 250 feet being the depth fixed as a limit
beyond which it is not advisable to go for water. Of the horizontal joints, almost
all are confined to the upper few feet of the rock, being generally above the water

table. Mr. Ellis finds that while the joints may be half an inch or more 1n width at
the surface, they rapidly narrow with depth, and that the common wid m the

upper 200 or 300 feet is 0.01 inch. <. gtE——-— Mmeolom .

In a rock cut by three sets of fractures, each set with frwctures
spaced 5 feet apart, if the average thickness of the void space in each
fracture is 0.01 inch, the total void space represented by the fractures
is only one-twentieth of 1 per cent of the total volume of the rock.
Insome compact rocks at considerable depths the porosity represented
by fractures is probably even less, but in many compact rocks near
the surface it is much greater, chiefly because the openings Tepre-
sented by the fractures are much larger.

There is so much variation in the pordsity of even rocks of the
same kind that specific data are of little general value. The following
table, compiled by Fuller,® gives data on the porosity of numerous
rocks and soils of different kinds. Additional data are given under
“ Water-yielding capacity’’ (pp. 53-63).

1 Fuller, M. L., Amount of free water in the earth’s crust: U. 8. Geol. Burvey Water-Supply Paper 160,
pp. 69-70, 1906.

$See Gregory, H. E., Underground water resources of Connecticut, with a study of the occurrence of
water in crystalline rocks, by E. E. Ellis: U. 8. Geol. Survey Water-Supply Paper 232, 1909.

9 Fuller, M. L., op. cit., p. 61.

Sxio

-4
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Porosity of various rocks and sotls.
varions roces and souis.
[Compiled by M. L. Fuiler.]

Porosity (per cent by Sv}

volume). =
Num- <
Rock. Authority. ber of A
tests. | wini- | Maxi- | Average

Buckle;
.| Merrill

Geikied. ... i T
U. 8. Department of Agriculture.| Many. | 45 65 @)

. 0'(1)_]iuckleszg E. R., Building and ornamental stones [of Wisconsin]: Wisconsin Geol. Survey Bull. 4, pp.
] Memll G. P., Stones for building and deco:ation, Appendix,
;I}glnsse“ Achlhe, Recherches sur I’ean dans I’intérieur de la terre: Soc. géol. France Bull,, 2d ser.,
Vol
2 Geoi Arclnba.ld Textbook of geology, 4th ed., vol. 1, p. 410, 1903.
eKing, F. H., Prmclples and conditions 'of the movements of gzound water: U. 8. Geol. Survey Nine.
teenth Ann. Rept .y Pt. 2, pp. 209-215, 1898.

The following table gives the porosity of 85 gas and oil bearing
sandstones and associated rocks tested by A. F. Melcher for the
United States Geological Survey:®

Porosity of gas and oil bearing samﬁ@sjand associated rocks.o

>,
Number of Porosity (per cent by volume).

Material.b samples
tested.

Minimum. {Maximum.| Average.

Gas-bearing sands from Mexia-Groesbeck gas fleld,

Limestone County, Tex.. ... ...ceieeevreresensn.n- 8 10.7 37.7 24.4
Gas and oil bearing sands from Developers Oil & Gas
Co., Petrolia, TeX..........ccoiireuncneinuacacunnnn 4 18.5 26.6 2.9
0il sands and ‘sssociated rocks from Butler and Zelie-
nople quadrangles, Pennsylvania ..............ccc.... 8 4.5 22.2 10.1
0i1 and gas bearing sands and associated rocks from
11 ................................................ 18 4.7 18.4 12.3
0il and gas bearing sands and associated rocks from
omfng and Montana. .......ccooeeeeininnrinaanas 10 3.4 29.3 17.1
Oil and gas bearing sands and associated rocks from
Dawes, W. Va. .. iicieninieenrnieaicnancannannn 9 4.8 21.7 15.5
Sands from Bartlesvnlle, OkKla. . 4 16.1 17.7 16.7
Gas-bearing sands and associated Toc 2 0.2 a7

, La
edina sand from Niagara, N.Y., a
bearing sand from Custer Cit.y, 2 7.9 17.8

Allsamples. .cooiruiiiiiiiiiiii i e 84 3.4 37.7

a The methods used for det jning rosit v.are described on pages 13-15.
b The *sands’’ tested are T o3

l‘Melcher, A. F., Determination of pore space of oil and gas sands: Mining and M etallurgy, No. 160,
sec. 5, A pril, 1920.
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The following table gives the results of field tests, made by the
writer, of glacial materials in Pomperaug Valley, Conn., consisting of
boulder clay, outwash deposits, and lake beds. The samples were
not entirely dry, the fine-grained material perhaps containing enough
moisture to make an appreciable difference in the results. Materials
were obtained in as nearly their original condition as possible, and
the tests were made by adding water to the samples. In the results
for boulder clay corrections are made for pebbles and boulders that
were too large to be included in the samples examined.

Field tests of porosity of glacial materials in Pomperaug Valley, Conn.

Porosity
Type of deposit. Material. (N{m*'
volume).

Stream deposits .............. Fine sand of uniform grain .........coeoeemieeniiiiiaiii..

Glacial outwash ... ...| Medium to fine sand of uniform grain........cc.ocieienenean.
DO ...| Loose mixture, chiefly Sne sand and silt......................
DOcevnaannannns 2.’| Coarse sand with [ £ ) S,

Do. ...] Coarse clean grit or fine gravel.........

Do. .- Gravelly 3 1
Do. ..| Sand and gravel, mcludmg a few large pebbles.
Do.... Gravel with & matrix of sand . ..................
Do..ceeennn.n.. Siltandelay.....oennennnn...

Till or boulder clay ..| Sandy and gravelly

Do ..} Stony .....o......

DO Gravelly

2 25 Z o PR

0 7 T P

0 T
Lake deposit .........c....... 11 R PP

BECERERESERRRENS
era o [aow-uc oeT

METHODS OF DETERMINING POROSITY.

Several methods have been used to determine the porosity of rocks
and soils. These methods differ in the time they require and in the
accuracy of the results they produce. Some are adapted only for
testing coherent rocks, others only for testing incoherent materials;
still others can be used with either coherent or incoherent samples.
The different methods are interrelated in various ways but can for
convenience of discussion be designated as follows: (1) Measuring
the quantity of water required to saturate a known volume of the
dry material, (2) comparing the volume of a sample with the aggre-
gate volume of its constituent grains, (3) comparing the specific
gravity of a sample with the weighted average of the known specific
gravities of its constituent materials, (4) comparing the specific gravity
of a dry sample with that of a saturated sample of the same material,
(5) obtaining the uniformity coefficient and estimating the porosity
on the basis of the observed relation between porosity and uniformity
coefficient, and (6) producing a partial vacuum in a vessel that con-
tains a dry sample and observing the change in air pressure when
this vessel is connected with anothcr *hat rontains air under atmos-
pheric pressure, the volume of each vessel and of the sample being
known.
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If the specific gravity of water is taken as unity, the following
equations express porosity, in percentage, according to the first four
methods:

P=100 (Jr‘;)ﬂoo (V;,”)=100 (Sg“)=1oo (b—a).

Where P = porosity (by volume).

W=volume of water required to saturate the sample of rock
or soil when it is dry.

V =volume of the sample.

v=aggregate volume of the solid particles that comprise
the sample.

8 =weighted average of the specific gravities of the min-
erals that constitute the rock or soil.

a=specific gravity of the dry sample.

b =specific gravity of the saturated sample.

The volume of a sample of incoherent material as it exists in its
natural condition (V) should, if possible, be determined at the time
the sample is taken. In the laboratory this sample or any measured
part of it can be used to determine other quantities. If the volume
of the sample js not determined in the field it can be measured in the
laboratory with any convenient calibrated vessel, but considerable
error is likely to result because of the difficulty of giving it the same
compactness as it had in the field. The volume of a sample of
coherent rock (V) can be obtained by coating the sample with paraffin
to make it waterproof (see p. 14) and then weighing it in air and in
water. Its loss of weight in water is the weight of the volume of
water it displaced.

The aggregate volume of the solid particles that comprise the sam-
ple (v) can be determined by measuring or weighing the quantity of
water that they displace.

The weighted average of the specific gravities of the minerals (S)
can be determined either by ascertaining the proportions in which
the different minerals, with their different known specific gravities,
occur in the sample, or by determining how much water is displaced
by a weighed quantity of the solid particles that constitute the sam-
ple. If there is only one abundant mineral, as in a quartz sand or
sandstone, or if the constituent minerals have practically the same
specific gravity, the problem is relatively simple. Generally, no great
error is involved if the specific gravity (S) is assumed to be 2.65.

The specific gravity of a dry sample of coherent rock (a) can be
obtained by coating the sample with paraffin and then weighing it
in air and in water. The specific gravity of the sample is its weight
in air divided by its loss of weight in water. The specific gravity of
a dry sample of incoherent material (a) can be obtained by weighing
a measured volume of the material and dividing this weight by the
weight of an equal volume of water.
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The specific gravity of a saturated sample (b) is equal to the weight
of the saturated sample divided by the weight of an equal volume of
water. The determination of this value involves saturation of the
sample and determination of its volume.

Difficulties are encountered in completely saturating either coherens
or incoherent materials. As the process of saturation is involved in
determining W and b and also, in a sense, in determining » and S by
the second procedure mentioned, these difficulties apply to most of
the methods for determining porosity. They are largely, though not
entirely, due to air that remains imprisoned in the interstices. In
the following table are given the results of tests on seven samples of
building stone to determine the degree of saturation attained by
various methods. These instructive tests were made by Hirschwald, !
and the table is quoted from a paper by Melcher.*?

Water absorbed by porous rocks under specified conditions, in percentages of the quantity
absorbed under pressures of 50 to 150 atmospheres.

By method

By method | Bymethod
No.of sample. | of quick | of gradual ﬁng:gﬁ
immersion. | immersjon. in vacuum.

45.9 52.2 61.1
47.6 49.7 9.1
53.0 61.3 85.5
53.3 54.6 99.5
60.9 63.0 99.4
7.3 81.2 8L.56
72.6 77.2 8L.0

The following suggestions are made by Hazen:™

The specific gravity of the solid particles (S) is obtained by putting a weighed
quantity of the thoroughly dry material into a narrow-necked graduated flask of dis-
tilled water, taking great care that no air bubbles are inclosed, and weighing the
displaced water. Very accurate results may be obtained in this way. The specific
gravity of the material (a) is obtained by weighing a known volume packed as it -
is actually used, or as nearly so as possible. As the material is usually moist, it should
either be dried before weighing or else a moisture determination made and a correc-
tionapplied. * * * The resultsobtained by measuring the quantity of water which
can be put into a given volume (w) when introduced from below are invariably too
low, because the water is drawn ahead by capillarity, and air bubbles are inclosed
and remain, often causing serious errors.

The methods at present used by the United States Geological
Survey for determining the porosity of sandstones are those devel-
oped by Melcher.®* They are concisely described by him as follows:

The method selected is based on the principle that the volume of the fragment of
the sand [sandstone] minus the volume of its individual grains equals the volume of

1 Hirschwald, Julius, Die Priifung der Natiirlichen Bausteine aufihre Wetterbestindigkeit, Berlin,
W. Ernst und Sohn, 1908,

13 Melcher, A. F., Determination of pore space of oil and gas sands: Mining and Metallurgy, No. 160,
April, 1920.

13 Hazen, Allen, Some physical properties of sands and gravels, with special reference to their usein
filtration: Massachusetts State Board of Health Twenty-fourth Ann. Rept., for 1892, p. 560, 1893.

14 Melcher, A. F., op. cit., pp. 2-9.
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the pore space. The volume of the pore space divided by the volume of the fragment
gives the per cent pore space by volume.

Dipping simplesin parafin.—Sometimes the texture of the samples is so loose that
it is difficult to keep the grains of sand from rubbing off while handling them; other
fragments are firmer and more compact. It was because of this looseness of texture
and the small size of some of the samples that the method of dipping in paraffin !* was
adopted. After the surface of a sample was thoroughly cleaned of foreign material
with an assay brush and loose particles brushed off, it was broken into two parts; one
part was used for finding the volume of the fragment and the other was used for find-
ing the volume of the individual grains making up the fragment.

The pieces that were to be used for finding the volume of the fragment were
weighed and then dipped into paraffin heated to a temperature a little above its
melting point. The layer of paraffin around the sample was then examined for air
bubbles and pinholes. If any were found, they were removed by remelting the
paraffin at that point with the end of a hot wire.

The fragments are best dipped by holding them with the fingers. First, the half
of the sample opposite the fingers is dipped; then the sample is turned around and
the other half is dipped. The samples should never r¢main in the melted paraffin
longer than two or three seconds, and very small samples or very porous ones should
be immersed for shorter periods. Bubbles should not be permitted to come out of
the samples, as they usually indicate that the paraffin is beginning to enter the pores.
If there is any doubt about the paraffin entering the pores of the sample, the speci-
men may be broken, after it is weighed in distilled water, and examined with a hand
lens or microscope, depending on the size of the pores. It will be found that, aftera
little practice, if the samples are cold, there will not be much difficulty in dipping
them so that the paraffin will not enter the pores, as the paraffin almost immediately
hardens when it comes into contact with the cold surface of the sand. When the
paraffin cools, the sample with its coating is weighed to determine the weight of the
paraffin.

Determining volume of fragment.—The sample with the coating of paraffin is sus-
pended in distilled water by a No. 30 B. & S. gage platinum wire and weighed; a
fine wire is used go that the error due to surface tension will be as small as possible.
The water should have been boiled and its temperature taken to one-tenth of a degree
at the time of the weighing. The sample is then removed from the water, dried by
pressing the surface against bibulous paper or a smooth towel, and weighed in air.
This weighing is made to see whether the sample absorbed any water. If any ap-
preciable quantity of water is absorbed, a correction can be made to the weight of
water displaced from the difference between the last weighing and the former weigh-
ing of the sample plus the paraffin in air.

From the weight of the water displaced, its temperature and density, the volume
of the sample plus the volume of the paraffin can be obtained. The tables by P.
Chappuis ' on the change of density with the temperature of pure water free from
air were used. From a previous determination of the density of paraffin, which in
this case is 0. 906, and the weight of the paraffin covering the sample, its volume can
be obtained. Subtracting this volume from the total volume of the sample, plus the
volume of the paraffin, gives the volume of the fragment of stone used.

Determining volume of individual grains.—The second part of the sample is weighed
and crushed in an agate crucible into its separate particles, or, in the case of & very
fine sand, until it will pass through a 100-mesh sieve. Itis again weighed and thor-

1sJulius Hirschwald (Die Priifung der Natiirlichen Bausteine auf ihre Wetterbestiindigkeit, Berlin,
W.Ernst und Sohn, 1908) describes a method of dipping the specimens in parafiin, which he used to de-
termine the 8pecific gravity of building stones.

16 Bur. internat. poids et mesures Trav. et mém., 1907, p. 13; U. 8. Bur. Standards Cire. 19, 5th ed.,
table 27,
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oughly dried in an electric oven, or better in the Steiger toluene bath 17 at from 100°
to 150° C. for 30 minutes to 1 hour; a lower temperature is used when there is danger
of driving off an appreciable quantity of combined water. It is then placed in a
desiccator to cool. After the particles have cooled, the sample is weighed and ex-
posed to the air to take up moisture. After the particles have reached a constant
weight, or nearly so, they are again weighed to correct for hygroscopic water. The
particles of sand are then transferred to the pycnometer, using glazed paper. [A
pycnometer is a bottle whose capacity for water under specified conditions is accu-
rately determined.] The pycnometer plus the sample is weighed to correct for the
loss in transfer. The pycnometers used are of the type designed by John Johnston
and L. H. Adams,'s of the Carnegie Institution.

The device of G. E. Moore,? slightly modified by Day and Allcn,* was used for
the evacuation of the air from the ground particles.

After the pycnometer is nearly filled with boiled distilled water, the aspirator

is removed and the pycnometer is placed in a constant-temperature thermostat reg-
ulated t00.1° C. The filling of the pycnometer is completed from distilled water
taken from another vessel in the thermostat. The pycnoineter is then removed from
the thermostat and weighed after its outside surface has been dried with a towel.
From a previous calibration of the pycnometer, which gives the weight of the water
necessary to fill the pycnometer, the weight of water that the crushed sample dis-
placed is found. The volume of the ground particles in the pycnometer is found
from the weight of water displaced and the table of densities of water at the temper-
ature of the thermostat.
" By proportion, the total volume ot grains in the fragment dipped in paraffin is
determined. Then the volume of the fragment dipped in paraffin minus the volume
of its grains is equal to the volume of the pore space. This volume divided by the
volume of the fragment gives the per cent pore space by volume.

Determining pore space of very small samples.—In case the sample is too small to break
into two parts, the whole sample can be dipped into paraffin and the paraffin burned
off, if the graina of the sample are of sufficiently pure quartz not to be appreciably
changed in volume or weight by the burning. In many cases the paraffin can easily be
shaved and brushed off with a knife and assay brush, and a new weighing made to
determine the loss of weight of particles brushed off. In case thereisoil in thefragment
that is crushed, the oil is either burned out by placing the crushed sample in a plati-
num crucible or it is dissolved by a solvent, as petroleum ether or carbon
tetrachloride. * * *

For very accurate determination of pore space it is necessary to add a correction
tosome of the weighings for buoyancy of theair. * * * Porespace determinations
can be made of chunk samples that weigh 0.1 ounce with an error of less than + 1
per cent. The pore space of a chunk sample weighing 0.05 ounce, the grains of
which will pass through a No. 20 mesh sieve, can be determined with sufficient accu-
racy for commercial use.

If the material is incoherent the volume of the sample as it occurs
in nature should be determined in the field, and this sample or a
measured part of it can then be used to determine the aggregate

volume of the solid particles by means of a pycnometer, as described
by Melcher.

177, 8. Geol. Survey Bulil. 422, pp. 75-76, 1910.

18 Am. Chem. Soc. Jour., vol. 34, p. 566, 1912,

1% Am. Jour. Sci., 3d ser., vol. 3, p. 41, 1872.

»Camegie Inst. Washington Pub. 31; U, S. Geol. Survey Bull. 422, pp. 48-50, 1910.
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The following method is suggested by Hazen ? for making rough
estimates of the porosity of incoherent material from the uniformity
coefficient (p. 7). It may be of use in estimating the porosity of
materials whose mechanical analyses only are known.

A rough estimate of the open space can be made from the uniformity coefficient.
Sharp-grained materials having uniformity coefficients below 2 have nearly 45 per
cent open space as ordinarily packed; and sands having coefficients below 3, as they
occur in the banks or artificially settled in water, will usually have 40 per cent open
space. With mere mixed materials the closeness of the packing increases until, with
a uniformity coefficient of 6 to 8, only 30 per cent open space is obtained, and with
extremely high coefficients almost no open space is left. With round-grained water-
worn sands the open space has been observed to be from 2 to 5 per cent less than for
corresponding sharp-grained sands.

The sixth method of determining porosity, mentioned on page 11,
has recently been devised by Washburn and Bunting.?? In this
method air or some other gas is used to fill the interstices, and the
volume of the interstitial space is determined by observing changes
in the gas pressure. Although the method is very simple in principle,
it had apparently not been suggested prior to its use by Washburn
and Bunting. Its great advantage over methods that involve satu-
ration with water consists in the more accurate results which it gives,
especially for materials that have small and poorly connected inter-
stices. This advantage is due to the perfect expansibility and low
viscosity of gases. The essential features of the method can be de-
scribed as follows:

An air-tight vessel, B, is joined by a capillary tube to a second air-tight vessel, A.
There is a stopcock on each vessel and in the tube that connects the two vessels.
There is also 2 manometer connected with vessel A. A dry sample of known volume
of the material to be tested is placed in vessel A. Most of theair in vessel A is then
pumped out, and the pressure of the remaining air is observed. The air in vessel
B is at the atmospheric pressure. The stopcock in the connecting tube is then
opened, and. the resulting pressure is observed. After each operation the apparatus
must be allowed to stand, preferably in a constant-temperature bath, until tempera-
ture equilibrium is attained. For most materials air can be satisfactorily used, but
for some hydrogen or helium is required. The following equations can readily be

deduced: 100—P
(pr—p3) vi=(ps—p2) ["’2" (_iﬁ‘)'”s]

(pr—ps) v1_v2— ”3]
(Ps—p2) vs Vg

Where P = porosity, in percentage by volume,
py= initial pressure in vessel B,
= atmospheric pressure,
p.= initial pressure in vessel A,
ps;= pressure in both vessels after the stopcock between them has been
opened,

and therefore

P=100[

#1 0p. cit., pp. 550—551 .
22 Washburn, E. W., and Bunting, E. N., Porosity; VI, Determination of porosity by the method of
gas expansion: Am. Ceraunc Soc. Jour., vol. 5, pp. 113-129, 1922.
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v;= volume of vessel B,
v,= volume of vessel A,
vg= volume of sample.

METHODS OF MAKING MECHANICAL ANALYSES OF GRANULAR
MATERIALS.

A mechanical analysis of granular material consists in separating
into groups the grains of different sizes and determining what per-
centage, by weight, each group constitutes. (See pp. 6-7 and figs.
4 and 38.%) According to standard methods used by the United
States Bureau of Soils,* which has made thousands of mechanical
analyses of soils, the following arbitrary limiting diameters, in milli-
meters, have been adopted:

Fine gravel, 2 to 1.

Coarse sand, 1 to0 0.5.
Medium sand, 0.5 to 0.25.
Fine sand, 0.25 to 0.1.
Very fine sand, 0.1 to 0.05.
Silt, 0.05 to 0.005.

Clay, less than 0.005.

How small the grains here deéalt with actually are is suggested by
Plate II, in which sand grains of several sizes are shown without
magnification or reduction.

In making a mechanical analysis the grains are first separated by
mixing the material with water and working it with a rubber-tipped
pestle or agitating it a long time in a shaking device. According to
the original methods, the mixture is then allowed to stand in a beaker
until all grains larger than 0.05 millimeter in diameter have settled to
the bottom, when the liquid still containing grains smaller than 0.05
millimeter is poured off into another beaker. New water is added to
the residue, and the process is repeated until the separation between
the grains that are larger than 0.05 millimeter and those that are
smaller is fairly complete. The smaller grains are then separated by
the same process into those larger and those smaller than 0.005
millimeter. Theresidue consisting of grains larger than 0.05 millimeter
is dried and separated into the various grades given in the table by
means of sieves of different sizes of mesh. More recently the use of
the centrifuge has been introduced to expedite the separation of the
finer grades out of suspension in water, the centrifugal force applied
being many times as great as the force of gravity. Various other
apparatus has been devised for expediting and improving the analyses.

3 For diagrams showing numerous mechanical analyses of sandstone formations in the United States,
see Dake, C. L., The problem of the St. Peter sandstone: Missouri School of Minesand Metallurgy Bull.,
August, 1921,

% Mechanical analysis of soils: U. S. Dept. Agr. Bur. Soils Bull, 4, 1806. Briggs, L.J., Martin,
F. 0., and Pearce, J. R., The centrifugal method of mechanical soil analysis: U. 8. Dept. Agr. Bur,
Soils. Bull. 24, 1904. Fletcher, C. C., and Bryan, H., Modification of the method of mechanical soil
analysis: U. 8. Dept. Agr. Bur. Soils Bull. 84, 1912.
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A method devised by Oden?* for studying the mechanical composi-
tion of deep-sea deposits consists in observing the rate at which the
material settles out of suspension in water, without attempting the
more laborious task of separating the grains into groups according to
size.

A rapid method of making mechanical analyses of the very fine
particles of clay (those less than 0.003 millimeter in diameter) has
recently been described by Schurecht.?® It is essentially the same
as Oden’s method except that the rate of sedimentation is deter-
mined by ascertaining the change in specific gravity of the mixture
from time to time instead of actually weighing the sediments depos-
ited. The specific gravity is determined by weighing a plummet in
air and in the mixture.

A method used by Mitscherlich? is to estimate the total surface
area of the grains in a unit quantity of the material by determining
its hygroscopic power. (See pp. 88-94.) The following comment on
this method is made by Oden:*

Apart from the serious objections which can be raised against the theoretical side
of Mitscherlich’s method, it is obvious that a determination of the surface is by no
means sufficient if we want to define a deposit. For example, a sample consisting
of coarse sand intermingled with som® high-colloidal clay may have the same total
surface area as a loamy deposit consisting of more uniform particles of intermediate

gize, yet it will in most other respects differ profoundly from the latter, so that there
are no reasons for classing them together.

FORCES CONTROLLING WATER IN ROCKS.

The two principal forces that control the water in the rocks are
gravity and molecular attraction. Gravity is the force that causes
the water to percolate from the surface deep into the earth and thence
to percolate laterally for long distances. It is the principal force
that causes the water to seep out of the earth in low places, to flow
from springs, or to enter wells, and to issue from flowing wells.
This force acts in a system of rocks with interstices very much as it
does in a system of waterworks with standpipe, mains, and service
connections.

In rocks having only large openings, comparable to the mains and
service pipes of a system of waterworks, gravity is the controlling
force, and the ordinary laws of hydraulics apply without much modi-
fication. But many rocks have very small interstices, and in these
another force becomes very effective. This is the force of molecular
attraction—the attraction of the walls of the interstices for the ad-

350den, Sven, On the size of the particles in deep-sea deposits: Royal Soc. Edinburgh Proe., vol. 36,
Pp. 2190-239, 1917.

88 Schurecht, H. G., Sedimentation as a means of classifying extremely fine clay particles: Am.
Ceramic Soc. Jour., vol 4, p. 812, 1921.

81 Mitscherlich, E A., Bodenkunde,p 56, Berlin, 1905.

= 0p. cit., p. 220,
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jacent molecules of water and the attraction of the molecules of
water for one another. The relative importance of this force is the
most significant fact in the behavior of water in rocks; it is the con-
dition which makes the hydraulics of this water a distinctive subject.

MOLECULAR ATTRACTION OF WATER IN ROCKS.

The molecules or minute unit parts of most substances have an
attraction for one another and also for molecules of other kinds.
The attraction between molecules of the same kind, as for example
between adjacent molecules of quartz or between adjacent molecules
of water, is called ‘‘ cohesion’’; the attraction between molecules of
different kinds, as between a quartz molecile and an adjacent water
molecule, is called ¢ adbesion.” The molecular attraction of many
substances is very great. Thus the cobesion that bolds together the
different parts of a mineral such as quartz makes it firm and strong.
The cohesion of liquid water is much less
than that of solid rock but is sufficient to
affect very greatly the behavior of the
water in the interstices of the rocks.

The force of adhesion may be as strong
as that of cobesion. Thus, the particles
of different minerals in a crystalline rock
hold tenaciously to one another, and the
cement, of an indurated sandstone holds Ficure 6.—Diagram showing how
so firmly to the grains of sand that the Jaer s h9d bv 1o mocewsr
rock makes a strong building stone. resent water molecules that cling

Molecular attraction, however, acts at {00 ettt and o 1o o7erione,
only very short distances, and conse- themolecules produces a downward
quently if a rock is once fractured it is D ‘ha tends fo overcome the
impossible to press the two parts close
enough together to enable the molecules on the opposite sides of the
fracture to attract each other.

If a piece of rock is dipped into water and then taken out it
remains wet—that is, a film of water adberes to the rock surface and
is not detached by the pull of gravity. The water molecules nearest
the rock surface are held firmly by the molecular attraction of the
rock, while those a little farther away are held less firmly by their
cohesion to the water molecules that adhere to therock. In figure 6
the conditions, as they are understood, are diagrammatically repre-
sented in very simple form. The actual interrelation of all molecular
forces is of course much more complex. For purposes of illustration
it may be assumed that the water molecule A adheres firmly to the
rock and that the water molecules A4, B, C, and D are beld together
only by cohesion. If the cohesion between A and B is strong enough
to support the weight of three molecules then B, C, and D will be
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held against the pull of gravity. The molecules a to i form a similar
chain. The molecule @ may be assumed to adhere so firmly to the
rock that it can not be torn away by the weight of all the other mol-
ecules. However, if the other water molecules are beyond the range of
attraction of the rock and the cohesion between adjacent water mol-
ecules is only strong enough to support the weight of three of these
molecules, the chain will be broken and some of the molecules will
fall away. The adhering molecules, such as A4 and a, together with
those held by cohesion, such as B, C, D, b, ¢, d, form the film of
water that gives the rock a wet surface. As a matter of fact, the
force of molecular attraction is believed to extend through several
times the space occupied by one molecule, and the force of cohesion
is much greater than is assumed for this illustration.

If the rock is not solid throughout but is ramified by interstices
the walls of the interstices will retain a film of water similar to that
held by the outside surface of the rock.
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FIGURE 7. —Diagram showing relation between the size of the interstices in a rock and their aggregate
surface. Ina given volume of rock having a given porosity and containing interstices of the same
shape the total interstitial surface varies inversely with the size of the interstices.

In a rock of a given porosity the aggregate surface ¢f the interstices
varics inversely with their size. This can be conveniently illustrated
by granular deposits, in which the surface of a spherical grain varies
as the square of its diameter but the volume it occupies varies about
as the cube of its diameter. Figure 7 shows sections of two samples
of gravel and one sample of sand consisting of spherical pebbles or
grains of three different sizes, the pebbles in A being 1 inch in diam-
eter, those in B half an inch in diameter, and those in C much
smaller. A half-inch sphere has one-fourth as large a surface as a
1-inch sphere, yet a cubic inch will hold eight of these smaller spheres
but only one of the larger spheres. Therefore, a given volume of
half-inch gravel has about twice as much surface for holding water
as an equal volume of 1-inch gravel. Likewise, it can beshown that
if the spheres are very small, as they are in silt or clay, their aggre-
gate surface will be very great and the influence of molecular attrac-
tion will be correspondingly great. This relation is also shown in
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figure 8. The water films, a, have the same thickness in the inter-
stices of the two rock specimens, A and B, but they occupy a much
larger proportion of the small interstices than of the large one, illus-
trating the fact that the force of molecular attraction has more
influence over the water in a rock having small interstices than over
the water in a rock having large interstices.

1t can readily be shown, by applying the rule that the surface of a
sphere is equal to 3.1416 times the square of its diameter, that the
total interstitial surface of a cubic foot of sand composed of grains 1
millimeter in diameter is about 1,000 square feet, that of a cubic
foot of sand composed of grains 0.02 millimeter in diameter is about
50,000 square feet, or more than 1 acre, and that of a cubic foot of
material composed of grains only 0.001 millimeter in diameter is about
1,000,000 square feet, or more than 20 acres. From experiments
made with the flow of air through various soils King *® calculated the
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FIGURE 8.—Diagram showing relation between size of interstices and quantity of water controlled by
molecular attraction. R, Solid rock; I, large interstice; {, smail interstices; a, films of water held by
attraction of rock walls. With a given porosity and a given shape of interstices the total interstitial
surface and hence also the total quantity of water controlled by molecular attraction variesinversely
with the size of interstices.

aggregate surface of a cubic foot of ordinary loam soils to be about
1 acre and that of a cubic foot of fine clay soils to be about 4 acres.

These figures give some conception of the vast areas of interstitial
surface that are involved in fine-grained material and of the great
influence that may be exerted upon water by the attraction of this
surface, even though it acts through only a small range. The quantity
of water held by a wet surface of a few square feet may be very small,
but the quantity held by an entire acre is considerable even though
the film of water adhering to this surface is very thin.

SURFACE TENSION.

If a pencil or glass rod is dipped in water and then taken out, a
droplet of water can be seen clinging to the lower end of the pencil
or rod in just the same form and manner as if it were held in an elas-
tic membrane. In similar fashion water clings to the particles of

»King F. H., A textbook of the physics of agriculture, p. 124, Madison, Wis., 1900,
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solid matter that constitute a rock or soil, as is illustrated in figure 9.
This membrane is produced by the force of cohesion in the water
which causes the phenomenon called surface tension. Surface tension
is explained in all textbooks on physics and is discussed very clearly and
simply with reference to the occurrence of water in rocks and soils
by Briggs,* from whom the following is quoted:

In a suspended drop of water the particles in the interior of the liquid are attracted
equally in all directions by the other particles of the liquid. The resultant attraction
on any particle in the interior is therefore zero, and it is free to move through the
liquid. A particle on the surface of the drop, on the contrary, is not attracted equally
on all sides, since the molecules of the gas surrounding the drop exert less attraction
upon the particle than is exerted by the particles of the liquid. The resultant
attraction is therefore inward, along a line perpendicular to the surface of the
liquid at that point. Now, the equations representing the behavior of the drop
under the action of these forces are identical with those obtained if we imagine
the drop inclosed in a water-tight membrane having
a uniform tension. The action of the drop is there-
fore the same as if this imaginary membrane actually
existed, and what we call surface tension is the tene
sion that this ideal membrane would have to possess
in order to produce the observed phenomena. This
ideal membrane differs from all material membranes
in that its tension does not change when the surface
is increased. When thesurfaceis extended, particles
which were formerly in the interior are brought to the
surface, so that the number of particles per unit of
area of the surface always remains the same.

CAPILLARITY.*

If a piece of glass or rock is partly im-
, mersed in water, the water will as a rule be
Fious 9.—Disgram showing how s Pulled slightly upward where it comes into
liquid clings to solid particles contact with the glass or rock, forming what
against the pull of gravity, Drawn . .
from a photograph by Briggs in 1S called a meniscus. (See fig. 10.) If a
which oil and rubber balls abcut  glggg tube of very small diameter is held
1 inch in diameter were used to . . . .
illustrate the principle involved.  UpPright with one end immersed in water,
the water will as a rule be drawn upward in
the tube, filling it completely up to a certain level. If arock that is
ramified by a system of small interstices is partly immersed in water
the water will be drawn up in these interstices just as it isin the glass
tube. A capillary tube is one of hair size, and in such a tube water
rises perceptibly. The phenomenon of water rising in capillary tubes
is called “capillary action’’ or “capillarity.” Capillary interstices
inrocks and soils are small enough to draw water upward a perceptible
distance. The upward pull of a cylindrical tube is proportional to its

% Briggs, L. J., The mechanics of soil moisture: U. 8. Dept. Agr. Bur. Soils Bull. 10, 1897.
# For a thorough discussion of this subject see the article by J. C. Maxwell on “Capillary action’ in the
Encyclopedia Britannica. The subject is also discussed in all textbooks of physics.
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circumference where the glass comes into contact with the free surface
of the water. It is therefore also proportional to its diameter. The

downward pull caused by A

the weight of the ele-
vated water is propor-
tional to the square of
the diameter. Inasmuch
as the upward pull varies
as the diameter and the
downward pull varies as
the square of the diam-

s}

eter, it follows that under

given conditions the

height to which water is

lifted by capillarity in a

k-Capillary lift=

SRS OR T

Menmiscus

cylindrical tube is in-

versely proportional to

the diameterof the tube.

For example, water will Fieure 10.—Diagram showing inverse relation between size of

rise twice as high in a

tube and capillary lift.

tube 0.1 millimeter in diamecter as in a similar tube 0.2 millimeter
in diameter and ten times as high as in a similar tube 1 milli-

1
()

IS

-
14
N

FIGURE 11.—Diagram {llustrating the fact that the height
to which water can be held by capillarity is indepen-
dent of the shape and size ¢f the tube below the level
where the free surface of the water comes into contact
with the tube. A, Cylindrical capillary tube; B, large
tube covered by a plate with orifice, ¢’, of same diam-
cter as diameter of tube 4; C, tube of irregular size and
shape which at ¢’ has same diameter as tube 4. If
tubes B and C are immersed and then lifted they will
hold their water up to the openings ¢’ and @’ until these
openings reach the level of ¢, but as soon as they are
lifted higher the water will drop to a much lower level.

meter in diameter (fig. 10).

It can be mathematically
demonstrated that the height
of a column of water that
can be held in a capillary tube
isdetermined by thesize of the
tube at the meniscus—that is,
the size at the top of the col-
umn of water where the free
surface of the water comes
into contact with the tube—
and that the size and shape of
the tube farther down makes
no difference. This fact has
also been demonstrated by
experiments of Biglow and
Hunter.? It isillustrated in
figure 11. It is of great im-
portance with reference to

capillarity in the interstices of the rocks, because the capillary tubes
formed by these interstices are invariably irregular in shape and size.

aBiglow, S. L., and Hunter, F. W., The function of the walls in capillary phenomena: Jour. Physi-

cal Chemistry, vol. 15, pp. 367-380, 1911,
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The water in a capillary tube is held up not only by the attraction
of the walls of the tube for the water but by this attraction acting
through the cohesion of the water, whereby the influence of the attrac-
tion of the walls is extended far beyond the range of molecular forces.
The walls of the tube hold, as it were, to the elastic membrane formed
by the surface tension. Hence the height to which water can be held
by capillarity is proportional to the surface tension of the water,
which determines the strength of the surface membrane. The sur-
face tension of water decreases somewhat with increase in temperature.
The surface tension of most salt solutions is higher than that of pure
water, and the surface tension generally increases with the concen-
tration.®* Hence the capillary rise is greater for cold water than for
warm water and generally greater for highly mineralized water than
for pure water, although there is a compensating effect in the fact
that the specific gravity, and hence the resultant downward pull per
unit of height, is greater for cold water than for warm water and
greater for mineralized water than for pure water.

It has been seen that the height at which water is held in a capil-
lary tube varies with the size of the tube and with the surface tension
of the water. According to some investigators it also varies with the
kind of material of which the tube is made; according to others the
material of the tube makes no difference. Quincke* believed that
water rose to different heights in tubes of different kinds of glass.
Volkmann * subjected this conclusion to an exceedingly careful inves-
tigation and decided that the nature of the glass made no difference.
Apparently the first investigators to make direct measurements of the
capillary range in tubes other than glass were Bigelow and Hunter,
cited above, who used tubes of the type of B in figure 11, the tubes
themselves being glass and only the covering plates with the aper-
tures (a’) being of other materials. They stated their conclusions
as follows:

We have demonstrated that the capillary ascension of water is different in tubes
of different substances. We consider it probable that the capillary ascension of

liquids is primarily a measure of the adhesion between the liquid and the substance
of the wall.

It is well known that water will not rise as high in a dirty tube as
in a clean tube, but this may be due to grease or oil from the walls
of the tube spreading over the water and thereby decreasing its
surface tension rather than to any difference in the walls to which

8 Briggs, L. J., The mechanics of soil moisture: U. S. Dept. Agr. Bur. Soils Bull. 10, pp. 20-21, 1897.

#Quincke, G., Ueber die Messung der Oberflichenspannung des Wassers und Quecksilbers in Capil-
larréhren: Weidmann’s Annalen der Physik und Chemie, vol. 52, pp. 122, 1894.

$5Volkmann, P., Ueber die Messung der Oberflichenspannung des Wassers in Capillarréhren aus ver-
schiedenen Gliasern: Weidmann's Annalen der Physik und Chemie, vol. 53, pp. 633-663, 1894.
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the water adheres. On this point Becker® makes the following
statement:
In any attempt to apply the principle of capillarity to geology, it must be borne
in mind that uncontaminated surfaces in porous rocks must be very exceptional. ,
Mathematically stated, the upward pull of a liquid in a cylindrical
capillary tubeis 3.1416 4T cos a; the downward pullis 0.7854 d*h Qpg,
where d=diameter of the tube, in centimeters.
T'=surface tension, in dynes (per centimeter).
a=angle of contact. between the liquid and the walls of the
tube.
h =capillary rise, in centimeters.
© =density of the liquid.
g=gravity, in dynes (per cubic centimeter).

These two forces are equal to each other. Therefore, h=i1—:¢zi,%o§s£
For water in a clean glass tube the constants in this equation have
the following values:*
=75.6 at 0° C. and 72.1 at 25° C.
a=nearly 0.
cos a=about 1.
¢=about 1.
g=980.
For a tube having a diameter of 1 millimeter, or 0.1 centimeter,
the value of h for water at a temperature of 0°C. is about as follows:

h= —d_g_ =0.1%980" 3.09 centimeters =30.9 millimeters.

These and similar calculations indicate that in a clean glass tube 1
millimeter in diameter pure water will rise by capillarity to a height
of about 30.9 millimeters if the water has a temperature of 0° C. or
to a height of about 29.4 millimeters if it has a temperature of 25° C.
This is about 1.2 inches. If the glass is not clean the angle of contact
may be large and the capillary rise correspondingly small.

The water in an ordinary capillary tube, except that very near the
walls, can be forced through the tube simply by overcoming the rela-
tively feeble force of the cohesion of the water. The weight of the
column of water in the tube is itself sufficient to cause it to move if
the column extends higher than the capillary range. If, however,
the tube is so small that the molecular attraction of its walls extends
to its center, all the water in the tube is under the direct control of
the powerful molecular attraction of its walls and can not be moved
except by overcoming this attraction. As the pressure exerted upon

8 Becker, G. F., unpublished manuscript.
% Smithsonian physical tables, p. 173, 1920.
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the water in the rock formations is, as a rule, not great enough to
overcome this attraction, the water in the interstices of such minute
size is believed to be practically imprisoned.

CLASSIFICATION OF INTERSTICES WITH RESPECT TO
MOLECULAR ATTRACTION.

From the preceding discussion it is obvious that the interstices of
the rocks can be divided, with respect to their size in relation to the
range of molecular forces, into three classes—supercapillary inter-
stices, capillary interstices, and subcapillary interstices.®

Supercapillary interstices are so large that water will not. be per-
ceptibly lifted or held up in them by molecular attraction except in
the meniscus. There is, however, no mathematical limit to the size of
openings in which capillarity is exhibited; moreover, the capillary
range differs with differences in the temperature and mineralization
of the water, with differences in the cleanness of the rock surfaces,
and, according to some authorities, with differences in the kinds of
minerals that form these surfaces.

Supercapillary interstices also differ from the smaller ones in being
of sufficient size for water moving through them to form eddies and
cross currents. This distinction is also indefinite, especially because
of the great variety in the shape of interstices and because the tend-
ency to form eddies and cross currents increases with the velocity of
the water. Moreover, it does not have any causal relation to the
criterion of capillary rise. Daniell ®® states that the maximum size of
a capillary tube, according to the law of flow of water, is about one-
fiftieth inch, or about 0.5 millimeter. This is a lower limit than is
obtained from the law of capillary rise, because, according to the
formula on page 25, water will rise by capillarity nearly 24 inches in
a clean glass tube of this size. As water generally moves very slowly
through rocks having small interstices, it may also be a low limit as
based on the law of flow. At best it is only a rough approximation.

Subcapillary interstices are theoretically so small that the attraction
of the molecules of their walls extends through the entire space occu-
pied by them. The water in these interstices is supposed to be so
firmly held by the force of adhesion that it can not be moved except
by forces that greatly exceed the pressures usually found in subsurface
waters. According to Van Hise, the maximum size of subcapillary
interstices is a diameter of 0.0002 millimeter for circular openings
and 0.0001 millimeter for sheet openings.* These conclusions are

8Van Hise, C. R., A treatise on metamorphism: U. S. Geol. Survey Mon. 47, pp. 134-146, 1904.

® Dapniell, Alfred, A text-book of the principles of physics, 2d ed., p. 293, London, Macmillan & Co.,
1885. Van Hise (op. cit., pp. 134-146), quoting from Daniell, gives the maximum diameter of circular cap-
illary tubes as 0.508 millimeter and the maximum width of capillary sheet openings as 0.254 millimeter.
This statement has given an impression of mathematical accuracy that apparently does not exist, for
0.508 millimeter is merely one-fiftieth inch carried out to three decimal places.

9 Van Hise, C. R., op. cit., pp. 134-146.
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based on the work of Quincke, who made experiments to determine
the greatest distance at which the effect of molecular forces is sensi-
ble and found for various substances distances about the twenty-
thousandth part (0.00005) of a millimeter.#* More recent investi-
gators,*® working with thin films of soap, oil, or other substances, have
obtained smaller values. Wells,** confirming the work of Perrin,
gives 0.0000044 millimeter as the thickness of the black spot of a soap
film, which he regards as a ‘“ bimalecular”” layer. It should be said,
however, that it is not clear just how all these results from thin films
are to be interpreted with respect to the range of molecular attraction.
It is not improbable that molecular attraction produces practical im-
permeability in interstices that are considerably larger than the val-
ues obtained in these investigations. It should be recognized that
subcapillary interstices are so minute that they are beyond the range
of ordinary observations and that statements in regard to their size
or the behavior of water in them are largely a matter of conjecture.
How very small these openings are can be appreciated to some extent
by the fact that, according to Atterberg,* grains 0.002 millimeter in
diameter, or ten times the diameter of the largest subcapillary tubes
according to Van Hise, show pronounced Brownian movements when
suspended in water. This means that the colloidal stage of fineness
is reached at this size, and, according to the kinetic theory of heat, it
means that the particles are so small that they are bounced about by
the rapidly moving molecules with which they collide.

41 Quincke, G. H., Uber die Entfernung in welcher die Molekularkrifte der Capillaritit noch wirksam
sind: Poggendorf's Annalen der Physik und Chemie, vol. 137, pp. 402-414, 1869. See article * Capillary
action”’ in Encyclopedia Britannica.

4 Plateau, Statique des liquides, vol. 1, p. 210.

Reinold, A. W.,and Riicker, A. W., On the electrical resistance of thin liquid films: Roy. Soc. Philoes.
Trans., vol. 172, pp. 447-489, 1881.

See also articles on the same subject by Reinold and Riicker in Roy. Soc. Philos. Trans., vol. 174, p.
645, 1883; vol. 184, pp. 505-529, 1893.

Drude, P., Uber die Reflexion und Brechung ebener Lichtwellen beim Durchgang durch eine mit
Oberflichenschichten behaftete planparallele Platte: Weidemann’s Annalen, vol. 43, pp. 126-157, 1891;
Uber die Grésse der Wirkungssphiire der Molecularkriifte und die Constitution von Lamellen der
Plateauschen Glycerin-Seifen-Losung: Idem, pp. 158-176.

Rayleigh (Lord), Measurements of the amount of oil necessary in order to check the motions of camphor
upon water; Roy. Soc. Proc., vol. 47, pp. 364-367, 1890.

Johonnott, E. 8., Thickness of the black spot in liquid films: Philos. Mag., 5th ser.. vol. 47, pp.
501-522, 1899.

Bakker, G., Zur Theorie der gekriimmten Kapillarschicht: Zeitschr. physikal. Chemie, vol. 80, p, 129,
1912. See Washburne, C. W., The capillary concentration of gas and oil: Am. Inst. Min. Eng. Trans.,
vol. 50, pp. 851-852, 1914,

Perrin, Jean, La stratification des lames liquides: Annales de physique, 9th ser., vol. 10, pp. 160-184,
1918.

Wells, P. V., L’épaisseur des lames stratifiées: Annales de physique, 9th ser., vol. 16, pp. 69-110, 1021,
Additional references to recent papers are given in the paper by Wells.

#0p. cit., p. 109.

# Atterberg, Albert, Die rationelle Klassifikation der Sande und Kiese: Chem. Zeitung, vol. 29, pt.1,
P. 196, 1905.
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PERMEABILITY OF ROCKS.

The hydraulic permeability sr perviousness of a rock is its capacity
for transmitting water under pressure. If the pressure on the water
in a permeable rock is the same in all directions static equilibrium
exists and there is no tendency for the water to move, but if there
is a resultant pressure in any direction the water will move in that
direction. The permeability of a rock is measured by the rate at
which it will transmit water through a given cross section under a
given difference of pressure per unit of distance. Many rocks have a
structure that makes their permeability greater in one direction than
in another.

Rocks that will not transmit water may be said to be impermeable.
Impermeability is, however, a relative term. A rock may not trans-
mit water under a slight pressure, whereas it may transmit some
water under a great pressure. Thus, steel is ordinarily impermeable
to air, but according to experiments by Bridgeman® air can be
forced through massive steel walls by about 60,000 atmospheres of
pressure. It seems to be true also that a rock in which water is not
moved by a given hydrostatic or hydraulic pressure may permit the
migration of water caused by molecular forces. A good deal of con-
fusion and controversy as to the impermeability of rocks could per-
haps be avoided by recognizing a difference between absolute and
hydraulic impermeability and by using the term ‘‘hydraulic im-
permeability ” only with reference to a specified differential pressure
or pressure gradient.

Some rocks, such as certain dense clays and shales, are apparently
impermeable to water under the differential pressures usually found
in the water in the rocks—that is, they will apparently transmit no
water under these ordinary pressures, and wells ending in them re-
main entirely empty even though the clays or shales are saturated.
An impermeable rock may be devoid of interstices, may contain only
isolated interstices, or may have very minute communicating inter-
stices. Most rocks are more or less permeable to water under the
pressures ordinarily found in rocks reached in drilling, but they dif-
fer greatly in their degree of permeability, according to the number
and size of their interstices and the extent to which these interstices
open into one another. A clayey silt, with only minute pores, may
transmit water very slowly, but a coarse clean gravel or a
cavernous limestoue with large openings that communicate frecly
with one another will transmit water very readily.

Permeable rocks may be impenetrable by water under pressure be-
cause their interstices are filled with gas or with petroleum or some

45Bridgeman, T. W., Experiments on the effects of extremely high pressure: Compressed Air Mag.,
vol. 26, pp. 10223-10225, Sept. 9, 1921. See Sci. Abstracts, Jan. 31, 1922.
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other liquid that has no avenue of escape. Permeable rocks under
these conditions are inert with respect to water in somewhat the same
sense as impermeable rocks are inert with respect to water. If means
of escape for the gas or petroleum are provided by wells sunk into
the gas-bearing or oil-bearing formation, water may enter the rocks
previously occupied by the gas or oil.

The permeability of rocks and the movement of water through
rocks will be more fully discussed in a paper on the movement and
head of ground water, now in preparation.

ZONE OF SATURATION.

The permeable rocks that lie below a certain level are generally
saturated with water under hydrostatic pressure. Their -interstices
are filled with water. These saturated rocks are said to be in the
“zone of saturation.” The water that enters from the surface into
the rocks of the earth is drawn down by gravity to the zone of sat-
uration except as it is held by the molecular attraction of the walls
of the interstices through which it passes in its descent. The per-
meable rocks that lie above the zone of saturation may be said to be
in the ‘“‘zone of aeration” (a new term that has been proposed by
the writer). Some of the capillary and subecapillary interstices in
this zone are also filled with water, but the water is held in them by
molecular attraction and not by hydrostatic pressure.

Impermeable rocks may be found within the zone of saturation,
within the zone of aeration, or between these two zones, but they
are in a sense not functional parts of either zone. They may contain
minute interstices or larger isolated interstices that are filled with
water, but these interstices will remain filled regardless of whether
they are in the zone of saturation or far above it. If impermeable
rocks lie between the two zones they are rather arbitrarily classed
as being in the zone of aeration. Oil-bearing and gas-bearing rocks
generally lie deep within the zone of saturation.

In most places there is only one zone of saturation, but in certain
localities the water may be hindered in its downward course by an
impermeable or nearly impermeable bed to such an extent that it
forms an upper zone of saturation, or perched water body, which
is not associated with the lower zone of saturation.

Water that saturates soil or subsoil immediately after a rain or
before the deeper frost has disappeared in the spring forms a tempo-
rary perched water body. Water percolating downward from the
surface to a zone of saturation may be regarded as passing through
the zone of aeration.
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The zone of saturation and the zone of aeration can be illustrated
very simply, as shown in figure 12, by means of a pitcher filled with
fine gravel, which is, however, too coarse to be appreciably affected
by capillarity, with enough water added to saturate the gravel up to
a certain level. The relations of impermeable rocks and of perched
water bodies to these zones can be illustrated, as shown in the figure,
by means of a mass of some impermeable material at the water level
and a tumbler containing a little water buried upright in the gravel
at a higher level. The same principles are illustrated in figures 26
and 27, on page 79.

WATER TABLE.

The upper surface of the zone of saturation in ordinary permeable
soil or rock is called the ‘ water table.” Where the upper surface is
formed by impermeable rock the water table is absent. If a well is

Perched
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FIGURE 12.—Simple device to illustrate zone of saturation, water table, and perched water body.

sunk it remains empty until it enters a saturated permeable bed—
that is, until it enters the zone of saturation as defined on page 29.
Then water flows into the well. If the rock through which the well
passes is all permeable the first water that is struck will stand in the
well at about the level of the top of the zone of saturation—that is,
at about the level of the water table. If the rock overlying the bed
in which the first water is struck is impermeable the water is gener-
ally under pressure that will raise it in the well to some point above
the level at which it was struck. In such a place there is no water
table.

If in figure 12 a tube of larger than capillary size is sunk into the
zone of saturation, as at @, it will form a tiny well in which water
will stand at the level of the water table. If atube is sunk through the
impermeable material, as at b, it will receive no water until it reaches
the bottom of this material and enters the saturated gravel. Then
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water will suddenly come in and rise some distance in the tube. The
surface at which water is struck in this second well is functionally
very different from the water table, where water is encountered in the
first well. In this simple case the water rises in the second well
about to the level of the water table in the surrounding permeable
material, but where the impermeable bed is extensive there may be
no definite relation between the water level in the well and the eleva-
tion of the water table elsewhere.

The water table is not a level surface but has irregularities com-
parable with and related to those of the land surface, although 1t is
less rugged. It does not remain in a stationary position but fluctuates
up and down. The irregularities are due chiefly to loca® diffcrences
in gain and loss of water, and the fluctuations are due .o variations
from time to time in gain or loss.*

The subject of water levels will be more fully discussed in a paper
on the movement and head of ground water now in preparation.

CAPILLARY FRINGE.
In fine-grained material the earth is invariably moist for a distance

of several feet above the water table. This condition is due to capil-
larity. Small communicating interstices form irregular capillary

CAPILLARY FRINGE
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wf——————Yatertableinspring _ _ _ _ _
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23

Water table in fall

FIGURE 13.—Diagram showing relation of capillary fringe to water table and illustrating water-yielding
capacity. The water-yielding capacity of the body A is the volume of water that drains out of it when,
owing to the decline of the water table, it passes from the zone of saturation to a position above the
capillary fringe.

tubes through which water is drawn up by molecular attraction, act-

ing against gravity, and is held in this suspended position at a height

above the water table where the two opposing forces are in equilib-
rium. This moist belt above the water table may be called the

“capillary fringe.”” It is generally recognized by well diggers and

borers, who interpret it correctly as a prophecy of available water.

Its water content and wet appearance are likely to increase down-

ward, for in that direction progressively larger interstices are filled

with water. However, not until the water table is reached does
water enter the well. The relation of the capillary fringe to the

water table is shown in figure 13.

As a general rule, the thickness of the capillary fringe varies in-
versely with the size of the interstices. The fringe is relatively thick

#Veatch, A. C., Fluctuations of the water levelin wells, with special reference to Long Island, N. Y.:
. 8. Geol. Survey Water-Supply Paper 155, 1906.
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in rock or soil that has small interstices, such as silt or clay loam, and
relatively thin in substances that have larger interstices, such as coarse
sand. It has been observed to be about 8 feet thick in various fine-
grained loamy and silty materials, but it is much thinner in sand,
and it practically disappears in clean gravel.

In the following tables are given the results of two series of experi-
ments on the capillary rise of water in sorted sediments of specified
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FIGURE 14.—Diagram showing relation of capillary rise of water in granular materials to size of grain,
according to experiments by Hazen, Atterberg, and Hilgard.

sizes. One series of experiments was made by Albert Atterberg and
the other by E. W. Hilgard. The maximum rise for the different
sizes in each series of experiments is graphically shown in figure 14,
but the Atterberg data are given in such form that the curve based

on them is necessarily only approximate.

Capillary rise of water in sorted sands and sills, according to Atterberg.e

: . Maximum rise. Period re-

Diameter of grain Rise in 24 | Rise in 48 qmred to
(millimeters) hours hours attain max-|

. (meters). | (meters). Meters. Inches. in(x(\lxgx;sr)i.se

0.025

cAtterberg Albert, Die rationelle Klassifikation der Sande und Kiese: Chem. Zeitung, vol. 29, pt. 1,

p-196,1

bRise incomplete, was estimated to have an ultimate rise of about 2 meters.
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Capillary rise of water in soil sediments, according to Hilgard.a

Maxi Peri.odd Maxi Peri.odd
Diameter of grain | ¥aXImum | require Diameter of grain | “AXIMum | require

milli rise to attain o rise to attain
(millimeters). (inches). | maximum (millimeters). (inches). | maximum
rise (days). rise (days).

43 343 144

94 100 53% 160

1 138 105 300

13 188 X 122 475

19% 171 Clay 60% 350

26% 158 Sandy loam....... 52 144

e Hilgard, E. W., Soils, p. 206, New York, Macmillan Co., 1906. (Reprinted by permission.)

There is fairly close agreement between these two sets of results,
obtained independently of each other and doubtless with sediments
of different origin. The lower values of Atterberg are in part due to
the much shorter periods of rise allowed in his experiments.

Hazen ¥ states that ‘‘ the height to which water will be held to such
an extent as to prevent the circulation of air can be roughly esti-

mated ” by the formula h=—1(—1‘—2§, in which A is the height of capillary

rise, in millimeters, and d is the effective size of grain, in millimeters.
The effective size of grain of imperfectly assorted material is defined
by Hazen * as the diameter of a grain of such size that 10 per cent of
the material, by weight, consists of smaller grains and 90 per cent of
larger grains. Hazen states that ‘ the data from which the constant
1.5 in the above formula was calculated are very inadequate, and
consequently the formula may require modification with more ex-
tended observations.” This formula has no comparable relation to the
data given by Atterberg and Hilgard, as it applies to different condi-
tions expressed by the phrase “ to such an extent as to prevent the
circulation of air.” This difference can hest be appreciated by
reference to figure 15 (p. 53), on the data of which the formula is in
part based, by using the values indicated in the third column of the
following table. The extreme capillary rise indicated in figure 15
seems to be more nearly as indicated in the fourth column.
Capillary rise of water in materials tested by Allen Hazen.
[See figs. 4and 15.]

Height to

which water | Maximum
will be held |capillary rise,

Effective size f
3 tosuch an estimated
No. of sample. . Sr(‘gmé:rs) extent as to | from curves
(mUUMeLErs).| yrevent the | in figure 15
circulation (inches).
of air (inches).
0.02 [ R,
.03 24 56(7)
.06 10 36
17 1 16
IR 14
1. 0
1.40 ..ol 6
5.00 {....iiiinaanan 1

@ Hazen, Allen, Some physical properties of sands and gravels: Massachusetts State Board of Health
Twenty-fourth Ann. Rept., for 1892, p. 551, 1893.
#Idem, p. 549.
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By plotting the values for capillary rise given in the fourth column
of the table on the diagram in figure 14 it becomes evident that
Hazen’s data are in general agreement with those of Hilgard and
Atterberg. It must be remembered that the Hazen curve is based
on effective size instead of actual size of the grains. As the uniform-
ity coefficient (see p. 7) islow for all samples plotted except No. 6,
this does not make much difference except for No. 6, which, as
might be expected, causes a decided upward bulge in the curve.

In materials having interstices of various sizes the upper limit of the
capillary fringe may be somewhat indefinite. The interstices in most
formations that have been observed in their natural condition are
sufficiently uniform to produce a rather abrupt transition from the
moist zone to the overlying nearly dry material. Much difference
of opinion exists, however, as to the extent of capillary rise above
the observable capillary fringe.

The available field data as to the height to which water will rise
through rock or soil by capillarity are rather abundant but are un-
satisfactory and conflicting. The following summary is abbreviated
from a review of some literature on the subject by Alway and
McDole:

The authors who maintain the theory ‘‘that water can rise to the surface from the
deep layers by capillary action” are too numerous to name, but few of them offer
any experimental evidence in support of the theory. From field observations dur-
ing unusually prolonged summer droughts Hall % concluded that in certain soils the
capillary rise of water might be as much as 200 feet. Mitscherlich, who has cal-
culated the maximum possible elevation of water to be as high as 2 or 3 kilometers in
heavy clays and loams, considers this of no practical importance, on account of its
extreme slowness of movement. From experiments with ‘‘the most varied soils’’
exposed for 3-month period, he observed no rise exceeding 0.8 meter and concluded
that 1.5 meters from ground water may be regarded as the practical limit, se far as
plants are concerned.’ In the case of one soil Tulaikow® observed a rise of 135
centimeters in 513 days, and the maximum had not yet been reached; while with
three finer-textured soils the rise at the end of a year and a half had become stationary
at 60 to 70 centimeters. Leather,” from a study of the moisture in a fallow field at
Pusa, India, during the dry season of 1906, concluded that ‘‘ during a dry period
water moves upward toward the surface from a limited depth only; this limited
depth increases with the period. Below this depth the water is stationary or possibly
still draining downward.” In the Pusa soil he found the maximum distance that
water moved upward during the period to be somewhat more than 3 feet and that
eventually it was about 7 feet. Extreme views of the importance of the upward

9 Alway, F. J., and McDole, G. R., Relation of the water-retaining capacity of a soil to its hygroscopie
coefficient: Jour. Agr. Research, vol. 8, pp. 28-31, Apr. 9, 1017.

% Hall, A. D., Thesoil, p. 94, London, 1903.

o Mitscherlich, E. A., Bodenkunde fiir Land und Forstwirte, p. 192, Berlin, 1905.

62 Mitscherlich, E. A., idem, 2d ed., p. 136, Berlin, 1913.

8 Tulaikow, N., Einige Laboratoriums-Versuche tiber die Kapillantit der Boden (abstract): Zhur.
Opuitn. Agron. (Russ. Jour. Exp. Landw.), t. 8, kniga 6, p. 665, 1907.

t Leather, J. W., The loss of water from soil during dry weather: Dept. Agr. India Mem., vol. 1,
No. 6, pp. 105-106, 1908.
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capillary movement have been expressed by Cameron % and McGee.** The former,*
mentioning that in humid areas the larger part of the water from rains returns to the
surface, states that it sometimes does so ‘‘ through distances of many feet.”” McGee
has estimated that under favorable conditions of subsoil texture it will move during
s term of years and progressively equalize the distribution of subsoil water through
a depth of 30 or 35 feet.®® Rotmistrov,® using glass tubes and wooden boxes, carried
out experiments with soil from the experimental field. Placing these in water, he
observed a rise of less than 3 feet in three months. As the movement is so slow in
the soil with water less than 3 feet below the surface, he concludes it will not move
at all in the field where it is at a depth of over 100 feet. Burr,® from a 7-year study
(1907 to 1913) of the total moisture in the first 3 to 15 feet of the comparatively
uniform loessial soil on the table-land at North Platte, Nebr., where the water table
is at a depth of over 200 feet, concludes that there is little upward movement of
subsoil water and that ‘‘water supply by capillarity is not an important factor in
crop production on Nebraska upland soils.”” ¢

On the basis of numerous observations in Owens Valley, Calif., Lee®
states that in a coarse sandy soil water will be lifted above the water
table through the capillary spaces not more than 4 feet and in fine
sandy or clayey soil not more than 8 feet. Slichter ® found, in tests
with a sandy loam changing to coarse sand at a depth of about 3 feet,
that where the water table was as much as 3 feet below the surface
the capillary rise became sluggish, indicating that the capillary fringe
was probably not much more than 3 feet thick. In a number of
observations in Big Smoky Valley, Nev., the writer found the visible
capillary fringe to range between 3 feet and 8.1 feet in thickness
where it did not extend to the surface and was as much as 7 feet
thick where it reached the surface.* In the Tularosa Basin, N. Mex.,
where the soil is largely a gypseous silt, the height to which water is
lifted above the water table by capillarity is in many places about
8 feet.® According to investigations by Burr, Hering, and Freeman ®
on Long Island, water will not rise to the surface by capillarity if the
water table is at a depth of 8 feet or more in fine soil or as much as

ssCameron, F. K., The soil solution, Easton, Pa., 1911.

#McGee, W J, Wells and subsoil water: U. 8. Dept. Agr. Bur. Soils Bull. 92, 1913; Field records
relating to subsoil water: U. 8. Dept. Agr. Bur. Soils Bull. 93, 1913.

s7Cameron, F. K., op. cit., p. 23.

% McGee, W J, op. cit. (Bull. 92), p. 11.

# Rotmistrov, F. G., The nature of drought according to the evidence of the Odessa experiment field,
Odessa, 1913.

60 Burr, W. W., Thestorage and use of soil moisture: Nebraska Agr. Exper. 8ta. Research Bull.'5, 1914,

61 Idem, p. 10.

62Lee, C. H., The determination of safe yield of underground reservoirs of the closed-basin type: Am.
Soc. Civil Eng. Trans., vol. 78, p. 182, 1915. See also U. 8. Geol. Survey Water-Supply Paper 294, 1912,

63 Slichter, C. 8., The underflow in Arkansas Valley in western Kansas: U. 8. Geol. Survey Water-
Supply Paper 153, pp. 43-44, 1906.

o Meinzer, O. E., Geology and water resources of Big Smoky, Clayton, and Alkali Spring valleys,
Nev.: U. 8. Geol. Survey Water-Supply Paper 423, p. 100, 1917.

& Meinzer, O. E., and Hare, R. F., Geology and water resources of Tularosa Basin, N. Mex.: U. 8.
Geol. Survey Water-Supply Paper 343, p. 109, 1915.

s Burr, W. H., Hering, R. H., and Freeman, J. R., Report of the Commission on Additional Water
Supply for the City of New York, p. 756, 1904.
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3 or 4 feet in coarse sand or gravel. Additional data on this subject
are given by Meyer.%

That water rises much higher by capillarity in a given material
when it is moist than when it is dry was shown by Briggs and Lap-
ham and also by Stewart.®® The results of tests with four different
soils are shown in the following tables. The mechanical analyses of
these soils can not be definitely evaluated with respect to capillarity,
but apparently the capillary rise in the moist samples is in approxi-
mate agreement with the curves shown in figure 14.

Mechanical analyses of four soils and data as to capillary rise of water in dry and moist

samples.
Mechanical analyses.
Diameter of grains, in millimeters. 1 2 3 4
0
.4
6.0 97.6 96.3 88
79.1
2.5
.5 .8 1.2 7.3
8.8 .1 .3 .7
DIy millimeters. . 370 318 581 868
MOIBE .. o eei i aeaeaaas do....| 1,650 1,125 1,418 1,741
DIy et inches.. 14.6 12.5 22.9 34.2
MOISE - oo e et eeierreaee. do.... 65.0 44.3 55.8 68.5

P e ok

Two series of experiments were made by G. C. Whipple * to deter-
mine the extent and rate of capillary rise in materials on Long Island
that ranged in effective size of grain from 0.03 to 0.95 millimeter and
in uniformity coefficient from 1.17 to 1.53. The first series of experi-
ments was made with materials after they had been dried in an oven
and the second with similar materials after they had been saturated
and then allowed to drain. The generalized results are shown approx-
imately in the following table, based on a diagram by Whipple.
As a rule the rise in the dry materials was considerably less and the
rise in the wet materials considerably greater than that for correspond-
ing sizes of grain in the experiments of Hilgard, Atterberg, and Hazen.
Whipple concludes that the rise in a given material in a moist condi-
tion will be greater than the rise in the material when it is dry and

67 Meyer, A. F., The elements of hydrology, pp. 231-237, New York, John Wiley & Sons, 1917.

& Briggs, L. J., and Lapham, M. H., The capillary movement of water in dry and moist soils: U. 8.
Dept. Agr. Bur. Soils Bull. 19, pp. 19-30, 1002. Stewart, J. B., Capillary rise of water in soils, Michigan
Agr. College, 1901,

& Burr, W. H., Hering, Rudolph, and Freeman, J. R., Report of the Commission on Additional
Water Supply for the City of New York, pp. 603-613, 1904. Spear, W. E., An additional supply of
water for the city of New York from Suffolk County, Long Island, pp. 535-536, 1912.
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less than the rise in the material when it is wet. In the dry materials
there was a rapid initial rise, which was most marked in the finer
grades. The rate of rise then gradually decreased until after a few
days it ceased altogether in the coarser materials. In the finer
materials it continued at a slow but nearly constant rate for two
months, when the experiments were stopped. During the entire
period the materials were protected from evaporation.

Capillary rise of water in dry and wet materials tested by Whipple.
[Uniformity coefficients between 1.17 and 1.53.}

Risein dry .
Effective materials by | Rise in wet

size of grain | end of two materials

(millimeter). months (inches).

(inches).

1.0 0 -1} 6-11
.5 34 11-17
4 4-5 14-20
.3 53-7 17-25
.25 20-28
.03 16 -19 65-78

It was found by Briggs and Lapham™ that concentrated solutions
of all salts have distinctly less capillary activity than pure water but
that dilute solutions of neutral salts, such as commonly form soil
water and ground water, do not differ appreciably in capillarity from
pure water. The solutions have greater surface tension, which tends
to allow them to be lifted higher, but they also have greater specific
gravity, which tends to hold them down. (See pp.21-25.) Moreover,
other forces may be operative. They found, however, that a solution
of sodium carbonate rises considerably higher by capillarity than pure
water, possibly because it has a soaplike action in cleaning the walls
of the interstices.

In the finer sands used in the experiments by Whipple the capillary
rise of sea water, ground water taken from the Brooklyn public
supply, and distilled water was approximately in the ratio of 1 : 1.15 :
1.25, but in the coarser sands the differences were irregular.

If the capillary fringe is near enough to the surface to be gffected
by changes in temperature it may fluctuate slightly in thickness owing
to decrease in surface tension with increase in temperature. When
the temperature rises some of the capillary water may be allowed to
drain down to the water table and be added to the zone of satura-
tion, and when the temperature falls some water may be drawn up
from the water table into the capillary interstices.”” In a discussion

70 Briggs,L. J., and Lapham, M. H., Influence of dissolved salts on the capillary rise of soil water:
U. S. Dept. Agr. Bur. Soils Bull. 19, pp. 5-18, 1002. See also Briggs, L. J., The mechanics of soil mois-
ture: U. 8. Dept. Agr. Bur. Soils Bull. 10, p. 20, 1897,

"t Bouyoucos, G. J., Effect of temperature on movement of water, vapor, and capillary moisture in
soils: Jour. Agr. Research, vol. 5, pp. 141-172, 1915.
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of this subject with a review of observations made by King on fluc-
tuations of water levels in wells apparently related to fluctuations in
temperature, Veatch™ concludes that changes in surface tension of
the water in the capillary fringe due to changes in temperature are
theoretically competent to produce appreciable changes in water
level. An experiment by King on the same subject is described and
commented on by Briggs™ as follows:

These conclusions are indirectly verified by some interesting experiments of Prof.
King™ in experimenting with the fluctuations of ground water in a large cylindrical
galvanized-iron tank. He found that the water in a circular well in the middle of
the cylinder rose daily and fell again during the night. The application of cold
water to the outside of the cylinder by means of a hose also caused the water in the
well to fall. These results are fully consistent with the phenomena of surface ten-
sion. When the temperature of the soil was raised the surface tension of the water was
lowered and more water was drawn into the lower part of the cylinder, which raised
the level of the water in the well. When cold water was applied to the outer sur-
face of the cylinder the water in the soil was drawn up again through increased sur-
face tension and the level of the water in the well was lowered.

If the capillary fringe is near enough to the surface to lose water
by evaporation or by the absorption of the roots of plants thereis a
continuous movement of water from the water table upward through
the capillary interstices. If, however, the water table and overlying
capillary fringe are at a considerable depth there is no interchange
of water between the zone of saturation and the capillary fringe due
to changes in temperature and no persistent upward movement of
water to replace that removed by evaporation or plant absorption.
At considerable depths the water in the fringe is virtually stationary
except as the water table fluctuates, carrying the fringe with it.

DEFINITION OF GROUND WATER.

There has been much confusion in the terms used to denote the
water below the surface and the water in the zone of saturation.
Thus the terms ground water, underground water, subterranean water,
subsurface water, phreatic water, and vadose water have been used
with bewildering variety of meanings. The following nomenclature
has been adopted for this paper: All the water that exists below the
surface of the solid earth is called  subsurface water,” to distinguish
it from surface water and atmospheric water. That part of the sub-
surface water which is in the zone of saturation is called ¢ ground
water” or ‘‘ phreatic water.” The subsurface water above the
zone of saturation—that is, the water in the zone of aeration—is
called ““ suspended subsurface water ”’ or * vadose water.”

7 Veatch, A. C., Fluctuations of the water level in wells, with special reference to Long Island,
N.Y.: U. 8. Geol. Survey Water-Supply Paper 155, pp. 54-59, 1906.

13 Briggs, L. J., The mechanics of soil moisture: U. 8. Dept. Agr. Bur. Soils Bull. 10, p. 21, 1897.

1U. S. Dept. Agr. Weather Bur. Bull. 5, pp. 59-61, 1892.

" Meinzer, O. E., Quantitative methods of estimating ground-water supplies: Geol. Soc. America
Bull,, vol. 31, p. ¢s0, 1920.



PRINCIPLES OF OCCURRENCE. 39

Ground water is the water in the zone of saturation in the sense
that it is the basal or bottom water. The term is understood by
many persons to refer only to water in the upper part of the zone of
saturation, but it has been used by such eminent geologists as Van
Hise™ and Chamberlin and Salisbury 7 to include the deeper water
in the zone of saturation, and it has long been used in this sense by
the United States Geological Survey.

The term ‘ phreatic "’ is derived from the Greek word meaning a
well. As wells are supplied by the water in the zone of saturation,
the term should, according to its etymology, be applied to all of this
water. It was introduced by Daubrée ” to designate the water in
the zone of saturation except the deeper water below impermeable
beds. Thislimitation, however, is not etymologically defensible, is too
intangible to bs successfully applied in practice, and has not been
recognized by the few American geologists who have used the term.¥
The writer believes that the term ‘ phreatic water”’ will be most
useful if it is regarded as a synonym of ground water—including all
water in the zone of saturation.

The water in the zone of aeration is literally suspended subsurface
water. It is held up against gravity by molecular forces just like
a weight that is suspended from a string. The term ‘‘ vadose water”’
was originally used by Posepny * to designate the water in the zone
of aeration—a very appropriate term for a definite and important
concept. Unfortunately it has been used by later writers to include
parts or all of the water in the zone of saturation, but Daly * proposes
to return to its original meaning.

The terms ‘“‘underground water’’ and its Latinistic equivalent,* sub-
terranean water,”” have both been widely used. They are etymologi-
cally equivalent to subsurface water but are more often used to desig-
nate the water in the zone of saturation or only the water in the deeper
parts of this zone. It is confusing to use both ‘‘ground water”’ and
‘““underground water,” because they are etymologically incongruous.

There are, therefore, two kinds of water in the interstices of the
rocks—(1) ground water, or phreatic water, and (2) suspended sub-
surface water, or vadose water. The water that supplies springs
and wells is ground water. If a well is sunk its walls may be moist
at various levels above the water table, but not until the well enters
the zone of saturation does water flow into it and become available
for use as a water supply.

1 Van Hise, C. R., A treatise on metamorphism: U. 8. Geol. Survey Mon. 47, p. 123, 1904.

72 Chamberlin, T. C., and Salisbury, R. D., Geology, vol. 1, pp. 202-231, 1904.

8 Daubrée, A., Les eaux souterraines & I’époque actuelle, vol. 1, p. 19, Paris, 1887.

™ Hay, R., Artesian and underflow investigations between the 97th meridian and the foothills of the
Rocky Mountains: 52d Cong. Ist sess., 8. Ex. Doc. 41, pt. 3, p. 8, 1883. McGee, W J, Potable waters of
the eastern United States: U. 8. Geol. Survey Fourteenth Ann. Rept., pt. 2, pp. 15-16, 1893. Daly,
R. A., Genetic classifieation of underground volatile agents: Econ. Geology, vol. 13, pp. 495, 499, 1917,

% Posepny, F., The genesis «+f o¢» deposits: Am. Inst. Min. Eng. Trans., vol. 23, p. 313, 1804,

81 Op. cit., pp. 494-499,
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LOWER LIMIT OF POROUS ROCKS.

It is believed that very deep down in the earth the weight of the
overlying formations is so enormous that it exceeds the strength of
the rocks. Consequently if there were any open spaces in the rocks
at such depths they would cave in and close up. According to this
theory the rocks below a certain deep level are therefore devoid or
nearly devoid of interstices. The depth at which the interstices close
depends on the character of the rock—it is evidently greater for strong
rocks than for weak rocks. "Insome places layers of weak rock whose
interstices have been obliterated by pressure are probably underlain
by stronger rocks that remain porous. At still greater depths,
however, according to this theory, the elastic limit of even the strong-
est rocks is reached and therefore in rocks of all kinds interstices are
absent or insignificant.

On this basis the crust of the earth has been divided by Van Hise #
into three zones—(1) a zone of rock fracture, or upper zone in which
the rocks are not under stresses that are sufficient to close their inter-
stices, (2) a zone of rock flowage, or deep zone in which all rocks are
under stresses that exceed their elastic limits and therefore undergo
deformation that resembles flowage and closes up existing interstices,
and (3) an intermediate zone in which the stronger rocks behave like
the rocks in the zone of rock fracture and the weaker rocks behave
like those in the zone of rock flowage.

The depth at which the zone of rock flowage is reached has not been
conclusively determined but secems to be many miles. The early in-
vestigations of this subject are summarized by Adams ® as follows:

That the outer portion of the earth’s crust was susceptible of subdivision into a
zone of fracture and a zone of flow was set forth by Professor Heim in his great work
‘‘ Untersuchungen iiber den Mechanismus der Gebirgsbildung,”’ and was based upon
the data which he had obtained from his life-long studies in the Alps.® In this
epoch-making work Heim states that as a result of his observations in the Alps he
concludes that the upper surface of the zone of flow for very resistant rocks, such as
granites, is 2,200 to 2,600 meters, or about a mile and a half, below the surface of the
earth, and considerably nearer the surface for limestone and other softer rocks, After
30 years of additional study IHeim in 4 recent paper, records his opinion that these
depths are too small—that the zone of flow lies deeper within the egrth’s crust—but
as to how much deeper he does not venture an opinion.%

President Van Hise, in the interpretation of the results of his classic work on the
ancient crystalline rocks of the United States in the district of the Great Lakes,
reached a similar conclusion with reference to the twofold subdivision of the earth’s

crust but placed the upper surface of the zone of flow at a considerably greater depth
than Heim, namely, 12,000 meters or 7.4 miles.

82 Van Hise, C. R., Principles of North American pre-Cambrian geology: U.S. Geol. Survey Six-
teenth Ann. Rept., pt. 1, p. 593, 1896.

8 Adams, F. D., An experimental contribution to the question of the depth of the zone of flow in the
earth’s crust: Jour. Geology, vol. 20, pp. 97-118, 1912.

8 Heim, Albert, Untersuchungen iiber den Mechanismus der Gebirgsbildung, Band 2, p. 92, Basel,
1878.

¢ Heim, Albert, Geologische Nachlese, No. 19 (Vicrteljahrsschrift der Naturf. Gesell. in Zurich, 196z

p- 45).
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Van Hise based his estimate on a mathematical calculation having as its starting
point the crushing weight of a cube of granite at the surface of the earth as determined
by a testing machine in the ordinary manner adopted in testing the strength of
building materials—granite being one of the strongest and at the same time one of
the commonest rocks in the earth’s crust. This calculation was made for Van Hise
by Professor Hoskins,® who, taking the figures for the crushing strength of granite
thus obtained, endeavored to calculate the depth below the earth’s surface at which
the pressure would be so great that all empty cavities would close as a result of plastic
flow, even in the case of the hardest rocks, like granite. This depth he fixed at 4
miles, or 6,520 meters. If, however, the cavities were filled with water, Hoskins
calculated that they would remain open to a depth of 6.4 miles, or 10,350 meters.
Van Hise then assumed an additional factor of safety and took 12,000 meters as a
depth at which not only all cavities would close but the hardest and most resistant
rocks would flow—this being therefore the upper surface of the zone of flow in the
earth’s crust.

In order to make such a calculation, even in the very simple case treated by Hos-
kins, certain assumptions must be made, and the result obtained varies widely with
these assumptions. Consequently, the figures obtained by Hoskins have not behind
them the weight of a mathematical certainty. They are founded on certain assump-
tions and have a probability no greater than the assumptions on which they are based.

On the basis of a series of experiments made by himself, Adams
reaches the following conclusions:

At ordinary temperatures but under the conditions of hydrostatic pressure or cubic
compression which exist within the earth’s crust, granite will sustain a load of nearly
100 tons to the square inch—that is to say, a load rather more than seven times as
great as that which will crush it at the surface of the earth under the conditions of
the usual laboratory test.

Under the conditions of pressure and temperature which are believed to obtain
within the earth’s crust, empty cavities may exist in granite to a depth of at least 11
miles, These may extend to still greater depths and if filled with water, gas, or
vapor will certainly do so, owing to the pressure exerted by such fluids or gases upon
the inner surfaces of such cavities or fissures.

Later the same problem was investigated by Bridgman, * who made
the tests by applying hydrostatic pressure. His conclusions are
stated in part as follows:®

Cayvities in the materials dealt with in this paper, which may be broadly char-
acterized by the property of brittleness, exhibit a method of failure under high
compressive stresses not shown by ductile materials like the metals. This method
consists in the shooting off of minute fragments with considerable violence from the
walls of the cavity. The frequency and probably the velocity of projection varies
with the pressure, the rapidity of disintegration becoming greater at higher pressures.
This mode of disintegration is shown both by rocks and by single crystals; in rocks
the splinters show no relation to the boundaries between chemically homogeneous
parts of the mixture, and in the crystals there is no obvious connection with the
crystalline symmetry. The rate of change of speed of disintegration with pressure

8 Hoskins, L. M., Flow and fracture of rocks as related to structure: U. S. Geol. Survey Sixteenth
Ann. Rept., pt. 1, pp. 845-875, 1896.

87 Op. cit., p. 117. See also King, L. V., On the limiting strength of rocks under conditions of stress
existing in the earth’s interior: Jour. Geology, vol. 20, pp. 119-138, 1912,

# Bridgman, P. W., The failure of cavities in crystals and rocks under pressure: Am. Jour. 8ci., 4th
ser., vol. 45, pp. 243-280, 1918.

& Idem, pp. 266-268.
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may vary greatly from substance to substance, being comparatively small for quartz
and high for tourmaline and andesite.

The phenomenon of rupture by flaking off is independent of other phenomena ac-
companying high stress. ‘Some substances develop cracks at the same times*that
they erode; the number of cracks may be great, as in calcite, or small, as in quartz.
Or the erosion may be accompanied by no cracks whatever, as in feldspar, por-
phyry, and andesite. The substance may show no viscous flow during erosion, or
it may flow like granite and barite. The formation of cracks was never in these
tests the cause of final rupture, except with glass. Cracks are probably in many
cases due to the attempt of the solid to slip bodily into the cavity, but such slip can
never go far before it is stopped by the mutual supporting action of the walls. Such
slip may be prominent in a substance with easy cleavage, or slight, as in quartz. It
is probable that the cracks in quartz and calcite were essentially the same in char-
acter, one being merely more prominently developed than the other.

Flaws in the original specimen- are apparently so tightly closed by pressure that
they play no part in fracture.

This paper mentions the results of a new mathematical analysis of the effect in
crystals of hydrostatic pressure applied as in these experiments. It appears that the
new phenomena introduced by crystalline structure are not prominent enough to
lead one to expect rupture because of them, and that in most cases an approximate
solution may be obtained by treating the crystal as isctropic with mean values of
the elastic constants. )

The stresses which these brittle materials stand are many times higher than
would be predicted by ordinary compression tests. If one neglects the flaking-off
effect, which is entirely uncontemplated in mathematical theory, stresses at least 20
times higher than those of ordinary compression tests may be reached without
rupture. At the same time the possible stresses are very appieciably lower than
those found by Adams. His results were affected by the unknown action of shrunk-
on-steel jackets.

Attempts to weld together finely powdered quartz, feldspar, and talc failed up to
30,000 kilograms per square centimeter [about 450,000 pounds per square inch].
There is, however, no evidence that such welding would not take place if the ad-
herent film of air could be entirely removed; this is a matter of extreme experimen-
tal difficulty. The amount of interstitial space in compressed powders has been
measured, but caution must be used in inferring from these figures the density of a
compressed sand while actually under pressure. The results of these collapsing tests
makes it extremely probable, however, that minute crevices, at least large enough
for the percolation of liquids, exist in the strongerrocks at depths corresponding
to 6,000 to 7,000 kilograms per square centimeter [about 90,000 to 105,000 pounds
per square inch], and possibly more.

LOWER LIMIT OF GROUND WATER.

The zone of rock flowage is significant with respect to the occur-
rence of ground water. If this zone marks the lower limit of inter-
stices it also marks the lower limit of the existence of water in its
ordinary mode of occurrence. The experience from drilling deep
wells shows, however, that in most places recoverable water becomes
very scarce long before the theoretical depth at which interstices are
impossible is reached.

There is no regular relation between the porosity or aqueous capac-
ity of rocks and their depth below the surface. A very dense granite
may be found at the surface, whereas a porous sandstone may lie a
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few thousand feet below the surface. On an average, however, the
porosity decreases as the depth increases, the large openings especially
disappearing as greater depths are reached. Most of the water in
crystalline rocks is within 300 feet of the surface, comparatively little
being found by drilling to greater depths in these rocks.* Porous
rocks that yield water freely have been encountered at depths of more
than 6,000 feet, but most of the wells drilled deeper than 2,000 feet
have found but little water below this depth. This decrease of inter-
stices and especially of large openings with increase in depth is due
partly to increase in pressure on the rocks, which closes the openings
in soft formations even relatively near the surface, and partly to the
processes of weathering, which enlarges the interstices near the sur-
face, and cementation, which commonly closes them at greater depths.

The following table, giving a list of some of the deepest wells drilled
in the United States for water, shows how unfavorable have been the
results in drilling below the depth of 3,000 feet. Most of the wells
that yielded little or no water were, however, in crystalline rocks, and
some of the failures in other formations were due to the poor quality
of the water rather than the small quantity. Many sandstones are
apparently water bearing where they extend to depths of more than
3,000 feet.

Wells 8,100 feet or more in depth drilled for water in United States.
{Compiled by Harold 8. Palmer.}

Depth
Place. tg e\z:)ll Kind of rock. Results obtained. References.a
Pgtnam Heights, | 6,004 | Crystalline rock....... 2 gallons per minute ..| Water-Supply Paper 149,
onn.
Jacksonville, Fla ....} 5,000 | “Rock and clay” ..... Appar 1ently unsue- ateESupply Paper 102,
Northampton, Mass..! 4,022 | Redsandstone orerys- Unsucceésful; little or ater-Supply Paper 149,
pLot, ! talline rocks. no water. . 64+ &'ater-%:tppli
per 257, p. 32; Watei-
Suppl Pa 160, p.67.
New Haven, Conn...| 4,000 [ “Redsandstone,etc.”.|..... [+ U Water- up% 257,
g ateé'_; upply
aper 160, p. 67.
8t. Louis, Mo........ 3,843 | Sandstone, limestone, | Salty water........... Water—Supply Paper 195,
ete., to '3,558 feet 163.
then mostiy gramte.
New Haven, Conn...| 3,800 |..cceecuencuuvacncananns Unsuccessful.......... Water-Supply Paper 149,
Northampton, Mass..| 3,700 } Arkosic sandstone or | No water ...._..... . a'ter-'Supply Paper 110,
. conglomerate. - 75,
Rockville, Conn ..... 3,440 | Red sandstone orerys- |..... [« 1 ater-Supply Paper 149,
talline rock. . 24.
Marlin, Tex.......... 3,350 | Sedimentary rocks | Head+322 feet; yield, atersSu,pply Paper 149,
probably to bottom. 140 gallons permin- | p. 1
Hubbard City, Tex..| 3,166 | Sandstone, etc........ Salty water........... Twenty-ﬁrstAnn Rept.,
Fishkill on Hudson, [ 3,100 | “Rock.” Doubtless | Water supply from meks‘\)xpply Paper102,
N.Y. crystalline rock. less than 500-foot
depth, 10 gallons per
minute.

@ All references indicate U. 8. Geological Survey put™..' =

e,

% Ellis, E. E., Occurrence of water in crystalline rocks: U. 8. Geol, Survey Water-Supply Paper 160,

Ppp-. 10-28, 1906.
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The usual experience in drilling deep oil wells has also been that
not much water enters the wells below depths of 3,000 or even 2,000
feet. Lindgren® cites an example of a well at Wheeling, W. Va.,
4,262 feet deep, which passed through ‘“‘absolutely dry rock’ in the
lower 1,500 feet. The deepest wells in the world are two recently
drilled in the United States—the Goff well, near Clarksburg, W. Va.,
and the Lake well, near Fairmont, W. Va. The Goff well is 7,386
feet deep, and the Lake well is 7,579 feet deep. The mouth of the
Goff well is 1,164 feet above sea level, and the mouth of the Lake
well about 1,300 feet. Both wells therefore extend more than 6,000
feet below sea level. Both are entirely in sedimentary strata. The
Goff well penetrated recognized water, oil, and gas bearing sands at
various levels in the first 2,000 feet and passed through the Bayard
sand between the depths of 2,300 and 2,310 feet, below which the
formations are described as alternating strata of “‘lime ”” and *slate.”
Below the depth of 2,307 feet the well is not cased except between
5,405 and 7,071 feet, where it was cased to protect the hole from
caving. Below 2,307 feet no water entered the well, and it was neces-
sary to introduce the water required for drilling. The casing between
5,405 and 7,071 feet fits so loosely that it would not have shut out
any water.”” The Lake well was cased only to a depth of 2,118 feet.
Thestrata below 2,118 feet are reported as alternately ‘‘lime,’” ““slate,”
and some ‘“sand ’’; they did not yield any water.*

The Geary well, near McDonald, Pa., about 20 miles southwest of
Pittsburgh, reached a depth of 7,248 feet, or about 6,200 feet below
sea level. It penetrates the Gordon stray sand, the last of the usual
gas sands in this region, at a depth of 1,971 feet. From this depth
to the bottom the strata consist chiefly of “lime’ and ‘““slate”
with some rock salt in the last few hundred feet. Below 6,045 feet
there is, however, much sand, some beds of which yielded large
amounts of salty water. The water found at 6,260 feet rose in the
hole to a height of 5,560 feet, or within 700 feet of the top of the
well. Drilling was finally stopped by the collapsing of the casing
due to hydrostatic pressure of the water on the outside.*

In Australia, where certain water-bearing formations pass to great
depths, there are numerous successful flowing wells that derive their
supplies from depths of more than 3,000 feet and a considerable
number that are supplied from depths of more than 4,000 feet, as is
shown in the following table:

9 Lindgren, Waldemar, Mineral deposits, p. 36, New York, 1913.

9t White, I. C., Discussion of the records of some very deep wells in the Appalachian oil fields of
Pennsylvania, Ohio, and West Virginia: West Virginia Geol. Survey County Repts., Barbour and
Upshur counties and western portion of Randolph County, pp. Iv-Ix, cii, 1918. Also written commu-
nication from Dr. White.

9 White, 1. C., West Virginia’s second deepest well of the world: Ohio Gas and Oil Men’s Jour., vol.
1, pp. 17-22, September, 1919. Also written communication from Dr. White.

% White, I. C., op. cit., pp. xxvi-xxxii.
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Wells more than 4,000 feet deep drilled for water in Australia.c

Artesian flo
Depth | Depth from Artesian | (gallons).
of W] water
Name of well. Province, well | is derived a(éei!;
(feet). [ (feet). ove | Per
surface). minute. Per day.
tchawarra d. .......... 5,337 4,000
Whitewood ...... 5,045 |..eeaoon...
Bothwell ...... 4,860 4,250
Goyder’s Lagoon 4,850 4,700
4,523 4,500
Bonnie Downs 4,516 3,930
Wokingham No 4,438 4,360
Mount Gasone.. 4,420 4,304
0rongo .......... 4,338 | 3,510-4,207
ﬁutﬂ utti No. 4. i,g:ﬁf) g,%
ungeri c.......... 3
Eroman, 4,270 4:256
Glenariffe........ 4,220 3,760
Gable End... 4,205 ... ...c.....
Dee 4,150
Melton..... 4,105
Dolgelly 4,086
e...... 4,057
Fourteen Mil 4,040
Malboonae .. 4,032
Careungo .. 4,013
‘Winton.... 4,010
i 4,011
4,008
4,006
4,003
4,002
4,000

a Compiled from well records given in report of the interstate conference on artesian water (Sydney,
1912), 1913; report of the second interstate conference on artesian water (Brisbane, 1914), 1914; twenty-
second annual report of the hydraulic engineer of Queensland (Brisbane, Nov. 22, 191 1%, 1912,

b Water that did not rise to the surface was struck at 83, 450, 2,910, and 3,991 feet below the surface.

¢ Water that did not rise to the surface was struck 3,434 fest below the surface.

d Water rose to a level 120 feet below surface. Pumped.

¢This well criginally flowed at the rate of 193,000 gallons a day. Ceased flowing. In May, 1907,
water Jevel was 35 feet below surface.

Evidence in regard to this subject obtained from deep mines was
compiled by Fuller * in the following table. He sums up these data
as follows:

In three of the fifteen districts water occurs in abundance without much diminu-
tion to the bottom of the workings. In fouritoccursin abundance, at least locally,

to a depth of 1,500 feet. In the remaining eight, or more than half of the deep
mines considered, there is a general absence of water below the 1,000-foot level.

% Fuller, M. L., Total amount of free water in earth’s crust: U. 8. Geol. Survey Water-Supply
Paper 160, pp. 64-67, 1906.
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The following additional information on water in deep mines is
given by Lindgren:®

At Cripple Creek, Colo., we have a granitic plateau at an elevation of 9,000 feet
above the sea; this plateau contains a volcanic plug about 2 miles in diameter which
is largely filled with porous breccias and tuffs. The water fills the volcanic rocks
a8 in a sponge inscrted in a cup, and the mining operations to a depth of 1,500 feet
have tapped heavy flows. But even in this water-logged mass there are solid intru-
sive bodies—for instance, at the Vindicator mine, at a depth of 1,000 feet—which are
80 dry that water must be sent down for drilling. The granite which surrounds this
water-soaked plug contains very little water and at most places is practically dry in
spite of the great hydrostatic pressure.

In the copper mines of Butte, Mont., where the granitic rocks are greatly faulted
by movements of late date, much water was encountered, extending in places down
to 2,400 feet, or the bottom of the mines. No ascending springs are found at the sur-
face, nor any hot springs, although a high range adjoins the mines on the east, and
conditions seem to be favorable for deep circulation. The water is probably almost
stagnant, and Weed mentions the existence of large bodies of dry rock. One such
body on the 1,600-foot level, 1,200 feet in width, is absolutely dry.

At Rossland, British Columbia, according to Bernard McDonald,” the mine waters
increase greatly during the spring months. The water level is at 40 feet, and the
quantity increases to a depth of 200 to 350 feet. Below 350 feet a decrease begins,
slowly at first but soon more rapid, until at 900 feet there is only a slight seepage, and
below 1,000 feet the mine is dry.

One of the most convincing examples is that furnished by the deep copper mines
of Michigan and fully set forth by Lane.” He shows that the surface waters are of
the normal potable type and that they descend in diminishing quantities only to a
depth of about 1,000 or 1,500 feet below the surface. Below this depth moisture is
scant, but where it appears it consists of drippings of strong calcium chloride
brine which can not in any way be explained as being derived from the sur-
face water. Many levels are absolutely dry, and water must be sent down for
drilling. This case is particularly convincing, for we have here many features in
favor of a strong circulation—moist climate, inclined position of beds, and great
permeability.

The existence of anhydrite deposits has been cited as showing the
absence of water at considerable depths in some localities. This
evidence is presented by Fuller® as follows:

Anhydrite, or anhydrous calcium sulphate, is deposited from solutions saturated
with sodium chloride and calcium sulphate at 26° F., a temperature often reached
in summer seasons even in high latitudes, and, although doubtless formed under a
variety of other conditions, it has probably been most commonly deposited from
supersaturated sea water through evaporation.

When fresh waters are brought into contact with the anhydrite, however, water is
taken on and the rocks are converted into gypsum, or hydrous sulphate of calcium,
The occurrence of anhydrite in the rocks, therefore, is of special interest in connec-
tion with the problem of underground waters, pointing to the absence of circulation
at the points at which the anhydrite occurs.

#0Op. cit , pp. 37-39.

9 Rickard, T. A., Min. and Sci. Press, June 27, 1908.

% Lane, A. C., Mine waters: Lake Superior Min. Inst. Trans., vol. 12, pp, 154-163, 1908.

% Fuller, M. L., Total amount of free water in the earth’s crust: U. 8. Geol. Survey Water-Supply
Paper 160, pp. 68-69, 1906.
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When the beds are exposed at the surface the calcium sulphate is usually in the
hydrous form, owing to the circulation of fresh ground waters. In the large quarries
near Windsor, New Brunswick, however, only the upper few feet have been con-
verted into gypsum, the great mass of the deposit still being in the anhydrous state.

Deposits have been frequently penetrated by deep borings in both this country
and in Europe, but in most cases, unfortunately, no distinction is made between the
anhydrous and hydrous types. At Stassfurt, however, the salt beds, which have an
aggregate thickness of 1,197 feet, include thousands of anhydrite layers averaging
aboutone-fourth of an inch in thickness and occurring at intervals of from 1 to 8 inches.
At Hartlepool, in Yorkshire, borings show the limestone to be interleaved with an-
hydrite and to be overlain by more than 250 feet of that deposit.! Again, in the
Mont Cenis tunnel, in the Alps, over 1,500 feet of alternating anhydrite, talcose schist,
and limestone are reported. 2

From these and numerous other instances that might be cited it is clear that not
only are circulating waters practically absent in many regions, even near the surface,
but interstitial water is also absent. If any fresh water whatever were present in
the pores of the anhydrite, hydration to gypsum would take place.

The presence of anhydrite appears, however, to prove only the
absence of fresh water and not the absence of salty water.

Hot springs are found in many localities that have not been recently
affected by volcanism, some of them with large flows and some issu-
ing at temperatures near the boiling point.* It would be difficult to
avoid the conclusion that the water of these springs comes from
depths of several thousand feet.

It is widely believed, not only by well drillers but also by geolo-
gists, that at deep levels there are porous beds whose interstices are
empty—that is, presumably not filled with water or oil nor with gas
under great pressure. This view is strongly stated by Fuller,* as
follows:

This absence of water is, moreover, not due to lack of porous rock, as shown by
the two wells last mentioned and by the W. J. Bryan well No. 11, Aleppo Township,
Greene County, Pa. This well is 3,397 feet deep and is cased to 3,110 feet, which
represents the last water. Below the casing, however, were found the Thirty-foot,
Fifty-foot, and Gordon sands, 20, 60, and 18 feet in thickness, respectively, making
100 feet of porous but perfectly dry sandstones. The depth at which water was
found in this well is greater than the normal, no fresh water being found in many
wells beyond a depth of 500 feet. * * *

The finding of porous deposits capable of holding immense quantities of water,
but in which none whatever is actually found, is a common experience of almost
every driller working in deposits of stratified drift in this country. Often they are
found several hundred feet below the surface, far below the true water table or that
lying above the first impervious stratum and, in many instances, much below the
level of the lowest surface drainage.

1@elkie, Archibald, Text-book of geology, vol. 2, p. 1071, 1903,

2 Hunt, T. 8., Chemical and geological essays, p. 335, 1875,

3Meingzer, O. E., Ground water in Juab, Millard, and Iron counties, Utah: U. 8. Geol. Survey Water-
Supply Paper 277, 1911; Geology and water resources of Big Smoky, Clayton, and Alkali S8prings val-
leys, Nev.: U. 8. Geol. Survey Water-Supply Paper 423, 1917. Clark, W. O., and Riddell, C. W.,
Exploratory drilling for water and use of ground water for irrigation in Steptoe Valley, Nev.: U. 8.
Geol. Survey Water-Supply Paper 467, 1920,

¢Fuller, M. L., Total amount of water in the earth’s crust: U. 8. Geol. Survey Water-Supply Paper
160, pp. 87-68, 1906.
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Fuller even estimates for the earth’s crust as a whole that in
stratified rocks only 37 per cent and in igneous rocks only 50 per
cent of the theoretical aqueous capacity is actually taken up by water.

Various explanations involving hydration, evaporation, or drain-
age have been offered to account for the supposed absence of water
from porous strata at great depths. An ingenious but apparently
untenable hypothesis recently advanced by Reeves® to account for
the non water-bearing sandstones of the Catskill formation in Penn-
sylvania and West Virginia is that they were dried out by the semi-
arid conditions that existed during Catskill time, which also brought
about the formation of continental red beds.

The extensive occurrence of nonsaturated strata below the zone
of saturation is difficult to understand. It is hard to see how the
water present at their deposition could have been removed, or how,
if once dry, they would be kept from becoming saturated unless they
were entirely incased by impervious materials. Much evidence of
the existence of such dry strata has been presented, but it is gener-
ally of a hearsay character, lacking specific proof. Definite scientific
investigation of this subject is greatly to be desired, but until such
investigation is made it would seem that the burden of proof remains
with the affirmative. The question is whether the strata that do
not yield water or other fluid actually contain empty interstices—
whether they have such a texture that they would yield water if they
were saturated.

Recently the assumption of abundant extensive nonsaturated beds
below the zone of saturation has becn challenged by Munn® and Shaw.’
Shaw states:

The doubt concerning the validity of the general inference—the suspicion that
most of the dry sands are really saturated with water that for some reason can not
get out—arose after some years of discussion with Munn, during which time attempts
were made to grasp the significance of the phenomenon and to find the explanation.

Rock samples were obtained from deep mines, a special examination of some thou-
sands of well logs was made, and drillers and others were questioned.

Shaw also presents the following pertinent argument:

At the surface of the earth we have to deal with pressure not far from 15 pounds to
the square inch. If the pressure here should depart 2 pounds from this figure there
would be a most violent storm. We are so accustomed to living under and dealing
with this essential condition of our daily life that we too easily assume that similar
conditions commonly affect the contents of rock pores within the earth. The most
impressive part of experience with diving apparatus is the tremendous pressure in
water only 50 to 100 feet deep. Even at 20 to 30 feet one’s ear drums sometimes

sReeves, Frank, The absence of water in certain sandstones of the Appalachian oil ficlds: Econ.
Geology, vol. 12, pp. 354-378, 1917.

¢Munn, M. J., The Menifee gas field and the Ragland oil field U. S. Geol. Survey Bull. 531, p. 24,
1913.

78haw, E. W., Discnssion of Roswell Johnson’s paper on Role and fate of connate water in oil and
gas sands: Am.Inst. Min. Eng. Trans. vol. 93, pp. 221-227, February, 1915; Discussion of Reeves’s paper
(op. cit.): Econ. Geology, vol. 12, pp. 610-628, 1917,



50 OCCURRENCE OF GROUND WATER IN THE UNITED STATES.

acheseverely, though the pressure is only about 2 atmospheres, and the cause of caisson
disease is said to be gas pressure in the blood, due to the change in external pressure
of 1 or 2 atmospheres. Two atmospheres is about 2 tons to the square foot, but this
is a small quantity compared with the pressure thousands of feet down in the earth.
At the bottoms of the Clarksburg and MacDonald wells the pressure on the rock is
roughly 500 tons to the square foot, or far above the critical pressure for water. If the
strata have connecting pores and cracks extending to the surface the pressure on the
rock pores should approach the weight of a column of water extending to the top of
ground water, and in deep wells where we have definite information itis generally not
far from the hydrostatic head. The average is far nearer this amount than either the
weight of the superincumbent rock or the weight of nothing but the atmosphere, and
the departures are presumably due to one or more modifying factors almost certainly
operative. It seems to me that it can not be too strongly emphasized that the
occurrence of a pressure of 1 atmosphere in a sand one or several thousand feet below
the surface would be so unlikely as to be practically beyond possibility, and the
inference that such a pressure exists in hundreds and even thousands of places be-
comes an absurdity. If the sand has large and open pores connecting with portions
that are gas or oil bearing, the pressure should become equalized and some fluid
should enter the well. On the other hand, if the pools are in parts of the sand shut
off from other parts by some sort of barrier, the so-called dry sands may be either
portions of the sand that are not impervious but are so sealed off from the surrounding
fluid-bearing sands that they can not readily yield the contents of their pores into
the wells or they may be tighter than realized, the pores being closed by cement or
some plastic, clogging material.

Perhaps the most cogent argument against true dryness of the so-called dry sands
is the fact that they do not contain air under great pressure, for it seems quite incon-
ceivable that the connate air of an air-dried sand should remain at or near 1 atmosphere
so that when penetrated, after having been buried millions of years, under thousands
of feet of water-soaked rock, no air should rush into or out of it.

With respect to the character of the strata in the three deep wells
already described (p. 44) Dr. White® makes the following statement:

The strata penetrated [in the Goff well below 2,307 feet] were evidently too clgse
and nonporous to hold water, so that none whatever was found below the casing. The
6-inch liner [between 5,405 and 7,071 feet] would not have shut any water off, since
it was inserted only to stop a bad cave. The Lake well was cased only to a depth of
2,118 feet, and although it was drilled to a depth of 7,579 feet no evidence [of water]
was obtained in all that interval of more than a mile of strata, the reason, I think,
being that no porous rocks were cncountered, since nothing but slate, close-grained
sands, and limestone were encountered. In the Geary well, however, a coarse sand
(Oriskany) occurred at 6,045 feet, and this sand yielded large quantities cf very salt
water at two or three horizons. Had the same sand been encountered in the Goff and
Lake wells, I have no doubt, it, like the Geary, would have held large quantities of
water.

WATER-YIELDING CAPACITY OF ROCKS.
DEFINITION OF TERMS.

Not all the water in the zone of saturation is available for recovery
through wells—a fact of great practical importance in making ground-
water developments. A part will drain into wells, and a part will be
retained by the rock formations. The part that will drain into wells is

8 Written communication.
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called ““gravity ground water.” This distinction can be illustrated as
follows: If the water is withdrawn from the zone of saturation more
rapidly than it is replenished, as happens in dry seasons or during
heavy pumping, the water table will move downward, and with it
will go the capillary fringe, which is always definitely related to the
water table. The gravity ground water in a given body of rock or
soil in the zone of saturation is the water that will be withdrawn
from the body by the direct action of gravity if the water table and
capillary fringe move downward until both are entirely below it
(fg. 13, p. 31).

The water-yielding capacity and water-retaining capacity of a rock
or soil when expressed in percentages of the total volume of rock or
soil may be called, respectively, its ‘“specific yield”’ and its ‘‘specific
retention.” Thus, if 100 cubic feet of saturated rock when drained
in the manner described will supply 8 cubic feet of water the specific
yield of the rock is said to be 8 per cent. If after it is drained it
still retains a total of 13 cubic feet of water in its interstices its spe-
cific retention is said to be 13 per cent. The specific yield of a rock
or soil is the percentage of its total volume that is occupied by gravity
ground water, and the specific retention is the percentage of its total
volume that is occupied by water which is not gravity ground water
and which it will not yield to wells. Thus, the specific yield and the
specific retention of a rock or soil are together equal to its porosity.
If a rock has a specific yield of 8 per cent and a specific retention of
13 per cent its porosity is obviously 21 per cent. The specific yield
of an impermeable rock is zero, its specific retention being equal to
its porosity.

The specific yield has frequently been called the “effective poros-
ity”” or ‘“practical porosity,” because it represents the pore space
that will surrender water to wells and is therefore effective in
furnishing water supplies. These terms, however, seem singularly
inappropriate to students of agriculture, because to the extent that
a soil will allow water to drain through it, it fails to hold water for
the use of vegetation. Water that is yielded by gravity is, for the
most part, not available to plants, whereas the water that is retained
against gravity is largely effective in producing plant growth. More-
over, the term “effective porosity” is used by petroleum geologists
in a more general sense than the term *specific yield ” as here defined.
As used by them it may be defined as the percentage of the total
volume of a rock that is occupied by oil which will be yielded under
specified conditions. For example, suppose a well is drilled to an
oil-bearing bed 1,000 feet below the surface, and the oil is under
sufficient hydrostatic pressure to rise to the surface in the well. If
this well is pumped so hard that it is kept nearly empty of oil, the oil
will be forced through the rock into the well under great pressure, the

497781 O-59-5
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pore space vacated by the oil probably being taken by ground water
that transmits the pressure. The effective porosity in this case is un-
derstood to be the ratio of volume of oil yielded to volume of rock that
is drained of oil, this ratio being expressed in percentage. Obviously
much more oil may be yielded under these conditions than if the rock
were simply allowed to drain by gravity. This kind of effective
porosity is very important with respect to petroleum but has no
application in hydrology. Thoughitis desirable to displace petroleum
with water in the manner indicated nothing is accomplished by
displacing water with water.

The distinction between gravity water and that which is retained
by the rock or soil is not entirely definite, because the amount of
water that will drain out depends on the length of time it is allowed
to drain, on the temperature® and mineral composition?® of the
water, which affect its surface tension, viscosity, and specific gravity,
and on various physical relations of the body of rock or soil under
consideration. For example, a smaller proportion of water will drain
out of a small sample than out of a large body of the same material.
As the methods of determining specific yield have not been stand-
ardized, and as it may continue to be desirable to use different meth-
ods for different purposes and under different conditions, data as to
specific yield should always be accompanied by a statément of the
methods used in determining it.

IMPORTANCE OF WATER-YIELDING CAPACITY.

The quantity of water that a caturated rock will furnish, and
hence its value as a source of water supply, depends on its specific
yield—not on its porosity. Clayey or silty formations may contain
vast amounts of water and yet be unproductive and worthless for
water supply, whereas a compact but fractured rock may contain
much less water and yet yield abundantly.

To estimate the water supply obtainable from a given deposit for
each foot that the water table is lowered, or to estimate the available
supply represented by each foot of rise in the water table during a
period of recharge, it is necessary to determine the specific yield.
Estimates of recharge or of available supplies based on porosity, with-
out regard to the water-retaining capacity of the material, may be
utterly wrong.

AQUIFERS.

A rock formation or stratum that will yield water in sufficient
quantity to be of consequence as a source of supply is called an
“aquifer,” or simply a “ water-bearing formation,” ‘‘ water-bearing

9King, F. H., Observations and experiments on the fluctuations in the level and rate of movement of
ground water on the Wisconsin Agricultural Experiment Station farm and at Whitewater, Wis.: U. 8.
Weather Bur. Bull. 5, 1892; also Wisconsin Agr. Exper. Sta. Ann. Repts., 1889-1893. Veatch, A.C.,
Fluctuations of the water level in wells, with special reference to Long Island, N. Y.: U. 8. Geol. S8urvey
‘Water-Supply Paper 155, pp. 54-59, 1906.

1o Kerraker, P. E., Effect on soil moisture of changes in the surface tension of the soil solution
brought about by the addition of soluble salts: Jour. Agr. Research, vol. 4, pp. 187-192, 1915.
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stratum,”’ or ‘‘water bearer.” It should be noted that the term
‘“water-bearing formation,” as here defined and as generally used,
means a water-yielding formation—one that supplies water to wells
and springs, one that contains gravity ground water. The term has
no reference to the quanitity of water that the formation may con-
tain but will not yield to wells and springs. It is water-bearing not
in the sense of holding water but in the sense of carrying or conveying
water. Few if any formations are entirely devoid of gravity ground
water, but those that do not contain enough to be practical sources
of water supply are not considered to be aquifers; they are not called
water-bearing formations. Hence it may happen that in a region
underlain by strong aquifers a formation yielding only meager amounts
of water will not be classed as

water bearing; whereas in a re- peon

Chapter IV (pp. 193-314).
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sands is shown by the table on
page 7, which gives their me-
chanical composition B effective FiGurE 15.—Diagram showing porosity and specific
size of grain, uniformity coefi ulen o et ot tg -0
cient, and porosity. Their me-
chanical composition is shown graphically in figure 4 (p. 6), in
which the points where the curves cut the 10 per cent line give the
effective sizes, and the slopes of the curves indicate the degree of
uniformity of grain, the steepest curves representing the best-assorted
materials, which have lowest uniformity coefficients.

The porosity and specific retention of these sands, as determined
by Hazen, are shown in figure 15. The oblique parts of the curves

1t Hazen, Allen, Experiments upon the purification of sewage and water at the Lawrence experi~
ment station: Massachusetts States Board of Health Twenty-third Ann. Rept., for 1891, pPp. 428-434, 1892,
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represent capillary rise (see p. 33); the vertical parts indicate the spe-
cific retention. The difference between the porosity and the specific
retention of each sample is its specific yield. The results as taken
from this diagram given by Hazen can be tabulated as shown below,
and the relation of the specific retention and specific yield to the
effective size can be graphically represented as in figure 22 (p. 64).

Specific retention and specific yield of sands used in tests by Hazen.

Effective Specific Specifi
size of : Porosity b pec.iic nectac
H Uniformity retention b yield d
No. of sample. o, | coefficient. (p:;ﬁxerl:lte)l.)y (per cent by |(per cent by
meters). volume). volume).
0.02 9.0 36 feeeeeerisencefeccenaiionann
08 23 5 1o’ %
. 5 2
.17 2.0 42 11 31
.ig ;i 32.5 9.5 gg
1.40 204 |oveiirnannns 2
5.00 1.8 44 7.0 37

a Diameter of a grain of such size that 10 per cent of the sample (by weight) consists of smaller grains
and 90 per cent of larger grains.

b Data taken from the curves in figure 15. The specific yield is obtained by subtracting the specific
retention from the porosity.

In 1899 King * gave the results of laboratory experiments on the
quantities of water yielded and retained by assorted sands of five
different sizes of grain,

T ﬁ‘ aaling when these sands were
saturated and then al-

lowed to drain. The effec-
tive size of grain and the
porosity of each sample
are given in the follow-
ing table, and the true size
of grain of each sample is
shown in Plate II. Five
galvanized-iron cylin-
ders, 8 feet long and 5
inches in diameter, were
filled, each withone of the
five kinds of sand, and
were set up for the ex-
periment in the manner

FIGURE 16.--Diagram showing apparatus used by King to test .
the water-yielding and water-retaining capacities of sand. A, ShOWll In ﬁgu re 16.
Galvanized-iron cylinders 8 feet high and 5 inchesin diameter;  After the apparatus

B, section of cylinder; C, cork with glass tube drawn to a fine .
point to prevent evaporation; D, collecting fiask; E, vent. had been filled with ,Sa'nd’
water was slowly intro-

duced from the bottom, so as to expel the air, until the sand in
each cylinder was saturated to the top. The cylinders were then

#King, F. H., Principles and conditions of the movements of ground water; U, 8. Geol. Survey
Nineteenth Ann. Rept., pt. 2, pp. 86-91, 1899,
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allowed to drain into the attached flasks, and the discharged water
was measured or weighed from time to time—first at frequent inter-
vals and later only every few days, weeks, or months. The experi-
ment was continued about two and one-half years, when the amount
of water remaining in each 3-inch layer of sand was determined. The
apparatus was designed to prevent loss by evaporation. A water
table was apparently maintained at the bottom of the 8-foot column
of sand. The results of the experiments are shown in the following
table, which is condensed from those given by King and in which
King’s data have been recalculated from grams of water or per cent
of water by weight to per cent by volume, the method of expression
best adapted for the purposes of hydrology. The quantities of water
yielded during different periods of draining and the quantities retained

(=]

S
SAND

7

- Sand [No.100
I Sand [No. 80

N Sand |No. 60
St Sand [No. 40

Sand |No. 20

7z
7

CENT OF TOTAL YOLUME OF SAND
.
o

WATER YIELDED BY SANDS, IN PER

7’/
4
ﬂ
// /’ //
INED %V SAND§ IN PER
CENTOF TOTAL VOLUME Ol

WATER RETA!

0

RX
=]

4 €
PERIOD OF DRAINING, IN DAYS

FIGURE 17.—Diagram showing rates at which water was yielded by assorted sands and the quantities of
water retained at the end of 2} years in King’s experiment. The drop in the curve from 9 days to 2}
years represents in part the drainage during that period but chiefly the discrepancy between porosity
and total water accounted for.

at the end of the two and one-half year period are shown in figure 17;
the quantities of water retained by the sands at different levels at the
end of the two and one-half year period are shown in figure 18. The
table and figure 17 show discrepancies of 5.11 to 7.32 per cent between
the porosity and the total water accounted for. Because of these
discrepancies it is not possible to make any close interpretation of the
results of the experiment. Figure 18 shows that the water retained
near the bottom of each sand column was nearly equal to the porosity.
Hence, in the upper part the percentage of pore space not accounted
for is even greater than the discrepancies shown in the table. Evi-
dently the water in the lower parts of the sand columns is fringe
water—lifted above the water table by capillarity—and that in the
upper parts represents moré nearly the specific retention. In this
respect the King curves (fig. 18) are like the Hazen curves (fig. 15).
However, the curves in figure 18 do not indicate very clearly the
height of the capillary fringe in the different samples.

13King, F. H., Irrigation and drainage, p. 112, New York, Macmillan Co., 1399.
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Water yielded and retained during different periods by columns of saturated sand
8

Seet high.
{King’s experiment .}
Designation of sand ... ..o o..iiiieiiaaaaa. No.20. { No.40. | No.60. | No. 80. | No. 100.
Effective size of grain.................. millimeters..]  0.475 0.185 0.155 0.118 0.083
Volume of sand used in experiment
......... eesesnnneaseaessasso.. CUbiC centimeters..| 30,890 30,800 30,800 | 30,800 30,800
Weight of dry sand........ .. grams..| 50,050 49,060 48,490 48,650 49,340
Specific gravity of drysand ...... 0.1 000000 Ll 1.62 i.50 1.57 1.58 1.60
Porosit{ (per cent of total volume of sand occnpied
bie{in orstices) ....uueeaannns shestsacsitaneonsanenns 38.86 40.07 40.76 40.57 39.73
Y iin of water by draining:
grams—
Infirst 30 minutes ... ......oceiiiiiiaaaaa.. 3,298 2,427 1,730 486 390
In second 30 minutes........... fiaememeaeans 1, 1,687 1,452 417 278
From end of first hour to end of first 9 days. 2,695 2,929 3,052 3,970 3,486
From end of first 9 days to end of 2} years .. 805 839 580 840 621
Total yielded in 2} years 8,304 7,882 6,814 5,713 4,775
‘Water remaining in sand after draining 2
22 2,121 2,475 3,515 4,576 5,831
Total water accounted for............... 10,425 | 10,357 | 10,329 | 10,289 10,606
Per cent by volume (grams divided by 30,890 and
mult%wh'{d by 100y v
In first 30 minutes 10.68 7.8 5.60 1,57 1.26
In second 30 minutes.........oc.oooiaenrannn 4.88 5.46 4.70 1.35 .90
From end of first hour to end of first 9 days.. 8.72 9.48 9.88 12.85 11.29
From end of first 9 days to end of 2} years... 2.60 2.71 1.87 2.72 2.01
Total yielded in 23 years . __._........... 26.88 25.50 22,05 18.49 15.46
‘Water remaining in sand after draining 23
FOAS . ceveneeenancreaaraaseseasanncanaoonn 6.87 8.01 11.37 14.81 18.87
Total water accounted for............... 33.75 33.51 33.43 33.31 34.33
Differencebetween porosity and total water
accounted for.......ooociiiciiiiiiiaannaa. 5.11 6.56 7.33 7.26 5.40
Water retained at different levels after draining 23
years (per cent of total volume of sand):
7 to 8 feet from bottom............ .38 .25 .41 2.12 5.81
6 to 7 feet from bottom. .75 .55 1.80 3.88 6.97
5 to 6 feet from bottom. 2.50 2.42 3.09 5.51 9.19
4 to 5 feet from bottom. 2.74 3.04 3.62 7.52 13.00
3 to 4 feet from bottom. 3.39 3.44 4.61 11.63 18.97
2 to 3 feet from bottom.............. 4.11 4.73 9.53 19.88 26.40
1 to 2 feet from bottom... eeaeeeeaecannen 9.66 14.12 34.79 30.46 32.94
0to 1 foot from bottom...............cooiiiaenn 31.57 36.90 35.97 37.60 40.16

It will be noted that there are some rather wide differences between
the results of King and those of Hazen, King’s tests apparently giv-
ing lower values for specific retention than Hazen’s, especially for the
coarser samples. These differences are probably in part due to the
better assorting and more nearly uniform size of grain in King’s tests,
which would tend toward lower values for specific retention, but it
does not seem possible to account for the entire difference in this way.

Since the classic experiments made by Hazen and King relatively
little work has been done by hydrologists, at least in this country,
to determine water-yielding capacities. Various elaborate series of
tests have been made by students of agriculture, both in the labora-
tory and in the field, to determine the water-retaining capacity of soils,
but these have only limited applicability to problems of hydrology,
because they relate to soils rather than to water-bearing materials.
Although Hazen’s and King’s results are of great value, it is evident
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that they are inadequate and can not safely be used as a basis for
very definite conclusions as to water-yielding and water-retaining
capacity. Many more tests of the same sort are obviously needed.
More field tests adapted to the purposes of hydrology are also needed.

A series of field tests of the water-retaining and water-yielding ca-
pacity of soils of different types was made by Israelsen'in Sacramento
Valley, Calif. His method

was to determine the poros-
ity of different soils and
their water content at suc- 4
cessive depths immediately
before irrigation and again

about four days after irri-
gation. The second de-
termination gives approxi-
mately the specific reten-
tion with limited time for
draining, provided the irri-
gation was sufficiently
heavy, the soil was perme-
able enough to admit the
water, and the loss by evap-
oration and transpiration
during the four-day period
was not excessive. As the
specific yield is equal to the
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occupied by the interstices sands at different levels in King’s experiment.

and the volume of water still held by the soil at the end of the given
period of drainage. In thefollowing tablesome of Israelsen’sresultsare
summarized, and in figures 19-21 a part of the data are shown graph-
ically. All three of the diagrams represent soil columns entirely
above the water table, but the lower parts of the clay-soil columns
represented in figure 21 were partly within the capillary fringe, and
for this reason they approach the porosity curve near the bottom,
like the curves in Hazen’s and King’s experiments (figs. 15 and 18).
The bulge to the left in the middle part of the curve in figure 21
showing water content after irrigation is believed by Israelsen to be

UIsraelsen, O. W., Studies in capacities of soils for irrigation water: Jour. Agr. Research, vol. 13,
pp. 1-28, Apr. 1, 1918.
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due partly to the difficulty in getting irrigation water far into these
dense clay soils, so that this curve for the soils above the capillary
fringe may represent less than the specific retention.
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F1GURE 19.—Diagram showing water retained and yielded by silt-loam soi's. (After O. W. Israelsen.)
Each water-content curve is based on the average results from 87 borings.

Water retained and yielded by soils in Sacramento Valley, Calif,
[Field tests by Israelsen. Porosity, water content, and moisture ei%uivalent are expressed as percentages

of the total volume of the soil

‘Water content. Differ-

ence be-

Depth of tweq?
Number | J¢R¢10 DOrosiiy | aoisture
Kind of soil. of |30l ex |porosity.| Before | FoUr | 8R4 | equiva-
borings. | % feet), igg;’f' after irri-| content | lent-®

* gation. {four days

after irri-

gation.
87 52 2 22.6 27.6 24.6 32.3
148 6 50. 1 23.2 28.1 22.0 35.4
43 37.3 22.3 2.1 12.2 43.7

aSamples were usually taken at intervals of 1 foot—at depths of 0.5 foot, 1.5 feet, ete. b See p.72.
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FIGURE 20.—Diagram showing water retained and yielded by clay-loam soils. (After O. W. Israelsen.
Each water-content curve is based on the average results of 148 borings.
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Israelsen * makes the following statement:

1t is desirable, especially where irrigation is practiced, to have accurate knowl-
edge of the maximum water-holding capacity of the soil in place. Burr!® found the
maximum capacity of a fine sandy loam (loess) to be 16 to 18 per cent of the weight
of the dry soil. Quantities of water found by various investigators!” after heavy
irrigations or rainfall seem to be in agreement with the results of Burr's experiment.
Indirectly, therefore, the maximum water capacities of soils in place have been
determined by a number of workers under various conditions.

It was found by Mathews® that a gumbo or heavy clay soil which
he investigated will carry about 30 per cent of water, by weight, and
that oven-dried samples from the first foot when immersed in water
expanded to 2.2 times their original volume; and similar samples
from the second and third foot expanded to 2.5 times their original
volume.

Experiments made by Charles H. Lee * on 36 samples from the fill
of the major stream valleys of San Diego County, Calif., of material
ranging from coarse sand to silt, indicated total voids as follows:
Coarse sand, 39 to 41 per cent by volume; medium sand, 41 to 48 per
cent; fine sand, 44 to 49 per cent; fine sandy loam, 50 to 54 per cent.
The average porosity of all 36 samples was 45.1 per cent. The classi-
fication of materials is that used by the Bureau of Soils of the
United States Department of Agriculture. (See p. 17.) These
percentages represent the porosity of the materials under natural
conditions. The methods of determining porosity, specific retention,
and specific yield, and the results obtained are described by Lee as
follows:

A pit was dug to the level from which it was desired to take the sample, a part of
the bottom being excavated to a further depth of about a foot so as to leave a verti-
cal face; a metal cylinder 5§ inches in inside diameter and 9 inches long, the lower
edge being beveled from the outside so as to make a cutting edge, was pressed down
vertically, cutting out a core of undisturbed material; the material was then care-
fully dug away from the front of the cylinder and a stiff sheet of metal pushed under
to cut off the sample at the bottom of the cylinder; the metal plate and cylinder

were then removed and the top of the sample was leveled off. This method gave
a sample of the known volume as it existed in its natural state. The sample was

150p. cit., p. 2.

16 Burr, W, W., Thestorage and use of soil moisture: Nebraska Agr. Exper. Sta. Research Bull. 5, 1914,

17 Allen, R. W., The work of the Umatilla reclamation project experiment farm in 1914, U. S. Dept.
Agr. Bur.Plant Industry, 1915. Loughridge, R. H., and Fortier, Samuel, Distribution of water in the soil
in furrow irrigation: U. S. Dept. Agr. Off. Exper. Sta. Bull. 203, p. 63, 1908. Miintz, A., and Lainé, E.,
La quantité d’eau et la fréquence des arrosages, suivant les propriétés physiques des terres: Compt.
Rend., vol. 154, No. 8, pp. 481-487, 1912. Powers, W. L., Irrigation and soil-moisture investigations in
western Oregon: Oregon Agr. Exper. Sta. Bull. 122, 1914. Widtsoe, J. A., The storage of winter precipi-
tationinsoils: Utah Agr. Exper. Sta. Bull. 104, pp. 279-316,1908. Widtsoe,J. A.,and McLaughlin, W. W,
The movement of water in irrigated soils: Utah Agr. Exper. Sta. Bull. 115, pp. 195~263, 1912,

18 Mathews, O. R , Water penetration in the gumbo soils of the Belle Fourche reclamation project:
U. 8. Dept. Agr. Bull. 447, p. 3, 1916.

1 Ellis, A.J., and Lee, C. H., Geology and ground waters of the western part of San Diego County,
Calif.: U. 8. Geol. Survey Water-Supply Paper 446, pp. 121-123, 1919.
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then oven-dried and the specific gravity of a selected portion determined. The poros-
ity was then computed by the following formula:

a
P=100 (1—§)

in which P=porosity expressed in percentage.
e=sgpecific gravity of the dried sample.
S=average specific gravity of the minerals comprising the sample.

A certain proportion of the moisture that occupies the voids of any saturated po-
rous material does not readily drain out, even when the zone of saturation has fallen
below the depth from which the capillary rise of water is rapid. This moisture can
not be extracted by pumping nor does it represent water that drains out and is replen-
ished during the natural fall and rise of the water table. To determine the water-
retaining capacity of various valley-fill materials, six experimenis were made after
the annual summer lowering of the water table had taken place. The water-retain-
ing capacity was found to range from 6 to 10 per cent in the coarse, medium, and
fine sands, but no finer materials were examined where the depth to the water table
was great enough to enable the field capacity to be determined with certainty.
Etcheverry,? quoting from Widtsoe’s extensive experiments, gives the water-retain-
ing capacity of sandy loam as 14} per cent by weight, which is equal to about 22 per
cent by volume, and this percentage can be considered as representing roughly the
condition in sandy loam soils of the major river valleys under consideration. The
total volume of water that might be drained from the valley fill by the slow lowering
of the water table can be estimated as ranging from about 33 to 37 per cent by volume.
Such complete drainage, however,-requires considerable time, and the relatively
quick drainage resulting from the artificial lowering of the water table by pumping
undoubtedly represents the extraction of far less of the total water content. In prac-
tice the proportionate volume that could be extracted from the valley fill of the
major valleys probably does not exceed 20 to 25 per cent. * * *

The method used by the writer for determining the water-retaining capacity was
as follows: Pits were sunk to the ground water at points selected so as to give differ-
ing distances to the water table and differing types of material. Samples of the
material were taken at intervals of a foot from the surface down to the water table,
as described above for porosity samples. The initial weight of the samples with the
contained moisture was ascertained immediately after removal from the pit, and the
dry weight was obtained after oven drying, the difference in weight, representing
the retained water expressed as a percentage by volume, gave the percentage of
retained water by volume when divided by the initial volume of the sample. This
percentage was found to vary at different distances above the water table. The
maximum was at the water table, where the material was saturated and the percent-
age of initial moisture was practically equal to the total porosity of the material; the
minimum occurred near the surface of the ground but at a depth sufficiently great
to be beyond the range of evaporation. It was found that by representing the data
graphically, the water-retaining capacity of samples ranging from coarse to fine sand
could be approximately ascertained by inspection. The zone of saturation was too
near the surface, however, to enable this to be done with finer materials.

The volume of water represented by the annual rise and fall of the zone of sat-
uration was computed from these same diagrams. For the average annual fluctuation
of approximately 3.5 feet, it was found that the effective porosity—that is, the
difference between the total porosity and the water-retaining capacity—ranged from
an average of 41 per cent for sand of differing grades and with differing depths to the
water table to 16 per cent for fine sandy loams. The average for the six typical
conditions studied was 34 per cent.

» Etcheverry, B. A., Irrigation practice and engineering, vol. 1, p. 4, New York, McGraw-Hill Book
Co., 1915,
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A number of samples of sand at Fort Caswell, N. C., were tested
for moisture content by Norah E. Dowell,” of the United States
Geological Survey, in May, 1922, the day after a rain of 2.12 inches.
This sand was found to have a porosity of 46 to 49.4 per cent, an
effective size of grain of about 0.14 millimeter, a uniformity coefficient
of a little less than 2, and a capillary fringe bet ween 2 and 3 feet high.
Nine samples were taken from above the capillary fringe in a locality
where the water table stood from 3} to 5% feet below the surface and
were found to contain from 4.9 to 12.8 per cent of water, the average
being 7.8 per cent. It is not certain, however, that all the sand had
received as much rain water as it could retain.

Two samples of water-bearing material in the Salt River valley,
Ariz., were tested for porosity by Willis T. Lee.?? One sample, consist-
ing of sand, pebbles, and boulders, was found to have a porosity of
20.5 per cent by volume; the other, consisting of coarse gravel and
boulders half an inch to 8 inches in diameter, was found to have a
porosity of 35.8 per cent. Lee estimated that the water actually
available for pumping is between 15 and 30 per cent. Obviously,
for coarse gravel devoid of fine material the specific yield can not be
much less than the porosity.

In estimating the specific yield of the alluvial fill in the Morgan
Hill area, Calif., Clark ® reached the following conclusions, based on
well logs and on data published by King and others, as to porosity
and specific yield: The alluvium is composed of 69 per cent clayey
material, 29 per cent gravel, and 2 per cent sand. The sand and
gravel have an average porosity of about 35 per cent by volume and
will yield about 90 per cent of their water content (giving a specific
yield of 31.5 per cent). The clayey materials, somewhat like clay
loam in texture, have an average porosity of 32 per cent and will
yield about 10 per cent of their water content (giving a specific yield
of 3.2 per cent). The total water that the saturated alluvium will
give up is therefore calculated to be 12.06 per cent of its volume.
These conclusions were, to some extent, corroborated by heavy pump-
ing tests, which indicated a specific yield of 11.6 per cent for the
alluvium that was drained by pumping. (See pp. 69-70.)

King * summed up the subject by saying that soil which does not
lie below the water table usually contains about 75 per cent of the
amount of water required for full saturation, and that the water
content in materials above the water table ranges from about 4 per

3 Unpublished manuscript.

BLee, W. T., Underground waters of Salt River valley, Ariz.: U. S. Geol. Survey Water-Supply
Paper 136, pp. 173-175, 1905.

22Clark, W. O., Ground water for irrigatioun in the Morgan Hill area, Calif.; U. 8. Geol. Survey Water-
Bupply Paper 400, pp. 82-87, 1917.

#King, F. H., Principles and eonditions of the movements of ground water: U. 8. Geol. Survey
Nineteenth Ann. Rept . Dt. 2, p. 71, 1899,
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cent of the dry weight for coarse mixed sands such as are used for
plastering to 32 per cent for clays of fine texture. This range is
equivalent to about 6 to 37 per cent by volume. These figures doubt-
less refer to the specific retention of materials above the capillary
fringe, as well as above the water table.

RELATION OF WATER-YIELDING CAPACITY TO ROCK TEXTURE.

The relative amounts of ground water yielded and retained differ
in different kinds of rocks and soils. The retaining force is chiefly
adhesion, which increases with the aggregate area of the rock surfaces
in contact with the water. Therefore, in rocks of uniform porosity
the yield is least in those which have the smallest interstizes. A clean
gravel—that is, one which is not mixed with fine-grained materials—
may have no higher porosity than a bed of silt or clay, yet it may be
an excellent source of water, whereas the silt or clay may be worthless.
The specific yield of the gravel may be nearly equal to its porosity,
but that of the clay may be almost or quite zero, all or nearly all
of its water being held against gravity. Dense rocks, such as lime-
stone or lava containing good-sized solution channels or joints, may
have a low porosity and yet be excellent sources of water because the
interstices which they contain are large and hence yield freely nearly
all of their water. Unassorted clayey material, such as the more dense
boulder clay deposited by glaciers, has a low porosity, and, moreover,
most of its interstices are small. It does not contain very much
water even when saturated, and it holds against gravity most of that
which it does céntain. Its specific yield is still lower than its porosity.

The great influence of the texture of a rock upon its specific yield
is rather forcibly illustrated by the data that have been given. 'Thus,
in King’s experiment the specific yield decreases and the specific
retention increases as the size of the sand grains decreases. (See
table on p. 56 and figs. 17 and 18.) The samples used by King
were all artificially sorted and hence contained no clayey material.
Natural soils, such as those investigated by Israelsen, consist of sand
grains with an admixture of clayey materials that coat the grains or
lie between them. This admixture of fine-grained material increases
the water-retaining capacity very greatly, as is strikingly shown by
comparing figures 19, 20, and 21, which show the specific retention of
silt loam, clay loam, and clay soils, with figure 18, Which shows the
specific retention of assorted sand. Even sample No. 100, which has
an effective size of grain of less than 0.1 millimeter (see Pl. II),
apparently retained but little water as compared with the soil samples.

The samples used by Hazen were doubtless intermediate between
those of King and those of Israelsen in degree of assortment and
in content of very fine material. Their specific retention is also inter-
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mediate. In figure 22 the relation between specific retention and
effective size of grain is represented by a rather regular curve for
samples with low uniformity coefficients (between 1.8 and 2.4), but
in sample No. 6, which is less well assorted and has a uniformity
coefficient of 7.8, the specific retention is higher with respect to the
effective size of grain, showing clearly the great importance of a small
percentage of fine material in retaining water against gravity. On
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FiourE 22.—Diagram showing relations of specific yield and specific retention to effective size of grain
in Hazen's experiments.

account of the relatively low porosity produced by poor assortment
the specific yield of sample No. 6 is relatively very low.

The actual conditions in nature sre, of course, very complex.
When a system of interstices is drained it retains water not only on
its wetted walls but also in crannies of various kinds that act as small
detached or independent capillary tubes. A few of many possible
conditions of this kind are shown in figure 23. The condition shown
in diagram ¢ is very common in deposits made up of rounded grains.
It can easily be produced by any one with a couple of pebbles and
a little water.
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RELATION OF YIELD TO PERIOD OF DRAINING.

Most of the gravity water is yielded promptly, but there is appar-
ently almost no limit to the period during which slow draining will
continue. The coarsest sand in King’s experiment yielded 26.88 per
cent of its volume in two and one-half years. It yielded 10.68 per
cent in the first half-hour, 15.56 per cent in the first hour, and 24.28
per cent in the first nine days, leaving only 2.60 per cent yielded in
the entire period after the 9th day. It was, however, still yielding
minute quantities of water at the end of the two and one-half year
period, when the experiment was brought to a close. In the last
year of the experiment it yielded 19.6 grams, or about one-sixteenth
of 1 per cent.

Fine-grained materials not only yield less water than coarse-grained
materials but they also yield it more tardily. Thus the finest sand in
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FIGURE 23.—Diagrams showing how water is retained against gravity in crannies of rocks by capillarity.
Hachured areas represent rock; shaded areas, water; blank spaces, openings from which water has
drained out.

King's experiment (No. 100) yielded only 1.26 per cent in the first
30 minutes, as against 10.68 per cent yielded by the coarsest sand,
and 2.16 per cent in the first hour, as against 15.56 per cent yielded
by the coarsest. Between the end of the first hour and the 9th day
it yielded 11.29 per cent, or nearly three-fourths of the total yield.
It ceased yielding much earlier than the coarsest sand, however, no
measurable yield being recorded after the first half-year.?

For most water-bearing materials the water drained out by rapid
lowering of the water table in the immediate vicinity of a heavily
pumped well is doubtless considerably less than the total that would
be yielded by long-continued draining, but the draining that accom-
panies the annual fluctuation of the water table is practically cum-
plete. For most materials no serious error is involved if the water
content after several days of draining is regarded as the specific
retention.

#King, F. H., op. cit., pp. 85-89.
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RELATION OF YIELD TO SIZE AND CONTACT OF SAMPLE.

The specific yield and specific retention of a rock or soil are not
the same as the percentage of water respectively yielded and retained
by small isolated samples of the same material that are saturated and
then allowed to drain. The percentage of water yielded by small
samples is less than the specific yield.

This difference results from the fact that a short capillary tube if
filled with water may hold all of its supply, whereas a longer tube of
the same diameter if filled with water and held in an upright position
may allow a part of its supply to drain out because the molecular
attraction is not competent to hold a column of water that is higher
than the capillary range. The communicating interstices of a rock
or a soil may form irregular capillary tubes. In a small sample these
tubes are short and they hold their water; in nature, however, many
of these tubes are indefinitely long and hence are drained down to a
certain level above the water table determined by their diameters.
The principle involved can be illustrated by many familiar examples.
For instance, if a blanket is washed, put through a wringer, and then
deposited in a basket, it may hold all the moisture remaining in it.
If, however, it is hung up, so as to have a longer vertical range, it
may soon become very wet at the bottom and begin to drip.

This difference is recognized by Israelsen,® who says:

The various laboratory methods which have been used to determine the maximum
retentive power of soils for water usually give results which are far in excess of the
retentive powers of the same soils under field conditions, because, first, they con-
sider a very short column of soil which is acted upon by special capillary forces, and,
second, the samples of soil used have, in most cases, volume weights [specific gravi-
ties] which are much lower than those obtaining in the undisturbed condition.

It has already been shown that where a column of material under
investigation is in contact with a body of water at the bottom, as in
King’s experiment (fig. 18), a capillary fringe is maintained for some
distance above the water body, and the water content within this
distance is greater than the true specific retention. If the water body
isremoved and the material is free to drip from the bottom, the lower
part of the column will presumably still retain a larger percentage of
water than higher parts, just as a long capillary tube filled with water
and then placed in an upright position will allow its water to drain
down to a certain level but will remain filled near the bottom, even
though it is free to drip. This wet lower part, detached from any
water table, may be called a ‘“suspended capillary fringe.”” Water
that falls in light rains on a dry soil is doubtless sometimes held in
such a suspended capillary fringe because there is not enough water
to fill the capillary tubes to a sufficient depth to cause downward
percolation by gravity, and the underlying dry soil may be in such

*»Op. cit., p. 1.
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physical condition that it will exert little or no capillary attraction.
A coarse-grained material, with large interstices, underlying a fine-
grained material will also tend to leave a suspended capillary fringe
in the lower part of the fine material.

If material that is filled to the limit of its normal water-retaining
capacity is underlain by material that is not filled to this limit, the
lower material may act as a blotter, drawing water out of the upper
material by capillary attraction and thus depleting the water content
of at least the lower part of the upper material to an amount less
than the true specific retention. This blotter effect may be operative
even if the underlying material is of the same texture as the upper
material, but it will be especially pronounced if the underlying
material is of finer texture. If the moist material is overlain by
material that contains less moisture or has finer texture the over-
lying material will act as a blotter and will tend to draw water
upward, but this difficulty is not generally involved in making tests of
specific retention and specific yield.

Obviously, whether a test is made in the laboratory or in the field,
the true specific retention and the true specific yield of a material
can be ascertained only by using a high column of the material and
disregarding the lower part.

METHODS OF DETERMINING SPECIFIC YIELD.

The conditions just explained render it impossible to determine
the specific yield of a deposit by means of laboratory experiments
with small samples unless some indirect method. is devised, as, for
example, the application of a certain amount of centrifugal force.
Direct determinations of specific yield require large samples or tests
of the formation in place. Most available methods involve a disturb-
ance of incoherent deposits that introduces a more or less serious
error. In making tests with incoherent material care should be
taken to get it as nearly as possible into the condition it had in the
undisturbed deposit.

The various methods for determining specific yield may be classified
as follows: (1) Draining high columns of saturated materials in the
laboratory, (2) saturating in the field a considerable body of material
situated above the water table and above the capillary fringe and
allowing it to drain downward naturally, (3) collecting samples imme-
diately above the capillary fringe after the water table has gone
down an appreciable distance, as it commonly does in summer and
autumn, (4) ascertaining the volume of sediments drained by heavy
pumping, a record being kept of the quantity of water that is pumped,
(5) ascertaining the volume of sediments saturated by a measured
amount of seepage from one or more streams, (6) making indirect

497781 O-59-6
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determinations in the laboratory with small samples by the applica-
tion of centrifugal force, and (7) making mechanical analyses and
estimating therefrom the specific retention and the specific yield.

LABORATORY SATURATION AND DRAINAGE METHOD.

The first method named above, which is the one used by King,
has already been discussed (pp. 563-57). The columns must be high
enough to avoid the vitiating effects of a true or suspended capillary
fringe, and great care must be taken to have the samples completely
saturated at the beginning and to prevent loss by evaporation. The
specific yield can be obtained by ascertaining the porosity of the
material and the water content at each level at the end of the experi-
ment. If both the yielded and the retained water are ascertained,
as in King’s experiment, there is an opportunity to check the accu-
racy of the results. The quantity 100 ( Y;R> should be equal to
the porosity, if Y is the volume of water yielded by draining, R the
volume of water retained at the close of the period of draining, and
V the volume of the sample of material tested. The porosity can be
independently determined by one of the methods given on pages
11-17.

FIELD SATURATION AND DRAINAGE METHOD.

The second method is the one used by Israelsen and other students
of soil water. It is doubtless one of the most convenient and reliable
where the material at the surface is like the aquifer under investiga-
tion. If it is not, representative material from the aquifer can be
put into a good-sized upright cylinder in contact with a wet soil of
proper texture, as in experiments by Alway and McDole,?”” and allowed
to drain into the soil. Care must be taken to keep the evaporation
to & minimum and to have proper conditions at the bottom. The
results would, of course, be inaccurate if the water table were too
near the surface or if the underlying soil contained so little water
that it would act as a blotter. They might also be vitiated by having
the material in the cylinder in contact with coarser material that
would break the capillary continuity and leave a suspended capillary
fringe in the cylinder, or by having the material in the cylinder in
contact with much finer material that would have the blotter effect
on the water in the cylinder. In this method the specific yield is
most conveniently obtained by determining the porosity and specific
retention and assuming that the specific yield is the difference between
these two.

% Alway, F.J., and McDole, G. R., Relation of the water-retaining capacity of a soil to the hygro-
scopic coefficient: Jour. Agr. Research, vol. 9, pp. 27-71, 1917,
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The equation for specific yield is as follows:
y=P—100 (%) —P—r.

where y=specific yield.
P=porosity.
R =water content of the sample.
V =volume of the sample.
r=specific retention.

DIRECT-SAMPLING METHOD.

The third method is essentially the one used by Charles H. Lee in
San Diego County, Calif., and described on pages 60-61. The essen-
tial feature in this method is to take a sample where the water table
has gone down, as it invariably does during the dry summer season
in California. For the most conclusive results the sample should be
taken from a point which in the preceding wet season was below the
water table and which at the time of taking the sample is far enough
above the water table not to be seriously affected by the capillary
fringe. Where the fluctuation of the water table is less than the
thickness of the capillary fringe the most significant samples are those
taken just above the fringe. As this position can not, in practice, be
very definitely determined it is advisable to take samples at several
levels, as Lee did. Each sample should first be tested for its water
content and then for its porosity. The difference between its total
pore space and its water content gives the quantity of water which
it has yielded since it was in the zone of saturation and also the quan-
tity of water which, if it had been left undisturbed, it would have
received into storage the next time the water table rose above it.
The equations are the same as for the second method.

In making tests of this kind it is essential to ascertain that the part
of the deposit from which the sample was taken has not received any
recent contribution of water from rain or irrigation and has not been
exposed to evaporation or. to absorption by plants, both of which
consume water that is retained against gravity by molecular attrac-
tion. If there has been recent wetting by rain or irrigation the result
for specific yield may be too low, and if there has been loss by evapo-
ration or plant absorption it will be too high. If the material investi-
gated is near the surfacesit undergoes an annual fluctuation in tem-
perature and a corresponding fluctuation in specific retention and
specific yield, the specific retention doubtless being least in summer.

PUMPING METHOD.

The fourth method was used by W. O. Clark in the Morgan Hill
area, Calif. It consists in observing the lowering of the water table
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and hence the volume of sediments drained by pumping a measured
volume of water. The specific yield is, of course, the ratio of the
volume of water pumped to the volume of sediments drained. The
equation for specific yield is as follows:

7)
=100 ( =
4 ( v
where y=specific yield,

Y =total volume of water pumped,

V=total volume of sediments drained.
The experiment is described by Clark? as follows:

In 1904-5 the Bay Cities Water Co. conducted a pumping test at the lower gorge
of Coyote River, about 8 miles northwest of Morgan Hill, Calif. An attempt is here
made to determine the approximate storage capacity of the alluvium by making use
of two curves which were prepared by Mr. H. L. Haehl, hydraulic engineer for the
company, on the basis of data obtained from this test. One curve, not reproduced in
this paper, shows the quantity of water pumped; theother, reproduced in simplified
form in figure 24, shows the lowering of the water table due to pumping. The
pumpage ranged between 8,000,000 and 20,000,000 gallons a day, and from November
15, 1904, to January 16, 1905, amounted to 535,372,000 gallons, or 1,643 acre-feet.
The following table gives the estimated arca, depth, and volume of alluvium drained
by the pumping operations. There was no observed lowering of the water table
due to pumping at distances more than 5 miles from the pump.

Area, depth, and volume of alluvium drained by pumping test of Bay Cities Water Co.,
Nov. 15, 1904, to Jan. 15, 1905.

Average

Ares under-| lowering of| Volume of

lain by |watertable| material

. alluvium.e{ dueto | drained.

{ pumping.b

Acres. Feet, Acre-feet.
Less than half a mile south of fpump ................................ 128 17.5 2,240
Between } and 1 mile south of pump. . 428 7.7 3,296
Between 1 and 14 miles south of pump . . 460 4.7 2,208
Between 1§ and 5 miles south of pump. . 3,584 1.8 6,451
14,195

o Based on planimeter measurements. b Based on figure 24.

If the volume of materials drained was 14,195 acre-feet and the quantity of water
pumped was 1,643 acre-feet, the available pore space [specific yield] was 11.6 per
cent. This figure is in close agreement with the 12.06 per cent found by the first
method. The calculations by the first method were completed before any of the
data used in the second method had been obtained, and the two results are therefore
entirely independent of each other. The close agreement is of course accidental,
but the fact that the two methods lead to the same geferal result is probably signifi-
cant. Itshould be recognized that the base data are far from being adequate for the
purpose for which they are used. The amounts of water that percolated into the
area, that escaped northward through the gravels in the lower gap, and that were
drawn to the pump from the area below the gap are undetermined and introduce
large uncertainties.

8Clark, W. 0., Ground water for irrigation in the Morgan Hill area, Calif.: U. 8. Geol. Survey
‘Water-Supp’.’ *~ _ or 400, pp. 84-86, 1917.
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This method has the disadvantage of requiring heavy pumping
operations, and it involves uncertainties due to percolation, during
the period of the test, into and out of the area affected by the pump-
ing. It has the great advantage of avoiding all the artificial conditiens
involved in laboratory experiments.

RECHARGE METHOD.

The fifth method is the converse of the fourth. It consists of ob-
servations on the amount of water that percolates from streams or
canals into an aquifer and corresponding observations on the result-
ing rise of the water table, from which can be computed the volume
of sediments saturated by the measured recharge. It involves sev-
eral inaccuracies, chiefly those due to difficulties in making accurate
measurements of seepuge losses from streams and in making proper
allowances for gains from precipitation and from percolation of water
from other areas and for losses through percolation out of the area,
evaporation, plant absorption, etc. It assumes that prior to the ex-
periment the sediments contain water to the extent of their water-
retaining capacity. The equation for specific yield is as follows:
where y = specific yield.

v)
¥ = 100 ({ —

v =10 (5

Y = recharge.

V = volume of sediments saturated.
MOISTURE-EQUIVALENT METHOD.

The sixth method has not been perfected but has been suggested
by the work of Briggs, Alway, Israelsen, and others. The term mois-
ture equivalent was introduced by Briggs and McLane? to express
the percentage of water retained by a sample of soil or other material
when it is saturated and then subjected to a constant centrifugal
force.

It seems theoretically possible to apply a centrifugal force of such
magnitude that it would reduce the capillary fringe so much that this
fringe could be ignored without introducing much error, even in small
samples, and yet would not be strong enough to withdraw a large
proportion of the water that is held more securely above the capillary
fringe. Thus, if a material will lift water 100 inches by capillarity
acting against gravity it will theoretically be able to hold it only 0.1
inch against a centrifugal force that is 1,000 times as great as the
force of gravity. Experiment alone can determine to what extent
such a force would remove water that is held above the capillary
fringe against the pull of gravity.

 Briggs, L. J.,and McLane, J. W., The moisture equivslents of soils: U. 8. Dept. Agr. Bur, Scils
Bull. 45, 1907.
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Briggs and McLane made determinations of the moisture equiva-
lents, under a centrifugal force 3,000 times the force of gravity, of
more than 100 soils, of which they also made mechanical analyses.
For a few soils they also made determinations of the moisture equiva-
lent under centrifugal forces of several different intensities, as is shown
in the following table. Unfortunately for the present purpose, the
moisture equivalents are expressed in percentage by weight, and as
the specific gravity of the soils is not given it is impossible to convert
the values into percentage by volume.

Moisture equivalents of certain soils under different amounts of centrifugal force.

{Per cent by weight.]

centimeter of water—that is, using

Centrifugal force, in grams per cubie } a7
the force of gravity as the unit.....

1,057 | 1,208 { 1,975 | 2,073 | 2,174 | 2,937

8

New Mexicodunesand..............
Sassafras loam, good................. 1

Leonardtown loam, good............. 18.
Leonardtown loam, poor............. 12

. -
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DNV

e

|
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P Nson

bt et bt
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2.6

2.5

2.1

6.3

Hagerstown stony loam.. 16.9 15.0 14.6
Hagerstown sandy loam . 12.2) 1.0 9.9
Hagerstown loam (l; . 21.81 20.8 18.4
Hagerstown loam (2) . 18.3 17.5 16.5
Hagerstown silt loam. 17.9 16.5 15.8
Hagerstown shale loam. 31.6| 25.0 17.3
Hagerstown clayloam(l; PR (RN PR P, PR (. 24.1 23.4 21,5
Hagerstown elayloam (2) .......... ..o oo i eeenaierniac it ieneeens 26.0 25.5 24.8

The following table gives the mechanical analyses of most of the
soils whose moisture equivalents are given in the preceding table.
It will be noted that the effective size of grain of practically all these
samples is less than 0.005 millimeter.

Mechanical composition of certain soils.

[Per cent by weight for specified limits as to diameter of grain .]

0.5t0 | 0.25t0| 0.1to | 0.05 to| LeS8

mini |'mili | 028 | OL'| 00 | 0005 | GG Organto
i- | milli- | milli- | milli- | - matter.

meters. | meter. | moter, | meter. | meter. | meter. gleilei;
Hagurstown stony loam............. 2.7 4.9 3.6 7.3| M4.1 45.1 2.1 1.6
Hag WD S8 08IM ...ceeunnnn.. .4 5.0 8.8 23.4 20.2 33.0 9.4 1.0
Hagerstown loam ?3 .............. 2.1 3.4 3.4 6.8 12.4 57.2 14.9 1.4
Hagerstown loam (2).... 1.0 1.8 1.4 7.4 18.6 49.9 19.7 1.0
Hagerstown slltloam..... .3 .6 1.5 9.1 10.5] 60.3| 17.4 1.0
Hagerstown shale loam ... 13.1 5.1 2.0 3.8 7.9 §5.5| 11.7 2.6
Hagerstown clay loam (1). 1.0 2.7 2.8 6.7 10.6 61.7 14.3 2.2
Hagerstown clay loam (2)............ 1.9 1.8 1.2 2.5 6.3 69.6 17.0 1.3

The results obtained are summarized by Briggs and McLane as
follows:

The moisture equivalents of over 100 samples-of type soils have been determined,
employing for this purpose & centrifugal force about 3,000 times the force of gravity.
These moisture equivalents vary from 3.6 per cent in the coarser sandy soils to 46.5
per cent in a heavy clay subsoil [perhaps about 5 to 50 per cent by volume]
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These observations were reduced by the method of least squares to determine the
influence of the sand, silt, and clay groups and of the organic matter upon the reten-
tion of moisture. It was found for the whole series that each per cent of clay or or-
ganic matter in the soil corresponded to a retention of 0.62 per cent of moisture [by
weight] when the soil was subjected to a force of 3,000 times that of gravity. Each
per cent of silt, under similar conditions, corresponded to a retention of 0.13 per cent
of moisture, and the coarser grades show practically no retentive action against this
force. The probable error for these coefficients was rather high. * * * Itisinter-
esting to note that the organic matter, for the force employed, has a retentive
power no greater than the clay group.

In these conclusions the term ‘“clay’ is used for sediments less
than 0.005 millimeter in diameter, and the term ““silt” for sediments
between 0.005 and 0.05 millimeter in diameter. According to the
results obtained each per cent of material between 0.05 and 0.25
millimeter in diameter had a retentive power of 0.002 per cent of
water, and each per cent of material between 0.25 and 2 millimeters
had a retentive power of 0.022 per cent of water. The apparent
anomaly of the coarser sand having greater retention than the grade
that is less coarse is explained as resulting from the fact that the
soils vary greatly in character, so that the individual peculiarities of
the soil tend to mask the true values of coefficients that are very
small.

With respect to the relation of the moisture equivalent to the
specific retention, Briggs and McLane*® make the following sugges-
tion:

It is possible to reduce the moisture content of a soil in this way so that it is no
greater than the moisture content of the soil under favorable field conditions. By
this method, then, it is possible to determine the retentive power of different soils
for moisture when acted upon by the same definite force, comparable in magnitude
with the pulling force to which the soil moisture is subjected in the field.

In a later publication Briggs and Shantz* developed the following
equation:

Moisture-holding capacity = (moisture equivalentx 1.57)+21.

In this equation the ‘ moisture-holding capacity ” is the specific
retention determined by the use of soil columns only 1 centimeter
high and expressed in percentage by weight; the moisture equivalent
is determined by the application of a centrifugal force of 1,000 times
the force of gravity. Because of the low columns of material used
the ‘‘ moisture-holding capacity ”’ of this equation is much greater
than the true specific retention. For the purposes of hydrology the
equation is therefore not directly applicable, but it is suggestive of
the use that could perhaps be made of the moisture equivalent.

®Op. cit., p. 22.
8 Briggs, ’L J., and Shantz, H. L., The wilting coefficient for different plants and its indirect deter-
niination: U. 8. Dept. Agr. Bur. Plant Industry Bull. 230, p. 73, 1012.
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Tn figures 19, 20, and 21 (pp. 58-59), which show some of Israclsen’s
results, the moisture equivalents, expressed in percentages by volume,
are shown in relation to the water content and porosity similarly ex-
pressed. In the coarser soils, such as the silt loams shown in figure
19, the values for the moisture equivalent are not very different from
those for water content four days after irrigation, though the mois-
ture equivalent averages slightly higher than the water content.
For the more clayey soils there are larger differences. In the.clay
soils represented in figure 21 the moisture equivalent is shown to be
much larger than the water content four days after irrigation and
even greater than the porosity. Israelsen suggests that this may be
due in part to difficulty in wetting the impervious clay soils, as a
result of which the water content shown is less than the specific
retention, and in part to differences in specific gravity of the soil in
the field and in the perforated cups of the centrifuge. Israelsen*:
summarizes his conclusions as follows:

The comparisons made suggest that the moisture equivalent may be made a means
of judging the maximum capillary capacity [specific retention] of soils in place.
Though definite conclusions from so few correlations are not warranted, it seems that
the moisture equivalent represents more nearly the maximum capillary capacity

[specific retention] of the soil in place than do the ordinary laboratory determinations
upon the disturbed soil, both in point of accuracy and of absolute value.

MECHANICAL-ANALYSIS METHOD.

As specific retention is related to texture a possible method of
estimating the specific retention of an incoherent deposit is by mak-
ing a mechanical analysis of the material. The specific yield would
then be obtained by subtracting the specific retention from the poros-
ity. The following statement is made by Briggs and Shantz®
regarding the availability of this method:

Soil texture has been used for the quantitative deseription of soils more exten-
sively than any other physical property, and unfortunately it has been one of the
most difficult to interpret from the standpoint of moisture retentiveness. Texture
is quantitatively expressed by means of the mechanical analysis, which shows the
composition of the soil when the particles are separated into groups according to size.
The accuracy with which the texture of the soil can be expressed by this means is
dependent on the number of groups into which the particles are separated. But the
difficulty of effecting a complete separation of the finer particles into the desired
groups places a practical limnit upon the number of groups, which is usually limited
to seven.3t

The use of mechanical analysis as a basis for determining the moisture retentive-
ness of a soil is further complicated by the fact that soils having a high clay content
will show great differences in the amount of colloidal material, which greatly affects

B Op. cit., pp. 23-28.

8Op. cit., p. 68.

 Briggs, L. J., Martin, O. ., and Pearce, J. R., The centrifugal method of mechanical soil analysis:
U. 8. Dept. Agr. Bur. Soils Bull. 24, p. 33, 1904.
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the moisture retentiveness. Furthermore, the particles constituting a given group
may lie much nearer one limit of the group than the other, so that a given group does
not always have the same properties. Consequently the particles constituting a given
group in the mechanical analysis do not always have the same moisture retentive-
ness per unit mass. It is also possible that the specific retentivity of a group when
measured alone is modified to some extent by admixture with particles from other
groups.

The following equation for interpreting mechanical analyses of
materials with respect to their water-retaining capacities was devel-
oped by Briggs and Shantz:

Moisture-holding capacity = (0.03 sand + 0.35silt + 1.65 clay) + 21.

In this equation the term ‘‘sand” refers to the percentage, by
weight, of the dry sample composed of particles between 2 and 0.05
millimeters in diameter, ‘“silt” to the percentage between 0.05 and
0.005 millimeter, and “clay’’ to the percentage smaller than 0.005
millimeter. The term ‘‘moisture-holding capacity” has the same
meaning as on page 74 and therefore indicates a larger quantity than
the specific retention, as defined in this paper. The porosity minus
this quantity would give a result that would be less than the actual
specific yield of the material.

The specific retention and hence the specific yield could also be cal-
culated by means of a curve based on the effective size of grain, such
as is shown in figure 22 (p. 64), on the basis of Hazen’s data. This
method would require a determination of the porosity and & mechan-
ical analysis or other means of ascertaining the effective size of grain.
Some sort of results could be obtained by developing a curve to show
the relation between porosity and the uniformity coefficient from
data plotted as in figure 5 (p. 8). The specific yield could then be
computed from the effective size of grain and the uniformity coeffi-
cient, and these two quantities could conveniently be derived by
plotting a mechanical analysis as in figure 4 (p. 6). It is doubtful,
however, whether the results derived in this manner would be accu-
rate enough to be of practical value. At best this method is appli-
cable only to incoherent materials.

ZONE OF AERATION.
DEFINITION OF TERMS.

The part of the solid earth lying above the zone of saturation may
be called the “zone of aeration,” because its interstices are largely
filled with atmospheric gases. This zone also contains much water,
and some of its smallest interstices may be completely filled with
water. But the water in the zone of aeration is not, except tempo-
rarily, under hydrostatic pressure. It is for the most part held by
molecular attraction, and if this force did not exist nearly all of this

®0p. cit., p. 73.



PRINCIPLES OF OCCURRENCE. ™

water would be drawn down by gravity to the water table. This
water may appropriately be called ‘‘suspended subsurface water”
because it is held up against the pull of gravity much as a body may
be suspended by a visible string or cable, or as small solid and liquid
particles are held in the atmosphere and small solid particles are held
in a body of water through this same force of molecular attraction.
It has also been called ‘“vadose water.”” According to this classifi-
cation there are two kinds of water in the interstices of the earth—
suspended subsurface water, or vadose water, which is the water in
the zone of aeration, and ground water, or phreatic water, which is the
water in the zone of saturation.

In exceptional areas there are two zones of saturation, the upper one
containing ground water that is supported at least temporarily by
some relatively impervious bed at alevel far above the water table of the
main body of ground water. Insuchan area the unsaturated deposits
between the upper and lower bodies of ground water may be regarded
as a second zone of aeration.

Such conditions appear to prevail in the detrital fill of Sulphur
Spring Valley, Ariz.,* where high-level water supported by calca-
reous hardpan occurs in many localities far above the main water
table (fig. 25).

In the parts of the Tintic mining district,®” in Utah, where igneous
rocks rest on limestone and quartzite, there are two zones of aeration
with an intervening zone of saturation. Springs and shallow wells
obtain water from the decomposed igneous rocks and overlying rock
waste, but wells and mine shafts sunk into the underlying limestone
and quartzite lose their water and remain dry to depths of many
hundred feet. Any water that reaches the limestone and quartzite
sinks to great depths, where there is apparently a second zone of
saturation.

On the island of Hawaii beds of dense volcanic ash are at several
horizons interbedded with very permeable lava. Above some of these
ash beds are found true zones of saturation, which will yield water to
springs and tunnels. However, these perched water bodies are in
some places more than 1,000 feet above the main zone of saturation
and are separated from it by great thicknesses of very permeable but
unsaturated lavas that yield no water. In figure 26 is shown a section
on the Kapapala ranch, in the Kau district, in which there are two
ash beds, at B and D, one about 400 feet above the other, each sup-
porting a perched water body that constitutes a true zone of satura-
tion and yields water supplies to springs and tunnels. The basal
zone of saturation would doubtless be found near sea level, many

8 Meingzer, O. E., and Kelton, F. C., Geology and water resources of Sulphur Spring Valley, Aris.;
U. S. Geol. Survey Water-Supply Paper 320, pp. 102-111, 1913.

¥ Meinzer, O. E., Ground water in Juab, Millard, and Iron counties, Utah: U. 8. Geol. S8urvey Water-
Supply Paper 277, pp. 29-31, 81-86, 1911.
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hundred feet lower.

79

In this locality there are therefore three zones

of saturation alternating with three zones of aeration, A, C, and E.

A good example of a perched water body
in Long Island is given by A. C. Veatch, as
shown in figure 27. Unsaturated strata,
comprising a second zone of aeration, in-
tervene between the saturated zone that
supplies the deep well and the saturated
strata near the surface that supply the
springs and shallow wells in the vicin-
ity.

Temporary zones of saturation are com-
monly found very near the surface after
heavy rains, especially where the soil and
subsoil are of clayey character, and in the
spring before the deeper frost has left the
ground. They produce conditions that
are well known to farmers. Such a
temporary zone of saturation may be far
above the permanent zone of saturation
and may be separated from it by un-
saturated soil or rock. While it lasts,

Main water table
F

F1aURE26.—Sectionat Kapapalaranch,
Kau district,island of Hawaii, show-
ing three zones of aeration, A, C, E,
alterniating with three zones of satu-
ration, B, D, F. (Datafurnished by
W. 0. Clark.)

however, it has a true water table and in other respects behaves
like a deeper permanent zone of saturation.

3
3
2
o
%
£

Gr .

{ Pond

%Sha!low wel

.

Main water table

FIGURE 27.—Bection on Long Island, N. Y., showing & body of perched
water. A, Unsaturatedstrata; B, perched water table; C, saturated strata;
D, nearly impermesble till. (After A. C. Veatech, U. S. Geol. Burvey

Prof. Paper 44, fig. 25, 1906.)
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THICKNESS OF
ZONE OF AERA-
TION.

The zone of
aeration varies in
thickness from
place to place ac-
cording to the
depth to the
water table. In
swampy tracts it
is virtually ab-
sent, the zone of
saturation being
about at the sur-
face. On elevat-
ed desert plains
underlain by grav-
elly deposits it

may be several hundred feet thick, and in mountains consisting of fis-
sured or porous rocks in arid regions it may be more than 1,000 feet
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8 & 8§ 8§ thick. Over most of the humid portion
R of the United States and over large
6 wequnsfer]f parts of the arid portion the thickness
g of the zone of aeration, or the depth to

owng i H the water table, is less than 100 feet.

Data on 28,797 wells distributed
throughout the United States were ob-
tained through correspondence by Mc-
Gee.®* The average of the reported
depths to the water level in all these

3 wells is 37 feet. The actual average
<3 a0y, g depth to the water level is doubtless con-
3 siderably greater, because, obviously,
Y 3 wells are the most abundant where the

_ o a 3 depth to water is not great.
el /e i & The mines at Tombstone, Ariz., were
K es.uiv%é | dry to a depth of about 500 or 600 feet,
| 1é but deeper workings could be kept ac-
s w0 e cessible only by pumping great quanti-
8 3 ties of water.® The mines at Bisbee,
TN oliieny 17| & Ariz., are likewise dry to great depths,
ey but: heavy pumping is required from

those which have been sunk deepest.
Ransome* reports that in the Lowell
mine the water level was encountered
about 1,100 feet below the surface and
that pumping was necessary after this
depth was reached. Inthe Utah mine,
which is situated near Fish Springs,
Utah, and is developed chiefly in lime-
stone, no water was found until a depth
of 800 feet was reached. In the Tintic
mining district, in Utah, a number of
shafts sunk largely through limestone
to depths of 1,500 to 2,390 feet are dry
or receive water only near the bottom.4

a8 McGee, W J, Wells and subsoil water: U. S. Dept. Agr.
Bur. Soils Bull. 92, pp. 161-163, 1913,

2 Meinzer, O. E., and Kelton, F. C., Geology and water
resources of Sulphur Spring Valley, Ariz.: U, 8. Geol. Sur-
vey Water-Supply Paper 320, pp. 115-116, 1913.

# Ransome, F. L., U. 8. Geol. Survey Geol. Atlas, Bisbee
folio (No. 112), p. 16, 1904.

1 Meinzer, O. E., Ground water in Juab, Miliard, and
Iron counties, Utah: U. 8. Geol. Survey Water-Supply
Paper 277, pp. 29, 80, 81, 1911. Lindgren, Waldemar, and
Loughlin, G. F., Geology and ore deposits of the Tintic

S " mining district, Utah: U. 8. Geol. Survey Prof. Paper 107,
§ pp. 122-125, 1919,
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FIGURE 28.—Cross sections of Tintic mining district, Utah, showing shafts and water levels. (After Lindgren and Loughlin.)
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The Mammoth mine was still dry when it reached the depth of 2,360
feet. There is, however, a question as to whether this condition is
due wholly to a very low water level or in part to the impervious
character of the rock. The latest data on depths to the water level
in the Tintic district are graphically shown in figure 28, which is
taken from the paper by Lindgren and Loughlin.#? In some of the
high areas in the Hawaiian Islands, underlain by permeable lava, the
water table is doubtless several thousand feet below the surface.

Extensive areas in which the zone of aeration is thin, the water
table being near the surface, are by no means confined to the humid
sections of the country but are found in many valleys in the arid and
semiarid parts of the West. Sacramento Valley, Calif., which is 150
miles long and 40 miles wide, was found in a survey by Bryan* to
have a depth to water of less than 25 feet throughout more than four-
fifths of its area. The extent of shallow-water tracts in typical val-
leys in Arizona, New Mexico, and Nevada is shown in the following
table:

Areas (tn acres) having specified thicknesses of the zone of aeration (depths to water table).

0-10 0-15 U-20 0-25 0-50 0-100
feet. | feet. | feet. | feet. | feet. feet. Authority.

Sulphur 8pringVal- |......... 96,000 |......... 141,000 | 262,000 | 432,000 | U. 8. Geol. Survey Water-
ley, Ariz. Slépply Paper 320, p. 96.
Tularosa Basin, N. |...cc.eoifeereaeaifoccanenn 364,000 | 762,000 |1,036,000 | U. S. Geol. Survey Water

Mex. Supply Paper 343, p. 104.
Bi}g Smoky Valley, 1 130,000 |........leceerrenfionennnnn 240,000 | 335,000 | U. 8. Geol. Survey Water-
8V, Supgly Paper 423, p. 105.
Steptoe Valley Nev.{ 95,000 [.ccvous. 135,000 [......... 185,000 |.......... U. 8. Geol. Surve ater-

Supply Paper 467, p. 38.

SUBDIVISIONS OF ZONE OF AERATION.

The zone of aeration may be divided with respect to the occurrence
and circulation of its water into three belts—the belt of soil water,
the intermediate belt, and the capillary fringe. The belt of soil water
consists of soil and other materials that lie near enough to the surface
to discharge water into the atmosphere in perceptible quantities by
the action of plants or by soil evaporation and convection. The
capillary fringe, as already explained (p. 31), is the belt immediately
above the water table that contains water drawn up from the zone
of saturation by capillary action. Where the water table is so far
below the surface that the belt of soil water does not extend down to
the capillary fringe there is an intermediate belt. This threefold
subdivision of the zone of aeration and the relations of the three belts
to each other are illustrated in figure 29. In accordance with this
threefold subdivision of the zone of aeration, there may be said to be

430p. cit., fig. 16.
4#Bryan, Kirk, Ground water for irrigation in Sacramento Valley, Calif.: U. 8. Geol. Survey Water-
Bupply Paper 375, p. 19, 1915,
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three kinds of suspended subsurface water, or vadose water—soil
water, fringe water, and intermediate vadose water.

BELT OF SOIL WATER.
CHARACTER AND THICKNESS OF BELT.

Soil water may be discharged into the atmosphere by evaporation
directly from the soil or by the action of plants.

Evaporation takes place only at the surface or in the interstices
near the surface, except in clayey soils, which in drying form large
sun cracks that permit evaporation at considerable depths, and except
where there are caves with openings to the surface. The water that
evaporates in the interstices is carried into the atmosphere by circu-
lation of air through the upper layer of soil. Water is to some extent
brought up to the evaporating surfaces by capillarity, but the total
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FIGURE 29.—-Diagrammatic section showing the three belts of the zone of aeration.

depth below the surface from which water in appreciable quantities
is removed by evaporation seldom exceeds a few feet.

The depths to which the roots of plants go for water varies greatly
with different kinds of plants and with different kinds of soil and
moisture conditions. Ordinary grasses and field crops do not draw
from depths of more than a few feet, though Chilcott* cites an
example of wheat in a semiarid region sending its roots to a depth of
6 feet and expresses the opinion that this depth of root penetration
may not be unusual. Investigations by Burr  showed that in fine
sandy loam, derived from loess, at North Platte, Nebr., corn, oats,
spring wheat, and barley use water from a depth of 4 or 5 feet, and
winter wheat from a depth of 6 or 7 feet; also that alfalfa, once well
established in soil of this type, will obtain ground water where the
water table is as much as 20 to 30 feet below the surface. Some of

#“Chileott, E. C., Some misconceptions concerning dry farming: U. 8. Dept. Agr. Yearbook for
1011, p. 255, 1912.
«#Burr, W. W, The storage and use of sil moisture: Nebraska Univ. Research Bull. 5, p. 9, 1914.
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the relations of plant roots to the supplies of soil water are described
by Kearney and Shantz*® as follows:

Plants differ greatly in the characters of their root systems. Some species are
characterized by roots which penetrate deeply into the soil, while others possess
roots which lie near the surface. The root system can be more or less modified by
environment and is particularly susceptible to the influence of changes in soil mois-
ture and soil texture. Ability to evade drought is often due to having roots devel-
oped in such manner as to absorb water from an unusually large mass of soil. Whether
a shallow or a deep root system is most effective depends largely upon the character
of the soil and upon the distribution of the rainfall. If water penetrates readily to a
considerable depth, plants having deep roots are obviously at an advantage as com-
pared with shallow-rooting species. Such roots can push ahead into moist soil as fast
as the surface layers dry out. In the virgin condition, soils which have this distri-
bution of moisture are largely occupied by deep-rooting woody plants, such as the
characteristic black sage (Artemisia tridentata) of the Great Basin region. Alfalfa
with its long taproot is a good example of this adaptation among cultivated plants.

Large trees and certain types of deep-rooted desert plants draw
water from considerable depths. There is evidence that a certain
type of mesquite obtains water as much as 50 feet below the surface
and that other perennials may send their roots to depths of 50 or even
60 feet.”” This subject will be discussed more fully in a paper on
the origin, discharge, and quantity of ground water now in preparation.

WATER-RETAINING CAPACITY IN RELATION TO AGRICULTURE.

Soil water is of great importance to the agriculturist because it is
the water on which the crops depend and which in large measure
determines their yield. Elaborate investigations have been made of
the content of water in the soil, the conditions and rate of its discharge
into the atmosphere, its consumption by plants, its upward and
downward migration, the depth from which it is absorbed by differ-
ent kinds of cultivated plants, and the behavior of different kinds of
soil in all these respects. An extensive literature on these subjects
has been produced by students of agriculture.

A high specific retention in a material—a large capacity for hold-
ing water against the pull of gravity—is detrimental to the material
as an aquifer. It detracts from its value as a source of water for
wells and springs. It measures to a considerable extent, however,
the value of the material as a soil. The retained water is not avail-
able for wells and springs, but it is, for the most part, the water
which supplies vegetation.

# Kearney, T. H.,and Shantz, H. L., The water economy of dry-land crops: U. 8. Dept. Agr. Year-
book for 1911, p. 356, 1912.

47 Mendenhall, W. C., Some desert watering places in southeastern California and southwestern
Nevada: U. S. Geol. Survey Water-Supply Paper 224, p. 20, 1909. Meinzer, O. E., and Kelton, F. C.,
Geology and water resources of Sulphur Spring Valley, Ariz.: U. 8. Geol. Survey Water-Supply Paper
320, pp. 182-187, pls. 1-2, 1913. Brown, J. S., The Salton Sea region: U. 8. Geol. Survey Water-Supply
Paper 497 (in press). Rotmistrov, V. G., The nature of drought according to the evidence of the
Odessa experiment field, Odessa, 1913.
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An excellent example of the importance to vegetation of the water-
retaining capacity of a soil is afforded by the sand dunes in humid
regions. For example, some of the dunes on the south and east sides
of Lake Michigan are bare of vegetation or support chiefly cacti and
other desert plants, and sand hills in parts of Florida where the aver-
age annual rainfall is about 48 inches support prickly pears and
Spanish daggers. The sand in these humid regions is so coarse and
clean that it has a high specific yield but a low specific retention.
The rain percolates downward, out of the reach of plants, so rapidly
and almost completely that the amount of water available for plant
growth is no greater than it would be in a region of good soil and
light rainfall. One of the most important properties of a good soil
is a texture that will retain an adequate amount of water.

WATER AVAILABLE FOR GROWTH.

The root system of an ordinary plant includes a large number of
fine rootlets that penetrate all parts of the soil from which the plant
draws its water supply and dissolved mineral matter. These root-
lets have the power of absorbing much but not all of the water that
is retained by molecular attraction. To some extent the soil water
is drawn to the rootlets by capillary action when they remove the
water in their immediate vicinity. However, this capillary move-
ment is sluggish, whereas water in adequate quantities is essential to
the life and growth of the plants. Hence to a great extent plants
send their rootlets to portions of the soil where water is available
rather than wait for the water to migrate to the roots by capillarity.

The ‘“ wilting coefficient ”’# of a soil is defined as the ratio of (1)
the weight of water in the soil when (with gradual reduction in the
supply of soil water) the leaves of the plant growing in the soil first
undergo permanent wilting to (2) the weight of the soil when dry. By
permanent wilting is meant a reduction in water content from which
theleaves can not recover in an approximately saturated atmosphere
without the addition of water to the soil. As growth practically
ceases when a plant reaches a permanently wilted condition, the
wilting coeflicient represents approximately the soil water that is not
available for growth, and the excess of water in the soil at any given
time over the wilting coefficient is the water available for growth at
that time. The boundary between the water which is available and
that which is unavailable for growth is doubtless somewhat indefinite,
just as the boundary between gravity water and retained water is
indefinite. The capacity of a soil for holding water available for
growth is measured by the difference between its specific retention
and its wilting coefficient.

48 Briggs, L. J., and Shantz, H. L., The wilting coefficient for different plants and its indirect deter-
minstion: U. 8. Dept. Agr. Bur. Plant Industry Bull. 230, 1912.
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The wilting coefficient differs greatly for different kinds of soil but
is remarkably uniform for different kinds of plants growing in the
same soil. This fact was demonstrated by Briggs and Shantz,*® from
whom the following is quoted:

The wide range in moisture content of different soils at the time of wilting of the
plant cover appears to have been first clearly recognized by Sachs® in 1859. The
differences which extreme types of soil exhibitin this respect are truly remarkable,
ranging from 1 per cent in coarse dune sand to 30 per cent or more in the heaviest
typesof clay. Sachs’s experimental work in this field was confined to a single plant.
Later investigators in extending this work concluded that not only do soils show a
wide range in moisture retentiveness, but that different groups of plants differ widely
in their ability to reduce the moisture content of a given soil. Thus, the experi-
mental work of Gain,® Heinrich,? Hedgcock,? and Clements,* all indicates con-
siderable variation in the moisture content of the soil at the time of wilting of
different plants, which has been interpreted to mean that some plants are capable of
reducing the moisture content of a given soil to a lower point than others—in other
words, that the nonavailable moisture varies according to the kind of plant used as
an indicator. In fact, this view is the one usually presented in the standard works
on plant physiology and plant ecology.

The difference exhibited by plants in this respect has also been considered to be
an important factor in drought resistance, the additional supply of water thus made
available to some plants being supposed to be sufficient to carry them through a dry
period when other plants would succumb to drought. With this point of viewin
mind the present writers have made an extensive series of determinations with a
number of plants, including native plants from semiarid and arid regions, to deter-
mine the variation exhibited in their ability to reduce the moisture content of the
soil before permanent wilting takes place. The results of these investigations have
led us to conclude that the variation exhibited by different plants is much less than
has heretofore been supposed and that it is insignificant compared with the range in
moisture retentiveness exhibited by different soils.

Wilting-coefficient determinations have been made in a series of 20 soils ranging
from sands to clays. In this work, involving about 1,300 determinations, a large
number of varieties of the different crop plants have been tested, as well as many
native plants from the Great Plains.

The results obtained show that species differ only slight!y as regards the soil-
moisture content at which permanent wilting first takes place. Taking 100 to repre-
sent the average wilting coeflicient, the different species tested (except Colocasia and
Isoetes) give an extreme range from 92 for Japan rice to 106 for a variety of corn.
Most of the species and varieties tested differ much less than this. On the same
scale the great crop plants gave the following values, obtained by combining the
. different varieties: Corn 103, wheat 99, cats 99, sorghum 98, millet 97, barley 97, rye
(one variety only) 94, rice 94, grasses 97, and legumes 101.

#0p. cit., pp. 7, 8, 75, 76.

80 8achs, J., Bericht iiber die physiologische Thitigkeit an der Versuchsstation in Tharandt, Land-
wirthschaftlichen Versuchs-Stationen, 1859, vol. 1, p. 235.

61 Gain, E., Action del’eau du sol sur la végétation: Rev. gén. botanique, vol. 7, p. 73, 1895.

83 Heinrich, R., Zweiter Bericht iiber die Verhiltnisse und Wirksamkeit der landwirtschaftlichen
Versuchs-Stationen zu Rostock, p. 29, 1894.

52 Hedgeock, G. G., The relation of the water content of the soil to certain plants, principally
mesophytes—Studies in the vegetation of the State, pt, 2, pp. 579, 1902. In Botanical survey of
Nebraska, vol. 6.

&4 Clements, F. E., Research methods in ecology, p. 30, Lincoln, Nebr., 1905.
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The conclusion is thus reached that the differences exhibited by crop plants in
their ability to reduce the moisture content of the soil before wilting occurs are so
slight as to be without practical significance in the selection of crops for semiarid
regions. Furthermore, it is believed that the slight differences which have been
observed are largely due not to the ability of one variety to exert a greater attractive
force upon the soil moisture than another but to the more perfect root distribution
of one variety as compared with another. Drought resistance in certain plants can
not, then, be attributed to their ability to exert a greater force upon the soil moisture
and so gain an additional water supply.

The following equations developed by these investigators® show
the relations between the wilting coefficient and other properties
of soils:

Moisture equivalent
1.84
Moisture-holding capacity —21
- 2.90
=0.01 sand +0.12 silt + 0.57 clay.

In these equations the terms ‘“moisture-holding capacity,” ‘““sand,”
“silt,” and “clay’” have the same meanings as are given on page 74.
The authors also give estimates of the probable percentages of error
that may be expected in each equation.

These equations are based in part on data given in the following
tables:5¢

Wilting coeflicient =

M

Relation of wilting cocfficient to moisture equivalent of sotls.

[From Briggs and Shantz. Wilting coefficient and moisture equivalent given in per cent by weight
of the dry soil.}

Wilting coefficient. | Ratio of
moisture
Moisture equiva-
No. Type of soil. equiva- | Number lent to
ent. | of deter-| 3.0 wilting
mina- : coeffi-
tions. cient.
1 1.55 1 0.86 1.81
7 1.55 59 1.03 1.51
87 2.48 8 1.23 2.01
2 4.66 18 2.6 1.79
8 5.5 42 3.03 1.82
9 8.74 44 3.76 1.79
80 [ Sandy loam ..o i e reaae e 15 4.2 |-
3 9.7 14 4.8 2.02
10 1. 12.0 45 6.3 1.91
82 14.5 11 7.8 1.86
4 18.1 36 9.3 1.95
30 18.5 418 9.7 1.91
26 18.6 64 8.84 2.10
12 18.9 45 10.4 1.82
86 23.3 9 13.4 1.74
78 23.8 34 12.7 1.87
5 25.0 13 13.9 1.80
13 27.4 55 14.8 1.35
14 29.3 33 17.1 1.71
6 30.2 16 16.3 1.85
P 31.9 3 16.8 1.89
Q. 40.2 2 22.2 1.82
R |. 43.5 3 23.3 1.86
S . 44.9 2 24.2 1.8
T|. 45.7 3 25.9 1.78
U . 48.8 3 25.7 1.90
Vv 52.4 3 27.4 1.91
w 56.2 3 30.4 1.84
X 57.0 3 30.9 1.84

8 0p. ¢it., p. 77, % 0p. cit., pp. 60, 68.
pPp
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Relation of wilting coefficient to mechanical composition of soils.

[From Briggs and Shantz. Mechanical composition and wilting coefficient are given in per cent by
weight of the dry soil.]

Mechanical compeosition.
X Clay | Wilti
No. Type of soil. (OS‘;},tw {less eaemn-g
Coarse Fine 0.005 than cient.
sand. sand milli- 0.005
metery, | milli-
| meter).
7] Coarsesand.........ociiiiiieeaiinnennianannnn 60.4 37.1 0.8 1.6 0.9
2 | Fine sand 28.2 64.4 4.7 3.9 2.6
8 ..... do.. 35.4 53.1 4.8 4.5 3.3
L0 D do..... 29.9 56. 7 5.0 8.2 3.8
3 | Sandyloam............ 33.1 50.0 8.6 7.5 4.8
4 | Fine sandy loam 2.8 59.8 30.2 6.9 9.7
12 3.4 55.5 21.8 19.1 10.3
A 32.4 23.8 26.7 11.8 9.9
B 15.8 42.4 28.7 12.9 10.8
C 19.2 35.6 30.6 14.7 11.6
5 2.0 48.8 37.7 12.3 13.9
D 3.6 35.2 41.4 14.4 15.2
14 5.1 27.0 35.2 32.5 16.2
E 3.2 43.7 45.1 17.1 18.5
8 4.4 20.5 52.6 22.0 16.3

The relation between the wilting coefficient and the moisture equiv-
alent for the wide range of soils given in the above table is shown by
means of a straight-line curve in figure 30, and the relations between
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FIGURE 30.—Diagram showing relation between wilting coefficient ami moisture equivalent for 28 types of
soil ranging in texture from coarse sand to very heavy clay. (After Briggs and Shantz.)

the wilting coefficient and various other properties for a more limited
range of soils are shown by similar curves in figure 31. These two
figures also show the data on which the curves are based and thus
exhibit the degree of accuracy of the curves and equations.
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HYGROSCOPIC WATER AND OTHER WATER NOT AVAILABLE FOR
GROWTH.

After permanent wilting has taken place the soil still contains some
water. This remaining water is so firmly held that it is not only
unavailable to wells and springs but also unavailable for the growth
of plants. A part of the water that plants are unable to utilize for
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F1GURE 31.—Diagram showing relation between wilting coefficient and certain other properties of soils.
The moisture-holding capacity is as defined on page 74 and represents a larger quantity than the true
specific retention. The broken line labeled “ mechanical analysis ” shows the wilting coefficient as
calculated from the equation for sand, silt, and clay on page 86. It is given merely to show the degree
of accuracy that may be expected from this indircet mnethod of determining the wilting coefficient.

growth can be removed by evaporation, but some water remains in a
soil even after it has been fully exposed to evaporation. This last
remnant is called hygroscopic water. It is in a sort of equilibrium
with the water vapor of the atmosphere, for if a truly dry soil is
brought into contact with the atmosphere it absorbs a certain amount
of moisture, and this is hygroscopic water.
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Briggs and Shantz¥ found that a plant may continue to absorb
water from the soil even after permanent wilting has taken place,
thereby protracting its life although not being able to grow. In fact,
they show that this loss of water from the soil to the air goes on
through the plant tissues even after the death of the plant and
appears to be limited only by the establishment of a state of equi-
librium between the soil and the air. The plant during the dying
stage acts simply as a medium for the transfer of water, and,
though the rate of loss is reduced, the final result is the same as if the
air and soil were in direct contact. As to the functioning of plants
during this dying stage, they make the following explanation:

Since growth practically ceases when the plants are in a permanently wilted state,
any reduction of the soil moisture below this point constitutes an actual deficit which
must be made up before the growth of any plant can be resumed. This deficit may
be brought about either by direct evaporation from the goil to the air or by indirect
evaporation through the plant when in a wilted or a dying condition. The perma-
nent wilting of the plant does not then mark any limiting condition in the movement
of water from the soil through the plant to the air. It is simply a point on the mois-
ture curve corresponding to which the forces opposing the further removal of soil
moisture exceed the osmotic force exerted by the cell contents of the plant. Under
such conditions transpiration will exceed absorption—that is, a part of the water
transpired will be supplied from that stored in the leaf tissues—and loss of turgor
will result.

The following statement by Briggs * gives a good description of
the hygroscopic state:

Most solid substances when exposed to ordinary atmospheric conditions condense
upon their surfaces a slight amount of moisture. This moisture adheres with remark-
able tenacity and can be completely driven off only by prolonged heating at temper-
atures above the boiling point of water. In some soils the presence of hygroscopic
moisture i8 very marked on account of the large amount of surface presented by the
soil grains. Air-dried samples, in which all visible evidences of moisture have dis-
appeared, still contain under ordinary atmospheric conditions moisture in the hygro-
scopic form, amounting in some soils to 8 to 10 per cent of the dry weight. * * *

[If &4 soil has been exposed to a saturated atmosphere]it ig not improbable that
water was condensed in some of the more minute capillary spaces. Lord Kelvin3?
has shown that such a minute capillary surface is capable of condensing moisture
even when evaporation is taking place from a neighboring plane surface of water.
Some capillary spaces might therefore be able to hold minute quantities of water
under conditions which would remove the water from larger spaces. In this way we
might have some water held in a soil by capillary action, under conditions which
would seem to indicate that the water content must be purely hygroscopic in its
nature.

The nature of this thin film which constitutes the hygroscopic moisture is not
definitely known. It may extend uniformly over the surface of the grains inde-
pendently of their form or nature, or it may be discontinuous, occurring only in
spots on the surface and depending to some extent on the form and nature of the
grain. It would seem justifiable to assume that the amount of moisture thus held is

57 Op. cit., pp. 8-9.
8 Briggs, L. J., The mechanics of soil moisture: U. 8. Dept. Agr. Bur. Soils Bull. 10, pp. 11-12, 1897,
s Maxwell, J. C., Theory of heat, p. 287.
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proportional to the surface of the grains, but this conelusion is supported only in a
very general way by the results given in the table [on p. 91]. Loughridge remarks,
in explanation of this, that the clays may be considered as very complex substances
made up not only of particles in a very fine state of division but combined .with
ferric, aluminic, silicic, and humic hydrates existing in the soil in greatly varied
amounts. Even if the presence of these hydrates did not directly influence the
hygroscopic water of a soil their decomposition at the high temperature which it is
necessary to maintain in order to drive off the hygroscopic moisture would introduce
& disturbing factor in the value of the hygroscopic water content. On the other
hand, it must be remembered that a mechanical analysis of a soil.gives onlyina
very general way an idea of the surface area of the grains in a soil, and that a soil
exposed to a saturated atmosphere is apt to acquire considerable moisture which is
not strictly hygroscopic.

The term ‘‘ hygroscopic coefficient” is used to express quantita-
tively the capacity of a soil for holding hygroscopic water It is the
percentage of water in soil which, in a dry condition, has been
brought into a saturated atmosphere and kept in that atmosphere at
a constant temperature until it has absorbed all the atmospheric
water vapor that it is capable of absorbing.®® As soon as such a soil
is placed in contact with an atmosphere having a lower relative
humidity it will lose some of this hygroscopic water by evaporation.
The term ‘‘hygroscopic coefficient’’ was introduced by Hilgard in
1874, but he had developed the method for determining this quan-
tity in 1859. The conception of making such determinations, how-
ever, originated with Schuber as early as 1830. A good historical
review of this subject and a description of Hilgard’s method, together
with a bibliography, are given by Alway, Kline, and McDole.*

The hygroscopic coefficient is regarded as significant in two respects.
It provides in a general way an expression of the relative fineness of
the material, in this respect having somewhat the same function as
the effective size of grain (p. 7). It also provides some measure
of the quantity of soil water that is available to plants, or, rather, of
the capacity of a soil for holding available water. Thus, the specific
retention minus the hygroscopic cocllicient gives an approximation
of the capacity of a soil for holding available water, although accord-
ing to Briggs and Shantz this capacity is more nearly expressed by
the specific retention minus the wilting coefficient.

The following table, taken from a paper by Loughridge,® gives the
hygroscopic coefficient of soils of different texture. These values
were obtained by exposing the soil in a very thin layer to a satu-

6 Hilgard, E. W., Report on the geology and agriculture of the State of Mississippi, p. x, 1860; Methods
of physical and chemical soil analysis: California Agr. Exper. Sta. Cire. 6, p. 243,1903. Alway,F.J, and
Russel, J. C., Use of the moisture equivalent for the indirect determination of the hygroscopic coeflicient:
Jour. Agr. Rescarch, vol. 6, p. 833, 1916.

61 Alway, F.J., Kline, M. A., and McDole, G. R., Some notes on the direct determination of the
hygroscopic coefticient: Jour. Agr. Research, vol. 11, pp. 147-166, 1917.

6 Loughridge, R. H., Investigations in soil physies: California Exper. Sta. Rept. for 1892-93, p. 70
(Copied from Briggs.)
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rated atmosphere, kept at a constant temperature, for a period of

24 hours.
Hygroscopic coefficient of soils of different types.

Hygro- | Mechanical analy- | Chemical analysis
seopie sis (per cent). (per cent).
coeffi-
Name and character of soil. p cient ¢
per cen Clay to
by lay. 25mil- | Soluble | Ferric
weight). Clay %ﬁ’ealtl_ silicates. | hydrate.
Sandy soil:
Sandy soil.. ..o 0.8 2.8 5.2 leenuieninifonannnnnns
L 1.2 2.6 b3 1 R
Gila bottom soil 3.5 3.2 ¢ 8.7 8.9 7.4
oam:

Plains soil. . 4.9 10.5 34.9 16.5 6.6
Granitic soil 5.9 11.9 32.8 21.0 6.2
9.2 12.1 55.6 25.1 7.3
2.6 26.1 25 21 18 PR N
Alluvial soil.. ...l 10.3 3.5 76.8 20.7 9.1
Red voleaniesoil .............. ... 1.7 29.8 61.2 34.3 12.0
Red mountain soil ... 13.7 52.2 67.9 26.9 29.7
Red sail...... 14.2 24. 8 57.1 54.0 9.5
Black adobe.........cco.ooilL 14.5 32.6 74.0 23.3 7.7

The table shows, as has already been suggested, that the hygro-
scopic coefficient increases with the fineness of grain. It thus varies
with the texture in the same manner as the specific retention. This
is necessarily true because the hygroscopic coefficient forms a large
part of the specific retention, the main force controlling both hygro-
scopic moisture and other retained water being the molecular attrac-
tion of the walls of the interstices. The important fact in this
connection, however, is that the water available for growth does not
increase to the same extent as the specific retention, because with
increasing specific retention there is an increasing amount of unavail-
able water.

The method of Hilgard for the direct determination of the hygro-
scopic coefficient involves difficulties in maintaining a constant
temperature in the room in which the absorption boxes are placed
and in keeping the atmosphere in these boxes in a state of complete
saturation. To simplify the determination of this quantity indirect
methods were proposed by Briggs and Shantz® and have been tested
by Alway and others. The following table gives results obtained by
Briggs and Shantz on the moisture equivalent (p. 72) and the hygro-
scopic coefficient of various soils. The same data are shown graphi-
cally in figure 32.

83 Briggs, L.J., and Shantz, H. L., The wilting coefficient for different plants and its indirect
determination: U. S. Dept. Agr. Bur. Plant Industry Bull. 230, p. 73. 1912.
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F1ouRE 32.—Diagram showing relation between hygroscopic coefficient and moisture equivalent in soils

of different textures. (Based on data by Briggs and Shantz.)

Relation of the moisture equivalent to the hygroscopic coefficient shown by data of

Briggs and Shantz, ¢

. Difference
Moisture | Hyere- | Ratio of | %ot reen
equivalent | ¢ eR0icht | equivalent | Zoisture
No. Type of soil. » per cent | coeiliclent | ed equivalent
(per cent | tohygro-
y b scopic | and hygro-
weight). weigit). coefficient. | . SPODC .,
1.6 0.5 3.20 1.1
4.7 1.5 3.13 3.2
5.5 2.3 2.39 3.2
6.7 2.3 2.91 4.4
9.7 3.5 2.77 6.2
11.9 4.4 2.9 7.5
18.1 6.5 2.78 11.6
18.9 7.8 2.42 111
19.6 6.3 3.1 13.3
19.9 6.6 3.01 13.3
22.1 7.5 2.94 1.6
25.0 9.8 2.55 15.2
27.0 9.6 2.81 17.4
27.4 11.8 2.32 15.8
29.3 13.2 2.22 16.1
30.0 11.2 2.68 18.8
30.2 11.4 2.65 18.8
2.

-3
-

aQp. cit., pp. 57, 65.
b For mechanical analyses of these soils see table on page 87.
c<QOmitting 7 and 2.

»

On the basis of their experiments these authors® derived the
following equations, in which the terms ‘‘ moisture-holding capacity,”
“sand,” “silt,” and “clay” have the meanings given on page 74:

Hygroscopic coefficient = wilting coefficient X 0.68
=moisture equivalent x 0.37

= (moisture-holding capacity —21) X 0.234.
=0.007 sand + 0.082 silt + 0.39 clay.

#0p. cit., p. 73.
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After testing these equations with other soils, Alway and Russel*
came to the following conclusion:

The hygroscopic coefficient may in most cases be calculated from the moisture
equivalent with sufficient accuracy to permit its use in soil-moisture studies. For
certain types of soil, however, the ratio departs so widely from that assigned by
Briggs and Shantz that the indiscriminate use of the latter value does not seem
permissible. Before employing this indirect method for the determination of the
hygroscopic coefficient in connection with soil-moisture studies the ratio should be
experimentally established for each of the particular types of soil involved. The
effect of considerable quantities of organic matter is, in general, to give the ratio of
the moisture equivalent to the hygroscopic coefficient a higher value.

In figure 33 the same data are used as in figure 28, but they are
plotted in such a manner as to show the relation of the difference
between moisture equivalent and hygroscopic coefficient to the
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FIGURE 33.—Diagram showing relation of moisture equivalent to difference between moisture equivalent
and hygroscopic coefficient in soils of different textures. (Based on data by Briggs and Shantz.)

moisture equivalent and to the texture of the soil. This diagram has
significance in furnishing a rough approximation of the capacity of
soils of different degrees of fineness to hold water available for
growth. To the extent that the moisture equivalent represents
the specific retention and the hygroscopic coefficient represents the
unavailable water the difference represents the capacity for water
available for growth. Although, as has been seen, these assumptions
may bec far from the truth, they are doubtless accurate enough to
permit the general conclusion that, until the fineness of clay loam is

% Alway, F.J., and Ruass.i, 5. C., Use of vhie moisture equivaient for the £ *° = - i, f
the hygroscopic coefficient: Jour. Agr. Research, vol. 6, p. 845, 1916.
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reached, the capacity of soils to hold water available for growth
increases with fineness of grain. Of course, other factors of practical
importance enter into the problem of the water supply of plants,
such as the rate at which rain or irrigation water will seep into the
soil and the ability of the rootlets to penetrate small interstices.

INTERMEDIATE BELT.

The space between the lower limit of the belt in which water can
be withdrawn by evaporation or plant action and the upper limit of
the capillary fringe forms an intermediate belt that is thick where the
depth to the water table is great but thin where the water table is
near the surface—where, indeed, such a belt may be entirely lacking.
Both the belt of soil water and the capillary fringe are limited in
thickness by definite local conditions. Thus, the belt of soil water is
limited by both the character of the vegetation and the texture of the
rock or soil, and the capillary fringe is limited by the texture of the
rock or soil. The intermediate belt, however, is not thus limited.
It is the residual part of the zone of aeration.

When in any locality more water seeps into the earth than can be
retained by the belt of soil water the surplus is drawn down by gravity
to deeper levels, and some of it
may reach the water table and be

added to the supply of ground
W//g water. A part of the water, how-
FIGURE 34 —Diagram of a funnel-shaped capillary Ve, is likely to be held in the in-
tl:i:;,;?wmgdmectionofresultant capillaryat- tarmediate zone by molecular at-
traction. According to the laws
of capillarity, as shown in figure §4, water that enters this belt is -
likely to be drawn into the smallest openings and held there secure
from being pulled downward by the force of gravity. It is theo-
retically improbable that water which is at a considerable depth
below the level reached by roots can be drawn up within their
reach, even in periods of intense drought, although some writers
have held the belief that water is drawn up by some sort of capil-
lary action from indefinite depths. (See references on pp. 34, 35.)
As water can probably not be drawn back to the surface from the
intermediate belt it would seem that all parts of this belt through
which descending waters percolate would eventually become filled
with water to the limit of their water-retaining capacity.

As the water retained in the intermediate belt is not available
either to supply wells and springs or for plant growth it is of no value
to either well drillers or farmers, and it has consequently received
very little attention from hydrologists or students of agriculture.
Where water is used in drilling operations there is no opportunity to
observe the water content of this intermediate belt. Some general
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observations have been made in digging or boring rather deep wells
and in sinking shafts for other purposes where water is not used in
the excavating process, and more specific tests could easily be made
of samples taken from such excavations.

In regard to rocks excavated above the water table for the manu-
facture of cement, Eckel ® states that the water content of hard lime-
stones usually ranges from one-half of 1 per cent to 3 per cent, by
weight, but rarely exceeds 3 per cent; that of chalky limestones may
be 5 per cent, except in prolonged wet weather, when it may be as
high as 20 per cent. He states further that the water content of
clays may range from about 1 per cent in clays that have beerd air
dried to 30 per cent in fresh clays, and that the water content of
shales is rarely more than 10 per cent. All these values are stated
in per cent by weight of the dry material. The fact seems to be
that the materials of .the intermediate belt are generally somewhat
moist but do not contain as much water as they are capable of
holding by molecular attraction.

RELATION OF BELT OF SOIL WATER TO ZONE OF
SATURATION.

Where the water table is so near the surface that certain kinds of
plants can send their roots down to the capillary fringe these plants
absorb and utilize its water (fig. 29, p. 82). As soon as some of the
fringe water is removed water from the zone of saturation is drawn
up by capillary action to take its place. Thus there may be a con-
tinuous process by which plants are supplied with water from the
zone of saturation, and great quantities of ground water are dis-
charged into the atmosphere. Certain species of plants habitually
send their roots to the capillary fringe and feed on ground water.
For plants of this kind the writer has proposed the name ‘phreato-
phyte,”’® which is taken from Greek roots meaning a ‘““well plant.”
A phreatophyte is a plant which, like a well, taps the ground-water
supply. These plants are much more conspicuous and more distinct
from other plants in arid regions, where water supplies are scarce,
than in humid regions, where the soil, even far above the water table,
generally contains considerable available water. Some of the most
common ,phreatophytes of the arid regions of the western United
States are salt grass (Disticklis spicata), big greasewood (Sarcobatus
vermiculatus), a certain type of mesquite (Prosopis), buffalo-berry bush
(Shepherdia), rabbit brush (Chrysothamnus graveolens), yerba mansa
(Anemopsis californica), samphire (Spirostachys occidentalis), giant

88 Eckel, E. C., Portland-cement manufacture: U. S. Geol. Survey Water-Supply Paper 93, pp. 201-
292, 1904,

¢ Meinzer, O. E., Geology and water resources of Big Smoky, Clayton, and Alkali Spring valleya,
Nev.: U, 8. Geol. Survey Water-Supply Paper 423, pp. 95-100, 1917.

® Meinzer, O. L., Quantitative metheds of estimating ground-water supplies: Geol. Soc. America
Bull., vol. 31, p. 333, 1620.
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reed grass (Phragmites communis), giant rye grass (Elymus conden-
satus), and alkaline sacaton (Sporobolus airoides). Among trees that
live largely on ground water in the arid regions are birch, willow,
cottonwood, sycamore, and some kinds of palms. The wild rose in
arid regions also depends largely on ground water. Most of these
plants will also thrive under other conditions of ample water supply,
as in irrigated tracts, but many of them have adaptations for reach-
ing ground water, and where conditions have not been modified by
man they are almost invariably associated with ground water.

Where the water table lies at a very shallow depth the ground
water is lifted by capillarity so near the surface that evaporation
takes place from the soil and ground water is discharged into the
atmosphbere without the agency of plants. Where the zone of aera-
tion is very thin plants must either extend their roots into the zone
of saturation or confine their activities to a very narrow belt (fig. 29,
p- 82). Only certain kinds of plants can thrive under such con-
ditions. Where the zone of saturation reaches the surface ground
water seeps out and forms streams or ponds.

SUBSURFACE ICE.

In extensive Arctic and sub-Arctic regions the water in the inter-
stices of the soil and rocks is frozen to great depths and in summer
thaws to a depth of only a few feet. Numerous bodies of clear ice
of various sizes and shapes also occur within this zone of frozen
ground.® The following statements in regard to the distribution
and depth of frozen ground in Alaska are made by Brooks:™

The wide distribution of ground frost is even more typical of this subpolar region
than is the dearth of erosion. In numerous excavations made in placer mining the
ground is permanently frozen to great depths, beginning 18 inches or 2 feet below
the surface, and the alluvium is frozen down to hard rock. In the Klondike the
alluvium is frozen to a depth of about 200 feet. At Fairbanks permanent ground
frost has been found at many places to a depth of more than 200 feet and the deepest
shaft sunk there penetrated 318 feet of frozen alluvium. In Seward Peninsula many
holes in permanently frozen alluvium are more than 75 feet deep, and one is nearly
200 feet deep. These shafts are all in flood plains, but at many places on north-
facing hill slopes ground ice can be found within a foot or two of the surface. Some
ground in the province is not frozen, for causes not determined. Underground
channels of water have been encountered in some mine workings and have played
havoc with the operations, but these appear to be exceptional.

In 1828 a shaft was sunk by a man named Schergin at Yakutsk,
Siberia, in latitude 62°, into frozen ground to a depth of about 100
feet, in an unsuccessful attermapt to find a water supply for the vil-
lage. Later excavation was resumed with the purpose of determin-

¢ Leffingwell, E. de K., The Canning River region, northern Alaska: U. 8. Geol. Survey Prof. Paper
109, p. 179, 1919.

19 Waring, G. A., Mineral springs of Alaska: U. S. Geol. Survey Water-Supply Paper 418, p. 9 (preface
hy A. H. Brooks), 1917.
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ing the depth of frost. The hole was carried to a depth of 384 feet,
where it was still in frozen ground. In 1844 to 1846 a series of ob-
servations was made in this shaft by A. T. von Middendorff, on the
temperature of the frozen ground at different depths. The details
of the methods used and the results obtained are described and dis-
cussed by Leffingwell”* who plotted the temperatures as shown in
figure 35.
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FIGURE 35.—Curve showing variation of temperature with depth in the 384-foot shaft at Yakutsk, Siberia,
(After Leffingwell.) The continuous lineis drawn through temperatures observed by Middendorff;
the broken line is a prolongation of the curve below the shaft. Circles show temperatures according
to Middendorff; crosses show temperatures according to Schergin.

Leffingwell? comments on *fiddendorfl’s results as follows:

The curve [fig. 35] shows that the temperatures change rapidly at first and then
much more slowly. The first 50 feet and the last 200 have nearly constant gradients
of 4.4 and 30.8 meters, respectively, per degree centigrade. Between these two
straight portions of the curve the gradient changes from depth to depth in an orderly
manner. As the ground is frozen, the circulation of ground water can not be the
cause of the difference in gradient in the two portions. The diffusivity of the
ground can hardly vary greatly enough to cause the observed effect. Any variations
of the diffusivity due to the presence of different kinds of rocks ought to produce
angular variations in the curve. The possible cooling of the upper portion of the
shaft by penetration of the outer air can hardly amount to more than the half degree
observed by Middendorff, but the curve indicates a lowering of about 5° C. for the
temperature of the surface ground. The most favorable hypothesis seems to be that
the mean temperature of the air has been lowered about 5° C. in comparatively
recent times.

MnOp. cit., pp. 184-194. Includes reference to publication by Middendorfl.
120p. cif., pp. 185-187
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Erman states that the mean annual temperature of the air at Yakutsk was
—7.4° C. in 1827, and Middendorff gives —12.2° C. for 1845. A lowering of the tem-
perature of about this amount was deduced from the shape of Middendorff’s curve,
but as the cooling of the shaft may have disturbed the original distribution of ground
temperature, all the deductions from it are thrown into doubt.

If the curve from 7 to 50 feet is prolonged, it will reach the freezing point, 0° C.,
at about 170 feet; the curve from 200 to 382 will reach it at about 680 feet. If the
excavation had stopped at 50 feet, there would have been every reason for expecting
to reach the frost limit at less than 200 feet. The gradient is so constant for the lower
180 feet of the shaft that we should be justified in placing the limit of frost at about
680 feet. Middendorfi’s calculations place it at 612 feet, with 670 feet as a maxi-
mum. Dr. Peter assumes that the gradient becomes progressively lower and cal-
culates that 1,000 feet is the depth of frost.

Leffingwell considers that the weight of the overlying ground
will depress the freezing point somewhat and concludes, on the basis
of Middendorff’s observations, that the lower limit of frozen ground
in that locality is at a depth of about 650 feet. He then discusses the
observations made by Schergin at the time the shaft was sunk (see
fig. 35), which are considerably different from those of Middendorff
and would lead to the conclusion that the bottom of the frozen
ground is only about 400 feet below the surface.

As to the cause of the deep freezing Leffingwell 7* makes the follow-
ing statement:

Three hypotheses have been suggested as to the origin of the deep freezing of the
ground in the Arctic regions. Russell? came to the conclusion that deposition and
freezing went on at the same time, so that the present thickness of the frozen
layer is the result of successive additions of frozen material. Brooks? has suggested
that the frozen ground of the Yukon Valley is the result of a colder Pleistocene
climate, and that at present the ground is thawing. The third and usual hypothesis
is that the ground has been frozen to the present depth under temperatures which
now prevail.

In regard to the evidences that the frozen ground is due to a
colder climate in the past, Brooks?® says:

When the moss is stripped the ground thaws, and with open-cut mining or culti-
vation the upper level of permanent ground frost seems gradually to descend. It
therefore appears that this ground frost is a survival of a climate colder than the
present and is preserved by the nonconducting mat of moss and other vegetation.
1t is natural to attribute it to the climatic conditions that brought about the last
glacial advance in Alaska, during which but little of the central region was ice
covered, though gluciers advanced into it from the higher mountains on the north
and south.

In general, the deep frost consists of water in the ordinary inter-
stices of the soil or rock which has been frozen. Many bodies of ice
of considerable extent, however, occur in the frozen zone, resulting

730p. cit., p. 187.

" Russell, I. C., Surface geology of Alaska: Geol. Soc. America Bull,, vol. 1, pp. 129-138, 1R889.

8 Brooks, A. H., communication. See also Antimony deposits of Alaska: U. 8. Geol. Survey Bull.
649, p. 27, 1816,

780p. cit., pp. 9-10.
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either from the freezing of water in openings in the rocks or from the
burial of surface ice. Leffingwell treated this subject at length and
included in his paper a valuable bibliography and digest of the lit-
erature on the subject. On the basis of his own extensive observa-
tions on the north coast of Alaska, he describes in detail the vertical
wedges of ice which, according to his investigations, have grown in
place. He classifies as follows the different kinds of ice bodies that
occur beneath the surface in the frozen zone:”

Careful examination has revealed the existence of the following kinds of ground
ice: (1) Grains of clearice, the largest an inch in diameter, mixed with earth; (2) thin
undulating sheets or ribbons of ice alternating with thin beds of earth; (3) heavy
horizontal beds of clear ice; (4) heavy beds of ice alternating with beds 6f earth;
(5) heavy deposits of ice with isolated earth inclusions; (6) a network of.vertical
wedges of ice surrounding polygonal bodies of earth.

The first two kinds are of minor importance, and no satisfactory explanation of
their origin has been given. The third kind is met with chiefly upon flood plains of
rivers and is best explained as resulting from the burial of the ice on flood plains by
spring floods. The fourth kind is not common. It may represent a building up of
the surface of the ground by successive deposits of ice like the third kind. No sat-
isfactory explanation has been given for the fifth kind of ice, the New Siberian type.
The writer thinks that the wedge theory may furnish the best explanation. The
gixth kind of ice is of widespread occurrence upon the coast of Arctic Alaska; it
probably exists also in Spitzbergen and Siberia.

WATER IN SOLID SOLUTION AND IN CHEMICAL COMBI-
NATION.

In the preceding pages attention has been confined to the inter-
stitial water-—that is, the water which occurs in the interstices of the
rocks. This includes the water imprisoned in inclusions, such as are
abundant in quartz—some of them so small that they can be seen
only with the aid of a microscope. It includes theoretically the
water that is firmly held by adhesion in the minute subcapillary pores.
It also includes most of the hygroscopic water, as is indicated by the
fact that the hygroscopic coefficient varies approximately as the
aggregate wall space of the interstices. However, water occurs in
rocks in still more intimate relation to the mineral matter.

The most intimate relation is that of a chemical combination, in
which the water loses its identity as water and becomes a part of the
substance of another mineral but is readily reconverted into water
by application of heat to the mineral. According to chemical theory,
the molecules of water (H,0) become parts of more complex mole-
cules. Thus, the formula for a molecule of gypsum is considered to
be CaSO,+2H,0, the two molecules of water (2H,0) being not water
at all but parts of the gypsum molecule. The gypsum (CaSO, +2H,0)
is a different mineral from anhydrite (CaSO,) and has distinctly
different optical properties. When the gypsum is heated, this chemi-

770p. cit., pp. 241-242.
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cally combined water, which is called water of crystallization, is given
off as ordinary water. Many minerals contain water of crystallization.
(See any textbook on mineralogy.)

The concept of water in solid solution is a product of the modern
science of physical chemistry.” In this state the molecules of water
are regarded as retaining their identity but as being separated from
one another and distributed through the intermolecular spaces of
certain minerals. A mineral containing water in solid solution is a
homogeneous substance just as one containing water in chemical
combination is, but the water in solid solution may be contained in
varying proportions up to a certain limit, whereas water in chemical
combination occurs in a fixed proportion to the mineral. The char-
acteristics and importance of water in solid solutions are indicated by
the following summary statement of results obtained by Allen and
Clement:"®

A study of five different specimens of natural tremolite, two of them of exceptional
purity, proves that all contain water ranging from 1.7 to 2.5 per cent. This water is
lost gradually with rising temperatures without any loss in homogeneily and with
very slight change in the optical properties. The water is therefore not chemically
combined, although the mineral in the powdered state is not completely dehydrated
under 900° centigrade. It is to be regarded as dissolved water, and tremolite as a
solid solution. A diopside from a metamorphosed limestone contained 1 per cent of
water and behaved in practically the same way, though presumably the diopside of
eruptive rocks is anhydrous. The amphibole kupfferite and a specimen of beryl
contained, respectively, 3.8 per cent and 2.5 per cent of water, which they lost very
slowly at comparatively high temperatures (400°-800° centigrade) and still retaired
their homogeneity. * * * All these minerals show important points of resem-
blance to the zeolites, with which they may broadly be classed. * * * Reécent
analyses indicate that all the amphiboles contain water. Actinolite, glaucophane,
and pargasite contain 1.3 to 3 per cent, mostly retained above 100° centigrade. The
hornblendes also contain water, though usually in smaller quantity. These facts,
taken in connection with the above work on tremolite and kupfferite, lead to the
suspicion that the amphiboles generally contain dissolved water as a characteristic
constituent and are solid solutions.

Natural glasses, such as obsidian and pitchstone, also contain con-
siderable quantities of water, apparently not in minute cavities in
the glass but in a sort of molecular mixture. Various mixtures of
glass and water have been artificially produced. The water in this
state is not interstitial water nor water of crystallization. Moreover,
it does not have the same relation to the mineral matter as water
that is in solid solution in crystallized minerals.

The foregoing statements show that in addition to the water that
occurs in the interstices of the rocks, very large quantities in the
aggregate occur in solid solutions and molecular mixtures and as
water of crystallization.

™ Findlay, Alex., The phase rule and its application (Textbooks of physical chemistry), London,
Longmans, Green & Co., 1917.

7 Allen, E. T., and Clement, J. XK., The role of water in tremolite and certain other minerals: Am.
Jour 8el., 4th ser., vol. 26, pp. 101-118, 1908.
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INTERNAL WATER.

Deep down in the earth, in what Van Hise has called the zone of
rock flowage (p. 40), interstices are presumably absent, and there is
therefore no room for water to exist in its ordinary condition, but
some evidence that water is derived from the zone of rock flowage
is afforded by volcanoes, hot springs, and the structure and composi-
tion of intrusiverocks. Rock magmas, or masses of molten rock, are
believed to be solutions in which the constituent minerals are dis-
solved in one another. Water is believed to be a common constituent
of these solutions in either a molecular or a dissociated condition.
Water is yielded by volcanoes in great quantities, and there is not
much question that this water is derived from the ejected lavas. If
water in some miscible condition forms a constituent part of the ma-
terial of the interior of the earth the total quantity of such internal
water may be very large, and this water may be making substantial
contributions to the water supply of the exterior. This difficult sub-
ject will be more fully discussed in another paper, now in preparation,
on the origin, discharge, and quantity of ground water.

SUMMARY.

The occurrence of water below the surface of the earth is briefly
summarized in the following classification:

I. Interstitial water:
A. Suspended subsurface water (vadose water)*
1. Soil water:
(a) Water available for growth.
(b) Water not available for growth.
Water that can be removed by evaporation.
Water that can not be removed by evaporation (hygroscopic
water).
2. Intermediate vadose water.
3. Fringe water.
B. Ground water (phreatic water):
1. Gravity ground water.
2. Ground water not under the control of gravity.
C. Subsurface ice (interstitial ice).
II. Water in the mineral matter forming solid rocks (water in solid solution, water
of crystallization, etc.).
II1. Internal water (and magmatic water above the zone of rock flowage).



CuapTER II. KINDS OF ROCKS AND THEIR WATER-
BEARING PROPERTIES.

ORIGIN AND CLASSIFICATION OF ROCKS.
PRINCIPAL CLASSES AND THEIR ORIGIN.

The materials penetrated in sinking wells consist in part of inco-
herent materials, such as clay, sand, and gravel, and in part of con-
solidated rocks, such as granite, limestone, and sandstone. For
convenience the geologist calls all these materials, ‘ rocks,” whether
they are firm and hard, like granite, or loose and soft, like sand.

At considerable depths the rocks are generally consolidated and
hence relatively difficult to penetrate in sinking wells. Commonly
they are broken by a few fractures or joints, such as can be seen in
rock quarries, but are otherwise coherent and firm. Near the surface
the rocks become broken and decomposed by various mechanical and
chemical processes, collectively called ‘ weathering,” which are de-
scribed in all textbooks on geology. In some places the weathering
processes extend so deep that for many feet below the surface there
are thoroughly soft and incoherent materials derived from the decom-
position of hard rocks. Thus, in certain localities crystalline rocks,
such as gneiss, remain so completely in place that they preserve
almost every detail of their structure and yet are so thoroughly rot-
ted that even many feet below the surface they can be excavated
like loose sand.

However, the loose materials near the surface are so easily washed
away by the surface water, blown away by the wind, or, in cold re-
gions, carried away by glacial ice that the hard rocks have in many
places been stripped of their mantle of weathered débris and exposed
at the surface. On the other hand, the transporting agencies—water,
wind, ice, etc.—have laid down their loads in certain areas, thus
producing deposits of gravel, sand, clay, and other fragmental mate-
rials to depths that may reach hundreds or even thousands of feet.
Consequently, as every well driller knows, there is great irregularity
in the amount of loose material that must be penetrated before hard
rock, often called ‘“ bedrock,”” is reached. In certain places materials
violently ejected from volcances have solidified in fragments and
have also been deposited at the surface as loose, incoherent materials,

In the course of time loose materials at considerable depths gener-
ally become more or less consolidated, partly through the compaeting

no
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caused by the weight of the overlying sediments, partly through
cementation of the fragments to one another with mineral matter pre-
cipitated out of solution by percolating waters, and partly through
other processes, such as chemical changes and recrystallization result-
ing from heat and pressure.

It is evident from the foregoing discussion that the rocks of the
earth can be divided into two large classes—the consolidated rocks,
or bedrocks, and the unconsolidated materials. It is also evident that
these two classes grade into each other because of the indefinite
depths to which the weathering processes extend and at which the
consolidating processes begin, aiso because of the very slow operation
of most of these processes.

With respect to their origin, the rocks can be divided into three
great classes—(1) igneous rocks, which are produced by the cooling
and solidification of molten materials; (2) sedimentary rocks, which
are produced by the deposition of materials weathered from older
rocks, derived from the remains of animals and plants, or precipi-
tated out of solution in water; and (3) metamorphic rocks, which
are produced by the profound alteration of other rocks, chiefly
through the agencies of heat and pressure. Sedimentary rocks may
be derived from the decay or disintegration of igneous, metamorphic,
or sedimentary rocks; metamorphic rocks may be derived from either
igneous or sedimentary rocks. There is a sharp distinction between
igneous and sedimentary rocks, except for the fragmental materials
produced by volcanic eruptions, such as volcanic ash and cinders,
which may be handled more or less by water and wind before they
are deposited. These deposits of volcanic sediments grade into lava
beds, on the one hand, and into true sedimentary beds on the other.
There is no sharp distinction between metamorphic rocks and the
sedimentary and igneous rocks from which they are derived, generally
by slow and gradual processes.

The differences in character of these three classes of rocks, due to
differences in origin, are of great and fundamental importance in the
occurrence of ground water. Pronounced differences in texture and
structure, and hence in water-bearing qualities, are produced by
the three radically different modes of origin.

IGNEOUS ROCKS.

Igneous rocks are produced by the cooling and solidification of
molten material derived from great depths below the surface, where
the earth is very hot. Molten material rises through fissures or other
weak parts of the solid rocks, and some of it reaches the surface in
volcanic eruptions. That which solidified without reaching the sur-
face is called ‘intrusive rock’ ; that which crystallized in large bodies
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at considerable depth is called ‘“plutonic rock’’; that which solidified
after being ejected from some volcanic vent is called ‘‘ extrusive rock”
or “volcanic rock.”

Igneous rocks differ widely in texture, and some of these differences
have an important influence on their water-bearing properties.
Coarse-grained igneous rocks, such as granite, which consists of crystals
that can readily be seen without a magnifying glass, are said to have a
granitic texture; fine-grained igneous rocks aresaid to have a stony or
felsitic texture; fine-grained igneous rocks with embedded large
crystals are said to have a porphyritic texture; and igneous rocks
that consist of natural glass or slag are said to have a glassy texture.
These differences are due chiefly to differences in mode of origin
and to some extent to differences in composition. Molten material
that cools very slowly forms large crystals, and that which cools
rapidly forms mihute crystals or glassy rock that is not crystalline.
Molten material that remains deeply buried in large masses solidifies
very slowly, whereas that which is brought to the surface cools and
solidifies rapidly. Hence, an igneous rock with granitic texture can
confidently be classed as an intrusive or plutonic rock, and one with
glassy texture as an extrusive or volcanic rock or a rock from a
small intrusion. There is, however, no sharp distinction in texture
between intrusive and extrusive rocks, for molten material deep
within a thick lava flow may cool as slowly as some that has been
intruded into small cracks where it is surrounded by cold rocks.

A lava flow, especially in its upper parts, is likely to contain nu-
merous large openings of sorts not found in intrusive rocks. It may
be vesicular—that is, full of holes caused by the escape of gases from
the material as it cooled; it may contain caverns and tunnels formed
by molten lava flowing out from beneath a solidified crust, or by re-
lated processes; and it may be traversed by large joints produced by
shrinkage during rapid cooling. Volcanic material that is violently
expelled may solidify in fragments that range from fine dust to large
boulders. Deposits of such fragmental material may form beds of
tuff or agglomerate that are very porous.

Igneous rocks are composed of many different kinds of minerals,
which can easily be seen in rocks of granitic texture but can be dis-
cerned only with a microscope, if at all, in fine-grained rocks. They
are described in textbooks on geology and mineralogy. These min-
erals are important in relation to ground water in several ways:
they affect the chemical composition of the water; in the fine-grained
and glassy rocks they have an important relation to the water-bearing
properties of the rocks; and in the coarse-grained rocks they largely
determine the kinds of materials that are produced when the rocks
weather, and hence the water-bearing properties of the sedimentary
deposits derived from them.
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The principal minerals found in fresh igneous rocks are quartz,
feldspar, mica, hornblende, pyroxene, and olivine.

Quartz, which forms the glassy-appearing grains in granite, is a crys-
talline form of silica. It is hard and strong, so that it is not easily
broken or worn; it is also chemically very stable and therefore is not
decomposed when the rest of the rock weathers, and it is not dissolved
by percolating waters except to a very small extent. When all the
other minerals of a granitic rock are broken down to form clay or
other fine material, the grains of quartz persist. Hence it is, for the
most part, the grains of quartz that form the deposits of sand and
sandstone, whereas the decomposed residuum of the other minerals
forms the deposits of clay.

There are several kinds of feldspar. This mineral forms, light-
colored crystals which are conspicuous in granite and commonly
give it a pink or light-gray appearance. Feldspar constitutes more
than one-half of the substance of an average igneous rock.

Mica is characterized by remarkably perfect cleavage, as a result of
which it can easily be split into very thin flexible plates. There are
several kinds of mica, but the most common are muscovite and bio-
tite. Musocovite is a white, nearly transparent mica which affords
the isinglass that is used in stove windows. Biotite is a dark mica
that chemically belongs to the ferromagnesian group of minerals.
Mica can readily be recognized by its flaky appearance. Like feld-
spar and ferromagnesian minerals, it produces a residuum of clay
when it is thoroughly decomposed. However, it breaks down very
slowly and consequently is found in undecomposed remnants in many
deposits of clay and sand, giving them a silvery appearance and
making them especially slippery. The slippery, incoherent character
of the quicksands that cause well drillers so much trouble is often due
in part to the presence of particles of mica.

Hornblende, pyroxene, olivine, and other ferromagnesian minerals
are generally black or dark green and are most abundant in the dark
varieties of rocks, whether of coarse-grained, fine-grained, or glassy
texture.

On the basis of their composition igneous rocks may be divided
into three very indefinite classes according to their contents of silica.
These classes have commonly been called “acidic,” “basic,” and *“ inter-
mediate,” but the terms ““acidic’’ and “basic’’ are misleading because
they do not have the same meaning as in chemistry. Instead the
names * persilicic,” “mediosilicic,”” and ““subsilicic’”” have been sug-
gested by Clarke.! The acidic or persilicic rocks are rich in quartz,
certain kinds of feldspar, and mica; the basic or subsilicic rocks are
rich in ferromagnesian minerals and in other kinds of feldspar. The

1 Clarke, F. W., The data of geochemistry, 4th ed.: U. 8. Geol. Survey Bull. 695, pp. 420-421, 1920.
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persilicic rocks are generally relatively light in color, whereas the
subsilicic rocks are dark. Under ordinary circumstances the lavas of
the persilicic rocks are likely to be more viscous and to solidify more
readily than those of the subsilicic rocks. Hence when persilicic
lavas are erupted they are often piled up to form high, steep volcanic
peaks, whereas the subsilicic lavas often flow out over the surface for
many miles, producing extensive sheets of lava rock, which usually
contains numerous caverns and joints. Hence also the persilicic lavas
are likely to be erupted with explosive violence, producing much
fragmental material, whereas the subsilicic lavas flow out of their
vents more quietly and with the production of less cinders, ashes,
and dust. There are, however, important exceptions to these gener-
alizations, for rhyolite, which is a fine-grained persilicic rock, may
occur in'series of thin and very persistent beds. The most common
subsilicic extrusive rock is basalt, which covers large parts of the
northwestern United States and nearly all of the Hawaiian Islands
and is an important water bearer.

In summary, it may be said that igneous rocks can be divided in
three ways—according to origin, into plutonic, intrusive, and extru-
sive; according to texture, into granitic, porphyritic, felsitic, and
glassy; and according to composition, into persilicic, mediosilicic, and
subsilicic. It will be seen that each of these classifications has some
significance with respect to the occurrence of ground water.

SEDIMENTARY ROCKS.

The sedimentary rocks may be grouped according to origin into
three classes—clastic deposits, organic deposits, and chemical deposits.
The clastic deposits are composed of fragments derived from the
weathering and erosion of older rocks. They include beds of gravel,
sand, silt, and clay and various mixtures of these materials, also the
rocks produced by the consolidation of such materials. The organic
deposits include chiefly the calcareous and siliceous remains of animals,
such as shells and the skeletons of corals and sponges, and the carbona-
ceous remains of plants. The calcareous materials form limestone,
chalk, marl, and related rocks; the carbonaceous materials form peat,
coal, and related materials. The chemical deposits consist of sub-
stances precipitated out of solution in water. They include deposits
of silica, such as flint, some kinds of chert, vein quartz, and siliceous
sinter; ferruginous deposits, such as some kinds of iron ore; cal-
careous deposits, such as caliche and travertine; gypsum; and com-
mon salt and other very soluble alkali salts.

The clastic deposits may be subdivided with respect to the kinds
of materials which they contain, the ageneies and processes involved
in their production, and the degree of consolidation they have under-
gone since they were laid down.
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The boulders and pebbles of gravel beds are more or less rounded
by having been tumbled about by the water prior to their deposition.
They consist of various kinds of rock, but most of them are made of
some hard and durable rock, for boulders or pebbles of soft material
are soon worn and broken into small fragments; and those made of
unstable minerals will in relatively short time deeay and fall apart.
Rocks composed of silica, such as flint, chert, vein quartz, and quartz-
ite, though not in themselves 6f much consequence as water bearers,
are very important in supplying the most durable material for the
production of gravel, which is the best of all water-bearing materials.
Pebbles of limestone are rather stable but may dissolve and be worn
away; those of granite or other igneous rock ultimately decay and
fall to pieces, and those of softer material disappear still more rapidly;
but the pebbles of flint, chert, and other siliceous materials do not
decay, are nearly insoluble, are very resisiant to wear, and therefore
constitute a very large proportion of the material of gravel beds.
The glacial gravels of the United States also contain much material
derived from hard limestone.

Sand may also consist of fragments of various materials, but even
more largely than gravel it is composed of fragments of silica. The
great majority of the grains of sand doubtless came originally from
quartz crystals weathered out of granitic rocks and later more or less
rounded by wear. Coarse sand is probably derived largely from the
quartz crystals of coarse-grained igneous rock and fine sand or silt from
igneous rocks of finer grain.

Pure clay consists of such impalpably small particles that it feels
smooth and slippery when moist. It is derived from the thorough
decay of feldspar and other minerals of igneous rocks. However,
much of the material commonly called clay is finely ground rock
flour or not wholly decomposed mineral matter, and it generally con-
tains large amounts of coarser material. ‘““Loam” and ‘‘adobe’’ are
other names for clayey mixtures.

The fragmental materials that form the clastic rocks have been
transported and deposited chiefly by surface water, wind, and glacial
ice. The work of the water is by far the most important. It may
be accomplished wherever water is in motion, whether in streams or
in waves and currents of lakes or ocean. Both water and wind tend
to assort the débris which they handle—a process which is of very
great importance in the development of water-bearing formations.
Thus, a stream with a certain current may separate the clay and
sand from the gravel by carrying away the clay and sand but leaving
the gravel in the bed of the stream. Farther on its current may
slacken somewhat so that it will drop the sand but will still continue
to carry its load of clay. Glacial ice has none of this assorting power.
1t carries fragments of all sizes and deposits them together in a mix-
ture, except as the fragments are assorted by the waters that issue
from the ice.
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The materials resulting from the assortment of rock débris are
gravel, sand, silt, and clay. The more nearly complete the assorting
process has been the more nearly uniform in size are the constituent
grains or pebbles. Because a well-assorted gravel or sand does not
contain much fine material it is said to be a clean gravel or sand.
Two important types of unassorted or poorly assorted clastic materials
are (1) till, or boulder clay, which is laid down by glacial ice, and (2)
the type of alluvium formed under very changeable conditions, espe-
cially on the alluvial fans close to mountains in arid regions.

Clastic deposits of every type may occur in any stage of consolida-
tion, from those whose individual fragments are wholly free from one
another and rest only lightly upon one another to those whose original
fragments have become so firmly attached to one another that they
rank among the hardest and strongest of all rocks. Thus, by imper- .
ceptible differences, gravel grades into conglomerate, and conglom-
erate may grade into quartzite; likewise, sand grades into sandstone,
and sandstone into quartzite; or clay grades into shale, and shale
into slate. The unassorted clastic deposits also exist in various
stages of consolidation and are called by various names such as
“sandy shale’’ or ‘“shaly sandstone.” Consolidated unassorted ma-
terials that contain pebbles or boulders are called ‘conglomerate.”
Degree of consolidation, like degree of assortment, is a very important
factor with respect to the occurrence of ground water.

METAMORPHIC ROCKS.

The principal metamorphic rocks are quartzite, slate, marble, schist,
and gneiss, each of which occurs in numerous varieties.

Quartzite is a nearly solid mass of quartz, commonly produced by
very thorough cementation of quartzose sandstone or conglomerate.
It is the hardest and most durable of all common rocks but is gener-
ally broken to some extent by joints.

Slate is derived from shale or related clayey materials by pressure
and other metamorphic processes. It has a well-marked cleavage, so
that it splits readily into thin layers. This cleavage is produced by
pressure and shearing, and the cleavage planes are not the same as
the bedding planes of the clay or shale from which the slate was
derived and may not be parallel to them. Slate is much harder than
shale and weathers less readily, but it is not nearly so hard or so
durable as quartzite and some of the other indurated rocks. In addi-
tion to its cleavage it is likely to be broken by joints.

Marble is produced by the induration and crystallization of lime-
stone. It is a dense rock, but, like limestone, it can be slowly dis-
solved by water percolating through its joints or other openings.

Schist is produced by the profound alteration of shale, slate, or
other rock, largely through intense pressure and deformation. It has
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an irregular foliated structure known as schistosity, which is due
largely to the development of flakes of mica parallel to the planes of
shearing. This gives the rock a silvery appearance.

Gneiss is a banded granular rock, and except for its banded structure
it resembles crystalline igneous rock. Much of it is derived from and
grades into granite and other crystalline igneous rocks, but some is
derived from sedimentary or other rocks.

INTERSTICES OF ROCKS.
CLASSIFICATION OF INTERSTICES.

The interstices or open spaces in rocks are the product of the proc-
esses which, through the long ages of geologic time, have been at
work on the materials of the earth, forming and altering the rocks.
Through many processes, working in different ways on rock materials
of various kinds, interstices have been produced that differ greatly
in size, shape, and relation to one another. Thus, some knowledge
of the origin and subsequent history of rocks is essential to an under-
standing of their interstices, just as a knowledge of their interstices
is essential to an understanding of their characteristics as sources of
water.

The interstices of rocks can be divided into two classes—original
and secondary. The original interstices were created when the rock
came into existence as a result of the processes by which it was
formed; the secondary interstices were developed by processes that
affected the rock after it had been formed. The original interstices
can be subdivided into two groups—those of sedimentary origin and
those of igneous origin. The secondary interstices comprise joints
and other fracture openings, solution openings, and openings produced
by several processes of minor importance, such as the work of plants
and animals, mechanical erosion, and recrystallization. The most
important interstices with respect to ground-water supplies are the
original sedimentary interstices; next to them are the fracture and
solution openings.

The following table outlines the principal groups of interstices, as
given in the previous paragraph. A more detailed classification of
interstices has been made by Fuller.?

1. Original interstices: Types of snicrstices.

(a) Sedimentary interstices.
(b) Igneous interstices.
2. Secondary interstices:
(a) Joints and other fracture openings.
(b) Solution openings.
(¢) Openings of minor importance, such as those produced by the work of
plants and animals, mechanical erosion, and recrystallization.

$Fuller, M. L., Summary of the controlling factors of artesian flows: U. 8. Geol. Survey Bull. 319,
pp- 8-15, 1008.
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ORIGINAL SEDIMENTARY INTERSTICES.

Original sedimentary interstices consist of the spaces between
adjacent fragments of a sedimentary rock. As most of these frag-
ments have been tumbled about by water, wind, or other agencies,
they are generally more or less rounded. Hence, when they were
deposited, open spaces remained between them, and these are the
most important sources of ground water. The nature of these inter~
stices has already been described (pp. 4-8). They characterize the
rocks shown in Plates III; 4 and B,IV, 4, and V, A. Well-assorted
uncemented gravel, sand, or silt have a large porosity, but in poorly
assorted materials small particles occupy the spaces between the
larger ones, with the result that their open spaces are greatly reduced.
(See p. 129 and PL VIII, 4 and B.) Material composed of uniform
grains of small size has as great porosity as one of uniform grains or
pebbles of large size; but that composed of large grains or pebbles is
a better source of water because its interstices are larger, and they
consequently convey and yield their water more freely. In poorly
assorted or unassorted material the interstices are also relatively small,
and hence they do not yield their water freely. The interstices of a
sedimentary rock may gradually become filled with mineral matter
deposited out of solution from percolating waters, until finally the
rock may become practically solid throughout (fig. 1, p. 3).

The interstices of this type range from minute pores of microscopic
dimensions that yield virtually no water to openings several inches
wide that allow water to percolate very freely. Most of the sedi-
mentary rocks are so fine grained that their interstices are not more
than a small fraction of an inch in width; yet, as is shown on pages
117-131, unless the grains are very small indeed the rocks yield con-
siderable water. Though the interstices of this type are generally
small they are generally very abundant and evenly distributed, and
as a rule they open freely into one another. Because of these char-
acteristics they produce high porosity, permeability, and specific yield
in many of the sedimentary rocks, and, on the whole, they are the
most valuable class of interstices for producing water.

ORIGINAL IGNEOUS INTERSTICES.

Several kinds of interstices are developed in igneous rocks during
the process of solidification. They comprise small cavities, or in-
clusions, within some of the crystals, small intercrystal spaces, ves-
icles produced by steam or other gaseous material escaping from
extruded lava, and cavities produced in lava flows by the movement
of the lava while it is congealing.

Cavities within the crystals are very numerous in some minerals,
especially in quartz, in which they may comprise a considerable per-
centage of the total volume. Many of them contain minute quanti-
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ties of water, but asthey are of only microscopic size-and do not
open into one another they yield no water to wells or to the roots of
plants, and they are not generally taken into account in making deter-
minations of porosity. Original intercrystal spaces are also very
small and unimportant with respect to water supply.

Rounded vesicles of considerable size-are commonly produced near
the top of a lava flow by the expansion of steam or other gas when
the pressure is removed. These vesicles may be so large and so abun-
dant that they give the rock a very high porosity. They are of
some value as water producers, but their value is limited by the fact
that they are largely isolated or communicate with one another only
very imperfectly.

The more fluid lavas, such as basalt, produce numerous caverns
and tunnels during the process of congealing. A surficial crust may
form, after which the liquid lava beneath may drain away, leaving
cavernous spaces, or a new supply of liquid lava may inundate the
crust or break it up in such a way as to form large, irregular cavities.
Openings of this type are also somewhat isolated from one an-
other but are generally connected by the numerous large joints that
commonly form in such lava beds as a result of shrinkage produced
by cooling. These irregular cavities, together with the joints, are of
great importance as sources of ground water and give rise to some
of the largest springs and strongest wells in the world. The irregu-
lar surfaces and the broken character of typical beds of extrusive
basalt are shown in Plate XIV.

JOINTS AND OTHER FRACTURE OPENINGS.

Nearly all consolidated rock formations are broken by cracks, as
can be seen in quarries and in natural outcrops. These cracks are
called joints. They arc very narrow in some places where the rock
surfaces press against each other, but in other places they are wide
open, forming reservoirs of considerable capacity. Some joints do not
reach very far; others extend for long distances and to great depths.
They commonly run in various directions and hence intersect one
another, thus not only breaking up the rock into blocks convenient
for quarrying but also providing good channels of communication for
the ground water. They are produced by various causes—chiefly by
shrinkage, pressure, and deformation. Where there has been ex-
tensive deformation the rocks may have been displaced along the
fractures, producing faults that extend far into the earth and that
are of special significance as reservoirs and conductors of water or
producing shear or breccia zones that are also likely to yield unusual
amounts of water. In stratified sedimentary rocks the successive
strata may break apart more or less extensively, and these partings
may yield considerable water.
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Daubrée® applied the name “lithoclases” to fracture openings and
divided them into three classes—‘leptoclases,”” or minor joints,
“diaclases,” or major joints, and “paraclases,” or large faults. The
leptoclases, which break up the rocks into minute fragments, he
divided into two subclasses—‘synclases” and ‘piésoclases.” The
‘““synclases’” are caused by internal forces, generally shrinkage due
to cooling or drying; they have somewhat of a geometric regularity—
for example, the prisms of basalt and the polyhedrons of dried
mud. The “piésoclases,” like the ‘“diaclases” and ‘paraclases,”
are produced by external forces, commonly pressure. They are ir-
regular, minute fractures that are especially abundant near the sur-
face but are also found far below the surface. The ‘“diaclases’ are
the large joints, many of them nearly vertical, that are especially
common in sedimentary
rocks. They generally
occur in two or more
) systems, the joints of

each system being ori-
ented in approximately
4 the same direction and
perhaps nearly at right
angles to the joints of
the other system. The
“paraclases’” are even
larger than the “dia-
clases” and extend
deeper into the earth.
\ Joints are of great im-
portance as sources of
ground water, especially
F1GURE 36.—Diagram showing how a well obtains water by cut- because they occur in
ting joints. (After E. E. Ellis.) practically all the hard,
dense formations, such as granite and quartzite, which would other-
wise be devoid of available water but which may thus afford supplies
of much value throughout extensive regions. Many of the supplies
obtained from jointed rocks are not large but yet are ample for do-
mestic use. The manner in which joints contribute water to wells is
illustrated by the diagrammatic section in figure 36. Jointsin various
rocks that may yield water are shown in Plates V, B; IX, 4 and B;
XIII, B; XVII, B; and XVIII, A and B.

A very careful study of joints in the crystalline rocks of Connecti-
cut in relation to ground water was made by E. E. Ellis. The fol-
lowing statement by him is based on this study:*

=2

$Daubrée, A., Les eaux souterraines & I’époque actuelle, vol. 1, pp. 129-145, Paris, 1887.
¢ Ellis, E. E., Occurrence of water in crystalline rocks: U. 8. Geol. Survey Water-Supply Paper 160,
PP. 21-23, 1906,
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Joints are the more or less extensive and generally smooth and straight planes cut-
ting the rock in various directions and are the result of fracturing forces which have
split it into blocks of different shapes and sizes, although usually without any ap-
preciable separation or movement of the rocks.

TYPES OF JOINTS.

Vertical joints—The most common type of joint is that having an approximately
vertical position (70°-90°), but joints with many other inclinations occur. The mean
inclination of joints observed in 75 localities in the region investigated was 74°. The
inclination of the joints is shown in the following table.

Inclination of joints tn Connecticut rocks.

Number of
Inclination. localities
observed,

The joints are mostly straight, but a few that were curved or showed other irregu-
larities were observed.

Hortzontal joints.—In many of the rocks there is another class of joints which are
very different from the vertical type, both in their degree of inclination and in their
general nature. These occupy an approximately level position, rarely more than 20°
from the horizontal and usually much less than this. In general this joint structure
follows the surface configuration of the rock, but occasionally it is found to pitch at
a low angle in a direction opposite to the slope of the hillside.

Fisstlity and schistosity openings.—The porosity of schist, while probably greater
than that of slate, is too small to admit artesian circulation through the pores. In
the crumpled schists there appear to be openings between the laminae, but they
probably do not permit sufficient rapid circulation for well supplies. It is upon the
more or less pronounced fracture planes parallel to schistosity, especially those near
the surface, that the wells depend.

Faults.—Faults may be considered as extreme types of joints in which there has
been movement of one wall of the joint plane past the other. The work of Hobbs,
Davis, and others has shown that there has been a considerable amount of faulting
in Connecticut, while it is not uncommon to find strongly marked shear zones, indi-
cating slipping in the crystalline rocks. They are comparatively rare phenomena,
however, and are seldom encountered in well drilling and accordingly will be treated
simply as special cases of jointing. They are possibly important as sources for springs,
although it is extremely difficult and generally impossible to ascribe any particular
spring to a fault plane.

S8PACING AND CONTINUITY OF JOINTS.

Vertical joints.—The vertical joints, which are the important water carriers, have
no regularity of spacing, even for the same rock. From a large number of observations
it appears that at the places where jointing is well developed the spacing of all joints
is commonly between 3 feet and 7 feet to a depih of 50 feet; the average spacing,
however, between vertical joints of the same series for the crystalline rocks, exclud-
ing trap and limestone, is more than 10 feet for this depth, while the study of well
records indicates that this ia not far from the average spacing for all joints toa depth
of 100 feet.
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Although there are many exceptions, joints of this type are generally continuous for
considerable distances both along the line of outcrop and that of dip. Faults, how-
ever, have the greatest continuity and frequently extend for several miles across the
country, occasionally for tens of miles. The sheeted zones of close jointing are
probably nearly as continuous as faults, and their dimensions should be measured in
hundreds of feet. Where there is a well-defined parallel joint series the prominent
joints may extend several hundred feet, while the minor intersecting joints will be
much shorter.

Horizontal joints.—There is much greater regularity of spacing in the horizontal
joints than in the vertical joints. They are apparently surface phenomena and
diminish in number rapidly with depth, and it is probsble that they do not exist as
fractures at 200 feet below the surface. In the first 20 feet below the surface these
horizontal joints average 1 foot apart, in the next 30 feet they average between 4 and 7
feet, and in the next 50 feet they are much more widely spaced, running from 6 to 30
eet or more apart.

The continuity of individual horizontal joints rarely exceeds 150 feet, but owing
to their intersection of each other a continuous opening might be formed of several
hundred feet which would be in the form of a curved sheet approximately parallel to
the hill slope, each Iower sheet having Iess curvature than the other. They are
probably better developed on the hills than in the valleys, as the pitch of the joints
is usually less than the slope of the surface, which consequently cuts across the joints;
and as they are wider spaced with depth the horizontal joints which cross the valleys
will be widely spaced.

DEPTH.

Not only do joints become tighter with depth, but they are farther apart. The ap-
plication of this principle in the drilling of wells is of the utmost importance, as it is
frequently asserted that water can always be obtained by going deep enough, whereas,
in fact, the deeper the well the Iess the chance of striking fractures, which are the
only passages permitting water transmission in crystalline rocks. It is further evident
that owing to the closing of joints with depth, there will be a much greater circulation
in the upper half than in the lower half of any individual joint.

The number of fractures supplying water varies greatly in different wells. In
some cases the greater part of the water appears to come from a single opening; while
in others the water comes in glowly from a Iarge number of openings. In the average
well there are from 1 to 4 horizons from which the principal supplies of water come,
although the yield from one of them is usually greater than from all the others together.
This is particularly true of the deeper wells (from 200 to 300 feet), in which the
principal source is usually very close to the bottom of the well.

If an average inclination of 70° from the norizontal and an average spacing of 10
feet be assumed for the vertical joints for the upper 200 feet of rock, each well 200
feet in depth will intersect 7 joints. This is probably not far from the average for all
the wells, the small and discontinuoug fractures near the surface being neglected.
Below 200 feet the average number of joints intersected would be somewhat
decreased for the next 100 feet, and greatly decreased at depths greater than 300 feet.

INTERSECTION OF JOINTS.

The intersection of joints with one another is very important in determining the
nature of the underground circulation. While all joints intersect, the circulation is
greatest where the joints of the principal systems meet and where, in addition to the
vertical joints, horizontal fractures occur.
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WIDTH OF OPENINGS.

At the immediate surface joints often have an opening of one-half inch to 2 inches,
and occasionally much greater. This wide opening is due to various weathering and
mechanical agencies, which act only near the surface, and consequently is not found
at depths below which these agencies act. In an artificial cut, such as a quarry
wall, joints which may be open one-half inch at the surface are often found to be too
tight to admit a knife blade at 25 feet below the surface.

While the joints at 30 feet below the surface may have only one-twentieth the
opening that they have at the surface, the same proportionate tightening will not
continue at lower depths, although it is certain that the greater the depths the greater
must be the tendency of joints to close, owing to increaged pressure and the smaller
opportunity for lateral expansion below the level of minor topographic relief.

SOLUTION OPENINGS.

Solution openings are produced chiefly by the water that pene-
trates preexisting interstices. They are of two kinds—those due to
the chemical decomposition of rocks and the solution and subsequent
removal of the soluble products, and those due to the solution and
removal of soluble rocks.

Interstices produced by decomposition are found in igneous rocks
and in the metamorphic rocks that contain abundant complex min-
erals, particularly in granitic rocks. The decayed residue is clayey,
and hence the interstices are not large and do not yield much water;
yet in many places they afford large enough supplies to be of consid-
erable practical value. In fault zones and shear zones the decom-
position generally extends to greater depths than elsewhere, and
water-bearing material may be encountered at depths of more than
100 feet. Slaty cleavage and schistosity also favor rock decay and
the formation of small interstices.

Openings produced by the dissolving of soluble rocks may be
regarded as of two kinds—those produced by the removal of a solu-
ble cement from an otherwise nearly insoluble rock, as a sandstone
whose original interstices had become filled with a calcareous cement,
and those found in rocks that are composed mainly of soluble mate-
rial, such as limestone, gypsum, and salt. Where there is free circu-
lation of water through joints or other openings in limestone, solution
of the rock material may progress until the formation is ramified
by a network of caverns, some of which may grow to great size.
A single passage in the Mammoth Cave of Kentucky is more than
8 miles long. Many such passages are 20 feet high, a few as much as
75 feet high, and some are as much as 50 to 150 feet wide. The
great vertical wells of the Mammoth and other caves have diameters
of 10 feet or more and depths of more than 200 feet.® In Plate X, A,

s Fuller, M. L., Summary of the controlling factors of artesian flows: U. 8. Geol. Survey Bull. 319,
p. 11, 1908. See also Keilhack, Konrad, Lehrbuch der Grundwasser- und Quellenkunde, pp. 231-246,
Berlin, 1912; Katzer, Fr., Karst und Karsthydrographie, Sarajewo, Daubré, 1909; Martel, E. A., Nou-
veau traité des eaux souterraines, Paris, 1921.
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is given a view of a huge elongated opening in limestone from which
a subterranean stream is flowing; in Plate X, B, is shown. a similar
opening in gypsum from which a stream is also issuing. (See also
Pls. VII, B; XI, B and C; and XII, A and B.) In figure 37 is
shown a diagrammatic section of a system of solution openings.

The following additional information regarding this type of open-
ings is given by Fuller:*

Many of the channels of this type have resulted from the enlargement of joints,
the action being especially marked near the intersection of two or more planes, the
great irregularity of some of the openings being accounted for by the complexity of
the joint or fracture systems. Thisappears to be the case in the Joplin zinc district.
Elsewhete, however, many of the largest passages follow bedding planes without refer-
ence to jointing, apparently having developed from one of the many meandering and
branching passages that characterize such planes at 1aany points. The small chan-
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FIGURE 37.—Diagram showing system of solution openings. (After G. C. Matson.) The black spaces
represent subterranean openings from which limestone (represented by rectangular pattern) has becn
dissolved by solution. A4, B, Pitsleading from upper to lower caverns. The white spaces represent
stalactites and stalagmites.

nels are gradually enlarged and tend to coalesce and form a single large channel,
which by continued solution is gradually widened until a cave results. A few small
tubular channels that pass diagonally through the rock without apparent connection
with joints or bedding planes have been noted. The determining causes of such
passages are not known, but it seems certain they represent simply the enlargements
of some preexisting line of easy water movement.

The sheet form of solution passage is the first stage in the enlargement of joints,
faults, or other planes. The secondary pores first formed eventually unite into an
exceedingly narrow sheetlike opening. In crystalline and other insoluble rocks these
may persist indefinitely, but in limestones differential solution soon develops the
characteristic irregular cavities.

On account of their large size solution passages yield water freely
and are among the most important of water bearers.

¢0p. cit., p. 12.
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WATER-BEARING PROPERTIES OF ROCKS.
GRAVEL AND CONGLOMERATE.

Gravel is the best kind of formation to yield water. In the United
States it supplies most of the strong wells and furnishes more water
to wells than all other materials taken together. A coarse clean
gravel has a high porosity, high permeability, and high specific yield.
It absorbs water readily, stores it in large quantities, and yields it to
wells freely. A well only a foot in diameter ending in a good bed of
gravel may supply more than 1,000 gallons a minute. In Plate IV,
A, is shown a clean gravel which would yield water very freely if it
lay in the zone of saturation. Clean gravel is deposite ! chiefly by
large swift streams whose velocity decreases downstrcam. It was
formed extensively by the waters that issued from the great ice sheets
that once covered the northern part of the United States (Pl. III, A),
and by the streams that still flow from the mountains of western
United States upon the Great Plains or into the numerous intermon-
tane basins (PL. VIII, B). Such gravel is also formed on shores which
receive coarse débris and whose wave action and shore currents are
competent to remove the finer materials (Pl. IV, A).

Most of the water supply for the city of Brooklyn was formerly
pumped from wells ending in glacial outwash gravel on Long Island.
About 100 million gallons a day was pumped from wells in a catch-
ment area of about 160 square miles in the western part of the island.’
Examples of strong wells supplied from gravel deposits of intermon-
tane basins are afforded by the wells in San Bernardino Valley, Calif.,
reported by Mendenhall.® A group of three wells, all less than 200
feet deep, in 1892 flowed about 4,000 gallons a minute each. Four
others, ranging in depth from less than 300 feet to 582 feet, are
reported to have yielded about 3,000 gallons a minute each. Two
others flowed between 1,500 and 2,000 gallons a minute. In 1904
the aggregate yield of all wells in this valley was about 144 second-
feet (about 65,000 gallons a minute or 93 million gallons a day).

There is, however, a great range in the water-bearing properties of
the various kinds of gravel, conditioned mainly by the degree of
assortment and the degree of cementation. Some deposits consist
largely of pebbles and boulders and yet have a matrix of such dense
and compact material that they are worthless as producers of water.
Others have become transformed into hard conglomerate, with the
interstices so completely filled with cement that they will not yield
water (PL. IV, B). However, conglomerates may be fractured, like

7Spear, W. E., Report on water supply, Long Island sources, vol. 1, pp. 56-66, Board of Water Sup-
ply of the City of New York, 1912.

8 Mendenhall, W. C., The hydrology of San Bernardine Valley, Calif.: U. 8. Geol. Survey Water-
Supply Paper 142, pp. 52, 53, 63, 1605.
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most other consolidated rocks, and may yield some water from
their joints.

The kind and abundance of gravel in a sedimentary deposit depend
largely on the kinds of rocks from which the sediments were derived.
Thus, in a débris-filled intermontane basin much can be predicted in
advance of drilling as to the yield of the underlying gravels by noting
the character of the rocks in the adjacent mountains from which the .
débris was washed. Shale, marl, soft shaly sandstone, or fine-grained
volcanic ash will not produce gravel. In arid regions rocks may dis-
integrate without being chemically decomposed, and the resulting
débris may form a good gravel, but in time the pebbles are likely to
decay and fall apart, rendering the formation compact. This is prob-
ably one reason why the deeper fill of many of these basins fails to
yield much water. Slate or hard limestone may yield fairly good
gravel, but it is likely to be somewhat cemented. Quartzite does not
yield much débris, but such as it supplies is excellent material for
gravel. The best and most permanent gravel beds are produced
from materials that have been transported long distances and have
passed through many vicissitudes, so that the soft and unstable
materials have disappeared and only the hard, insoluble, and durable
materials remain.

As a rule the water from gravel beds is of good quality unless it
was mineralized before it entered the gravel. The water receives
relatively little mineral matter from the gravel because the gravel is
commonly composed of stable materials and, moreover, its interstices
are so large that the water does not come into very close contact with
the rock material.

SAND, SILT, SANDSTONE, AND QUARTZITE.

Sand and sandstone rank next to gravel as water bearers. They
comprise some of the great aquifers of the United States, such as the
well-known St. Peter and Dakota sandstones. A sand or sandstone
formation is as a rule more continuous and widespread than a
bed of gravel or conglomerate. It has a comparable porosity for
the same degree of assortment and cementation, reaching 30 to 40
per cent or even more in clean uncemented sands of uniform grain.
It compares unfavorably with gravel, however, in having smaller
interstices and hence in conducting water less readily and giving up
a smaller proportion to wells. It also compares unfavorably in con-
sisting of smaller particles, which are more readily carried by the
water into the wells, thus producing some of the most difficult
problems in connection with drilling and pumping (Pl. V, 4). A
good sandstone well may yield a few hundred gallons a minute, but
on an average sandstone wells furnish distinctly less water than wells
supplied by gravel.
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There is great variety in the formations that are properly called
sand or sandstone, and a correspondingly wide range in the water-
bearing characteristics of these formations. This range is determined
by several factors, chiefly size of grain, degree of assortment, degree
of cementation, and amount of jointing.

The size of grain is very important. A coarse sand if well assorted
yields freely, whereas an equally well assorted silt holds a large part
of its water and surrenders the rest very slowly. A fine, incoherent
sand is not only unsatisfactory or worthless as a source of water
supply but it is one of the most serious hindrances in recovering
ground water. In sinking wells it causes trouble by running into
the wells and filling them and by pressing so hard upon the outside
of the casiug that it becomes impossible to drive the casing down.
By coming into wells after they are finished it damages the pump,
sometimes erodes the casing, and frequently clogs the wells.

Deposits of sand are as a rule assorted better than deposits of
gravel because they are generally laid down by streams or currents
that are less turbulent and erratic. However, many sand deposits
do not consist of clean sand but contain a clay matrix that spoils
them as water bearers. The ‘“ Red Beds,” such as are extensively
developed in the Permian and Triassic formations and undecrlie large
areas in the western United States, include much sandstone that is
poorly assorted and clayey and hence is unsatisfactory as a source
of water.

Numerous mechanical analyses were made by Dake ® of sandstones
in the Mississippi Valley region, including such well-known and
productive water-bearing formations as the Cambrian (‘‘ Potsdam ")
sandstone in Wisconsin, the Jordan sandstone in Iowa, and the St.
Peter sandstone in Missouri. Two analyses of the Cambrian sand-
stone of Wisconsin showed effective sizes of grain (see p. 7) of 0.16
and 0.17 millimeter and uniformity coefficients of 1.6 and 1.9, respec-
tively. Both samples consisted chiefly of medium and fine sand
with small portions of coarse and very fine sand, as these terms are
defined on page 17. One analysis of the Jordan sandstone showed
an effective size of grain of 0.21 millimeter and a uniformity coeffi-
cient of 2.5. The sample consisted largely of medium and coarse
sand. Seventeen analyses of St. Peter sandstone showed effective
sizes ranging from 0.12 to 0.24 millimeter and averaging 0.17 milli-
meter. They showed uniformity coefficients ranging from 1.4 to 2.6
and averaging 1.9. These samples, like those of the Cambrian sand-
stone of Wisconsin, consisted chiefly of medium and fine sand, only a
few per cent, as a rule, being larger than 0.5 millimeter or less than 0.1
millimeter. These quantitative data give some idea of size of grain

9 Dake, C. L., The problem of the St. Peier sandstone: Missouri Univ. School of iines and Metallurgy
Bull.,, August, 192, pp. 152-177.
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and degree of assortment that is requisite for satisfactory yields.
These rather fine-grained but clean sandstones are widely regarded
as good aquifers and are believed to yield their water from the inter-
stices between the grains rather than from joints. Probably, how-
ever, they are not far from the limit of fineness for material that will
yield water freely. Figure 38 shows the mechanical composition of
one of the samples of Cambrian sandstone and of a sample of St.
Peter sandstone which is about average in effective size and uniform-
ity coefficient among the seventeen samples shown by Dake. A

yery Medium|Coarse| Fine
Clay Silt sf'a",fa gér‘u]% sand| Sand grave! Gravel
100
—
/ “ 7
&

T

3
“'m%ndszo
—
o0
\gc\el
%,

70 A
- 9,
5 \1?/ / EZ/
= 60
w 2, y *
3 Q\"’ v gk’/
ESO : (

v n g n\\ {1

; é7 E / =1
8., J o
« / S‘g/ -
£ ) 7/

A / W
/ )

] d BN

L~
A |

o
.0005 .00 .002.005 005 .01 02 .03.0405 4 .2 3 AS 2. 03 45 10
DIAMETERS OF GRAINS (MILLIMETERS)

TFIGURE 38.—Diagram showing mechanical composition ofsix water-bearing materials and of non water-
bearing playa clay. The Cambrian and S8t. Peter sandstones are well enough assorted and coarse
enough to yield water freely. The glacial outwash and alluvium of a desert valley are also good water
bearers, but the alluvium suffers from its large content of silt and fine sand. The till is unassorted
but yields water slowly. The loessis fine grained but rather well assorted and yields water very slowly.

The playa clay is too fine grained to yield«water in appreciable quantities.
sample of the Catahoula sandstone, a good water-bearing formation
in Texas, was analyzed by Goldman.’® He found that 10.4 per cent
of the sample consisted of coarse sand (0.9 to 0.45 millimeter), 53.4
per cent of medium sand (0.45 to 0.26 millimeter), and 34.1 per cent
of fine or very fine sand (0.26 to 0.04 millimeter). This gives a
probable effective size of more than 0.1 millimeter and a uniformity

coefficient of perhaps 3.

10 Goldman, M. 1., Petrographic evidence on the origin of the Catahoula sandstone of Texas: Am.
Jour. Scl., 4th ser., vol. 39, p. 263, 1915.
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The interstices of sandstone are more readily closed by precipitates
from percolating water than the interstices of gravel, because they
are smaller. Many of the more indurated sandstones are too thor-
oughly cemented to yield much water from the original openings
between their grains. In quartzites these interstices have been
almost completely closed by cementation. A moderate amount of
cementation may, however, improve a sand as a water bearer by
making it more coherent and less likely to run into wells. Cemen-
tation and resulting consolidation also produce conditions favorable
for the development of joints (Pl. V, B). In quartzites and the more
indurated sandstones the joints have a very important function.
Where the original interstices have been entirely closed the joints
may be the only sources of water, and where the cementing process
is less complete they serve the function of receiving supplies from the
minute pores of the rock by slow percolation and delivering it freely
to wells by which they are penetrated. In such a formation the
success of a well depends on the number and size of the joints that it
encounters and the extent to which these joints persist and intersect
others. Success in penetrating joints is largely a matter of chance
but can sometimes be achieved by a careful study of the joint systems
where the rocks crop out.

One of the hardest and most firmly cemented of quartzite forma-
tions is the Sioux quartzite, in southwestern Minnesota and adjacent
parts of South Dakota and Iowa. In pioneer days of the region it
was not considered a possible source of water, but the great dearth of
water in some localities compelled the experiment of drilling into it.
Almost everywhere it was found to yield some water, and it is now
depended on as a reliable source of supply. The water percolates
chiefly through the joints by which the rock is broken. Although the
amount furnished by any single joint is usually small the effect is
accumulative, and as drilling is continued the well becomes connected
with more and more of these water-bearing joints. The yield is
usually very small as compared with that of wells in more porous
formations. It is customary for drillers to guarantee only 100 gal-
lons an hour in farm wells, though the actual yield is often much
greater. The two city wells at Pipestone, Minn., which are respec-
tively 6 and 8 inches in diameter and 200 and 350 feet deep, together
deliver 140 gallons a minute.!

In Connecticut an altered quartzite consisting largely of quartz
grains apparently yields very little water. Information was obtained
by Gregory and Ellis*? regarding five wells drilled into it, three of

11 Hall, C. W., Meinzer, 0. E., and Fuller, M. L., Geology and underground waters of southern Min-
nesota: U. 8. Geol. Survey Water-Supply Paper 256, especially pp. 295-297, 332-334, 1911.

13Gregory, H. E.,and Ellis, E. E., Underground water resources of Connecticut, with a study of the
occurrence of water in crystalline rocks: U. 8. Geol. Survey Water-Supply Paper 232, p. 99, 1909.

497781 O-59—-10
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which are more than 300 feet deep and one more than 200 feet. In
each well the supply was very small and unsatisfactory. Though the
number of wells is too small for conclusive generalization, the evidence
indicates that the rock is a very unreliable source of water supply
and that the fractures are few and poorly developed.

Four drill holes are reported by Miss Bascom®® in the Chickies
quartzite, a hard, resistant, somewhat conglomeratic formation near
Philadelphia. One hole is 570 feet deep and yields no water, one is
132 feet deep and yields 5 gallons a minute, one is 64 feet deep and
yields 10 gallons a minute, and one is 780 feet deep and yields 100

gallons a minute.
LOESS.

Loess is a fine, homogeneous, nearly structureless silt, usually buff
in color and regarded by most people as a kind of yellow clay. It is
soft and easily excavated and yet has a remarkable capacity for
standing in vertical walls (PL. III, B). Much of this material was
deposited by the wind during one or more of the intervals.between
the several advances of the great ice sheets into the northern part of
the United States. It mantles slopes and crests and upland areas,
and the fact that it is thickest near the principal streams, as in the
uplands bordering the valleys of Missouri and Mississippi rivers,
suggests that it was largely blown up as dust from the bottom lands.

Loess is a porous material that has interstices of such a size that
it bas a high water-retaining capacity but still permits slow perco-
lation. Tt therefore has the hydrologic properties for making an
excellent soil but only a poor aquifer. It supplies wells in but
relatively small areas in the United States. In most places it forms
only a veneer of a few feet, and even where it attains a thickness of
50 to 100 feet it is likely to be in elevated positions some distance
above the water table. It yields water very slowly but may supply
enough for domestic or farm use. Some wells in southwestern Iowa
are supplied from loess, but on the farms it is generally necessary to
bore several wells, usually connected by drifts, in order to get enough
water for the live stock.”* The loess is too soft to develop joints that
are important in supplying water, and it apparently yields water by
seepage directly from the minute pores between the individual grains.
For this reason it is necessary to provide wells with extensive surfaces
for infiltration. ’

The more or less typical loess from the Mississippi Valley region,
of which mechanical analyses are given in the following table, consists
chiefly of silt, as defined by the United States Bureau of Soils (p. 17),

13 Bascom, Florence, Water resources of the Philadelphia district: U. S. Geol. Survey Water-Supply
Paper 106, p. 49, 1904.

“Norton, W. H., Hendrixson, W. 8., Simpson, H. E., Meinzer, O. E., and others, Underground
water resources of Jowa: U. 8. Geol. Survey Water-Supply Paper 293, p. 917, 1912,
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and has an average effective size of grain not far from 0.005 milli-
meter. The analyses show that the loess is fairly well sorted, but
they do not give sufficient data for waking close estimates of the uni-
formity coefficients. The coefficients of the Arkansas and Wisconsin
samples (Nos. 1-8) may be as low as 2 and are probably not over 5,
but that of the composite Nebraska sample (No. 9) may be somewhat
higher. The data given indicate that the effective size of grain of
the loess of the Mississippi Valley region is only about one-thirty-
fifth that of the St. Peter sandstone and yet is many times the size
of a subcapillary opening as defined on pages 26-27. The mechan-
ical composition of No. 2 is shown graphically in figure 38.

Mechanical analyses of loess in Arkansas, Wisconsin, and Nebraska.

[Percentage, by weight, of total sample.]

Diameter
(millimeters). 1123 1 418561417819
0.0/ 00| 0.0| 0.0] 0.0] 0.0] 00| 0.1} 0.0
o] o] .ol .o .2| .0f .0| .1] .2
1l ool i x| 1] o) 2l il 4
2 ol i) 1l 2| 7| ro| n7| 17
-1 0 0.05. 3.8 95| 9.4| 5.6| 48196 5.1|18.2]26.7
0.05 to 0.005 84.2 832 | 823|855 |81.7|64.8]|81.5/63.1]59.7
Less than 0.005 14| 7.0| 6.9| 8.6|100]147] 12.2 | 16,4 | 11.3

NortE.— Nos. 1 to § are samples of loess from Arkansas, studied by E. W. Shaw and L. W. Stephenson, of
the U.S. Geological Survey, and analyzed by the U. S. Bureau of Soils. (See U.S. Geol. Survey Water-
. Supgly Paper 399, pp. 103-104, 19163 Nos. 6 to 8 are samples of loess froh Wisconsin, studied by

W. C. Alden, of the U. 8. Geological Survey, and analyzed by the U. S. Bureau of Soils. (See Water-
Sugply Paper 399, p. 05? No. 9 represenis loess soil from Nebraska frow depths of 1 to6 feet, col-
lected and studied by F. J. Alway and C. O. Rust for the Nebraska Agricultural Experiment Station,
The figures are averages of the analyses of 36 samples, each of which was a composite of 50 individual
samples. (See Soil Science, vol. 1, pp. 405-436, 1916.)

The water in loess is likely to be somewhat hard but otherwise of
good quality. The danger of contamination of the water in the loess
is diminished by the fact that the material is very fine grained and
rarely contains crevices that are connected with the surface.

Brief descriptions of the occurrence of water in loess deposits are
given in several of the publications of the United States Geological
Survey.’s

CLAY, SHALE, AND SLATE.

True clay is alauminum silicate formed by the decomposition of the
more complex silicates found in igneous and metamorphic rocks. It
consists of such exceedingly minute particles that it is plastic and
feels smooth. To a large extent it is a colloidal substance. In the
process of assortment of fragmental material by water the clay is in
general held longest in suspension and is the last to be deposited.
In many places it occurs in very finely laminated beds which are

quite impervious (Pl. VI, A and B).

16 See Water-Supply Papers 159, 164, 256, 259, and 293; and Geologic Folios 105, 156, 188, and 195.
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Among all deposits true clay is the most hopeless as a source of
water supply. This is not becsuse it contains no water. The porosity
of nine samples of clay ranged, according to Ries,'® between 17.3 and
30.1 per cent. As quoted by Warington,'? Meister gives the porosity
of clay as 50 per cent and Schwartz gives it as 52.7 per cent. But as
the constituent particles of clay are impalpably small the interstices
between the particles are so minute that they hold tenaciously to all
their water, rendering the clay impervious under ordinary hydrostatic
pressure. Moreover, clay is so soft and plastic when wet that any
joints or other larger openings formed in it are closed completely
under even slight pressure.

Most of the numerous deposits that are called clay by well drillers
are in fact mixtures of clay with coarser materials. Such clayey
mixtures are deposited by sheet floods and by rapidly subsiding
streams after they no longer carry much coarse material. They are
the finest phases of unassorted or poorly assorted clastic deposits.
These clayey mixtures are regarded in drilling as non water-bearing,
but they furrish small domestic supplies to many shallow dug wells
that have large infiltration areas and considerable storage capacity.
The water may come into the well from relatively sandy or gravelly
lenses in the clayey deposit or it may trickle out of small crevices
that are formed in various ways. As the material is less plastic than
true clay and perhaps somewhat consolidated, it may have sufficient
strength to keep open such crevices under the small pressures existing
near the surface.

The following table, based on the work of David G. Thompson, of
the United States Geological Survey, shows the mechanical composi-
tion of the fine sediments deposited in the beds of temporary lakes,
or playas, in the desert region of California. These sediments consist
chiefly of silt and clay and are made up largely of fine colloidal clay.
They are only moderately well assorted. However, No. 4, at least,
has a high porosity. They are too fine grained to be sources of water
supply. The mechanical composition of No. 3 is shown graphically
in figure 38, in comparison with certain recognized water-bearing
materials.

16 Ries, Heinrich, Clays: their occurrence, properties, and uses, p. 163, New York, John Wiley & Sons,
1906,
37 Warington, Robert, Physical properties of soils, p. 67, Oxford, Clarendon Press, 1900.
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Mechanical composition of playa deposits in the Mohave Desert region, Calif.

[By David G. Thompson. Percentage, by weight, of air-dried sample after removal of water-soluble
constituents.]

Diameter
(millimeters). 1 2 3 ¢
More tha 2.4 0.1 0.2 0.02
1.0 to 0.5 2.3 .7 .8 .2
0.5 to 0. +.0 1.6 1.4 1.1
0.25 to 0. 1. 5.7 L5 1.7 2.3
0.125 to 5.1 1.7 3.1 2.4
0.074 to 8.5 3.1 5.1 1.0
0.050 to 20.0 8.0 2.0 .01
0.020 to 42.0 14.4 10.2 2.3
0.005 to 8.5 25.1 15.2 4.7
0.002 to 1.4 20.3 24.5 19.5
Less than 0. 0005 .3 23.5 35.8 66.6
Effective size (millimeter).................... ................ .005 ® ®) @)
Uniformity coefficient ... ... ... . ... iciiiiiiiiiiiiiiaa 6 (€ T PSR N
Porosity (per cent by volume)d ... ... { g?g

6 The sizes smaller than 0.05 millimeter were determined by a method described by E. C. J. Molr
(Die mechanische Bodenanalyse: Dépt. agr. Indes Néerlandaises Bull. 41, 1910), in which the material in
suspension in water is allowad to settle through definite distances for periods of different lengths. The
material in suspension at the end of a §iven period is decanted and allowed to settle for the next longer

od. The limits of the sizes separated in this way are doubtless less definite than those of the larger
sizes separated by snevm%.

b Less than 0. 0005 millimeter.

<More than 7; probably between 10 and 15.

d Porosity determined by A. F. Melcher.

1. Hard, smooth material at surface of playa in Superior Valley, 25 miles north of Barstow, Calif.
Microscopic examination of the material between 0.02 and 0.9005 millimeter in diameter showed that a
large part of it was comgosed of aggregates of fine particles, many of which showed typical Brownian
movement. Itisprobablethatifthe material were carefully treated these aggregates would disintegrate.
In the separation without special treatment, however, the aggregates acted as definite particles of the
size given,

Hi 23801‘% Ii%wdery, moist, and highly alkaline material at surface of playa in Ilarper Valley, near
mnkKile allf.

3. Hya’rd mud-cracked material about 50 feet from No. 2.

4. Material at surface of hard, smooth playa called Rogers “* Dry Lake,’" near Lancaster, Calif.

Shale is formed by the induration of either true clay or one of the
clayey mixtures. It is a poor kind of formation from which to get
water, but in a few localities where good aquifers are lacking it fur-
nishes meager supplies for some wells. Its available water is found
in joints and along bedding planes. Joints are as a rule best devel-
oped near the surface, in the hardest shales and in the more brittle
varieties derived from the less plastic mixtures. An example of a
thick formation of dense shale that offers very unfavorable ground-
water conditions is afforded by the Pierre shale, which underlies
large parts of the Great Plains. An example of a shaly formation
that is better than the average as a water producer is the Brule clay,
which also underlies parts of the Great Plains. This somewhat gritty
and brittle formation is broken, especially in the weathered parts,
into small cubical blocks and seems to contain some large openings
near the surface. It supplies small quantities of water to many wells,
and under certain conditions it seems to supply very large quantities

from its fissured upper portion.'®

18 Meinzer, O. E., Ground water for irrigation in Lodgepole Valley, Wyoming and Nebraska: U. 8.
Genl. Survey Water-Supply Pane- 427, pp. 56, 62, 63, 1919. Brief statements regarding water in shaleare
also given in Water-Supply Papers 110, 232, 233, 254, 257, and 259.
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Slate is likewise not a satisfactory water bearer, but in places
where there are no other sources it furnishes small though perhaps very
valuable supplies. The rock itself is too dense to yield water, but
some water may percolate through its joints and cleavage planes,
especially near the surface, where the crevices have been enlarged by
weathering (Pl. VII, A). In mountainous areas underlain by slate
ground water is generally scarce.

At the mining town of Manhattan, Nev., where water is very scarce,
most of the public supply is derived from slate. One well, 4 by 8
feet in cross section and 60 feet deep, all except the top 6 feet of
which is in slate, yields in different seasons from 5,000 to 10,000
gallons a day.'®

In southern Maine, according to Clapp,? slate produces more water
than granite, and few wells in slate are absolute failures. In that
region most slate wells less than 100 feet deep yield between 1 and
10 gallons a minute, but many of the deeper wells yield as much as
30 gallons a minute, and a few yield more than 50 gallons a minute.
In the large slate areas of Maine drilling to depths of 400 or 500 feet
is advised unless sufficient supplies are obtained nearer the surface.

In Connecticut Ellis?' noted that five wells drilled into a slaty rock
to an average depth of 94 feet yield very little water. The cleavage
of the rock is nearly vertical, causing difficulty in drilling, and most
of the fractures appear to be filled by some cementing mineral matter.

TILL.

Glaciers carry rock débris of all sizes from fine rock flour to huge
boulders, mixed promiscuously. The deposits of this débris are called
“glacial drift.” The drift is in part deposited directly by the ice and in
part carried farther by the waters resulting from the melting of the
ice or by the wind. That which is deposited directly by the ice forms
heterogeneous unassorted mixtures called “till” or ‘“boulder clay”
(PL.'VIII, A); that deposited by escaping streams forms chiefly water-
bearing ‘‘outwash gravel” (Pl III, A); that deposited by lakes im-
pounded by ice or till forms chiefly impervious clay beds (Pl. VI, B);
and that deposited by the wind forms accumulations of loess (P1. 111,
B) or dune sand (Pl. V, A). Extensive deposits of all kinds of glacial
drift were laid down by successive continental ice sheets that invaded
the northern part of the United States in late geologic time—
shortly before the dawn of human history.

19 Meinzer, O. E., Geology and water resources of Big Smoky, Clayton, and Alkali Spring valleys, Nev.:
U. S. Geol. Survey Water-Supply Paper 423, p. 127, 1917.

20Clapp, F. G., Underground waters of southern Maine: U. 8. Geol. Survey Water-Supply Paper
223, pp. 33-34, 1909; Occurrence and composition of well waters in the slates of Maine: U. S. Geol. Survey
Water-Supply Paper 258, pp. 32-39, 1911.

21Ellis, E. E., Oceurrence of water in crystalline rocks: U. S. Geol. Survey Water-Supply Paper 160,
p-27,1906. Gregorv, H. E. and Ellis, E. E., Underground water resources of Connecticut, with a study
orihe oceurrence of water in crystalline rocks: U. S. Geol. Survey Water-Supply Paper 232, p. 99, 184,
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As till is unassorted it commonly has a low porosity and a low
specific yield. However, there are great variations in the compo-
sition and texture of the till in different places, depending largely on
the kind of rocks that supplied the débris of which it consists.
Some till is compact, with clayey materials predominating; some
have only meager amounts of fine material, being mainly sandy or
stony. The clayey till is so nearly impervious that it yields little or
no water; the sandy or stony till is somewhat more porous and per-
meable and may be a fairly good water producer.

Intermingled and interbedded with the till in the most intricate,
chaotic, and varied manner, and also in many places lying beneath
or above it, are beds and lenses of water-laid sand and gravel. In
some places these deposits lie between two till sheets of distinctly
different ages and represent an interglacial epoch, but many of them
do not have this significance. In most localities where the drift is
thick, beds of water-bearing sand and gravel are encountered by
wells, but these beds vary greatly, even in the same locality, in thick-
ness, coarseness of material, and depth. Only rarely can a particular
bed be traced by means of well sections for more than a few miles.
The ground moraine, which was laid down over wide areas at the
base of the ice sheet, is generally more compact and contains fewer
sandy and gravelly beds than the terminal and recessional moraines,
deposited at the margins of the melting ice sheets.

Glacial drift covers a large part of the northern United States. It
commonly lies at the surface and is spread over the older formations
as a mantle, ranging in thickness from only a few feet ta a few hun-
dred feet. On account of its low permeability the till tends to
become saturated nearly to the surface, even on hilltops and hillsides.
As it is usually the first formation penetrated throughout the large
region in which it occurs and as it usually yields some water, it has
become the source of supply for a very great number of wells in the
United States—chiefly domestic wells that are not subject to heavy
demands. Because of the comparative ease with which the till can
be excavated, the shallow depth to water in it, and the need for
large infiltration surfaces in order to get adequate supplies for even
domestic uses, a large proportion of the till wells are dug wells a few
feet in diameter. Till seldom yields enough for public waterworks or
large industrial plants, but in places considerable water is recovered
from it by excavating extensive systems of infiltration tunnels,

Many dug wells supplied by till have exceedingly small yields but
may nevertheless be considered satisfactory for domestic use. A
well of this type in Connecticut, 24 feet deep and 3} feet in diameter,
tested by Palmer? was found, with a drawdown of 3} to 4 feet, to

22 Palmer, H. S., Ground water in the Southington-Granby area, Conn.: U. S. Geol. Survey Water-
Supply Paper 466, pp. 48-50, 1921,
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have an inflow of only 37 gallons in 2} hours, which was less than a
quart a minute and only a third of a gallon an hour for each square
foot of seepage surface (fig. 39). Yet this well is pumped with a
small gasoline engine and supplies a small private system of water-
works that includes an air-pressure tank. Its yield and storage capac-
ity are sufficient to supply the small demands made upon it by the
family, and consequently the well is considered entirely satisfactory-
In recent years many of the shallow dug wells in the areas of deep
glacial drift have been abandoned for deeper drilled wells which are
only a few inches in
diameter but which ex-~
tend to gravel beds as-

\ sociated with the till.
\ These drilled wells gen-

1

&

erally yield supplies
that are larger, more
\ reliable in time of

S

drought, and less liable
to pollution. Theygen-

\\ g eraily yield as much as
8

DEPTH TO WATER IN FEET

5 gallons a minute, and
many that tap sand or

\E o] gravel beds associated
oo with the till will yield
as much as 100 gallons
100PM. 2.0 3.00 %00 5.00 600 .
TIME a minute.

FIGURE 39.—Diagram showing the very small yield of a satisfac- :
tory domestic well, 3% feet in diameter, ending in till in Con- The fOHOWng ta:ble
necticut. (After H. S, Palmer.) From 1.30p.m. to2.50p.m. gives the mechanical

the well was pumped at about 2§ gallons a minute. From 2.50 e -
p-m. to 5.35 p. m. no water was withdrawn, but the water level cO.IDPOSltIOD and por
in the well rose only 0.59 foot, indicating an inflow of ondy 37 gal- OSIty of seven samples

lons in 24 hours. of glacial drift in Con-
necticut, which is being studied by Norah E. Dowell, of the United
States Geological Survey, and shows the difference between the till
and the outwash deposits in both assortment and porosity. Some
of the beds of outwash are much coarser than the samples of out-
wash shown in the table, but these coarser beds are equally well
sorted. The till is derived chiefly from gneiss and schist and is of
a stony type, poor in clayey materials. Samples 3 and 5 are shown
in figure 38.
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Mechanical composition and porosity of glacial drift in Pomperaug Valley, Conn.
[By Norah E. Dowell. Mechanical composition in percentage, by weight.}

Glacial
Glacial outwash. Till. lake
Diameter deposit.
(millimeters).
1 2 3 4 5 6 7
Gravel to boulders.......| Morethan 10......].c..ccoofeeccaccc|ecannann 50.0 50.0 75.0 |........
Gravel....... 10802 cee e 13.8 7.3 8.7 4.7 5.9 1.5
Fine gravel .. ..{2tol ... 22.2 6.9 6.3 5.2 3.0 2.9 1.7
Coarse sand .. ..]1t00.5. 26.9 19.4 10.8 6.4 6.1 2.7 1.6
Medium sand ............. 0.5t00.25........| 33.9 | 28.2 31.0 7.7 10.3 4.0 2.0
Fllne sand) (0.25t00.1mil- | 0.25t00.125 ...... 13.5 22.6 35.2 7.0 9.5 3.7 21.9
imeter
Veryﬁnesand(()l t00.05 {0 .125100.074 ... 2.2 6.4 6.8 4.2 4.8 2.1 40.3
millimeter) 0.074100.05...... 1.0 2.2 2.3 7.0 7.4 2,9 29.9
Silt e 00’;!:00005 ...... .3 .4 .3 3.8 2.9 .8 1.0
ClaY coeerieiamancenanean s than 0.005. 1 .1 .0 .0 1.3 .0 .1
Effective size (millimeter) .13 .13 .13 .07 .07 .27 .08
Uniformity coefficient................ 4.9 3.8 2.8 0+ 1504+ |........ 1.9
Porosity (per cent by volume) 318 37.1 38.5 6.3 15.8 8.7 41.9

The occurrence of water in the till is described in many of the
publications of the United States Geological Survey.?

UNASSORTED OR POORLY ASSORTED ALLUVIUM.

Although running water is a great assorting agency and is thus
perhaps the most important agency for the production of water-bear-
ing formations, yet not all deposits made by running water are well
assorted. The arid intermontane basins of the western part of
the United States are underlain in most places by several hundred
feet of rock waste washed from adjacent mountains, most of which
was deposited by running water. These stream-made deposits include
numerous beds of excellent water-bearing gravel, but the bulk of the
material is not well assorted, consisting of pebbles and boulders em-
bedded in a matrix which itself is a mixture of gritty and clayey
débris (Pl. VIII, B). Such poorly assorted deposits are probably the
result of very erratic conditions of stream flow, whereby an area may
at one moment receive coarse material carried by a raging flood and
soon after receive only the clayey sediments of a dissipated stream,
which fill the spaces between the coarser débris. The well-assorted
gravels are probably deposited in definite stream channels leading
out from the canyons that discharge the surface waters from the
mountains. The poorly assorted deposits are probably formed in the
areas between these principal channels that are also occasionally
flooded. As stream deposition proceeds the courses of the principal
channels are shifted many times, and the gravel beds of the abandoned
channels gradually become covered with the more poorly assorted
alluvium. Hence the deposit as a whole ultimately develops into a

13 See Water-Supply Papers 114, 232, 254, 255, 256, 257, 293, 374, and 400, and Geologic Folios 96,97,
100, 113, 114, 149, 156, 188.
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thick mass of ill-assorted alluvial material ramified by numerous
stringers of well-assorted gravel. These ramifying stringers form
ground-water arteries. Each alluvial fan has a system of such arter-
ies, all branching out from the mouth of the parent canyon and hence
very favorably situated for receiving water from the canyon. The
ground-water arteries function very much like the arteries of the
human body, and the interstices of the poorly assorted matrix func-
tion like the capillaries of the body. The hydrostatic pressure at the
principal point of recharge at the mouth of the canyon sends the water
through the arteries as fast as it can ooze out through the capillaries
of the clayey matrix.*

The poorly assorted alluvium of the fill of intermontane basins has
some resemblance to the till of glacial deposits, both in its texture
and in its water-bearing properties, although on an average it is more
porous and permeable. Like the till, it lies immediately below the
surface throughout extensive areas and is penetrated by numerous
dug wells that receive enough infiltration for domestic and livestock
supplies but generally not-enough for larger requirements, as for pub-
lic waterworks or irrigation. Where large supplies are needed wells
are drilled deep into the fill in order to penetrate the interbedded de-
posits of clean gravel, which are quite as erratic in their occurrence
as the gravel deposits of glacial drift but which are commonly encoun-
tered by drilled wells and furnish very copious supplies of water.

The alluvium of large perennial streams is better assorted than that
of the erratic intermittent and ephemeral streams of arid regions, but
it also generally includes much poorly assorted material that yields
water in only meager amounts. As a rule a drilled well in alluvial
deposits derives most of its water from one or more definitely recog-
nized gravel beds that form only a small part of the total well section.
The bulk of the material penetrated is likely to be a more or less het-
erogeneous mass, often called clay by the driller, which may yield
considerable seepage to a well of large dmmeter but is ignored by
drillers in search of strong water-bearing beds.” Even the good
water-bearing gravels of alluvial deposits are likely to contain much
intermingled fine material that must be cleaned out before a well will
yield freely.

The following table shows the mechanical composition and porosity
of several samples of alluvium in the fill of desert valleys in California,
which are being studied by David G. Thompson. All the materials
shown in the table would probably yield water, and some would
doubtless yield enough for irrigation. Nos. 1, 2, and 3 are rather
fine grained and well assorted. The porosity of Nos. 1 and 2 and
doubtless also of No. 3 is high. Nos. 4 and 5 are not so well assorted,

2 The conception of ground-water arteries was suggested to the author by Mr. Paul Bailey, of the Cali-
fornia State Water Commission.
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but, like Nos. 2 and 3, they contain enough gravel and coarse or me-
dium sand to be developed as sources of water by pumping out the
fine material through wells that are sunk into them. This method
of development is, of course, possible only in materials that are inco-
herent, so that the small grains are free to be carried by the perco-
lating water. No. 4, which is graphically shown in figure 38, probably
has the best possibilities as a water bearer because of its large contents
of gravel and coarse sangd. Many of the water-bearing beds in allu-
vium consist of coarser material than any shown in this table and
will yield water more freely without special development.

Mechanical composition and porosity of alluvium in Mohave Desert region, Calif,
[By David G. Thompson. Mechanical composition in percentage, by weight, of air-dried sample.]

Diameter
(millimeters). 1 2 3 4 3
.................... 3.3 5.3 0
Gravel......oooouneneenees 0 s 16 6.9 0.7
Fine gravel .. .2 3.9 1.1 15.6 3.4
Coarse sand. . 4 8.7 5.1 24.7 7.5
Medium sand 3.0 17.0 19.0 25.8 15.0
Fine;}al)ld (0. 25 to 0.1 milli- 12.4 19.1 49.0 9.4 18.9
Very fine sand (0.1 to 0.05 15.8 17.4 15.2 4.5 15.7
millimeter) . 4.3 19.2 4.4 2.2 16.8
Silte.... 23.1 1.0 9 } 5 5{ 16.7
Claya... 3.6 1.1 .5 * 5.2
Effective size (millimeter)........................... . 02?7 .045 .09 .10 .02?
Uniformity coefficient ................ .. ... ... 3.5? 4 2.5 7 8?
Porosity b (per cent by volume). .. ..........cc.o.... 43.1 B5.7  Jeeeaevmcofocacenionr]incanncens

a gllrllggizes smaller than 0.05 millimeter were separated by allowing the material to settle in water as
ex] on
Porosity getermined by A. F. Melcher.

1. Pleistocene alluvium from alluvial fan of ancient Mohave River, near Yermo, Calif. Now dis-

sected by present river.
. Pleistocene alluvium lying about 5 feet below No. 1, and separated from it by grave

3 Alluvium deposited in recent fiood b{Mohave River on fan near lower end of the river

M Allll%;num near Newberry Spring in Lower Mohave Valley, Calif., probably deposited by ancient
ohave ver

5. Alluvium in lowest Yart of alluvial slope about 10 miles from base of Sierra Nevada, built by small

streams, Indian Wells Valley, Cali

LIMESTONE AND RELATED ROCKS.

No rock differs more radically with respect to yield of water than
limestone. Some limestone formations rank among the best aquifers;
o.hers are as unproductive as shale. These differences are due only in
part to the original texture of the rock; they are chiefly the result of
differences in the extent to which it has been subjected to the solvent
action of percolating waters.

Newly formed limestone may contain abundant interstices between
the calcareous fragments of which it is composed. However, on
account of the ease with which the calcareous materials are compacted
or are dissolved and again precipitated, the original interstices tend
to close up or to become filled. Hence, the older limestones are
generally compact and impervious except in bedding planes and joints
(Pl IX, A and B) and in passages developed by solution, generally
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along bedding planes or joints (Pl. VII, B). If the formation has
always lain at considerable depths, under conditions of sluggish water
circulation, it is likely to be a poor source of water. If it has been in
a topographic or structural position that induced active circulation
of water it is usually cavernous and is likely to be a good aquifer
(PL X, A).

The limestone is dissolved most rapidly above the water table,
where there is abundant and rapid percolation and where the perco-
lating waters contain carbon dioxide, which is necessary for dissolving
limestone. However, the crevices that occur above the water table
are not available as reservoirs of ground water; only those below the
water table can yield permanent supplies to wells. Obviously an
ideal sequence of events has occurred where a limestone was exposed
to leaching until it became cavernous and was then subjected to
changes that raised the water table and immersed the cavernous part
in the zone of saturation. This sequence of events has occurred in
the north-central United States and has made excellent aquifers out
of some of the prominent limestones of that region, such as the Galena
limestone and the Niagara limestone. Before the glacial epoch these
limestones lay at the surface over wide areas and were subjected to
extensive weathering. Then they were overridden by successive ice
sheets and became covered with glacial drift. To-day the water table
in most places passes through the drift mantle, leaving the underlying
cavernous limestone within the zone of saturation. In these areas
limestone is considered an excellent water bearer, and many limestone
wells will yield from 100 to several hundred gallons a minute. Where
these same formations are so deeply buried that they have never been
leached they are often not regarded as aquifers by deep-well drillers,
who search for the water-bearing sandstones bet ween the limestones.

A similar sequence of events has rendered some of the limestones
of Florida cavernous. The region was uplifted and the limestones
were leached until many large solution openings were developed.
Then it subsided several hundred feet, bringing the cavernous lime-
stone below the water. These submerged caverns have become great
water conduits from which issue some of the largest springs in the
United States.?

Not only is there a wide range in the yield of different formations
of limestone and of the same formation in different localities, but
there is also great diversity in the yield of similar wells in the
same locality and ending in the same limestone. The reason is
obvious. The search for water in a creviced formation involves a
large element of chance. One well may hit a large cavern with an
almost inexhaustible supply of water; another well, only .a few feet

$sMatson, G. C., and Sanford, Samuel, Geology and ground waters of Florida: U. S. Geol. SBurvey
‘Water-Supply Paper 319, pp. 207-210, 1913.
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away, may miss all the large openings and may consequently receive
but little water. These differences are illustrated in figure 40.

Limestone formations give rise to large springs. Their waters occur
in large, definite openings and are generally discharged to the surface
from such openings. One of the largest springs in the United States
is Silver Spring, in Florida, which flows from a single large opening
in limestone. According to measurements made by the United States
Geological Survey, it yields from 342 to 822 cubic feet a second, or
from 153,000 to 368,000 gallons a minute.? The water emerges from
a basin over 35 feet deep in a stream that is reported to be about 50
feet wide and 10 feet deep, and the water is so clear that objects lying
on the bottom are distinetly visible.”” About 15 to 20 other limestone
springs in the United States are known to yield more than 100 cubic
feet a second (chiefly in Florida and in the Ozark region of Missouri
and Arkansas); and

springs yielding as much — 11
as 1 cubic foot a second ! rl )_I |
(about 450 gallons a min- I_ -

ute) are fairly abundant. ==

Many regions underlain
by limestone have no sur- -
face run-off; all their sur-
face water passes through '
sink holes into subter- mgure 40.—Diagram showing difference in conditionsin wells
ranean passages in the in limestone not far apart. (After G.C. Matson.)
limestone. Thus, streams of considerable size may pass beneath the
surface, flow for miles through subterranean passages, and eventually
reappear at the surface. On plateaus and mountains composed of
limestone the ground water is generally far below the surface, and it
is usually difficult or impossible to develop ground-water supplies.
Good examples of such conditions are afforded by the Tintie mining
district in Utah (see pp. 80-81 and fig. 28) and by the plateau country
of central New Mexico.?®

As a rule, the boundary between the zone of saturation and the
zone of aeration is about as definite in limestone as in other rocks.
The joints and solution passages, both great and small, generally form
a network of connected openings that are filled with water up to a cer-
tain level, which is the water table. In some places, however, a well
will pass through limestone and will not strike a water-bearing crev-
ice until it has been drilled a considerable distance below the water
table. When it strikes the water-bearing crevice, the water will gen-

367, 8. Geol. Survey Water-Supply Paper 27, p. 45, 1899; also Water-Supply Paper 452, p. 61, 1920,

% Matson, G. C., and Sanford, Samuel, op. cit., p. 29.

# Meinzer, O. E., and Hare, R. F., Geology and water resources of Tularosa Basin, N. Mex.: U. 8.
Geol. Survey Water-Supply Paper 343, pp. 170-175, 1915.
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erally rise in the well about to the level of the water table. Some
of the large caverns contain streams that do not differ greatly from
surface streams. Like the surface streams, they generally flow about
at the level of the water table. As the result of a heavy rain or the
rapid thawing of snow they may receive great quantities of surface
water directly through sink holes and may, like the surface streams,
become greatly enlarged. In these times of flood they may lose some of
their water by percolation into the smaller crevices, but at low stages
they are fed by the body of ground water that occupies all crevices
below the water table. Rarely there is & passage through the lime-
stone that leads from a sink hole, where water is taken in, to a point
of discharge at a lower level, without extending down to the water
table. Such a subterranean passage is essentially a dry wash that is
arched over by a natural bridge. Its discharge is extremely irregular
and ceases as soon as the flood water has disappeared. Subterranean
streams that do not extend to the water table are rare because the
water entering a sink hole will follow any available opening down to
the water table, and if its channelis above the water table it will tend
to wear it down to thatlevel. These processes are well illustrated by
the following description of the occurrence and work of water in the
limestone that underlies the Shenandoah Valley, in Virginia:?

The caverns of the Shenandoah Valley are far more numerous than the casual
visitor would be likely to imagine. The rocks in which this broad trenchlike valley
has been excavated by water are mainly limestone, and wherever these rocks occur
the existence of caverns is indicated by two unfailing signs—the presence of innu-
merable water sinks and the absence of brooks tributary to the rather regularly
spaced creeks. The brookless tracts receive a due share of rainfall and must
obviously contribute water to maintain the flow of the creeks and rivers, but their
contributions are not delivered by way of the surface drains but through under-
ground channels that supply copious springsin the deep valleys. The sinks are rude
funnels, by means of which surface waters are diverted to the subterranean water-
ways.

X‘he development of extensive underground waterways in limestone formations
like those of the Shenandoah Valley hinges upon the two geologic facts that large
masses of rock are always cut by joints and that limestone is dissolved by rain
water, which always contains more or less carbon dixoide. Surface water entering
fissures, joint cracks, and bedding planes attacks the limestone walls and thus by
a process of etching converts close fractures and joints into relatively open crevices.
As this process of solution goes on lateral connections will be made from crevice to
crevice, and the downward etching of the linked openings will be halted only when
the subsurface water channels have become closely adjusted to the water table con-
trolled by surface streams.

Marble does not differ essentially from hard limestone in so far as
its water-bearing properties are concerned.

Dolomite, or magnesian limestone, is somewhat less soluble than
true calcareous limestone, but it also becomes cavernous when it is
suhjected to weathering.

®U. 8. Geol. Survey Press Bull., July 17, 1922, based on investigations by A. C. Spencer.
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Chalk, which is a soft, fine-grained, friable limestone, is abundant
in Europe, where it forms an important source of water,* but it is
scarce in the United States. It occursin the Upper Cretaceous of
the Great Plains, where it furnishes water to some wells. It yields
water in moderate amounts from joints and solution passages, which
are open near the surface but tend to close under pressure at con-
siderable depths.®

Shaly limestone, calcareous shale, and marl are formations inter-
mediate in composition between limestone and shale. These forma-
tions are also intermediate as producers of water. They are gener-
ally softer and less cavernous than limestone but somewhat more
friable and brittle and hence more jointed than shale.

Caliche occurs in the fill of desert basins. It consists of this fill so
extensively cemented and perhaps in part replaced by a calcareous
precipitate that it has the appearance of a massive, conglomeratic
limestone. It is formed near the surface and does not generally
attain a depth of more than a few feet.®* Layers of caliche may,
however, become deeply buried by sediments deposited later, and
several such layers may be encountered in drilling.®®* Caliche is too
compact to yield much water, and where it lies near the surface it
retards the downward percolation of water from the surface. It is,
however, not entirely impervious. It contains some crevices and
may become soft and fairly permeable when thoroughly wet.

The following description of the occurrence of water in the High-
bridge and Lexington limestones in Kentucky, by Matson,* affords a
good illustration of the character of cavernous limestone and dolomite
aquifers:

The Highbridge limestone contains but few large underground streams; most of
the water channels in it are small. Along Kentucky River gorge, however, some of
the channels form good-sized caverns.

The Lexington limestone, except in the vicinity of large surface streams, occupies
areas having gently rolling topography and a heavy deposit of poroussoil. These
conditions favor the occurrence of a large amount of underground water and the
development of extensive systems of underground drainage, and the formation con-
tains innumerable small channels and many large caverns. Indeed, most of the
counties in which this limestone covers a large area can boast one or more caverns.
The best known and probably the largest of these is the Russell Cave, in Fayette
County, which is reported to have been explored for nearly a mile, Several of the
other caverns in the Lexington limestone have been explored shorter distances.

Most of these caverns contain streams, many of which give rise to large springs. Few
of the caverns are accessible except in dry weather. The small underground chan-

% 'Woodward, H. B., The geology of water supply, pp. 158-169, London, Edward Arnold, 1910.

a1 8ee U. 8. Geol. Survey Geol. Atlas, Folios 100, 113, 114, and 156, which contain short descriptions
of water in chalk.

331 Meinzer, O. E.,and Kelton, F. C., Geology and water resources of Sulphur Spring Valley, Ariz.:
U. 8. Geol. Survey Water-Supply Paper 320, pp. 65-66, pl. 10, 1913.

#]dem, p. 55, pl. 9.

4 Matson, G. C., Water resources of the Blue Grass region, Ky.: U. 8. Geol. Survey Water-Supply
Paper 233, pp. 4649, 1909.
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nels that lie above the level of surface drainage also give rise to many springs.
Below the level of the surface drainage the underground channels in the Lexington
limestone are apparently small, but most of them seem to be full of water, while the
channels nearer the surface are practically never entirely filled.

The Highbridge limestone is penetrated by but few shallow wells, and most of the
deep wells sunk in it obtain mineral water. More than 95 per cent of the drilled
wells of the upland obtain water from the Lexington limestone. The possibility of
procuring water depends entirely on the chance of encountering one of the underground
channels. In some localities few wells fail to procure an adequate supply; in others
many failures are reported.

The occurrence of water in the Galena and Niagara dolomites in
Towa is described by Norton® as follows:

Sealed between two shales, the Galena dolomite forms a water bed of no little
value. Where dolomitized and nonargillaceous it is porous—not, indeed, sufficiently
to permit free percolation but enough to give rise to incipient waterways along joints,
bedding planes, and specially porous layers, and these have developed by solution
into definite channels capable of a large yield to wells. Though no assurance can be
given that the drill will strike one of these channels, it has done so in a good many
of the JTowa wells. The yield from the Galena and Platteville is in some places abun-
dant, amounting in some of the wells in Davenport and Rock Island to 300 or 400
gallons a minute. At Mason City the entire city supply is drawn from these forma-
tions. In shallow wells the Galena affords excellent water throughout its area of
outcrop. Its base at least is saturated, and southward and westward, where it dips
under the Maquoketa shale, it continues water-logged. Thus it remains the chief
source of farm wells in large areas where wells penetrate the Maquoketa shale and
are drilled to depths of 300 to 400 feet to reach it. In West Dubuque there is an
area so cut up by labyrinthine passages underground and so full of water that it is
known as the Poland Pond. On one occasion a small skiff was taken down a shaft and
used in exploring this ground. The springs issuing from the Galena dolomite are
among the most copious in the State. This is a direct result of the many channels,
some cavernous in size, that have been opened by solution along bedding planes and
intersecting joints. The chief horizon is that at the base of the formation, immedi-
ately above the impervious Decorah shale. Over the wide areas where the Galena
is the country rock, large numbers of sink holes pit the surface and lead the storm
waters directly into the fissures and thus furnish a ready supply of water. In some
places storm waters are led so directly to a near-by valley that they form a large part
of the supply of some spring, which readily responds to every rainfall by showing a
proportional increase in volume and turbidity. Such springs, however, should be
avoided, as they are very liable to pollution by organic impurities washed into the
sink holes with the water.

The Niagara transmits water very freely, not only through many small cavities
but especially through a large number of joints, cracks, bedding planes, and open
crevices formed by solution in the soluble rock, through which an active circulation
obtains. In number and size, however, the open cavities are small compared with
those of the Galena. The water absorbed over the large intake area of this formation
is held by the impervious shale beneath from passing downward, so that at least the
base of the limestone is waterlogged and the contact with the shale forms a strong
well and spring horizon. The margin along the bold eastern escarpment is so well
drained that in many places it is difficult to secure good wells. Farther back the
ground-water level rises until along the margin of the overlying Devonian the forma-

35 Norton, W. H., Hendrixson. W. S., Simpzon, H. E., Meinzer, O. E., and others, Underground
water resources of Iowa: U. 8. Geol. Survey Water-Supply Paper 203, pp. 103-106, 1912,
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tion is almost entirely saturated and wells obtain an abundance of water soon after
penetrating it. Though rarely dry at the base, it is subject to the disadvantage
common to other limestones—the possibility that the drill may go a long distance,
even through the formation to the shale, without striking one of thie crevices or water
passages. Perhaps the most constant water-bearing bed of the formation is an espe-
cially porous, granular stratum lying some distance above the base. The water from
the Niagara is usually copious enough for the public supply of towns of 1,000 or 2,000
population or for minor industrial purposes, though in some places it may be unsatis-
factory as a boiler water on account of its hardness. Springs are very numerous
along the base of the Niagara escarpment and in the heads of the narrow ravines
which deeply notch it. Owing to the numerous thin shaly layers interbedded with
the limestone, springs are abundant well up within the formation.

GYPSUM AND SALT.

Gypsum is most commonly found as an impurity in shale and
limestone, but in places it forms beds as much as 100 feet thick.3®
It is softer and more soluble than limestone. It allows slow general
percolation and readily develops sink holes and solution passages,
which, however, do not remain open under much pressure (Pls. X,
B; XI, A, B, and C; and XIII, A and B). In a few places in the
United States, mostly in the Southwest, there are wells that end in
deposits consisting chiefly of gypsum. The yield of these wells is
small unless they strike a solution passage, in which case it may be
large. The water is highly mineralized.”

Wind-blown deposits of gypsum are of two kinds—(1) granular
gypsum sand, which is at first very porous but soon becomes some-
what more compact through recrystallization, and (2) impure gyp-
seous dust, which somewhat resembles loess and which becomes
compact and clayey but apparently yields small quantities of poor
water to a few wells.

Beds of rock salt and other saline deposits are very soluble and
hence generally contain water, which, however, has so much salt in
solution that it can not be used for ordinary purposes.

PEAT AND COAL.

Deposits of both peat and coal generally contain some available
ground water where they lie below the water table. Coal beds sup-
ply many springs and wells in Pennsylvania, and they constitute an
important source of water for wells in eastern Montana and adjacent

s Meinzer, O. E., Geology and water resources of Estancia Valley, N. Mex., with notes on ground-
water conditions in adjacent parts of central New Mexico; U. 8. Geol. Survey Water-Supply Paper 275,
p- 13, 1911.

18ee U. 8. Geol. Survey Water-Supply Papers 148, 154, and 343, which contain a few data on water in
gypsum formations.

wMeinzer, O. E., Geology and water resources of Estancia Valley, N. Mex., with notes on ground-
water conditions in adjacent parts of central New Mexico: U. 8. Geol. SBurvey Water-Supply Paper 275,
1911. Meinzer, O. E., and Hare, R. F., Geology and water resources of Tularosa Bagin, N. Mex.: U. 8.
Geol. Survey Water-Supply Paper 343, 1915.
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regions. In some parts of the arid West coal beds form good water
bearers. In many places they are underlain by nearly impervious
clays or shales, which help to retain the water. Some of the coal
beds can be traced from a distance by the verdure of vegetation
along their outcrops. The water from coal beds is generally clear
but may be brown or nearly black. It is generally wholesome and
not highly mineralized but may be sulphurous. As the coal is brittle
and does not have much strength it is readily fractured. The water
is probably obtained largely from joints.*®

BASALT.

Basalt ranks among the important water-bearing rocks in the
United States. Spread out im successive sheets over extensive areas,
it forms the only source of supply throughout large sections of the
Northwest and in the Hawaiian Islands. The water occurs in large
joint openings (Pl. XIII, B) and in other cavities (Pl. XIV, A and B);
it also occurs in the zones of vesicular and fragmental material
between successive lava sheets (Pl. XV, A and B). This rock is so
generally traversed by large openings that it takes in surface water
very readily. Many surface reservoirs that have been constructed
where it crops out are failures because the water sinks into the rock.
Not all basalt, however, yields water. The interior parts of large
lava flows are likely to be very unproductive except where they are
jointed, and the openings in ancient basalts may have become sealed.
Thus the so-called traps of eastern United States and the ancient
basalts of northern Michigan yield only meager quantities of water.

Wells drilled into basalt in the Northwest are generally successful.
As in limestone, the openings vary in size and are irregularly distrib-
uted, but in most wells drilled a considerable distance below the
water table some water-bearing crevices are encountered. Yields of
as much as 100 gallons a minute are not uncommon. In Quincy
Valley, Wash., one drilled well was found to deliver between 900 and
1,000 gallons a minute during long periods of pumping. In Hawaii
there are many strong wells supplied from basalt. Of the flowing
wells on the Island of Oahu measured by the United States Geologi-
cal Survey many yield more than 1 cubic foot a second (450 gallons
a minute), some yield more than 2 cubic feet a second (900 gallons a
minute), and one yields about 4.5 cubic feet a second (about 2,000
gallons a minute).*

® Brief descriptions of water in coal beds are given in the following publications of the U. S. Geol.
Survey: Bull. 300, pp. 133-134, 1907; Bull. 447, pp. 135-136, 1911; Bull. 627, p. 12, 1916; Folio 174, p. 15,
1910.

4 Martin, W. F., and Pierce, C. H., Water regources of Hawaii, 1909-1911; U. S. Geol. Survey Water-
Supply Paper 318, pp. 188-191, 1913.
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The occurrence of water in the basalt underlying Quincy Valley,
‘Wash.,, is described by Schwennesen and the writer ¢ as follows:

The basalt underlying Quincy Valley consists of a series of beds, each of which
represents a separate flow, The upper crust of a lava sheet generally has a vesicular
or ‘*‘honeycombed ”’ structure, caused by the escape of steam and other gases from
the molten lava, and its upper surface is generally rough and broken, owing to sudden
chilling of the lava. Consequently many openings, some of which are extensive,
occur between the successive beds, and these are capable of holding much water. In
some places the successive beds are separated by beds of tuff, but these interbedded
deposits are of small volume and almost impervious and consequently furnish little
storage space for water. Theinterior of a bed, formed of a lava that cooled gradually,
is usually fine grained and compact, but in the process of cooling there was much
contraction, so that joints and fissures, which provide for the storage and circulation
of water, were formed throughout the mass. The total capacity of the basalt forma-
tion for water is therefore rather large.

In the western part of the basin almost all the wells obtain their water from the
basalt. Near Quincy and Winchester large supplies are obtained for irrigation. A
number of wells yield between 250 and 500 gallons per minute, and one well near
Quincy produces between 900 and 1,000 gallons per minute under continuous pump-
ing. Near the rim of the Columbia gorge some wells have failed to obtain adequate
supplies, but throughout the rest of the region failures are rare. Most of the large
yields of water are obtained from beds of the *‘ honeycombed’’ texture found between
layers of compact material. A few of them come from the massive basalt.

West of Quincy Valley the gorge of Columbia River extends far below the level of
the water table of the deepest water-bearing bed that has been reached by wells in
the basin. The loss of water from the basalt beds at the outcrops is, however, not so
great as might be expected, as is shown by the form of the water table, by the large
yields of wells situated within a a few miles of the gorge of Columbia River, and by
the scarcity of large springs along the gorge. The retention of the water in the res-
ervoir of basalt is probably due both to the eastward dip of the beds and to a general
lack of lateral communication between the cavities in the basalt.

The following data in regard to the water supplies obtained from
wells in basalt in the Hawaiian Islands are based on measurements
made by tho United States Geological Survey. They give an idea
of the very large supplies that may be obtained from rock of this
type under favorable conditions. On December 31, 1916, there were
a tctal of about 142 wells in the Honolulu city area, of which about
109 were active—that is, either flowing or capable of being pumped.
When all the wells in this area are flowing or are being pumped at nor-
mal capacity about 57 million gallons a day is being drawn out of the
artesian reservoir.*? This is an average of nearly 400 gallons a minute
for each well. It was estimated by Sedgwick that the entire supply
delivered by wells in the city of Honolulu amounted in 1912 to about
55 cubic feet a second (nearly 25,000 gallons a minute).#* The pump-
age for the Honolulu waterworks and five large plantations on the

41 Schwennesen, A. T., and Meinzer, O. E., Ground water in Quincy Valley, Wash.: U. 8. Geol. Survey
‘Water-Supply Paper 425, pp. 147-150, 1919.

#1Larrison, G. K., Smith, A. G., and Sedgwick, T. F., Report of the Water Commission of the
Territory of Hawail to the Governor of Hawaii, pp. 89, Honolula, 1917,

43 Pierce, C. H., and Larrison, G. K., Water resources of Hawaii, 1912: U. 8. Geol. Survey Water-
Supply Paper 336, p. 128, 1914,
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island of Oahu in the year July 1, 1915, to June 30, 1916, amounted
to 63 billion gallons—an average of about 173 million gallons a day
or 120,000 gallons a minute.* So far as is known all this water is
pumped from wells that end in basalt.

The following data as to the yield of wells at the three principal
pumping stations of the city of Honolulu, on March 9 or 11, 1920,
were furnished by W. H. Bromley, the engineer in charge. These
wells are supplied by basalt.

Yield of wells that supply the Honolulu city waterworks.

Pu . Specific

mpage capacity

Num- | Depth | Diamet Draw- (gs'l}ﬁn'?{’_

Pumping station. ber of |of wells| of wells down p;‘;'e Tor
wells. | (feet). | (inches). Gallons | (feet).

Gallgns per min- ez}c(ll: foot

per day. of draw-

ute. down).

4 607 12 | 7,700,000 5,300 7 190

31 2400 12 | 5,200,000 3,600 3 400

4 £400 12 | 5,500,000 3,800 1} 760

1| x400 12| 4000000 ( 280/.....000.........

The pumpage of ground water by a single sugar company on the
island of Kauai in 1912 averaged 25,600,000 gallons a day, or about
17,800 gallons a minute.*

The following notes in regard to the yield of water from basalt on
the island of Maui were made by the writer during a brief visit to
the island in March, 1920:

On account of the saltiness of the deeper water the ground-water
developments on Maui consist chiefly of tunnels run slightly below
the water table and connected with shafts through which the water
1s pumped to the surface. The Puunene plantation has several plants
for pumping ground water, with a combined capacity of fully 100
million gallons a day and a recorded pumpage in 1919 of about 18
billion gallons. One plant (Kihei No. 3), about 300 feet above sea
level, delivers 20 million gallons a day (nearly 14,000 gallons a min-
ute) with a drawdown of 12 to 14 feet, from a tunnel 260 feet long,
6 feet high, and 4 feet wide, the bottom of which is about 17 feet
below the normal water level.

Basalt gives rise to numerous large springs. Many of these re-
semble springs from limestone in that they issue in copious volume
from large, definite openings. Many also issue from the porous zones
between successive lava beds, in some places making conspicuous
spring horizons along cliffs formed by the lava (Pl. XV, B). Many
examples could be given of large springs issuing from basaltic lavas

# Larriscn, G. K., Smith, A. G., and Sedgwick, T. F., Report of the Water Commission of the
Territory of Hawaii, Honolulu, 1917,

4 U. S. Geoi. Survey Water-Supply Paper 336, p. 99, 1914, See also Water-Supply Papers 318, 373,
.30, and 445. The yield of basalt wells on the island of Molokai is given in Water-Supply Paper 77, by
Waldemar Lindgren.
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in the western part of the United States and in Hawaii. The most
notable springs of this type are found in Idaho, especially those on
the north side of the canyon of Snake River below Shoshone Falls,
in a 40-mile stretch between Milner and King Hill (Pl. XVI).
According to data collected by Crandall*® the aggregate discharge
of the springs between Milner and King Hill amounted to 3,885 cubic
feet a second in 1902 and to fully 5,000 cubic feet a second in 1918,
after irrigation developments had been made on the uplands.

Although the trap sheets in the Triassic rocks of the Eastern States
are generally too dense to yield water, the extrusive sheets may in
some places furnish moderate supplies. A group of five flowing
wells in New Jersey supplied chiefly by extrusive trap has been
described by Kiimmel.#* These wells are near the base of the west
or dip slope of the trap-rock ridge known as First Watchung and
are 10 to 12 inches in diameter. Four of them end in trap at depths
ranging from 289 to 355 feet, but the other well was drilled to a
depth of 840 feet and ends in sandstone underlying the trap. A drill
core showed that the trap consists of several sheets of extrusive
basalt, each dense at the bottom but grading upward into porous
vesicular rock, some parts being extremely porous and almost sponge-
like. The weakest of these wells (331 feet deep) yielded 10 to 12
gallons a minute when pumped; the strongest (289 feet deep) yielded
40 to 50 gallons a minute by artesian flow and 220 gallons a minute
in an eight-hour pumping test. When the 840-foot well was 300 feet
deep and still in trap rock it was pumped at 108 gallons a minute,
which lowered the water level in the well 75 feet. At first these
wells together yielded 600,000 gallons a day when pumped, but after
several years of service their combined yield has decreased to about
450,000 gallons.

RHYOLITE, OBSIDIAN, AND RELATED FINE-GRAINED ROCKS.

The more silicic varieties of volcanie rock differ considerably from
basalt with respect to water, and as a rule they yield much smaller
supplies. They contain fewer large openings and do not have such
definite water horizons between successive deposits. They supply
many shallow dug wells by slow seepage from their upper weathered
parts and also deeper wells that penetrate fault or shear zones, where
the rock may be broken and weathered to depths of a few hundred
feet. In these rocks little is accomplished by deep drilling, but, where
necessary, fairly large supplies can sometimes be developed by sink-
ing numerous shallow holes or by extensive excavations below the
water table. A good example of such a development in an arid

4 Crandall, Lynn, The springs of Snake River canyon: Joint Conference ofirrigation, engineering, and
agricultural societies of Idaho Proc., 1918 and 1919, p. 147.
t6a Kiimmel, H. B., New Jersey Dept. Conservation and Development Ann. Rept. for 1922 (in press).
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region where water is scarce is the Gemini pumping plant, in the
Tintic mining district, Utah, described as follows: ¢

The water for the Gemini pumping station in the Homansvilie Basin is obtained
from one or more shafts which are 60 feet deep and end in partly decomposed rock
[rhyolite], and from two tunnels at the 60-foot level, which are about 5 by 7 feet in
cross section and have a combined Jength of about 900 feet. At the time the plant
was visited the water level was only 20 feet below the surface, but it is reported to
descend nearly to the bottom in dry seasons. The pump is operated about 14 hours
each day at the rate of 27 gallons per minute, and the engineer in charge estimated
that the maximum yield for continuous pumping is only about 25 gallons per minute.
The water is considered satisfactory for use in boilers.

The springs that issue from these more compact persilicic or inter-
mediate types of volcanic rock are very different from the usual
basalt springs. They yield smaller and less regular supplies, derived
not from subterranean caverns but by slow seepage from the some-
what permeable material near the surface. In the Tintic mining
district, not far from the Gemini pumping station, just described,
numerous springs are found in those parts of the mountains where
fine-grained persilicic or intermediate igneous rock constitutes the
surface formation. The unweathered rock is nearly impervious, but
the portion that has been disintegrated into loose, porous, gritty
materials mantles the firm rock in localities that are sheltered from
active erosion. The rain percolates into the mantle of disintegrated
material but is prevented from descending far because of the under-
lying unweathered rock. Accordingly, the ground water either ac-
cumulates or seeps along the surface of the firm rock until it reaches
a point where the rock crops out and the water is returned to the
surface in the form of a spring or seep. Most of these springs are
small, and as they are fed from shallow sources their flow varies
greatly. The yield of a group of springs whose water is led through
a pipe line to Silver City ranged from about 2 gallons to 30 gallons a
minute in a period of three and one-half years, during which their
flow was measured.

Rarely, however, large springs issue from fissures in rhyolite. On
Warm River near Estes, Idaho, a spring yielding many cubic feet a
second issues from a few definite openings at one spot in a cliff of
rhyolite, forming a cascade about 50 feet high.

Obsidian, or volcanic glass, is relatively not abundant in the United
States, and little attention has hitherto been given to its water-bearing
properties. It occurs extensively, however, in Yellowstone Park and
adjacent areas, where it grades into ordinary rhyolite. In this region
it resembles basalt in being extensively jointed and in yielding abun-
dant quantities of water from the large joint openings. The joints
may also have been enlarged somewhat through the solution of the
rock by the percolating water.

41 Meinzer, O. E., Ground water in Juab, Millard, and Iron counties, Utah: U. §. Geol. Survey Water-
Supply Paper 277, p. 84, 1911,



KINDS OF ROCKS AND THEIR WATER-BEARING PROPERTIES. 143

The well-known Obsidian Cliff, in Yellowstone Park, has a distinct
columnar structure,*® as is shown in Plate XVII, A and B. Water
can be seen seeping from the rock at some height above the swampy
tract that lies at the base of the cliff. Obsidian Creek is probably
largely fed by springs from this rock. The rhyolite formation to
which this obsidian belongs covers most of Yellowstone Park. Its
glassy nature apparently renders it more liable to fracture and hence
more permeable to water than ordinary rhyolite with stony texture
that cooled more slowly and is consequently less fractured.

The Big Springs at Big Springs, Idaho, issue at the foot of a high
cliff, which consists of rhyolite and spherulitic obsidian. This cliff
marks the edge of an extensive timber-covered plateau with little
run-off. Most of the water of these springs issues from several large
vents within a distance of less than a quarter of a mile, between the
pool shown in Plate XIII, A, and the cliff immediately to the right
of the pool. Water can be seen flowing in large volume from holes in
both obsidian and rhyolite. The combined flow of the springs was
190 cubic feet a second when measured on June 25, 1922, about 1 mile
downstream from the springs, and 184 cubic feet a second when
measured on August 29, 1922, about 400 feet below the highway bridge
shown in the view.® These springs, therefore, rank among the largest
in the United States. The temperature of the water on July 22,1921,
was 53° F.

GRANITIC ROCKS.

With respect to yielding water the coarsely crystalline igneous rocks
of different mineral composition are much alike and resemble to a
great extent the ordinary stony or felsitic varieties of rhyolite. They
are poor water bearers and at considerable depths are almost devoid
of available water. Where granitic rocks are buried beneath several
hundred feet of other deposits drilling should be stopped when the
granitic formation is struck, because the prospects of finishing a suc-
cessful well in it are so poor as to be practically negligible.

Where granitic rocks lie at the surface, however, they yield small
but reliable water supplies to many wells. In such situations they
are generally the only source of ground water and may therefore be
regarded as valuable aquifers. Water occurs in granitic rocks in
two very different ways—in the small interstices of the somewhat
decayed parts near the surface and in the joints that ~xtend to
greater depths (Pl. XVIII, A and B). The water is also recovered
by means of wells of two very different types—dug wells with large
infiltration surfaces, supplied chiefly from the decayed parts, and
drilled wells that extend deeper and are fed chiefly by joint openings.

# See Iddings, J. P., Obsidian Cliff, Yellowstone National Park: U.S. Geol. Survey Seventh Ann.
Rept., pp. 249-295, 1888.

49 The first measurement was made by L. L. Bryan and the second by Berkeley Johnson, both of the
U. 8. Geological Survey.
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Granitic rocks consist for the most part of unstable minerals that
decompose under the attack of weathering agencies near the surface.
Where they are not much exposed to erosion they may become some-
what altered to depths of as much as 100 feet or even more. The
change is, however, very gradual from thoroughly disintegrated and
often somewhat transported material near tRe surface to the firm
unaltered rock far below the surface.’® The disintegrated mate-
rial is rendered granular and somewhat porous by the quartz grains
and in arid regions also by particles of feldspar or other minerals
that have broken loose without being decayed. Shallow dug wells
that obtain their water from granitic residuum or decayed granitic
rock are extensively used in many parts of the United States for
small domestic and live-stock supplies and are satisfactory for these
purposes. In a few places granitic residuum furnishes supplies for
public waterworks and for irrigation. In several granite basins in
San Diego County, Calif., many small irrigation pumping plants are
supplied from such material. Where large supplies are required it is
necessary to develop extensive infiltration surfaces by sinking a series
of wells or by running tunnels out from the wells below the water
level. Mountains composed of granite generally contain more springs
and are more favorable for developing ground-water supplies than
mountains composed of limestone, quartzite, or slate.

The following information in regard to the occurrence of water in
the decomposed granite or granitic residuum of San Diego County,
Calif., is given by Ellis and Lee:

The most important source of ground water in the highland area is the residuum
or, as it is commonly called, the ‘‘ decomposed granite,’”” which covers the bedrocks
in all the highland basins and which occurs more or less generally throughout the
area. This material consists of small lumps or grains of the original crystalline rocks
that have been disintegrated by the removal or alteration of some of their mineral
constituents. The disintegration is most complete at the surface, where in many
places the rock has been completely reduced to soil, and it decreases gradually from
the surface downward until, at depths ranging from 3 feet to more than 100 feet, it
merges with thoroughly indurated rock. Granite is one of the most easily altered
crystalline rocks and is the most prevalent rock in the area, so that by far the largest
part of the residuum is derived from granite.

The porosity of residuum varies greatly, as it depends on the degree of disinte-
gration, which is subject to wide variations, both vertically and horizontally. In
one place, for example, a well may be easily dug with a pick and shovel to a
depth of 50 feet or more, whereas in another place only a few rods distant blasting
may be necessary at a depth of 15 to 20 feet. But as a rule the residuum is sufficiently
porous and disintegrated to afford storage for water. There are many rock basins
which are nearly water-tight and contain considerable disintegrated material in which
water is stored. Ground water may be drained from a large area by sinking wells
through the decomposed rock and digging tunnels or boring holes at right angles to
the slope of the surface.

® Hall, C. W., Meinzer, O. E., and Fuller, M. L., Geology and underground waters of southern
Minnesota: U. 8. Geol. Survey Water-Supply Paper 256, pp. 34, 35, 49, 308-313, 316-323, 1911.

st Ellis, A. J., and Lee, C. H., Geology and ground waters of the western part of San Diego County,
Calif.: U. S. Geol. Survey Water-Supply Paper 446, pp. 191-221, 1919.
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The yield of wells has been found to range under different conditions from very
small quantities to as much as 150 gallons per minute. The smallest yields are
obtained from wells without laterals, in shallow decomposed rock or in unaltered
rock, on upper slopes or in small ravines, orin other places where conditions are
not favorable for large absorption; the largest yields are obtained from wells that
penetrate residuum of considerable depth, that are provided with lateral tunnels
and auger holes, and that are situated in valleys irrigated with water from an out-
side source. In general, it may be said that the specific capacity of the best wells
in residuum is about 8 gallons a minute per foot of drawdown, that for many wells
it is as low as 1 gallon a minute per foot of drawdown, and that for the poorest wells
it is much less than 1 gallon.

The wells drilled into granitic rock depend chiefly on joints for
their supplies. In many granitic formations there is a horizontal
system of joints intersected by other less regular systems. As the
joints are on the whole irregular in size and distribution the wells
in the same locality differ greatly in yield. In this respect granite
wells resemble limestone wells and basalt wells, but as the joints are
much tighter the average yield is smaller. As in limestone and
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FIGURE 41.—Diagram showing yields of drilled wells ending in crystalline rocks or trap in Connecticut,
(After A.J. Ellis.)
basalt the joints generally become fewer and tighter with depth.
There is seldom much gained by drilling in granitic rock to depths
of more than 300 feet although occasionally a large opening is struck
many hundreds of feet below the surface. A well in granitic rock
near Jicarilla, N. Mex., is reported to have struck a cavity at a depth
of 402 feet, from which water was pumped for 48 hours at the rate
of 150 gallons a minute.?? Although success in finding water in crys-
talline rocks is largely a matter of chance, yet the chances of success
can often be increased by selecting the well site with reference to the

occurrence and dip of outcropping joints.

The experience in drilling in crystalline rocks in Connecticut is
summarized by E. E. Ellis,® an abstract of whose statement is as
follows (see also fig. 41):

2 Meinzer, O. E.,and Hare, R. F., Geology and water resources of Tularosa Basin, N. Mex.: U.S.
Geol. Survey Water-Supply Paper 343, p. 175, 1915.

stGregory, H. E., and Ellis, E. E., Underground water resources of Connecticut, with a study of the
wegursence of water in crystalline rocks: U. 8. Geol. Survey Water-Supply Paper 232, pp. 91-94, 1806.
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The average depth in rock in 163 wells is 89 feet, and the average
total depth, including the surface material overlying the rock, is 108
feet. About 90 per cent of the wells are less than 300 feet deep, and
82 per cent are less than 200 feet. In many of the wells that have
gone below 250 feet the main supply and in several the entire supply
comes from seams less than 250 feet deep. From a study of the
recorded wells it would appear, therefore, that if a well has pene-
trated 250 feet of rock without success the best policy is to abandon
it and to sink in another location. The average yield of 123 wells in
crystalline rocks is 12.7 gallons a minute and their average depth
108 feet. Dry wells are not common, but 12} per cent of the wells
examined yield less than 2 gallons a minute. Some water has been
found at all depths at least as far down as 800 feet.

Information obtained in regard to granite wells in Maine is sum-
marized by Clapp * as follows:

As most of the joints in granite are mere seams, the amount of water contained in
them is necessarily small. Occasionally as much as 30 gallons a minute has been
obtained with a steam pump, but in most wells the amount yielded is not over 10
gallons & minute. On account of the great irregularity of the spacing of joints in
granite, the success of any well in this kind of rock is wholly a matter of chance,
dependent on whether the location is a fortunate one with respect to the arrangement
of the joints. * * * Of two wells drilled within 50 feet of each other one may be
a failure and the other a marked success, the result depending on whether or not a
water-bearing fissure is struck. * * * For ordinary domestic purposes in the
Eastern States 1 or 2 gallons a minute will usually suffice for a single family, but if
less water than this is obtained the well is generally ranked as a failure. A few
experienced drillers report one or two wells out of a hundred that do not yield suffi-
cient water. * * *

[Of 82 wells in Maine that are at least 50 feet deep and that end in granite] 87 per
cent were successful enough for ordinary domestic use. The other 13 per cent were
wells in which water was absent or insufficient in quantity, or in which it was not
usable because the wells were drilled near the ocean and salt water entered them
along the open joint cracks. Of 72 successful wells only 3 were reported to produce
over 50 gallons of water a minute. * * *

To summarize, it is safe to say that under the conditions which prevail in the New
England States about 90 per cent of the wells drilled in granite will find enough
water to supply the domestic needs of a family. In about 85 per cent enough water
will be found within 100 feet of the surface. A well should not be abandoned with-
out sinking at least 200 feet, but drilling deeper than 200 feet is not advisable,
although a few wells have procured water at greater depths. If a well owner does -
not obtain sufficient water at 200 feet, he is advised to sink a second well 100 feet or
more distant, and the chances are good that the second attempt will be successful.

GNEISS AND SCHIST.

The various kinds of gneiss and schist resemble the crystalline
igneous tocks with respect to their yield of water. In Plate XVIII,
B, is shown an outcrop of jointed, water-bearing gneiss that illus-

#Clapp. F. (., Occurrence and composition of well waters in the granites of New England: U. 8.
Geol. Survey v acer-Supply Paper 258, pp. 40-47, 1911.
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trates well the character of rock of this kind although some of the
water shown in the view may come from a surface source. The
schists doubtless carry some water in small openings parallel to their
schistosity, but most of them are softer than the granitic and gneis-
sic rocks, and hence their water-bearing joints are closed at shallower
depths. They do not have well-developed horizontal joints such as
are common in granite. The character of openings in some jointed
and fissile schists is shown in Plate XIX, A and B.

In his work in Connecticut E. E. Ellis examined 23 schist wells
and 73 goeiss wells and found that the schist wells have an average
depth of 110 feet and an average yield of 14 gallons a minute and
the gneiss wells have an average depth of 131 feet and an average
yield of 12 gallons a minute.’® The following statements are made
by Ellis * regarding the occurrence of water in schist and gneiss.

Little difference can be distinguished between the occurrence of joints in schist
and that in gneiss, and in fact the two rocks grade into each other so completely that
it is in some places difficult to say whether a rock is a schist or a gneiss.

The marked development of horizontal joints characteristic of granite is lacking in
these rocks, and the more regular character of the vertical joints tends to produce a
different manner of circulation through the rock. A single well, instead of drawing
water from an area surrounding it on all sides, will draw from long distances through
the feeding fractures and the vertical fractures connecting with them.

The wells in schist and gneiss have nearly the same average yield, but those in
gneiss average 15 per cent deeper than those in schist. It is possible that the supply
for the wells in schist comes not only through the joints but also through fissility
openings or small fractures parallel to the schistosity. Such fractures are common
near the surface and owing to their inclination might well absorb considerable vol-
umes of water. Because of the small size and lack of continuity of these openings
they would yield water very slowly to the well but might give an important amount in
the aggregate. The derivation of a supply through such openings, which would have
their greatest development near the surface, would account for the relative shallow-
ness of wells in schist.

That fractures parallel to the schistosity may be important carriers of water is well
shown on the east bank of Connecticut River above Hadlyme Landing, where there
is a long exposure of fissile schist and a number of small springs issue from partings
parallel to the schistosity.

VOLCANIC SEDIMENTS.

Deposits of fragmental volcanic material, such as agglomerates,
volcanic breccias, and tuffs, are in many places porous enough to yield
considerable water. In some places they form good aquifers between
successive lava sheets. In Sacramento Valley, Calif., according to
Bryan, % several wells drilled into the Tuscan tuff, which, however,
includes some waterworn gravel, have yields of more than 600

ss Ellis, E. E., Occurrence of water in crystalline rocks: U. S. Geol. Survey Water-Supply Paper 160,
p.27,1906. *

% Gregory, H. E., and Ellis, E. E., Underground water resources of Connecticut, with a study of the
occurrence of water in crystalline rocks: U. 8. Geol. Survey Water-Supply Paper 232, pp. 98-99, 1909.

57 Bryan, Kirk, Ground water v irrigation in the Sacramento Valley, Calif.: U. S. Geol. Survey Water-
Supply Paper 375, pp. 9-10, 1916.
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gallons a minute. In the vicinity of Honolulu there is much coarse
porous volcanic ash which is very permeable and gives rise to a
number of rather large springs. On the island of Hawaii much dense
yoellow ash mantles the lava or is interbedded with it. This ash
yields small supplies in a few places but is more important in prevent-
ing downward percolation and thus producing perched water bodies
in the overlying lava.
SUMMARY.

The unconsolidated deposits yield their water from the spaces
between the fragments, which have generally been somewhat rounded
by wear. The best unconsolidated water-bearing material is coarse,
clean gravel. Next to gravel comes coarse sand. Unconsolidated
water-bearing materials that yield smaller amounts but still supply
many successful wells are the sediments of finer grain, such as loess
and fine sand, and the mixtures of large and small grains, such as till,
many alluvial deposits, and the products of rock decay that are still
in place.

The consolidated rocks are of two kinds—those produced by solidi-
fication of molten magmas and those developed from unconsolidated
sedimentary deposits through pressure, cementation, and recrystalli-
zation. Both kinds are generally broken into blocks and yield most
of their water from the cracks or joints between the blocks or from
porous zones and open passages developed by the decay and solution
of the rocks where the water penetrates these cracks. The less
thoroughly cemented sandstones yield most of their water from the
original spaces between the grains, and they are on the whole the
most important water bearers among the consolidated rocks. Next
to sandstones rank limestones, which yield most of their water from
large open passages produced by the solution of the rock, and basaltic
lavas, which yield water from large openings ‘produced when the lavas
solidified and from open joints resulting from the rapid cooling of the
solidified masses. Most of the other hard rocks, such as granite,
quartzite, shale, slate, and schist, yield small amounts from joints or
zones of decayed rock.

Among all kinds of rocks the best water bearers are deposits of
gravel. Next to gravel come sand, sandstone, limestone, and basalt.
Among the many kinds of rock material that do not yield water
freely but are nevertheless drawn upon where first-class aquifers are
lacking are the fine-grained and poorly assorted unconsolidated de-
posits and the hard rocks with only tight joints. The most completely
unproductive of all materials are the true clays and fine silts, whose
original interstices are too minute to yield water and which are too
soft to have joints or other secondary openings.



CrarrEr III. STRUCTURE OF ROCKS AND ITS INFLUENCE
ON GROUND WATER.

ROCK FORMATIONS.

The earth’s crust consists of layers, or strata, of rocks of various
kinds, lying one upon another, and massive or foliated bodies of rock
that underlie or intersect these stratified series. Most of the sedi-
mentary rocks and some of the igneous and metamorphic rocks are
more or less stratified (Pls. V, 4; VI, A and B; VIII, B; IX, A and
B; XI, A; XV, 4 and B; and XX, A and B). Most of the igneous
rocks, however, form massive bodies which solidified from fluid lavas
that were intruded into or extruded through the stratified rocks.

A rock formation is a more or less distinct unit of the earth’s crust
consisting of stratified or of massive or foliated rocks of one or more
kinds. Formations of stratified rocks range from a few feet to hun-
dreds of feet in thickness, and they may extend over thousands of
square miles, either at the surface or buried beneath other formations.
In most places there are several formations lying one upon another,
and these may be successively penetrated when a well is sunk. For-
mations differ from one another in their water-bearing character, and
there are also likely to be important differences in the same formation
at different horizons and in different localities. Therefore, a study
of the ground water of a region involves, among other things, a study
of the surface distribution of each formation and of its character,
thickness, and depth below the surface in each locality.

GEOLOGIC SECTIONS.

The sedimentary formations and the extrusive igneous formations
have been laid down in succession, one upon another. Thus, a given
region may for long ages have been under water, or in some other
position in which it received successive deposits of sediments or of
lava. These deposits may still underlie the region—the oldest at the
bottom, and the youngest at the top. They constitute a record of
the history of the region during the periods of their deposition. The
character of each formation shows the physical conditions under
which it was deposited, and the fossils included in it show what kinds
of animals and plants lived at the time of its deposition.

If a deep well is sunk in any region it may penetrate various forma-
tions laid down in that region during the geologic ages of the past.
As a rule it will penetrate the youngest formation first and thence pass
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through successively older formations. Exceptions to the rule are
found (1) where intrusive rock underlies a formation that existed
before the intrusion occurred, (2) where the earth’s crust has been
closely folded and the folds have been overturned so that the older
formations rest upside down upon the younger, and (3) where the
earth’s crust has been broken and the rocks on one side of the break
have been thrust over those on the other side.

A correct log of a well gives a geologic section of the earth at the
place in which it is sunk to the depth reached by the well. A geo-
logic section may also be given by other excavations, either artificial
or natural, such as mine shafts, railroad cuts, or gorges cut by streams.
A dug well or other excavation that is large enough fer a man to enter
has the great advantage that the successive deposits can be carefully
examined as they exist in place; a drilled well gives much less detailed
and less accurate information but has the advantage that it can readily
be sunk much deeper than the larger excavations. A geologist will
utilize all kinds of opportunities to collect data from which to construct
a geologic section of the region he is studying. He will examine nat-
ural outcrops and the exposures in artificial excavations and will also
obtain the available logs of wells, especially of deep wells that extend
to formations not reached by other excavations.

The principal clue to the ground-water conditions of a locality is
its geologic section. The character, thickness, and succession of the
underlying formations give the most important data as to the exist-
ing aquifers and the depths at which they can be tapped. For studies
of ground-water conditions well records are especially valuable, be-
cause they give direct information as to the quantity, quality, and
head of water obtainable from the successive formations, whereas all
these properties can be forecast only with considerable uncertaintyfrom
examinations of exposures alone. Much can be foretold about the
water-bearing properties of a formation by examining its exposures
and applying the principles outlined in the two previous chapters;
but there is generally considerable difficulty in making hydrologic fore-
casts based entirely on lithologic characteristics. Perhaps the chief
difficulty lies in the.fact that in most available exposures, especially
in natural exposures, the rocks are not seen in their unmodified condi-
tion but are greatly altered by weathering.

Innumerable examples could be given of geologic sections and their
use in developing ground-water supplies, but the essential principles
involved are simple and can be adequately illustrated with a single
example. The city well at Manchester, Iowa, is 1,870 feet deep and
is situated on land 926 feet above sea level. It revealed the follow-
ing section, briefly stated:®

1 Norton, W. H., Hendrixson, W. 8., Simpson, H. E., Meinzer, O. E., and others, Underground
water resources of Jowa; U. 8, Geol. Survey Water Supply Paper 293, pp. 306-309, 1912.
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Condensed record of cily well at Manchester, Towa.

Altittpde
[

Depth to| bottom
- Thick- | bottom |of forma-
ness. |of forma- | tion with

tion. respect

to sea

level.

Feet. Feet. Feet.

Niagara dolomite et meeataieeaaeeae e 225 225 +701
Maquoketa shale ... ....oouoeueneii i i 205 430 +496
Galena limestone to Platteville limestone, inclusive . e 354 784 +142
Bt. Petersandstone .............ciuoiiiioiiiiiiii i 33 817 +109
Shakopee dolomite ...._.......oooioiii i 65 882 + 4
New Richmond dolomite . O 49 931 - 5
Oneota dOIOMIELS. .. ... .. .. ciiimaniieriiiaaiinieairaanaananans 275 1,206 280
Jordan sandstone ........................................... 90 1,296 -370
St. Lawrence formation (dolomite, sandstone, etc.).. e 242 1,538 —612
Dresbach sandstone .........ooouiomiioiiieieae i iieiiaaeaeaaaann, 177 1,715 —789
Bhale. . ottt aaenanan 155 1,870 —044

In this section the most productive aquifer is reported to be the
Jordan sandstone, and other good water bearers are the Niagara
dolomite and the St. Peter sandstone. Maquoketa shale will not
yield much water, and the formations below the Jordan sandstone
are also nearly barren of available water, the sandstones being fine
grained, clayey, and cemented.

The information contained in the section as printed in full in
the paper cited will obviously be of great practical value when
other deep drilling is contemplated in the vicinity of Manchester.
The loss of such information would be serious, yet this frequently
happens if the well log is not placed in a permanent record, as by
publication. The section shows with considerable accuracy that in
future deep drilling in that vicinity the St. Peter sandstone will be
struck about 142 feet above sea level, and that the Jordan sandstone,
which is the best aquifer underlying the vicinity, will be struck
about 280 feet below sea level; also that it will probably not be
profitable to drill below the Jordan sandstone. The records of ad-
ditional deep wells in the same vicinity will also have value because
they will supplement and check the information given by the record
of the first well. The records of all deep wells, or at least several of
the most accurate and detailed records, should be preserved for each
locality. These records should give the section in greater detail than
appears in the above condensed record, and they should include all
available information as to the yield, head, and quality of water
from each important aquifer.

The practical use that can be made of available well records in
forecasting ground-water conditions is shown by the experience at
Waterloo, Iowa, 45 miles west of Manchester. After an epidemic of
typhoid fever in this city caused by il nse of surface water, atten-
tion was turned to possible supplies from wells, and W. H. Norton,?

30p. cit., pp. 259-260, 1912,
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representing the Federal and State geological surveys, was detailed
to make an investigation. On the basis of the record of the Man-
chester well and a few other deep wells in that part of the State, he
made a forecast which is shown in the following_table, together with
the results afterward obtained by drilling. '

Condensed forecast of strata at Waterlo?i, I;aga, and section of deep well subsequently
rille

Depth to bottom of
formation (feet).

Forecast. | Actual.

125 158

260 265

Maquoketa shale . 425 480

Galena limestone to Platteville limestone, inclusive....cc.ceeuuenn.n 835 815
8t. Potersandstone. . ..c..ccceiveieacieanaaeecanncarseccassserassssnnes R 915

Shakopee dolomite, New Richmond sandstone, and Oneota dolomite.. .. 1,315 1,205

Jordan SandStOne. .. .......cccuiuueunnineeearanenarscnaaaneaaciaaaaaaearaeaean 1, 415? 1,362

i

It will be noted that the Jordan sandstone was struck 110 feet
nearer the surface than was predicted. Norton also predicted that
the well would have an artesian flow not exceeding 300 gallons a
minute from a 6-inch hole; the 8-inch hole that was drilled produced
an artesian flow of 290 gallons a minute.

STRATIFICATION.

Most sedimentary formations consist of sheets or layers of rock
that are very thin in comparison with the areas over which they are
spread. Thus, the St. Peter sandstone, one of the most prominent
aquifers in the north-central United States, is known to underlie
large parts of Michigan, Ohio, Kentucky, Indiana, Illinois, Wisconsin,
Minnesota, Iowa, Missouri, Arkansas, Nebraska; Kansas, and Okla-
homa, forming a practically continuous layer of sandstone not less
than 300,000 square miles in extent, and yet it has an average thick-
ness of only about 100 feet. Over at least a large part of this vast
area it consists of clean quartz sand. So distinctive is it that in
many localities it is easily identified as the St. Peter by experienced
drillers.?

The formations above and below the St. Peter sandstone shown
in the Manchester section are likewise distinctive and persistent.
They were laid down one after another and hence occur in the same
succession wherever they are found, although the upper formations
of the Manchester section may be absent, or younger formations than
are found at Manchester may be present. These facts are well shown

$ Fuller, M. L., Underground waters of eastern United States: U. 8. Geol. Survey Water-Supply
Paper 114, p. 223, 1905.
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in figure 42. The succession of formations is the same at each of
the four cities shown, where the St. Peter sandstone lies beneath the
Galena and Platteville and rests upon the Shakopee dolomite. At
Waterloo and Ackley the Maquoketa shale overlies the Galena dolo-
mite, and the Niagara dolomite (Silurian) overlies the Maquoketa
shale, but at Dubuque the Niagara, the Maquoketa, and most of
the Galena and Platteville are absent, doubtless having been eroded
away by Mississippi River. Here the drill starts in the lower part
of the Platteville and very soon reaches the St. Peter sandstone.
On the other hand, at Waterloo there is Devonian limestone that is
not present at Manchester, and at Ackley the drill passes first through
rocks of the Kinderhook group, then through the Devonian limestone,
and then hits the strata of dolomite which lie at the surface at Man-

47 mileg————e

40 miles 45 miles

F16URE 42.—Geologic section between Ackley and Dubuque, Iowa. (After W. H. Norton.)

chester. The succession is the same, however, in all four places.
After leaving the St. Peter the drill penetrates in succession the
Shakopee dolomite, the New Richmond sandstone, and the Oneota
dolomite and then, in every place, enters that productive aquifer,
the Jordan sandstone. The Dubuque and Manchester wells were
carried far into the formations below the Jordan sandstone, and it is
probable that these same formations would be struck at Waterloo
and Ackley if the wells were drilled deeper.

The succession of formations shown in figure 42 is not exceptional
but was chosen as a good example of the geologic and ground-water
conditions in regions underlain by sedimentary rocks. Equally good
examples of the persistence through wide areas of series of formations
are afforded by the sedimentary beds underlying the Atlantic Coastal
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Plain and by the Dakota sandstone and overlying deposits in the
Great Plains and Rocky Mountains.

Not only do the sedimentary formations of a series lie on one
another like a pile of books, but most of the formations are them-
selves stratified —that is, they consist of a succession of layers or
beds, resting one upon another like the leaves of a book (Pls. VI, 4
and B; XX 4 and B). Successive layers may differ in composition
and compactness, or they may be very much alike but separated by
films of different materials that cause partings between them. Many
limestone formations consist of layers several inches thick, with
clayey partings (Pl. XX, B). Some shale formations consist of
exceedingly thin layers having somewhat the appearance of sheets of
paper (PL. VI, 4 and B).

All stratification is the result of changes in the physical conditions
under which deposition occurred. The outstanding differences be-
t ween successive formations are due to large and permanent changes;
the minor differences in successive layers are due to local or tempo-

v
’
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NPV

F16URE43.—Diagrammatic section of Atlantic Coastal Plain, showing changesin formations from place to
place. (After L. W. Stephenson and J. O. Veatch.) a, Basal complex of crystalline rocks; b, d, , 7,
sandy beds that yield water; ¢, ¢, g, i, k, clayey beds that do not yield much water; f, sandy water-
bearing bed that changes to non water-bearing clay; h, limestone that is cavernous in upper part and
becomes compact and noncavernous as it passes to greater depths. The water-bearing bed b is inter-
rupted by an irregularity in the basal complex; the water-bearing bed d pinches out between the
underlying and overlying clayey beds.

rary changes. The clayey partings between similar layers of lime-

stone may be due to storms of exceptional violence that caused

turbidity in waters which were usually clear, but the innumerable
partings of some shales may be the result of ordinary changes in the
weather or of annual weather cycles.

Stratification is of vast importance in the occurrence of ground
water. The significance of the interbedding of aquifers with non
water-bearing formations has been illustrated by means of the Man-
chester section. The more minute stratification within a formation
also very largely controls the occurrence of water. Thus, the avail-
able water of an aquifer may be_localized in certain porous beds or
in the partings between beds of the same kind (PL IX, B).

LATERAL GRADATION OF STRATA.

A stratified formation generally changes gradually from place to
place, both in thickness and in character of rock (fig. 43). Obviously
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this may be due to local differences in the conditions under which
deposition occurred. Thus, astrean flowing from high mountains out
upon a plain generally deposits its boulders and pebbles near the
mountains and carries the silt and clay far out upon the plain.
Thus, also, at some places along a shore there is a beach consisting
of clean gravel, the movement of the waves and currents being ade-
quate to agitate and ultimately carry away any finer materials that
are washed into the body of water; at other places along the shore
the waves and currents are not so strong, and hence sand or mud is
deposited. Outward from shore there is generally a gradual change
from thick accumulations of coarse débris to progressively thinner
deposits of finer and finer sediments, and where the water is clear
limestone may be forming.

Such lateral gradations are obviously of great significance with re-
spect to the occurrence of ground water and must be studied in any
adequate ground-water survey. The aquifers beneath the Atlantic
Coastal Plain are relatively coarse at their outcrops and, as a rule,
are found to become thinner and of finer grain seaward, away from
the source of the sediments. Consequently, some formations of the
Coastal Plain that are excellent water bearers near their outerops
become less and less satisfactory toward the coast—for example, the
beds marked d, f, and A in figure 43. A similar lateral gradation,
with a pronounced change in ground-water conditions, is found in
the northern part of the Great Plains. A thick series of alternating
beds of shale and water-bearing sandstone in Montana (the Montana
group of the Upper Cretaceous) changes very gradually toward the
east, away from the old land mass that furnished the sediments,
until in South Dakota it is represented by a deposit of nearly pure
shale, of less aggregate thickness, which is worthless as a source of
water (Pierre shale). In figure 42 only slight lateral gradations
are shown, and such as are shown are due partly to errors in the
well logs. As a matter of fact, however, the recognized aquifers yield
less water in the Ackley well than in the wells farther east.

In both glacial drift and alluvium the structure is very chaotic.
Lenses and stringers of water-bearing sand and gravel occur irregu-
larly and give way abruptly to impervious clays. This rapid lateral
gradation is illustrated in figures 44 and 45. Figure 44 gives sections
of the glacial drift in two counties in southwestern Minnesota, where
the drift is exceptionally thick. It illustrates the radical changes
that are to be expected from place to place. Figure 45 gives sections
of the alluvial fill of a desert basin and is especially impressive be-
cause the four wells whose sections are given are in the same locality.

Although the general water-bearing conditions of both glacial drift
and alluvium are well known, in sinking a well into these formations
there is always uncertainty as to the depth at which water will be
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struck and the quantity that will be found, even though a number
of wells have already been put down in the vicinity. The extreme
local variations in drift and alluvium, as shown in figures 44 and 45,

are in striking contrast to the uniform conditions shown in figure 42,
QIR 3 Soil.

Caliche.

Sand and gravel.

Sandy clay.

C ay.

Sand and gravel.
Sand.
Clay.

Sand.

Clay.

Cilay.

Sand.

Clay.

Clay.

Sand.

Clay.

FIGURE 45.—Sections of alluvium in the desert basin near El Paso, Tex., showing abrupt changes from
place to place. The wells that furnished the sections are all on the same tract of a few acres. (After
G. B. Richardson).

where for 132 miles and indeed over a much wider area not shown in

the figure there is so little lateral variation that the approximate

depth and character of the principal water bearers at any place can be
predicted with much confidence.
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RELATION OF ORIGIN OF FORMATIONS TO THEIR
STRUCTURE AND WATER-BEARING CHARACTER.

To evaluate rightly a formation as a water bearer and to under-
stand its variations from place to place, it is helpful to know the
origin of the formation. Glacial drift, for example, has a very cha-
otic structure and conpsists of nearly impervious stony clay with inter-
bedded lenses of water-bearing sand and gravel. In the valleys
in the drift-covered area and beyond the limits of the drift sheets
there are great deposits of porous gravel made by the streams that
flowed from the melting glacial ice. Such deposits are perhaps the
strongest water bearers in the northeastern and central parts of the
United States.

Alluvium differs from glacial drift in important respects, but it is
also irregular in structure and includes much water-bearing sand and
gravel. It is commonly confined to stream valleys, but in arid low-
lands adjacent to mountains deposition by streams may be so rapid
and extensive that the entire lowlands may become deeply underlain
by alluvium, as in the intermontane basins of the western part of
the United States and on much of the Great Plains. Deposits made
in lakes or in the ocean are much better stratified than either glacial
drift or alluvium, and they have fewer local irregularities. Their
composition, like that of drift and alluvium, depends largely on the
kind of rocks whose erosion supplied the material out of which they
were formed.

CORRELATION OF FORMATIONS.

The correlation or determination of the relative age of formations
in different localities is often difficult. It depends on either tracing
one or more beds continuously from one locality to the other or iden-
tifying the same bed or beds in the two localities. Such identification
depends on recognizing characteristic physical properties or charac-
teristic fossils. If the two localities are not far apart their beds
may often be easily correlated on the basis of their physical
properties; but if they are considerable distances apart such cor-
relation is impossible, or at least uncertain, because of the lateral
changes in beds and because of the similarity of different beds.
It may be obvious that a bed of sandstone that crops out on
one side of a valley is the same as a similar bed of sandstone
that crops out on the other side; but if it crops out some miles
away it may belong to an entirely different formation, and the for-
mation which consists of sandstone in the first locality may either
not be present or may have changed in character between the two
localities so as to be represented by a shale bed. If the two outcrops
of sandstone are in different parts of the country it is probable that the
beds do not belong to the same formation. Fossils afford much the
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best means for correlating widely separated sections; but certain dis-
tinctive physical characteristics may make it possible to identify a
bed in widely separated outcrops or well sections. In nearly all parts
of Iowa where the Prairie du Chien group has been reached in drilling
the lithologic characteristics which these rocks show at their outcrops
have been found quite unchanged.*

The fundamental bearing of geologic correlations on ground-water
forecasts is illustrated by a very simple section represented in fig-
ure 46.

A B

a =2 £
E =b
a

FIGURE 46.—Diagrammatic section showing relation of geologic correlation to location of ground water. 4
is a locality in which the geologic section and ground-water conditions are known; ¢ is crystalline
rock, b and d are shales containing different kinds of fossils, ¢ is sandstone, which is assumed to be the
only good aquifer in the locality. At B the geclogic and.ground-water conditions are not known,
Obviously, the ground-water prospects are better if the shale that crops out at B is found, by its
included fossils, to be the bed d than if it is found to be the bed b, for if the shale at B is the bed b
then the aquifer ¢ is absent.

METHODS OF CORRELATING WELL SECTIONS.

The methods of correlation based on examination of outcrops and
the study of fossils yielded by the outcropping strata pertain to geol-
ogy in general and need not be described in this paper. The methods
of correlation based on study of well records and examination of sam-
ples of drillings are, however, of peculiar importance in connection
with studies of ground water. Correlation from well records and
drillings is peculiarly difficult except where a core drill is used. The
following excellent discussion, which applies particularly to conditions
in Iowa, is quoted from Norton,® whose wide experience and close
application to the subject make his statements very valuable:

AVAILABLE DATA.

The data on which a geologic investigation of deep wells must rest consist of records
made and samples of drillings collected when the wells were put down. Necessarily
they are largely second-hand and are incapable of verification. A report such as this
[Water-Supply Paper 293] deals with thousands of statements and observations made
by many individuals, and the writer can do little except to determine the lithologic
character of deep-well drillings, and in drawing inferences from these he must accept
the reports of othersas to the thicknesses and Jocation of the strata which they repre-
sent. Fortunately, many owners of deep wells and many other citizens realize the
scientific and practical value of the facts which can be obtained when a well is being
drilled and at that time only, and these persons have placed on record many-valuable

4 Nortop, W. H., Hendrixson, W. S., Simpson, H. E., Meinzer, O. E., and others, Underground
water resources of Jowa: U. S. Geol. Survey Water-Supply Paper 293, pp. 68-69, 1912.

¢Idem, pp. 34-40. An unusually interesting example of correlation by means of interpteiing well
sections is afforded by U. S. Geol. Survey Prof. Paper 90, pp. 69-94, 1914 (a deep well at Charleston,
8.C., by L. W. Stephenson, with a report on the mineralogy of the water, by Chase Palmer).
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data as to diameters of the bore and casings, fluctuations of water in the tube, depth,
discharge, and head of water horizons and have obtained both the driller’s log and
samples of the drillings. In practically every place where such data have been gath-
ered and preserved they have been placed at the service and disposal of the surveys.
Unfortunately, of many wells little or nothing, except the existing head, discharge,
and quality of the water, is known or can ever be known. In msny parts of the
State the writer is quite in the dark as to artesian conditions and is unable to make
reliable forecasts for towns desiring to sink deep wells, not because no deep wells huve
ever been drilled within the area but because when they were put down no record
was made of the essential facts.

COLLECTION AND STORAGE OF SAMPLES OF DRILLINGS.

Since the beginning of this investigation a special effort has been made to obtain
full sets of samples of the drillings of the deep wells of the State, and it is on these
samples that the geologic part of this report is largely based. Where such samples
are taken directly from the slush bucket and labeled at once with the exact depth
from which they were drawn, they form the most authentic record possible of the
strata penetrated. When thus taken, at intervals not exceeding 10 feet and at every
‘“change ”’ in the strata, they afford a lithologic record and section inferior in value
only to an exposure of the edges of the strata in an outcrop. Such reliable data have
been obtained from an exceptionally large number of Towa deep wells.

The value of sets of cuttings from some wells has been impaired by the neglect of
precautions which should be obvious. Thus, if the samples are taken only at every
‘“change” of the strata, it is left entirely to the judgment of the workman who
empties the contents of the slush bucket to decide whether or not there has been any
change. Several hundred feet of limestone, including two or more geologic forma-
tions, may be represented by a single sample. The depth is not always carefully
taken, and remeasurements of the well on completion have shown that the driller’s
estimates of depth placed on samples or in the log were incorrect. If, however, the
inaccuracy affects all depths alike little serious error is likely to result.

Some samples of drillings seem to have been labeled from memory after a consider-
able lapse of time. This fact affords an explanation of the reported occurreace of
drift clays 1,000 feet and more below the surface, and perhaps also of the occurrence
of geveral samples of nonmagnesian limestones of Platteville facies below the St.
Peter sandstone. Some samples seem to have been scraped up from the ground
instead of being taken in some clean receptacle immediately from the sand pump.
The cinders which may be included are easily disregarded, but the admixture of
chippings from higher levels is serious. In one or two extreme cases it seems
probable that at the completion of the well the workmen went over the outwash from
the slush bucket, dug up a sample here and there, and labeled it according to their
recollection. But even such a record may be of value if nothing better is available.

The samples collected under the direction of the United States [Geological] Survey
were sent to Washington in stout canvas bags provided with labels and were there
transferred to wide-mouthed glass bottles with screw aluminum covers. In the
collection made earlier for the Iowa State [Geological] Survey most of the samples
were taken directly from the slush bucket, put into empty cigar boxes, labeled, and
shipped to the writer at MountVernon, where they were transferred to wide-mouthed
glass bottles for permanent preservation, each sample being thus kept separate and
accessible. Some of the samples presented to the Jowa Survey had been mounted
in long glasa tubes, in which the chippings of any terrane are supposed to occupy a
space proportional to the actual thickness of the terrane. Such a method of mount-
ing has a certain advantage for purposes of exhibition, but its disadvantages are so
great that it must be unqualifiedly condemned. The drillings from different strata
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settle and tend to mix. They can not be taken from the tube for study, and no
adequate inspection can be made through the glass. Sooner or later the long tube is
sure to be broken and the record of the geologic section is irretrievably lost.

Drillings should not be washed. When the drill is working in a pure limestone
washing does little harm, for it removes only the fine flour of the stone, whose quality
is fully represented in the larger chippings. But with some marls and shales and
with clayey sandstones the removal of the finer material in washing leaves a residue
far from representative of the rock. In some sets certain samples had been washed
and others not, thus making error possible in the determinations, except where the
treatment to which the cuttings had been subjected was indicated on the labels or
could be told by inspection.

For all scientific purposes samples should be taken directly from the sand pump
at every 5 or 10 feet, at the end of a cleaning out, and at every change of stratum.
They should be placed, unwashed, in wide-mouthed bottles or glass jars (1 to 4 ounce
bottles are large enough) and plainly and accuratety labeled in india ink with the
names of the town or other location and of the owner, the date, and the depth from
which each was taken.

PETROGRAPHIC EXAMINATION.

The drillings were studied petrographically as an aid in identifying, from well to
well, the strata from which they came. With some samples a simple inspection was
sufficient, but as a rule this inspection was supplemented by other tests. Under
polarized light in the field of the petrographic microscope the minerals making up
the meal or flour of the drillings were generally readily determined, and their
relative proportion in the rock was roughly indicated by their proportion in the
microscopic field. Crystalline silica, flint and chalcedony, gypsum and anhydrite,
glauconite, pyrite, and calcite—te mention only common minerals of the sedimen-
tary rocks—were thus distinguished. The microscope was used also in determining
the texture of such rocks as oolites, fine-grained sandstones composed of angular
quartzose particles, sandstones of grains of crystalline quartz of various degrees of
rounding and assortment, and sandstones whose grains have been enlarged by sec-
ondarily deposited silica. Limestones were tested with weak cold hydrochloric acid,
free effervescence indicating a small percentage or total absence of magnesium car-
bonate and a slow and feeble effervescence a high percentage of the same carbonate,
unless attributable to siliceous or other impurities. Residues after digestion in
strong acid determined the argillaceous and siliceous contents of impure lime-
stones. The relative amount of magnesium carbonate in some limestones was
roughly estimated after a solution in hydrochloric acid had been neutralized with
ammonium carbonate and treated successively with ammonium oxalate and hydric
disodic phosphate. A number of quantitative analyses of samples of terranes of
special interest were made in the chemical laboratory of Cornell College.

PORBIBILITIES OF ERROR.

Mention should be made of certain possibilities of error in any determination of the
nature and thickness of the rock by means of drillings.

The most serious of these errors is due to fewness of samples. Where, as in some
deep wells, samples are taken at irregular or considerable intervals, it may be naturally
assumed that cach sample represented to the driller a stratum of homogeneous rock
and that each sample was taken at the change and thus designates the summit of its
own terrane and the base of the terrane above it. This assumption may or may not
be correct. Any such sample may possibly be taken midway or at any other point
within a terrane instead of at its top, and the assumed thickness of one terrane may
be as much too little as that of the next terrane is too great. This source of error is
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avoided when a sample is labeled not only with its own depth but with the upper
and lower limits of the stratum which it is supposed to represent.

Another source of possible error lies in the fact that the contents of the slush
bucket may not correctly represent the rock in which the drill is working. Along
with cuttings from the contiguous rock are fragments of other and higher strata.
The vibration of ropes and rods and the lifting and lowering of the drill and other
implements may detach pieces of rock from any higher stratum. Caving shales and
incoherent sandstones furnish a large admixture of shale and sand to the cuttings at
the bottom of the drill hole. Thus black coaly shale from the coal measures
(Pennsylvanian) may be recognized in otherwise clean limestone chips of the
Mississippian or inferior [lower] terranes; the fossiliferous green shale of the Platte-
ville is seen mingled with cuttings in the dolomites of the Prairie du Chien group
[Shakopee and Oneota]; and the St. Peter and Jordan sandstones contribute a large
arenaceous content to the cuttings of the dolomites below.

Where strata of different character alternate at short intervals the mingling of cut-
tings makes the determination of the rocks peculiarly difficult. Drillings from
Ordovician and Cambrian strata below the St. Peter in many places contain a mix-
ture of rolled quartz grains and chips of dolomite, and it may be a delicate question
to decide whether the sand is wholly foreign, having fallen in from water-washed,
loose overlying sandstones, or whether it is more or less native—that is, whether the
sample represents either a pure dolomite on the one hand or an arenaceous dolomite
or a calciferous sandstone on the other. If it is decided that some of the sand is
native to the stratum, it still remains to be discovered whether the sand is dissemi-
nated through the dolomite or exists in thin interbedded layers. In some samples
an interbedded sand grain or mold of sand in some larger chips of dolomite may
decide in favor of dissemination.

In some drillings material fallen from above may be distinguished by its lithologie
nature or by the size or shape of its fragments. The dislodged pieces from the sides
of the drill hole should as a rule be larger than drill cuttings and of different shape.
Fragments of easily worn shales fallen from overlying beds soon assume a rounded
form. But in many wells, as, for example, where fragments from above have them-
selves been cut into chips by the drill, these tests are not decisive and the real
nature of the bottom rock must be left in some doubt. To keep distinct the facts
observed in the study of well drillings from the inferences drawn by the observer,
a complete statement of the composition of the drillings should be given as well as an
opinion as to the character of rock which they represent. * * *

FOSBILS.

The occurrence of a series of fossils in a given terrane—the sure means employed
by the geologist whenever possible in his correlations—is lacking in well records and
samples. The drill cuts and crushes the harder rocks to fine meal or powder and
the softer to small chips. It is the rarest of good fortune that the drill leaves any
fossil unbroken into unidentifiable fragments. The smaller the fossil the greater its
chances of escape. The minute tests of the foraminifer Fusulina are sometimes
obtained intact in considerable numbers from certain strata in the coal measures.
Rocks fallen from higher strata in the drill hole give fragments of considerable size,
and when these are fossiliferous and their own horizon can be determined .by litho-
logic identity, they are of the greatest value. Thus the caving green shale of the
Platteville is in places highly fossiliferous, and its fragments, along with bits of
Ordovician brachiopods characteristic of the horizon, are often brought up when the
drill is working in the subjacent strata. But such fossils will be a source of the
gravest error if it is assumed that they belong to the same formation as that of the
cuttings brought up with them from the bottom of the well,
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LITHOLOGIC SIMILARITY.

The lithologic method employed by geologists in the field in tracing a terrane
from point to point is by no means infallible when applied in studies of deep wells,
but it is used when other methods are lacking. Certain terranes exhibit the same
well-defined lithologic characteristics over a large part of Iowa and adjacent States.
The coaly shale of the Pennsylvanian can hardly be mistaken for the calcareous
(mud rock) shale of the Maquoketa, nor can either be confounded with the glauco-
niferous shales of the Cambrian. The white crystalline encrinital limestone and the
cherts and oolites and geodiferous beds of the Mississippian are diagnostic, and the
same is true of the arenaceous cherty dolomites [Shakopee and Oneota)]. The
presence of anhydrite or gypsum in certain beds has been used to correlate rocks
in widely separated wells.

The magnesium carbonate content of limestones can be used [in Jowa] as a means
of correlation but must be used with care. Thus, so far as known, from the Shakopee
dolomite down all limestones throughout the State are thoroughly dolomitized. But
above the Shakopee the changes in the magnesian content in the same terrane may
be rapid and complete. Thus at Dubuque the Galena is a dolomite, but at Man-
chester, 40 miles west, a deep-well section finds it wholly of ordinary limestone.
Similarly, some of the Devonian limestones of east-central Iowa pass into dolomites
in the northern counties.

The lithologic nature of a terrane may be expected to change over so broadly
extended an area as the State of Iowa. One formation may thin and disappear and
give place to other formations of the same series. Thus the Niagara dolomite of
northeastern Iowa apparently gives fflace to Silurian sandstones or sandy limestone
in southeastern Jowa; and gypsiferous beds, perhaps of Salina age, appear in deep
wells at stations as far separated as Mount Pleasant, Des Moines, Bedford, and
Glenwood. An entire system may disappear—for example, the Silurian in the
extreme northeastern parts of the area occupied by the Devonian in Iowa.

Lithologic similarity may only exceptionally be used as the sole means of corre-
lation. Itis a belief as mistaken as it is prevalent that a geologist can identify a
formation simply by means of the physical characteristics of its rocks. In the study
of deep wells this means should be used only with the greatest care and in combina-
tion with other and better methods.

KEY FOR EXAMINATION OF WELL SAMPLES.

The following systematic outline of procedure is givén by Udden,®
who has also given much careful study to this subject:

The sample should first be examined by direct inspection and with a hand lens.

1. If sample consists of sand, sandstone, gravel, or conglomerate, note adherence,
size, form, polish or etching of surfaces, and mineral characters of grains or pebbles.

(1) Adherence is slight in soft sandstone, greater in hard. It may be due to the
presence of a matrix or cementing material. Note nature of cementing material,
whether abundant or scarce, whether calcareous, siliceous, ferruginous, ete. For
this purpose it may be convenient to place a small fragment of the rock in a drop of
dilute hydrochloric acid on a glass slide and examine without cover glass.

(2) Size of grains is best determined by making a mechanical analysis, using the
method of the United States Bureau of Soils down to grains one-eighth of a millimeter
in diameter and giving numerical expressions to quantities of the different grades.

(3) Form of grains discloses whether the sand is much or little worn and whether
the grains have grown by secondary crystallization. The finer grains are invariably

¢Udden, J. A., Some deep borings in Illinois: Illinois Geol. Survey Bull. 24, pp. 18-22, 1914.
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more angular than the coarser grains in the same sand, owing to the lesser force of
impact of the smaller grains and their more effective cushioning by water.

(4) The polish or etching of the surfaces of most sand grainsis not conspicuous,
and may be neglected, but it is sometimes an important characteristic.

(5) The mineral composition of sand grains isimportant. Numerical estiinates of
the different ingredients are always desirable. Most of the descriptions of the
mineral composition of sands found in geological literature are inexact.

I1. If sample is not as above, test for calcareous material by the application of a
cold 10 per cent solution of hydrochloric acid.

(1) If there is no response to acid the sample is probably either argillite or gypsum.
Determine mineral character and note texture, structure, color, and mineral and fossil
contents. If necessary, first wash and then dry the sample. It must be remembered,
however, that coarse dolomite will not respond to dilute acid, unless heated or unless
the material to be tested is pulverized.

(a) Mechanical analyses of silts, shales, and clays are desirable but often impracti-
cable to make. Instead of such, describe in general terms, such as ‘‘coarse,”
‘“medium,”” ‘fine,” or ‘‘ finest texture,” supplying microscopic measurements of
the bulk of the material when possible.

(b) Note whether the fragments show stratification, lamination, or lack of such
structures. Describe any variations of these structures when present.

(¢) Avoid exaggerations in describing colors.

(d) For determining the mineral contents of shales, examine sample under micro-
scope and make blowpipe tests. Note the nature of escaping fumes before and
during ignition, and changes in color. Also note the behavior of the material with
magnet after ignition.

(¢) Fossils should be sought in the larger fragments with a hand lens. Such
fragments may be split edgewise with a knife when no fossils appear on the surface.
The finer fragments should be sorted by sieves and each grade examined under a
microscope for minute fossils, such as Foraminifera, Bryozoa, denticles of annelids,
spores, spicules of sponges, small parts of brachiopods and gastropods, and many
others. Look also for microscopic concretions.

(2) If there is effervescence with acid, the sample may be pure argillite mixed in
the well with calcareous slime, clay ironstone, calcareous argillite, or marl, argilla-
ceous limestone, dolomite, calcareous limestone, or a mixture of these. If the sample
is not clean, it should be washed and again dried, then separated by sieves into
many different sizes, and again tested for calcareous material.

(a) If the sample is a mixture, the ingredients will usually appear in unequal
quantities in the different lots. Each ingredient should be separately examined.

(b) Clay ironstone effervesces extremely slowly and becomes magnetic after ignition.

(¢c) Marl treated in acid leaves a considerable insoluble residue.

(d) Argillaceous limestone treated in acid leaves a small insoluble residue.

(¢) Dolomite effervesces slowly.

(f) Calcareous limestone effervesces rapidly. In distinguishing between dolomite
limestone and calcareous limestone care should be taken to apply the acid on a
surface of a fresh fracture of the rock fragment. Dolomite, when powdered, effer-
vesces rapidly, like calcite. A good way for making this test is to place a drop of
the acid on a glass slide, and then to place a small fragment of the rock in this drop
and examine under a hand lens. Marls and argillaceous limestones should be
examined in the same manner as argillites. Dolomites seldom have fossils, except
as molds or casts in the larger fragments. Coarseness of the crystals should be noted
in dolomites, either by examining the finer-grained lots under the microscope or by
making a thin section from some large fragment. Calcareous limestones should be
examined and described as to texture, sedimentary structure, color, and fossil and
mineral contents. The procedure is the same as with argillites.
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(fY) Organic limestones: If organic fragments are present the limestone may be
called organic. If organic fragments are invested by a thin surrounding coating of
calcareous material, the rock may be described as an organic and incipiently oolitic
rock. Organic fragments should be described as to size, form, abundance, arrange-
ment, etc. When the organic fragments constitute the greater part of the rock and
consist mostly of one class of organisms, this organism determines the name of the
rock, as “‘encrinital limestone,’’ ‘* Fusulina limestone,’” *‘ shell breccia,’” * coral lime-
stone,” etc.

(f?) Characteristic minerals in limestones: Limestones containing graihs of green
glauconite are said to be glauconitic. Limestones or dolomites impregnated with
bituminous material are said to be bituminous. Similar descriptive names may be
used for any other mineral ingredients, as for example, * pyritiferous,” ‘‘gypsiferous’’
limestones.

(f?) Texture and structure of limestones: A limestone consisting of the finest cal-
careous material exhibiting no texture may be called compact. In some calcareous
limestone the porous space has been filled with crystalline calcite. A limestone of
somewhat open texture is porous. If the open spaces are large the rock is cavernous,
If the rock consists of distinct thin layers it may be described as laminated.

(f*) Color in limestones: As most colors in limestone are faint, care should be
taken to avoid exaggerations in color descriptions. Some limestones exhibit uneven
distribution of color throughout the mass, resulting in blotches or stains which merit
notice and separate description.

(f*) Fossils in calcareous limestones and marls: These rocks should always be
examined for fossils. For the most careful work it will always be found necessary
to separate the cuttings into lots of different sizes after washing and drying. These
lots are then separately examined by the aid of a good hand lens. The cuttings
should be spread on a black surface, barely covered with water, and separated into
rows narrow enough to be seen in the field of the hand lens. Sufficiently strong
light is always desirable for this work.

Recently the careful study of cuttings from deep wells drilled for
oil or gas has been undertaken. A systematic outline for laboratory
work has been published by Trager’ comparable to the foregoing
outline by Udden. Detailed study of well cuttings comprising some
methods not used by Norton and Udden was recently undertaken
by Goldman? for the United States Geological Survey. This study
is briefly described by him as follows:

The paper is the result of the study of a nearly complete series of samples (repre-
senting mostly intervals of 10 feet) from 2,400 to 4,510 feet in the Seaman No. 1 well,
Roxana Petroleum Corporation, Palo Pinto County, Tex. In each sample a8 many
types of ingredients as could be recognized were differentiated under the hand lens,
and their proportions estimated. Peculiar types and at intervals the common types
were made into thin sections, studied under the compound microscope, and the
proportion of sand, clay, and lime in each type estimated. Three graphic logs were
presented—one showing the estimated proportion of sand, clay, lime, and flint in
each sample, another the usual type of graphic log showing the succession of beds as
indicated by the above examinations, the third the usual graphic presentation of the

7 Trager, E. A., A laboratory method for the examination of well cuttings: Econ. Geology, vol. 15,
pp. 170-176, 1920.

8 Goldman, M. 1., Lithology of the ‘“ Bend series *’” and contiguous formations of north-central Texas
(abstract): Washington Acad. Sci. Jour., vol. 11, pp. 425-430, 1921. See also U. 8. Geol. Survey Prof.
Paper 129, pp. 1-22, 1921.
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driller's log. From the first-named log (called the ‘“‘percentage log’’) it appeared
that there are in this well distinct lithologic units characterized by the proportion
of the four ingredients differentiated, and that the boundaries between these are
usually well defined. From the second log it appeared that these boundaries are
usually marked by some distinct bed, sometimes by a conglomerate or sandstone,
but in most cases by a coarsely glauconitic sandy bed. In this way it was possible
to place the boundary between the Marble Falls (Pennsylvanian) and the Lower
Bend (Mississippian) with absolute precision and in conformity with the paleonto-
logic evidence. Boundaries between the Marble Falls, Smithwick, and Millsap were
also suggested, though in the absence of paleontologic evidence these are uncertain.
Other lithologic units not hitherto distinguished by names were indicated. It was
shown that the driller’s log gives little or no evidence for the most significant
criteria.

In further support of a hypothesis previously offered that unconformities are
marked by glauconitic beds, it was shown that a glauconitic layer occurring at the
base of the Lower Bend just above the Ellenburger limestone in outcrops in San
Saba County had been traced north through all three wells examined in which this
contact appeared, including the Seaman well, more than 100 miles north of the out-
crop. It was also indicated that pyrite or other sulphides are associated with glau-
conite and phosphate at unconformities, and it was suggested that the presence of
all three minerals is due to the abundance of organic matter encountered by a
transgressing sea.

In further explanation of his work Goldman ® makes the following
statements:

It is important to realize that this paper presents mainly a stratigraphic subdivi-
sion and only secondarily a correlation. There was no new principle in the method
of study. There are two factors of this method deserving emphasis. One is that the
examination, especially of the total sample, must be careful, as the most significant
ingredients are often very scarce. The other is that the observer should avoid limit-

ing his observations by some predetermined routine. The factors significant for each
well should be determined by close observation of the material from that well.

INCLINATION OF STRATA.

The strata of rock formations are rarely horizontal. Slight dips
may be due to deposition in a sloping position or to deformation
after deposition; steep dips are almost invariably due to deformation.
An alluvial deposit generally has a slight original dip downstream,
and deposits in lakes or in the ocean are laid down with a gentle dip
away from the shore, although some distance from shore they gener-
ally become virtually horizontal. Lava beds have original dips away
from vents from which the lava was extruded. The movements of
the earth’s crust may be very gentle, tilting the strata so that they
have an inclination of only a few feet to the mile, or they may be so
pronounced as to turn the strata into a vertical position, or even to
overturn them. Figure 42 gives an example of gentle dips. Tt
shows that the St. Peter sandstone descends about 750 feet in the
132 miles from Dubuque to Ackley, or less than 6 feet to the mile.

9 Written communication.
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Excellent examples of widespread aquifers with gentle and relatively
uniform dips are also afforded by the successive water-bearing sands
and gravels beneath the Atlantic Coastal Plain (fig. 47) and by the
Dakota sandstone beneath the Great Plains (fig. 48). In the section
shown in figure 47 the base of the Pamunkey formation descends
about 700 feet in 85 miles, or a little more than 8 feet to the mile.
In all three regions the dips are believed to be partly original and
partly caused by deformation.

Knowledge of the dip of the strata underlying a region is necessary in
order to determine the distribution of the aquifers and to forecast the
depths to them at particular points in the region. These facts are
also well illustrated by figure 42. In the vicinity of Manchester
the Niagara dolomite supplies many successful wells. Nearer Du-
buque, however, on account of the rise of the rock strata and the de-
scent of the land surface, this aquifer is absent. Where the edges of
the strata are well exposed the boundary of the Niagara dolomite can
be mapped from field observations; where they are concealed by a
mantle of surficial deposits this is impossible, but the boundary can
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FI1GURE 47.—S8ection across upper part of Atlantic Coastal Plain in Georgia. (After L. W. Stephenson.)

be inferred, approximately, if the dip and the altitude of the land are
known. Obviously, unless the dip changes or the land rises greatly,
the St. Peter sandstone'and ultimately also the Jordan sandstone will
disappear on the other side of Dubuque. When the forecast for Water-
loo was made (p. 153) deep wells were already in existence at the other
three cities shown in figure 42, and the dip of the formations was
pretty well known. Any forecast made without taking account of
the dip would have been sadly in error, even with the best of infor-
mation as to the character, thickness, and succession of the various
formations. Even though the dip is less than 6 feet to the mile—an
exceedingly gentle slope—it produces a difference of 750 feet between
Dubuque and Ackley in the depths to the successive aquifers, and
this difference is a matter of immense practical importance in well
drilling.

It is ewident that a ground-water survey of a region underlain by
stratified rocks involves a survey of the dips of the rocks. Such a
survey is made by observing the dips where the rocks crop out and
by correlating the formations in outcrops and well sections, as was
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so successfully done by Norton in Water-Supply Paper 293, already

cited.

A hard, resistant member of a series of tilted beds that is crossed
by a streamway may act as a dam to impound ground water on the
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FIGURE 48.—Section across South Dakota from the Black Hills to Missouri River.
mation, Unkpapa sandstone,

upstream side. The aquifer under such
conditions may be a porous formation be-
longing to the same series as the resistant
bed, or it may be rock waste resulting from
the decomposition and disintegration of less
resistant rock on the upstream side, or it
may consist of alluvium that has been de-
posited on the upstream side. Where the
stream crosses the hard stratum its valley
is likely to contract into a narrow gorge,
whereas farther upstream the valley may
be wider and more open. If the locality
of the hard stratum has been elevated
with reference to the upstream area there
may be considerable water-bearing allu-
vium. Two examples of groumnd water
impounded by hard tilted beds in the
basin of Sulphur Spring Valley, Ariz., are
described in the following paragraphs.’®
The structure of the rocks was not studied
in sufficient detail to determine just how
these barriers came into existence, but
their effectiveness and economic import-
ance are very evident.

The Dos Cabezas Range is flanked on the south-
west by hard Paleozoic quartzites and limestones
that dip toward the southwest at a steep angle and,
because of their resistant character, form a sharp,
conspicuous ridge. Back of the ridge is a broad,
relatively low basin which is underlain by granitic
rocks covered with coarse rock waste and which
drains into a canyon cut through the ridge. The
upturned quartzite bed forms a dam which im-
pounds the water in the sediments of the basin,
thereby providing an abundant shallow-water sup-
ply for the village of Dos Cabezas, which is situated
in the basin (fig. 49). The depth to water in the
basin decreases downstream, and near the canyon
and in its upper part ground water is virtually at the

surface. Where the water is at shallow depth, trees of different kinds, including
cottonwood, ash, walnut, hackberry, and willow, grow luxuriantly. Below the

10 Meinzer, O. E., and Kelton, F. C., Geology and water resources of Sulphur Spring Valley, Ariz.:
U. 8. Geol. Survey Water-Supply Paper 320, pp- 112~113, 1913,
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quartzite ledge there is no evidence of ground water, and the canyon has a barren
aspect which is in striking contrast to the verdure of the upper tree-covered portion.
This contrast is to some extent shown by two views in Plate XXI, B and C.
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FIGURE 49.—Section showing shallow-water conditions at Dos Cabezas, Ariz., caused by resistant
quartzite strata that have been tilted.

In the vicinity of Leslie Canyon the Swisshelm Mountains consist of eastward-
dipping limestones covered with acidic lavas back of which is a basin comparable to
that in the Dos Cabezas Range. Leslie Canyon cuts through the lava and limestone
series and leads from the basin to Sulphur Spring Valley (fig. 50).

The lava is relatively resistant and impervious and therefore constitutes a dam
behind which the water that has seeped into the sediments of the basin is impounded
and can be recovered by means of shallow wells. At the entrance into the canyon
the underground reservoir overflows, forming a good spring. The water from the
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FI1GURE 50.—Section showing shallow-water conditions at the head of Leslie Canyon in Swisshelm
Mountains, Ariz., caused by tilted beds.

spring flows down the canyon, either at the surface or through the gravels near
the surface, untll it reaches the limestone, where it disappears, apparently through
the crevices of this rock. Trees are growing near the spring and in the part of the
canyon that passes through igneous rock; but in the lower part of the canyon, which
is cut through limestone, only a few willows are found.

AN

FOLDS.

If aseries of strata everywhere had the same angle and direction
of dip the problem of determining the distribution and depth of
aquifers would be relatively simple. In most regions, however, the
strata have been more or less warped, forming folds or irregular
flexures. Folds include upfolds or anticlines, downfolds, or synclines,
and simple tilts or-monoclines. (See Pl. XXII.) An upfold may
be ridgelike or msy form a structural dome in which the strata dip
in all directions away from a commmon center as in the Black Hills
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uplift (Pl. XXIII). Likewise, a downfold may be troughlike or may
form a structural basin in which the strata dip from all directions
toward a common center, as in the Paris Basin in France, or in the
basin of the southern peninsula of Michigan (fig. 53).

The warping of the rock strata introduces much uncertainty into
well forecasts and makes it necessary to get data at many points in
a region in order to construct a reasonably accurate section or map
showing the position of an aquifer in the region. The use of vertical
sections to show the warps in the rock strata, and hence the positions
of aquifers, is illustrated by Plate XXIII and figures 42, 47, 48, 51,
and 53. The warps in the rock strata are also shown by areal
geologic maps, on which are represented the areas in which the several
formations occur at the surface (Pl. XXIII; figs. 51 and 53), and by
structure-contour maps—that is, maps on which are shown successive
contours of the upper or lower surface of a stratum or formation.

RS E, R:20€E, R21E, R.22€..

ey =N

FIGURE 51.—Stereogram of an area in central Montana showing relation of ground-water conditions to
stratigraphy and structure. The Bearpaw shale, Claggett formation, and Colorado shale yield little
or no water to wells; the Lance formation, Judith River formation, and Eagle sandstone are relatively
good water-bearing formations. (See pp. 260-262.) A good exercise is to forecast the results that
will be obtained in drilling on each section in these townships.

The structure-contour map of Iowa in figure 52 shows numerous
irregularities of dip with one prominent plunging syncline, the axis
of which extends diagonally almost toward the southwest corner of
the State. A map shows the conditions at all points in the region it
‘covers, whereas a section shows only the conditions along a certain
line. A section, however, shows the subterranean structure more
directly and is therefore more easily understood and more readily
interpreted. Frequently several sections are given, so that the con-
ditions in the intervening areas can be interpoiated, or the purposes
of completeness and ease of interpretation are both accomplished by
presenting a map and also a series of sections. Thus, the water-
supply paper on Towa contains not only an areal geologic map, with
the structure contours that are shown in figure 52, but also a series
of 14 sections similar to that in figure 42.

The relations of rock structure to the occurrence of ground water
can be more fully appreciated by a study of Plate XXIII and figures









U. 8. GEOLOGICAL SURVEY WATER-SUPPLY PAPER 489 PLATE XXIII

S S

EXPLANATION

upperiaos Crefaceots.

|

Pierre shale and
Colorado group-

Dakota sandstone io
Lakota sandstone inclusive

—

Morrison formation
to Permian inclusive

Pennsylvanian, Mississip-
pian, and Ordovician

Cambﬁm(Dm'formation )

Pre-Cambrian granite, schist,

4f| etc., and later intrusive rocks

The principal water-bear-
ing formation is the Da-
kota sandstone, which is
a very important source
of a:teis;:‘li'l water.m
recognized water-bearing
formationsare the Lakota
sandstone (Lower Creta-
ceous), which lies not far
below the Dakota and is.
mapped with it; the Min-
nelusa sandstone (Penn-
sylvanian); and the Dead-
wood formation. The sec-
tion shows how the distri-
bution and depth of these

water bearers areaffected
by the Black Hills uplift

Deadweed
formation Deadwood
Bl formation
Minneiusa sandstone
Dakota

TN

Sea level E2= . z N A
SECTION ALONG LINE A-B
2()E 0 26

49
el R

£O0MILES
e

497781 O-59 (Face Plate XXII)

[ GEOLOGIC MAP AND SECTION OF BLACK HILLS, IN SOUTH DAKOTA AND WYOMING,
STRUCTURAL DOME.

After N. H. Darton,

ILLUSTRATING A
























STRUCTURE OF ROCKS AND ITS INFLUENCE ON GROUND WATER. 173

above the water table. At several points where the top of the marl
is above the water table wells were obtained that yielded less than
1,000 gallons an hour. On the other hand, most of the wells drilled
in synclines, where the water table is far up in the chalk, were success-
ful and yielded from 6,000 to 12,000 gallons an hour.

The dip of the strata is also important in its bearing on artesian
conditions. Flowing wells are more likely to be obtained in synclines
than anticlines, or where the beds are tilted than where they are hori-
zontal. This subject will be presented more fully in a forthcoming
volume on the movement and head of ground water in the United
States.

Rarely an anticline may form a ground-water dam, a good example
of which in California is described by Mendenhall *2 as follows:

A crustal movement resulted in the lifting of a ridge—the formation of an irregu-
lar arched wrinkle—extending from the San Jacinto Mountains northwestward along
the line of the Badlands, which separate San Timoteo Canyon from San Jacinto Valley.
The rocks which were folded into this arch are soft shales and sandstones and gravelly
alluvium, like that deposited by the rivers now in San Bernardino Valley. This
clay and gravel ridge has been the most effectual of subsurface dams, against which
the modern stream wash has accumulated, and behind which the waters percolating
seaward through this wash have been stored, the excess rising in springs and flowing
over the dam, to sink again in the sands and gravel below.

N. S,

o Ve 1 2miles

FIGURE 54.—Diagrammatic section through Red Hills, on Cucamonga Plains, Calif., showing effects of
folding and unconformity in impounding ground water. (After W.C.Mendenhall.) @, Granitic rock;
b, earlier alluvium; ¢, later alluvium. Dotted line represents hypothetical boundary between earlifar
and later alluvium. The older, relatively impervious alluvium produces & subterranean dam which in
some places brings to the surface the water in the younger alluvium that is percolating from the moun-
tains to lower levels. There is evidence that the protrusion of older alluvium is due to upfolding.

Another example of a ground-water dam produced partly by fold-
ing of the beds is shown in figure 54 and described by Mendenhall **
as follows:

Asa physical feature the Red Hills form a nearly flat-topped mesa, which interrupts
the general slope of this part of the Cucamonga Plains. Approached from the north
the mesa appears only as a lessening of the slope, but its southern edge is a scarp 50
to 150 feet high. The hills are made up of a deposit of the earlier red alluvium which
has here escaped the destruction of the older topography of erosion during the deposi-

13 Mendenhall, W. C., The hydrology of San Bernardino Valley, Calif.: U. 8. Geol. Survey Water-

Supply Paper 142, p. 30, 1905. . .
13 Mendenhall, W. £ . Groe2 waters and irrigation enterprises in the foothill belt, southern Cali-

fornia: U. S. Geol. Survey Water-Supply Paper 219, pp. 34-35, 1908.
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tion of the later alluvium. The low mound therefore represents the top of a hill of
red clay, sand, and gravel, whose slopes are deeply buried under modern wash
[fig. 54). Where the hills of the older, concealed topography lie athwart a line of
underground circulation through the later alluvium, they serve as an underground
dam, forcing the waters which are percolating through the overlying gravels to or near
to the surface, where they flow out in springs or are easily developed by wells. As
the older alluvium has been folded in some localities by crustal disturbances which
have taken place since its deposition, it may be that where it projects above the
general plains surface it has been brought to this position by folding. The section o1
the Eddy tunnel through the base of the Red Hills near their western margin seems
to show a dip of the beds toward the north. It is probable, therefore, that this body
of older alluvium stands above the general plain because it has been brought up
along or near the axis of such an arch.

UNCONFORMITIES.

In many regions there are two or more series of rocks separated
from one another by unconformities. An unconformity represents an
interval of time that may amount to many thousands of years, during
which practically no sediments were deposited in the region where it
occurs but the existing rocks were eroded and perhaps also tilted,
warped, or broken. The rocks above the unconformity represent a
later period of deposition. An unconformity is a fossil land surface.
It shows approximately the topography of the region just before the
deposition of the overlying formations. (See Pl. XXIV, B.) To the
extent that the overlying formations have been deformed this fossil
land surface has also been deformed.

The six simple vertical sections in figure 55 show different types of
unconformities. The region shown in section A has not been de-
formed, but after the lower series of rocks had been deposited it was
eroded until it became a hilly country. The upper series was deposited
on this irregular land surface. The region shown in section B is like-
wise free of deformation. The erosion surface on which the upper rock
series rests is not nearly so irregular as that in section A, because the
region prior to the second period of deposition either was not lifted
high enough to become much dissected or was worn down by long-
continued erosion. Section C represents only a slight unconformity.
The lower series was gently warped but apparently not eroded before
the second series was laid down. At the left of the section the two
series may be conformable, or there may be an omission of formations
that intervene elsewhere and that represent a long interval. Toward
the right the successive beds of the upper series overlap one another,
perhaps representing a gradual encroachment of the sea upon the old
land surface. Insection D the older rock series was tilted and eroded
into a hilly country before the younger series was deposited. In sec-
tion E the older rocks were tilted and then reduced by erosion until
an almost level surface resulted. Unconformities such as those shown
in sections D and E, in which the two series differ in dip, are oftex
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called angular unconformities. The unconformity shown in Plate
XXIV, B, is an angular unconformity. Section F shows a region
which has been tilted toward the left since the younger series was
deposited. If the section is turned so as to restore the younger beds

[

F

FIGURE 55.—Sections showing different types of unconformities (s-g) in relation to well prospects.

to their original horizontal position, it becomes obvious that before
the younger beds were deposited the old rocks had been tilted to the
right and then beveled by long-continued erosion, essentially like the
older series in section E.
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Unconformities are very common and far-reaching structural fea-
tures, and they have very important effects on the occurrence of
ground water. The distribution of an aquifer in either the upper or
the lower series may be controlled largely by the intervening uncon-
formity. This fact may be more fully appreciated after considering
the conditions that would be encountered in drilling at each of the
points t to z shown in the sections in figure 55, assuming that the
strata shown with dots are the aquifers.

A study of unconformities is an important part of maay ground-
water surveys. An unconformity is detected by a difference in the
dip of two superimposed series, by irregularities in the contact surface,
by interruptions in the formations of either series, or by a weathered
condition of the underlying series near the contact. Data as to un-
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FIGURE 56.—Map of southern Minnesota, showing the position, in feet above sea level, of the graniticrocks,
which are overlain unconformably by younger formations. (After map in U. 8. Geol. Sarvey Water-
Supply Paper 256.) The granitic rocks yield little or no water, and it is generally advisable to stop

drilling when they are struck.

conformities are obtained from observation of natural and artificial
exposures and from well logs. Unconformities are characterized by
great irregularities and therefore introduce much uncertainty into
ground-water forecasts. It is seldom possible to construct a contour
map of a buried or fossil land surface that is more than a rough
approximation. (See fig. 56.) However, an understanding of the
geologic processes involved in the production of an unconformity
helps greatly in the interpretation of available data.

In most regions the lowest known system of rocks consists of hard
crystalline igneous or metamorphic rocks, or of a complex of such
rocks. This basal complex extends to unknown depths. It com-
monly has an eroded upper surface, and in most places it is overlain
by various younger formations, some of which may be water bearers.
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If in drilling in a series of younger beds the drill reaches the hard
basal complex, the prospects of finding water at greater depths are
very poor, and it is generally advisable to abandon the hole (fig. 56).

There is great variety in the succession of materials in different
series of conformable beds. Not uncommonly, however, the lowest
member of a series, resting unconformably on older rocks, is a deposit
of gravel or sand. Ifitis gravelly it may be called a basal conglom-
erate. Water is, therefore, often obtained in gravelly or sandy beds
directly above an unconformity. In the Atlantic Coastal Plain such
a gravelly aquifer is commonly found at or near the bottom of the
sedimentary beds resting on the erosion surface of the ancient crys-
talline rocks that form the basal complex. It yields copious supplies
of water to many wells. Another example is afforded by the Dakota
sandstone-—one of the best aquifers in the United States—which
in some areas rests unconformably on older rocks. There is & gen-
eral tendency for the beds of a sedimentary series to become increas-
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FIGURE 57.—Generalized east-west section across southern Minnesota showing unconformities and their
relations to the occurrence of ground water. The Dakota, St. Peter, Jordan, and Dresbach sand-
stones are good aquifers; the glacial drift yields water in most places but not everywhere in adequate
amounts; the Sioux quartzite yields small supplies; the granite is virtually non water-bearing.
The problem is to make well forecasts for points indicated by arrows. (Based on sections in U, S.
Geol. Survey Water-Supply Paper 256.)

ingly fine-grained and calcareous from the bottom upward. Thus
the Dakota sandstone is overlain by formations in which shale pre-
dominates. Thus also the Paleozoic rocks of the interior of the
United States are largely sandstone near the bottom and limestone
higher up, as is shown in figure 42.

An instructive example of the relation of unconformities to ground-
water conditions is afforded by a section in southern Minnesota
(fig. 57). Five great rock systems must here be taken into account—
(1) the basal complex of granite, gneiss, etc., which is very unpronns—
ing as a source of water, (2) the Sioux quartmte which yield$ meager
supplies, (3) the thick series of Paleozoic beds, which contain several
good aquifers, including the St. Peter, Jordan, and Dresbach sand-
stones, (4) the Cretaceous beds, whose vaca: formation is the Dakota
sandstone, a good aquifer, and (5) the glacial drift, which supplies
many wells but in some places does not yield large amounts. The



178 OCCURRENCE OF GROUND WATER IN THE UNITED STATES.

drift is spread as a mantle over the eroded surfaces of the other four
systems, largely concealing their relations to one another. The Creta-
ceous beds, several hundred feet thick in places, extend eastward
over the basal complex, in the north wedging out before they reach
the Paleozoic beds (fig. 58), but in the south extending far over their
beveled edges (fig. 57). The Cretaceous surrounds the highest masses
of Sioux quartzite, as the sea surrounds a group of islands. In most
of southwestern Minnesota the basal complex is not more than sev-
eral hundred feet below the surface, and in some localities it crops
out; in the southeastern part of the State it is at great depths, forming
a basin in which lie the Paleozoic beds. By considering the ground-
water conditions that would be encountered in each of the ten locali-
ties indicated by arrows in figure 57, it becomes evident that a
knowledge of the unconformities is absolutely essential for making
well forecasts.

The significance of unconformities is shown in a striking manner
by figure 58. The entire region shown is covered by glacial drift
and looks alike at the surface. As there are flowing wells at Marshall,
on the west, and at Mankato, on the east, it was argued that flowing
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P1GURE 58.—Section through Marshall, Sleepy Eye, and Mankato, Minn,, illustrating effect of uncon-
formities on ground-water conditions.

.wells could certainly also be obtained at Sleepy Eye, which is inter-
mediate in position and altitude. Accordingly, a deep well was
drilled, but without results. The difficulty, as determined by M. L.
Fuller, is clearly shown in figure 58. The wells at Marshall are sup-
plied by a formation entirely different from that which supplies the
wells at Mankato, and although both formations are widespread
aquifers neither extends quite to Sleepy Eye, where the drift is
underlain by granite.

JOINTS, VEINS, AND MINOR STRUCTURAL FEATURES.

A joint is a natural rock fracture. If there has been slippage of
the blocks of rock on opposite sides of the fracture so that the blocks
are disldcated with reference to each other, the fracture is called a
fault. Joints have already been discussed as among the most impor-
tant of water-bearing openings. They are characteristic of hard,
brittle rocks, not of plastic and unconsolidated materials, and they
result chiefly from compression during earth movements and from
rock shrinkage due to drying of sediments or cooling of igneous rocks.
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In massive igneous rocks it is common to find three directions of
jointing approximately perpendicular to one anothér. Two are ap-
proximately vertical and the third is commonly horizontal. Basalts
and other extrusive rocks may have columnar jointing, whereby
the rocks are broken so as to form vertical columns. Joints are
variously spaced. They may be only a few inches apart or they may
be several feet or evenseveral yards apart (pp. 113-114). They differ
greatly in their lat-

. 4 3 2 1
eral persistence and ! } | |
in the depths to
which they extend.
They may form
tight cracks or wide
open fissures.

If a formation is
traversed by a lim-
lted number of large FIGURE 59.—Diagrammatic section illustrating relation of wells to a
joints, or by frac-  iarge water-bearing joint. A well drilled at site 1 will not strike the
tured zones within-  Joint; one drilled at site 2 will penetrate it above the water table;-one

R drilled at site 3 will encounter it where it is open and full of water;
tervening belts of  one drilled at site 4 will either fail toreach it or will reach it at con-

more compact rock siderable depth, where it has become tight and will therefore not yield
?  much water. Site 3is the most favorable.

it is sometimes prac-
ticable to select a site that is more favorable for sinking a well
because of numerous joints than an average site selected at ran-
dom. If there is a rather wide fractured zone it may be wisest to
locate the well at the middle of such a zone. If there are relatively
few large and definite joints it may be possible to ascertain approxi-
mately the direction and angle of their dip and to locate the well far

enough on one side of

o such a joint to intersect
A7/ the joint at some dis-
//j/ tance below the water
table (fig. 59). In sink-

B

ing wells along the sea-
FiGURE 60.—Diagrammatic sections illustrating effects of the dip shore there is more dan-

of joints on contamination of wells by sea water. ger of contamination by
sea water if the prominent joints dip toward the land than if they
dip toward the sea (fig. 60).

Veins are openings that have been partly or completely filled with
mineral matter deposited by percolating waters. To the extent that
they are filled they no longer function as water bearers, but they
may have to be reckoned with in drilling. For example, a hard
quartz vein traversing a relatively soft formation, such as a partly
decomposed schist, is difficult to penetrate and is likely to deflect
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the drill, thus making the hole crooked. Under certain conditions a
" vein may also act as a dam that impounds ground water.

The smaller structural features, such as slaty cleavage and schis-
tosity, have been discussed in connection with the water-bearing
properties of rocks (pp. 126, 146, 147).

FAULTS.
EFFECT OF FAULTS ON POSITIONS OF AQUIFERS.

A fault is a structural feature consisting of a fracture and a dislo-
cation of the rocks on one side of the fracture with reference to those
on the other (Pl. XXIV, A). Faults are of two kinds——normal
faults, illustrated in sections A and B of figure 61, and thrust faults,
illustrated in section C of figure 61. Faults differ greatly in their
lateral extent, in the depth to which they reach, and in the amount
of displacement. Minute faults do not have much significance with
respect to ground water except as they may, like other fractures,
serve as containers of water. But the large faults that can be traced
over the surface for many miles, that extend down to great depths
below the surface, and that have displacements of hundreds or thou-
sands of feet are very important in their influence on the occurrence
and circulation of ground water. Not only do they affect the dis-
tribution and position of aquifers, but they may also act as subter-
ranean dams, impounding the ground water, or as conduits that
reach into the bowels of the earth and allow the escape to the sur-
face of deep-seated waters, often in large quantities and at high
temperatures.

In some places, instead of a single sharply defined fault, there is a
fault zone in which there are numerous small parallel faults or masses
of broken rock called fault breccia. Such fault zones may repre-
sent a large aggregate displacement and may afford good water
passages.

The effect of faults on the distribution and depth of aquifers is
illustrated simply in figure 61, in which the formation represented
by dots is an aquifer and the arrows show the directions in which
the broken layers of rock were displaced. In the region shown in
section A a driller may sink wells at points t, u, and v, striking water
at about the same level in each well. When he drills at point w he
may be greatly bewildered and disappointed by finding very different
conditions. If, however, he also drills at points x, y, and z, he may
discover that he is drilling to the same water-bearing bed which he
tapped in wells t, u, and v, but that beyond a certain line i{ lies at a
lower level. In the region shown in section B tilted beds are faulted
and the resulting structure is somewhat less simple. A driller may
here be surprised to find that the conditions found at points s, t, and
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u are repeated at points x, y, and z. In the region shown in section
C the basal non water-bearing rock has been thrust up over the
younger water-bearing series, producing the unusual condition, in a
well at w and perhaps in one at x, of finding the water-bearing stra-
tum after passing through the basal rock. It should be said, how-
ever, that ground-water literature affords relatively few authentic
examples of changes produced by faults in the depth to aquifers, as
shown in sections A and B, or in the relative position of aquifers, as
shown in section C. Drillers frequently assume faults to account for
changes which they do not understand, but most of these assumed
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FIGURE 61.—Diagrammatic sections showing how faults may control the distribution of aquifers and their
depths below the surface. Arrowsshow the directions in which the blocks have moved in relation to
each other. The strata shown by dots are aquifers. The effects of the faults are illustrated by the
results that will be obtained by drilling at points t to z in section A, at points s to z in section B, and
at points v to z in section C.
faults do not exist, the changes generally being due to unconformities
or to mere lateral gradation. It is chiefly in regions of flat-lying or
only gently disturbed beds that water is recovered through wells,
and in these regions large faults are rare. Good examples of faults
that profoundly affect the depths to certain water-bearing formations
in parts of Texas are given by Hill and Vaughan, and an example

HHill, R. T., and Vaughan, T. W., Geology of the Edwards Plateau and Rio Grande Plain adjacent
to Austin and San Antonio, Tex., with special reference to the occurrence of underground waters: U. S.
Geol. Burvey Eighteenth Ann. Rept., pt. 2, pp. 258-260, 308, 314-316, 1898. Hill, R. T., Geography and
geology of the Black and Grand prairies, Tex., with detailed descriptions of the Cretaceous formations
and special reference to artesian waters: U. 8. Geol. Survey Twenty-first Ann. Rept., pt. 7, pp. 382-385,
pl. 52, 1901.
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of a probable fault affecting ground-water conditions in the same
State is given by Deussen.” Good examples of faults that affect the
position of the water-bearing beds in Montana are given by Hall.’®

AQUIFERS PRODUCED BY EROSION OF FAULT SCARPS.

The raised side of a fault may produce an escarpment, as shown
in section A in figure 62. Faulting therefore affects the ground-
water conditions not only by displacing the aquifers but also by
producing radical differences in the altitude and topography of the
surface on opposite sides of the fault, which may result in the depo-
sition of water-bearing beds on the downthrown side from rock waste
derived by rapid erosion of the exposed rocks on the raised side.
An example of such a
structure is afforded
by the Toyabe Range
and Big Smoky Val-
ley, Nev.?” (PL. XXX,
A and B, p. 298).
With the lapse of geo-
logic ages, however,
so much erosion may
occur that the escarp-
ment is obliterated
and no definite topo-
graphic evidence of
faulting may remain.

This is the condition

FIGURE 62.—Diagrammatic sections illustrating effects of faults on  ghown in ﬁgure 61
ground-water conditions. The conditionsin section B are produced . 4
by the beveling of the region shown in section A down tothelevel Se€ctlons A and B, and
a-a. The conditions in section C are produced by deposition of glgg in ﬁgure 62, sec~
younger beds on the beveled surface. :

tion B, which shows
the same region as section A after the rocks havé been greatly eroded
and worn down to a surface of low relief (a—ainsection A). The fault
may be further concealed by later deposition of sediments over the
entire region, as in figure 62, section C.

Many striking examples of the effect on ground-water conditions
produced by large faults with prominent escarpments are found in
the western United States. The ground-water conditions in western
Utah are radically different from those in eastern Utah, on account
of a great fault zone that extends through the State. The region

15 Deussen, Alexander, and Dole, R. B., Ground water in Lasalle and McMullen counties, Tex.: U. 8.
Geol. Survey Water-Supply Paper 375, p. 148, pl. 8, 1916.

16 Hall, G. M., Ground water in Yellowstone County, Mont.: U. 8. Geol. Survey Water-Supply
Paper — (in preparation).

17 Meinzer, O. E., Géology and water resources of Big Smoky, Clayton, and Alkali Spring valleys,
Nev.: U. 8. Geol Survey Water-Supply Paper 423, pp. 18-22, 4445, 1917.
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east of the fault zone has been uplifted thousands of feet and forms
a high plateau province, most of which is underlain by more or less
flat-lying sedimentary beds, some of which yield water. The region
west of the fault zone has been dropped and in most parts covered
to depths of hundreds of feet with sediments, largely derived from -
the plateau province.
These sediments include
much sand and gravel,
which supply numerous
wells, in many places yield-
ing water in very large
quantities. Striking ex-
amples of the effect of Fioure 63.—Diagrammatic section showing the impounding
faults on ground-water Ewndwse by s e Too el v bt
conditionsare also afforded  down the dip, toward the right, is impounded on the up-
by large faults that have o™ sdectthefault.
produced many of the Basin Ranges of the West and the interveming
desert valleys.. These valleys are underlain by thick deposits of rock
waste, which are invaluable as sources of water supply.*®
IMPOUNDING EFFECT OF FAULTS.

A fault may act as a subterranean dam, impounding the water as
it percolates through the earth, and thus bringing it to the surface
along the fault or at least causing a notable difference in the water
level on opposite sides of the fault. This impounding may be due

-
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F16URE 64.—Section in Owens Valley, Calif., showing a spring produced by theimpounding effects of 8
fault. (After C. H. Lee.) The “moist sand "’ on the downthrown side is equivalent to some of the
¢ dry soil”’ on the upthrown side and apparently has an impounding effect.

to the displacement of alternating permeable and impermeable beds
in such manner that the impermeable beds are made to abut against
the permeable beds, as shown in figures 63 and 64. It may also be
due to clayey gouge along the fault plane produced by the rubbing
and mashing during displacement of the rocks, this gouge being
smeared over the edges of the permeable beds. The impounding

188¢e U. S. Geol. Survey Water-Supply Papers 157, 181, 199, 217, 277, 333, 365, and 423.
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. ;v * o effect of faults is most. common in unconsolidated formations that
‘ contain considerable clayey material. In hard rocks the material
. ( on opposite sides of the fault pack together less snugly, and there is
(@ less tendency to form impervious gouge to plaster shut the edges of
- { the water-bearing beds. The side on which the water is impounded
depends on the direction of movement of the ground water. It may
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FIGURE 65.—Map showing Niles-Irvington fault in Santa Clara Valley, Calif., and profiles of water table
across the fault. Numbers at bottom of section indicate observation wells. (After W. O. Clark.)

be impounded on the upraised side, as shown in figure 63, which repre-
sents essentially the conditions of a series of fault springs in the allu-
vial slopes of Big Smoky Valley, Nev.”® It may also be impounded
on the downthrown side, as at the Niles-Irvington fault, in Santa
Clara Valley, Calif., described by Clark 2 and shown in Plate XXV,
A, and in figure 65.

19 Meinzer, O. E., Geology and water resources of Big Smoky, Clayton, and Alkali Spring valleys,
Nev.: U. 8. Geol. Survey Water-Supply Paper 423, p. 90, 1917.

» Clark, W. O., Ground-water resources of the Niles cone and adjacent areas, Calif.: U. S. Geol. Sur-
vey Water-Supply Paper 345, pp. 127-168, 1915.
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Faulting across a stream channel underlain by gravel that rests on
impervious rock may produce a rock ledge in the stream channel that
will impound water in the gravel upstream and may bring it to the
surface at the ledge, as is illustrated in figure 66. Many examples of
valleys underlain
by water-bearing
gravels that have
resulted from fault- 7%
ing in the manner
shown in figure 66
occur in Califor-
nia.?* Such a condition is likely to result only where the faulting
movement has been rapid or where the erosive power of the stream
is feeble, as in arid regions, so that erosion has not kept pace with
the uplift. '

RTINS ]
RGN N

FIGURE 66.—Diagrammatic section showing how a fault crossing a stream
channel may cause the deposition of water-bearing gravel on the up-
stream, downthrown side of the fault.

FAULTS AS WATER CONTAINERS.

Although some faults act as dams for ground water, others are
important containers and conduits of ground water. The opposite
sides of many faults, especially normal faults in hard rocks, are not
everywhere pressed together but form fissures through which the
water may flow. This is largely due to the fact that the fracture
surfaces are irregular. After there has been displacement the two

sides no longer fit each other, but projections on

opposite walls may be brought opposite each other,

leaving intervening openings, as shown in figure 67.

To the extent that the projections have been rub-
_ bed off during displacement the intervening open-

Surface

F1GURE 67.—Diagram.

matic section showing
openings produced by
a fault with irregular

ings are reduced.
Few faults are single, clear-cut breaks.

The

fracture surfaces (After

walls of some are crushed into small fragments called
M. L. Fuller.)

fault breccia and some consist of a number of
nearly parallel breaks that result in shattering the rock throughout
a zone of considerable width, forming an aggregation of larger angular
blocks with intervening interstices called a ‘“fault zome,” as shown
in figure 68. These breccias and fault zones may become important
reservoirs of water.

FAULTS AS WATER CONDUITS.

Per most important function of faults in relation to oun
water is that of conduits leadiug from deep sources of water up to the

#1 Mendenhall, W. C., The hydrology of San Bernardino Valley, Calif.: U. S. Geol. Survey Water-
Supply Paper 142, p. 30,1905. Clark, W. O., Ground-water resources of the Niles cone and adjacent areas,
California: U. S. Geol. Survey Water-Supply Paper 345, pp. 128, 139, pl. 9, 1915. Ellis, A. J., and Lee,
0. H., Geology and ground waters of the western part of San Diego County, Calif.. U. 8. Geol. Survey
Water-Supply Paper 446, p. 37, 1919. Brown, J. 8., The Salton Sea region, Calif.: U. 8. Geol. Survey
‘Water-Supply Paper 497 (in press).

497781 O-59—15
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surface. Openings of no other kind probably extend so far below the
surface, and no other structural features are so effective in allowing
the ascent of deep-seated waters. Many springs owe their existence
to the damming effects of faults, but many others are the outlets of
waterways that follow faults. Many of the springs of the latter type
have a large and relatively uniform discharge, and many yield water
of high temperature, doubtless because it comes from great depths,
where the earth is hot.

Excellent examples of springs produced by the rise of deep waters
through fault openings are to be found along the edges of the moun-
tain ranges of Nevada and western Utah (fig. 69). Many of these
springs have large yields, some of them discharging several cubic feet
a second. The abundance of these springs and the copious flow of
some of them are the more impressive because of the aridity of the

LT
Fault zone
F1GURE 68.—Diagrammatic section showing fault zones in sandstone. (After H. E. Gregory.)

Fault zone

region in which they occur. The ranges of this region consist largely
of tilted fault blocks, and in many places there are recent fault scarps
in the alluvial slopes at the foot of the mountains (Pl. XXX, 4,
p-298). That many of the springs along these fault lines are not merely
returning to the surface water that percolates into the sediments of
the adjacent alluvial slopes but yield water that ascends from deep
sources along faults seems to be shown by the following facts: (1)
The springs are situated along the general courses of the fault scarps,
some of the groups having a more or less linear arrangement; (2) the
yield of many of the springs is larger than would be expected if they
were supplied from local sources, and some with the largest yields
occur along narrow dry ranges that supply but little water; (3) they
have relatively uniform flow throughout the year, whereas ordinary
springs in the region fluctuate more with the season; (4) many of
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these springs yield water whose temperature is above the mean annual
temperature of the region, and hot springs that are not associated

LN
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FIGURE 69.—Map of a part of the Basin and Range province, showing pre-Quaternary faults and asso-
ciated springs, many of which are thermal. (After I. C. Russell, U. 8. Geol. Survey Mon. 11, pls. 3 and
8, 1885.)

with volcanic rocks are abundant; (5) many of the springs issue from
deep pools that are believed to be associated with fissures.?

For descriptions of some of these springs see U. 8. Geol. Survey Water-Supply Papers 277, 365, 423,
and 467,
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Another remarkable example of large springs produced by water
rising along faults is described by Hill and Vaughan #* as occurring
along the Balcones scarp, in Texas. This great escarpment, extending
through eight counties, is caused by a fault or series of faults with
an aggregate displacement of 500 to 1,000 feet. For a distance of
200 miles along the fault zone there is a series of remarkable springs
with large and nearly uniform discharge, which appear as extensive
pools, many of them in the level prairie. The average discharge
of several of these springs ranges between 39 and 350 cubic feet a
second, and the discharge of the Comal Springs has varied from 267
to more than 400 cubic feet a second.

Many examples of important springs situated along fault lines in
California are described by Waring.?

STRUCTURAL FEATURES FOUND ONLY IN IGNEOUS
ROCKS.

With respect to ground water, extrusive rocks differ from plutonie
and intrusive rocks; moreover, extrusive rocks formed from fluid
lavas, such as basalt, differ from extrusive rocks formed from the
viscous lavas of persilicic composition. The differences are not only
in porosity and water-yielding capacity but also in the structural
features that control the occurrence and behavior of ground water.

Formations of plutonic and intrusive rocks are generally massive
bodies that extend downward indefinitely, but extrusive basalt gener-
ally forms sheets that range in thickness from less than 100 feet to
not more than several hundred feet, and spread out over many
square miles. Hence if the drill strikes granite or other plutonic or
intrusive rock there is very little prospect of getting through it into
any other formation, even though the hole is carried to a great depth;
but if it strikes a sheet of extrusive basalt or other lava it may be
entirely practicable to drill through it and to tap underlying aquifers.
The persilicic lavas are as a rule more viscous than the subsilicic
lavas and hence to a greater extent accumulate in massive cones
about the volcanic vents instead of spreading out into sheets before
they solidify. (See pp. 105-106.)

Large areas in the northwestern United States are underlain by
very extensive sheets of basalt laid one upon another like the succes-
sive beds of a series of sedimentary rocks (Pl. XV, 4, p. 138). In
the gorge of Columbia River, adjacent to Quincy Valley, Wash., six
or eight successive sheets of basalt can be identified.? The individ-

#Hill, R. T., and Vaughan, T. W., Geology of the Edwards Plateau and Rio Grande Plain adjacent
to Austin and San Antonio, Tex., with special reference to the occurrence of underground waters: U. 8.
Geol. Survey Eighteenth Ann. Rept., pt. 2, pp. 193-322, 1898, .

% Waring, G. A., Springs of California: U. 8. Geol. Survey Water-Supply Paper 338, p. 11, pl. 3, 1015,

ssSchwennesen, A. T.,and Meinzer, 0. E., Ground water in Quincy Valley, Wash.: U. 8. Geol.
Survey Water-Supply Paper 425, pp. 131-161, 1919.
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ual beds are usually not more than 50 to 150 feet thick, but their
lateral extent is great, for their edges may be traced for miles along
the canyon walls without any evidence of thinning out (fig. 70).
Most of the water is found at or near the tops of the successive
sheets, where the lava is more vesicular and probably more jointed
because of rapid cooling, and where there may be some fragmental
material. Thus, these lavas have water horizons that are revealed
in springs and recognized by drillers, resembling the water horizons
of sedimentary formations (P1. XV, B.)

Excellent examples of thin sheets of extrusive basalt overlying beds
of water-bearing gravel are found in Sulphur Spring Valley and San
Bernardino Valley, in southeastern Arizona? (Pl. XXV, B). In
each valley there are sheets of lava at the surface, overlying gravelly
alluvial deposits, and also sheets of lava a few hundred feet below
the surface, interbedded with alluvium. The interbedded sheets
consist of lava that was poured out on the surface and later covered
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FIQURE 70.—Section exiending from Columbia River eastward into Quincy Valley, Wash., showing
successive sheets of extrusive basalt. (After A. T. Schwennesen.)

by alluvium, as is shown by the vesicular and weathered upper parts
of these sheets. A buried sheet in Sulphur Spring Valley was struck
at depths of 299 feet and 340 feet in two different wells and was
found to be 53 feet thick in one well and about 100 feet thick in the
other (fig. 71). In Sulphur Spring Valley not much water was
found in the alluvium below the buried lava sheet, but in San
Bernardino Valley there are nine flowing wells that pass through a
buried lava sheet and are supplied from successive beds of gravel at
lower levels.”

Coarsely crystalline igneous rocks almost invariably belong to
large plutonic or intrusive masses that cooled slowly. It is therefore
practically useless to drill into them, except to get the small supplies
that may be found in the decomposed upper part or in joints of the

2 Meinzer, O. E., and Kelton, F. C., Geology and water resources of Sulphur Spring Valley, Ariz.:
U 8. Geol. Survey Water-Supply Paper 320, pp. 68-70, 1913.
% Jdem, p. 127.
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rock. In some places, however, molten magma has been intruded
between sedimentary beds, forming relatively thin sheets called sills
(PL. XXVI, A); in other places it has been intruded along fractures
that cut across sedimentary beds, forming walls of igneous rock called
dikes (Pl. XXVI, A and B); and in still other places it has been
st intruded into other rocks in irregular string-
B ravel, and ers. If these intrusive bodies are small or
boulders (water) thin they may have cooled rather rapidly
and may not be coarsely crystalline. It
Clay may in some places be practicable to drill
through such intrusive bodies.
Sills and dikes may act like veins in
Sand and gravel forming barriers to ground water. Good
examples are afforded by thesills and other
Sand and gravel intrusive bodies in the Cretaceous strata
Clay and sand in the vicinity of Oscuro, N. Mex., illus-

Gravelly clay

d and gravel . .
Svater poss o 26 trated in figure 72 and described as fol-
fect below surface) 1 .28
Clay and gravel oOwSs:

(mixed)

Clay and coarse The Cretaceous rocks consist of alternating per-

gravel (mixed)

vious and impervious sedimentary strata that dip
Fine sand and clay toward the mountains and are intruded by masses of
# Clay and sand impervious igneous rock. The impervious beds
Sand and gravel form a series of underground dams that follow the

b e L T u .
Cﬁ.'q“ﬂo..l s strike of the rocks and lie athwart the course in
{Hard “cement which the ground water is moving. The ground

Voleanie rock water has adjusted itself to these dams in much the
(scoriaceous at top)  same manner as the water of a stream adjusts itself
to artificial dams or natural barriers in the course of
the stream. Like a vast stream of exceedingly slow
motion, it descends through the pervious strata from
the mountains to the lowlands in reaches and rapids.
Back of each dam the water is impounded in a
; bgm‘;t“;d(:z"ga‘;‘;f reservoir composed of porous beds and the water
o] below voleanic rock)  table has only a slight gradient, but at the dam the
; reservoir overflows and the water cascades, as it
were, to & lower level, where it is impounded in the
same manner by the next dam in the series. Some
of the barriers are visible at the surface, but most
of them are concealed beneath a smooth plain [thin

mantle of rock waste], and their presence can only
m;f,ﬁn liifmmpiﬁzfxtiﬁi be inferred from the irregularities in the water table
showing relation of extrusivelava that are discerned when wells are sunk [fig. 72].
bed to underlying and overlying Milagro Hill forms an effective ground-water bar-
alluvium. Based on driller’s log. yjor  Near the south end of the hill flood waters
have cut into the igneous rocks a notch through which some of the impounded
ground water escapes, forming Milagro Spring. In this vicinity the water level
drops abruptly, being much higher east of the igneous sill or dike than west of it. In

3600

| Burned sand, very red
:| Loose sand

3500

8 Meinzer, O. E., and Hare, R. F., Geology and water resources of Tularosa Basin, N. Mex.: U. 8.
Geol. Survey Water-Supply Paper 343, pp. 141, 153, 1915. See also pp. 62-64, 138-140; for another exam-~
ple see pp. 160-162.
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ashallow well * * * at the south end of Milagro Hill water was found so near
the surface that it was possible to conduct it by means of a siphon to the house
at the foot of the escarpment.

FIGURE 72.—Diasgrammatic section showing relation of barriers formed by intrusive igneous rocks to
the water table.

Another example -of igneous rock acting as a barrier to ground
water is illustrated in Plate XXI, A (p. 170). In the locality shown
a spring, a shallow well, and a clump of trees are found on the up-
stream side of a ledge of resistant red porphyry, which apparently
extends underground across the valley and obstructs the water that
is seeping downstream through the valley gravels.?

The Hawaiian Islands afford good examples of dikes that impound
ground water and apparently also of sills that support perched water
bodies. The Waiahole tunnel was driven through the principal
range on the island of Oahu a distance of 14,567 feet at altitudes of
752 to 724 feet above sea level. It penetrated a number of dikes
behind which was impounded a great quantity of ground water.
The following details regarding this remarkable tunnel are taken
chiefly from a paper by Kluegel,* the inspecting engineer of the
project:

The dikes range in thickness between 4 and 14 feet and consist of hard close-
grained rock that is apparently waterproof. They are nearly vertical and trend at
angles of approximately 45° to the tunnel. Between the dikes there is porous lava
rock which was thoroughly saturated with water under considerable pressure, so that
when a dike was penetrated the water would spout out from the drill holes and
would gush forth from the openings blasted in the headings. A gage on some of
the plugged drill holes showed a pressure of 65 pounds per square inch, correspond-
ing to a static head of about 150 feet.

On breaking through the first dike, 200 feet from the north portal, water was en-
countered amounting to 2,000,000 gallons a day. As the work progressed the quan-
tity of water increased, until at about 900 feet from the north portal the flow was
26,000,000 gallons a day, and at about 1,400 feet it was 35,000,000 gallons a day. The
first dike on the south side was struck at 10,518 feet from the south portal, the first
evidence of water being from the drill holes, from which water spouted under
pressure. The flow from the south heading reached 17,000,000 gallons daily by the
time the two headings met at 11,679 feet from the south portal.

The maximum quantity of water developed was on October 16, 1914, and was ap-
proximately 35,000,000 gallons daily from the north portal. The flow has varied con-
siderably from time to time and has been decreasing, apparently indicating that the
water stored in the mountain between the dikes is gradually being drained off. Itis

® Meinzer, O. E., and Kelton, F. C., Geology and water resources of Sulphur Spring Valley, Ariz.:
U. 8. Geol. Survey Water-Supply Paper 320, p. 114, 1913.

20 Kluegel, C. H., Engineering features of the Waiahole water project of the Waiahole Water Co,,
island of Oahu, Territory of Hawaii: Hawailian Eng. Assoc. Press Bull. 55, Honolulu, 1916.



192 OCCURRENCE OF GROUND WATER IN THE UNITED STATES.

thought that the permanent or continual flow from the tunnel will be governed by
the rainfall over this drainage area. The present flow of water percolating into the
main tunnel [1916] is 14,000,000 gallons daily.

Measurements made February 3 to 8, 1920, showed that during
this period approximately 9,000,000 gallons a day percolated into
the tunnel and was discharged at the south portal.

RELATION OF THE RELIEF OF THE LAND TO GROUND
WATER.

The relief of the land has a very important influence on ground-
water conditions. In a flat, low-lying region that is not bordered
by higher land the porous formations become filled with water nearly
to the surface, but as a rule there is little movement of ground water
and few springs of consequence, and if the formations contain much
soluble matter the water is highly mineralized. In a hilly or moun-
tainous region, on the other hand, the water that seeps into the earth
percolates rapidly downward and is likely soon to be discharged at a
lower level, where some formation through which it is percolating
crops out. This active flow of ground water has resulted in effective

< Well

A B
FIGURE 73.—Diagrammatic sections showing how a valley that extends into or through an aquifer per-
forms a function with respect to recovery of ground water that is comparable to that of a well. 1n
m:;n A the aquifer g¢-¢ is tapped by a well; in section B the similar aquifer a’-¢’ is tapped bya
Jeaching of the rocks and removal of the readily soluble material
Hence the ground water issuing from these rocks at the present
time is generally of good quality.

In a flat region there may be good aquifers that will yield large
supplies, but these supplies can as a rule be recovered only by sinking
wells; in a region of great relief, on the other hand, the ground
water is more largely returned to the surface through springs, and
there is not so much need for wells. Thus, in a gully or valley that
has been eroded down to an aquifer water will flow out of the
aquifer, forming a spring. The gully or valley is not essentially
different from a well dug to the aquifer, as is illustrated in figure 73.

In mountainous regions wells are usually not numerous, because
ample supplies of good water are generally available from springs or
from streams heading in springs. Ground water is not unimpor-
tant in mountainous regions, but its recovery involves relatively
few problems, because it is so commonly returned to the surface
through springs.



Crarrer IV. WATER-BEARING FORMATIONS IN THE
UNITED STATES.

OUTLINE OF ROCK SYSTEMS.

The rock formations of the earth have been grouped, according to
age, into several rock systems, and these systems have been divided
into several series. The successive systems and series are separated
from one another by more or less pronounced unconformities. The
time during which the formations of a system were deposited is called
a geologic period, and the time during which the formations of a
series were deposited is called ageologic epoch. The unconformities
were produced by physical changes that occurred at the ends of the
successive epochs and periods.

This grouping of the formations of the earth is unavoidably some-
what arbitrary and imperfect and is subject to revision as geologic
information accumulates. It forms, however, a scheme that is indis-
pensable for the orderly description of the geology of the earth or of
any part of it. As the occurrence of the ground water of a region is
governed by its geology this scheme is also essential for an orderly
discussion of ground-water conditions.

Twelve rock systems have been recognized by the United States
Geological Survey. In the order of their age these are as follows, the
oldest being given first: Archean, Algonkian, Cambrian, Ordovician,
Silurian, Devonian, Carboniferous, Triassic, Jurassic, Cretaceous, Ter-
tiary, and Quaternary. The deposits of each system, with their
included fossils, form the record of the physical events and the life
of the corresponding period.

Great physical changes took place at the end of the Algonkian
period, at the end of the Carboniferous period, and at the end of the
Cretaceous period. These changes are represented in the rocks by
three unconformities of great magnitude, which are of far-reaching
influence on the occurrence of ground water in the United States.
The Archean and Algonkian systems, which lie below the lowest of
these three great unconformities, are commonly called pre-Cambrian
rocks. The remaining systems are separated by the other two great
unconformities into three major divisions—the Paleozoic, compris-
ing the Cambrian, Ordovician, Silurian, Devonian, and Carboniferous
systems; the Mesozoic, comprising the Triassic, Jurassic, and Creta-
ceous systems; and the Cenozoic, comprising the Tertiary and Quater-

nary systems.
193
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Some of the subdivisions of the different systems are given on suc-
ceeding pages. The most important, at least so far as ground water
is concerned, are those of the Carboniferous, Cretaceous, Tertiary,
and Quaternary systems. The Carboniferous system comprises, in
ascending order, the Mississippian series, the Pennsylvanian series,
and the Permian series; the Cretaceous system comprises the Lower
Cretaceous and Upper Cretaceous series; the Tertiary system com-
prises the Eocene, Oligocene, Miocene, and Pliocene series; and the
Quaternary system comprises the Pleistocene and Recent series.

On the basis of the preceding statements the formations in the
United States can, for the purposes of this paper, be grouped as
shown in the following outline, in which the youngest is at the top
and the oldest at the bottom:

Cenozoic rocks:

Quaternary system:
Recent series.
Pleistocene series.

Tertiary system:

Pliocene series.

Miocene series.

Oligocene series.

Eocene series.
Mesozoic rocks:

Oretaceous system:

Upper Cretaceous geries.
Lower Cretaceous series.
Jurassic system.
Triassic system.
Paleozoic rocks:

Carboniferous system:
Permian series.
Pennsylvanian series.
Mississippian series.

Devonian system.

Silurian system.

Ordovician system.

Cambrian system.

Pre-Cambrian rocks:

Algonkian system.

Archean system.

RELATION OF AGE OF ROCKS TO THEIR WATER-
BEARING PROPERTIES,

The age of rocks is not a key to their properties as water bearers.
The geologic column of #hi~area &and the positions of the various
aquifers in that column are studied not because the water-bearing
properties of a formation depend on its age but because a knowledge
of the succession of the formations is fundamental to a study of the
distribution and depths of the aquifers and the circulation of water
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in them. On the whole, however, the younger formations are better
water bearers than the older ones and are more extensively used for
‘water supply. As a rule, they lie nearer to the surface and are less
cemented and less compacted by pressure. Hence, as a rule, they
are more porous, more easily reached in drilling, and more readily
recharged with water from the surface. In any rock series, however,
the best water-bearing formation is likely to be the basal conglomerate
or sandstone.

PHYSIOGRAPHIC PROVINCES OF THE UNITED STATES.

Plate XXVIII is a map showing the major physiographic divisions
and the physiographic provinces of the United States adopted by the
Association of American Geographers! and the United States Geologi-
cal Survey. In Plate XXVII is shown a relief map of the United
States. In the following descriptions of the water-bearing formations
it is necessary to refer repeatedly to different parts of the country,
and in so far as convenient the names of physiographic divisions and
provinces, as shown in Plate XXVIII, are used.

GEOLOGIC MAP OF THE UNITED STATES.

Figures 74-85, 87-94, 100, and 109, which show the distribution of
the several rock systems and the most important rock series in the
United States, were compiled chiefly from the geologic map of North
America by Willis and Stose.? The departures from this map are in
part based on more recent geologic maps and are in part due to the
greater facilities afforded by the present series of maps for showing
small outcrops in areas of complicated geology. The most radical
change is in the geology of southwestern Arizona, for which the recon-
naissance maps of Bryan® and Ross* were used, and in parts of the
Atlantic Coastal Plain that have recently been studied by Cookes
Stephenson,® Deussen,” and Trowbridge.* The maps of the Atlantic
Coastal Plain from South Carolina to Alabama, inclusive, and in some
other parts are based on unpublished field maps by C. W. Cooke. No
attempt was made to examine all existing geologic maps, and the
reader should understand that the maps herewith are incomplete
and inaccurate in numerous details.

1 Fenneman, N. M., Physiographic divisions of the United States: Assoc. Am. Geographers Annals,
vol. 6, pp- 19-98, 1916.

3 Willis, Bailey, and Stose, G. W., Index to the stratigraphy of North America: U. 8. Geol. Survey
Prof. Paper 71, pl. 1, 1912.

3Bryan, Kirk, Erosion and sedimentation in the Papago country, Ariz., with a sketch of the geology:
U. 8. Geol. Survey Bull. 730, pp. 19-90, 1923.

4Ross, C. P., Geology of the lower Gila region, Ariz.: U. 8. Geol. Survey Prof. Paper 129, pp. 183-197,
1922.

5 Cooke, C. W., and Shearer, H. K., Deposits of Claiborne ana Jackson age in Georgia: U. S. Geol.
Survey Prof. Paper 120, pl. 7, 1919. Also unpublishad data.

6 Stephenson, L. W., and others, unpublished geologic map of Mississippi.

7 Deussen, Alexander, Geology of the Coastal Plain region of Texas: U. 8. Geol. Survey Prof. Paper
126 (in press)

8 Trowbridge, A. C., A geologic reconnaissance in the Gulf Coastal Plain of Texas near the Rio Grande:
U. 8. Geol. Survey Prof. Paper 131, pl. 38, 1923.
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PRE-CAMBRIAN ROCKS AND YOUNGER CRYSTALLINE
ROCKS.*

The pre-Cambrian rocks are those of the Archean and Algonkian
systems. As a rule they are greatly deformed and metamorphosed
and include large bodies of intrusive or plutonic igneous rocks. The
Archean system consists largely of granite, gneiss, and schist; the
Algonkian includes also much quartzite and slate and some unmeta-
morphosed sedimentary rock. In some places these rocks lie at or
near the surface, but more commonly they are overlain by deposits
of Cambrian or later origin. In most places where they have been
observed or have been reached in drilling they form a basal complex
that is strikingly different from the overlying beds and is separated
from these beds by a pronounced unconformity. In exceptional
localities, however, the Algonkian rocks are not greatly deformed or
intruded. On the other hand, in some localities Paleozoic or even
younger rocks have been so greatly deformed, intruded, and meta-
morphosed that they form a basal complex not essentially different
from that commonly formed by pre-Cambrian rocks.

With respect to ground water the basal complex is of great impor-
tance, but whether it is composed of pre-Cambrian or less ancient
rocks is not important. It is the hard, nearly impervious bottom on
which rest the younger deposits with their various water-bearing

9The following publicdtions (of the U. 8. Geol. Survey, except as otherwise indicated) give infor-
mation regarding water in pre-Cambrian rocks in the United States:

Alabama, Water-Supply Paper 114.

Arizona, Water-Supply Paper 320.

Connecticut, Water-Supply Papers 114, 232, 374, 397, 449, 466, 470.

Delaware, Geol. Folio 211; Maryland Geol. Survey Special Pub. 10, pt. 2 (cooperative report).

District of Columbia, Water-Supply Paper 114; Geol. Folio 152; Maryland Geol. Survey Special
Pub. 10, pt. 2 (cooperative report).

Georgia, Water-Supply Papers 114, 160; Georgia Geol. Survey Bull. 15 (cooperative report).

Iowa, Water-Supply Papers 114, 293.

Maine, Water-Supply Papers 114, 145, 223, 258; Geol. Folio 149.

Maryland, Water-Supply Paper 114; Geol. Folios 152, 204, 211; Maryland Geol. Survey Special
Pub. 10, pt. 2 (cooperative report).

Minnesota, Water-Supply Papers 114, 256; Geol. Folio 117.

Missouri, Water-Supply Papers 114, 195.

Montana, Water-Supply Papers 345, 400.

New Hampshire, Water-Supply Papers 114, 145.

New Jersey, Water-Supply Paper 114; Geol. Folios 157, 191.

New Mexico, Water-Supply Paper 343.

New York, Water-Supply Papers 110, 114; Geol. Folio 157.

North Carolina, Water-Supply Paper 114; Geol. Folios 124, 147, 151.

North Dakota, Geol. Folio 117.

Pennsylvania, Water-Supply Papers 106, 114; Geol. Folios 162, 157, 211

Rhode Island, Water-Supply Paper 114.

South Carolina, Water-Supply Paper 114; Geol. Folio 147.

Tennessee, Geol. Folios 124, 151.

Texas, Geol. Folios 183, 194.

Vermont, Water-Supply Paper 110.

Virginia, Water-Supply Paper 114.

West Virginia, Water-Supply Paper 114,

Wisconsin, Water-Supply Paper 114; Wisconsin Geol. and Nat. Hist. Survey Bull. 35 (cooperative
report).
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beds. Where it is buried under more than 100 feet of sedimentary
beds it is generally of no value as a source of water, and every effort
should be made to develop the necessary supplies from the over-
lying beds. In such places it is generally advisable to stop drilling
when the basal complex is struck. It is important to understand
that the basal complex commonly extends to indefinite depths,
and that, with rare exceptions, no water-bearing formations occur
beneath it.

Where the basal complex is at or near the surface, however, it may
be the only available source of water. Fortunately, in these localities
it generally yields supplies which, though small, are usually reliable
and of good quality and are likely to be very valuable because of the
lack of other supplies. It gives rise to numerous small springs,
which are usually supplied from the surficial decayed parts of the com-
plex. Such springs fluctuate with the season and may dry up in sum-
mer. The wells that get water from the basal complex are of two
distinct types—shallow dug wells with large infiltration surfaces, re-
ceiving the seepage from the decayed upper parts of the complex, and
drilled wells, commonly 6 inches in diameter, ranging from less than
100 feet to a few hundred feet in depth and supplied chiefly from
water-bearing joints.

In the northern part of the United States the basal complex, even
where it is near the surface, is generally mantled with glacial drift
that suppliés dug wells. Here as a rule only drilled wells extend into
the basal complex. In the southern part of the country, where
glacial drift is absent, both dug and drilled wells obtain supplies
from the basal complex or from the residual waste formed by the
decay of these rocks.

A vast area of pre-Cambrian rocks lies in the northeastern part of
North America, chiefly in Canada but with projections into the United
States. In figure 74 are shown the areas in the United States in
which pre-Cambrian rocks or post-Cambrian intrusive or plutonic
rocks lie at or near the surface.

The largest pre-Cambrian areas in the United States are in the East,
in the Lake Superior region, and in the Rocky Mountains; smaller
areas are found in the Ozark Mountains, in the Wichita Mountains,
in the vicinity of Llano, Tex., in the Black Hills, and in many widely
scattered western mountain ranges, especially in southern and western
Arizona and in southeastern California. Many irregular areas of post-
Cambrian intrusive rocks are found in the East, as is shown in figures
74 and 75; large areas occur in Idaho and California, and numerous
small areas are found in other parts of the West.
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The principal arcas of water-bearing pre-Cambrian rocks in the
eastern United States are shown approximately in figure 75. They

occupy most of the Piedmont Plateau, a large part of the Appalachian

Mountain region, the Adirondack Mountains, and parts of New Eng-
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Cambrian intrusive and extrusive rocks are at or near the surface.
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land. On the Piedmont Plateau the pre-Cambrian rocks constitute a
very important source of*water. Here, over wide areas of well-popu-
lated country, they furnish water to innumerable wells and springs
that provide practically all the domestic supplies and many of the
small industrial and public supplies, the largest supplies being ob-
tained from streams. In New England the water from these rocks is
less needed because of the presence of the glacial drift, but it is never-
theless utilized by many drilled wells for domestic and small indus-
trial supplies. Most of New England is underlain by crystalline
Paleozoic rocks that are difficult to differentiate from the pre-
Cambrian and are essentially like them in water-yielding properties
(fig. 75). The closely folded Paleozoic rocks of the Appalachian
region are also in part metamorphic and somewhat like the pre-
Cambrian rocks with respect to water (fig. 75).

The areas of pre-Cambrian rock in the vicinity of Lake Superior
(fig. 74) may be regarded as belonging to the vast pre-Cambrian region
of eastern Canada. Pre-Cambrian rocks lie near the surface in about
one-half of the northern peninsula of Michigan, most of the northern
half of Wisconsin, most of the northern and western parts of
Minnesota, and small adjacent parts of North Dakota, South Dakota,
and Towa. They are largely Archean granite and gneiss but also in-
clude quartzite, some sedimentary beds, and lava flows belonging to
the Algonkian system. These rocks are commonly overlain by gla-
cial drift, and in western Minnesota and adjacent parts of North
Dakota, South Dakota, and Iowa they are overlain by thin Creta-
ceous deposits. They are therefore not the main source of ground
water in this region and are drilled into only where overlying forma-
tions are absent or too thin toyield much water. Along Red River and
along Minnesota River above the big bend many wells end in granite,
but they do not generally yield enough for the public supplies of even
small villages. In anumber of small tracts in southwestern Minnesota
and adjacent parts of South Dakota and Iowa the Sioux quartzite,
a hard, compact rock of Algonkian age, lies at or near the surface and
affords small but reliable supplies to many wells. (See p. 121.)

In the Rocky Mountains and farther west the pre-Cambrian rocks
(fig. 74) are largely granitic. The granite has in many places been
weathered and worn down to form pockets or undulating surfaces
with porous residuum underlain by the firm impervious rock. In
such places small supplies of good water can commonly be obtained
from shallow wells even in arid regions, and in some places enough
water is found for irrigation on a small scale. Large parts of the
Sierra Nevada and the Peninsular Mountains, in California, are
underlain by post-Cambrian granitic rocks (fig. 74) that supply water
from their upper decomposed parts—in a few places in sufficient
quantities for irrigation. Much of the northern part of Washington
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is also underlain by crystalline rocks that are younger than pre-
Cambrian, but they are here largely covered with glacial drift.
Another extensive area of younger crystalline rocks is in central
Idaho (fig. 74), where these rocks give rise to numerous springs,
many of them thermal.

In western Montana and northern Idaho large areas are underlain
by Algonkian rocks known as the Belt series (fig. 74). They con-
sist chiefly of quartzite, shale, and limestone several thousand feet
in aggregate thickness, with some intrusive igneous rocks. These
rocks have been deformed but still show their stratification. They
furnish small supplies to a few wells, but, so far as known, they
are unsatisfactory as a source of water.

PALEOZOIC SYSTEMS.
GENERAL CONDITIONS.

The Paleozoic rock systems of the United States comprise a suc-
cession of formations consisting chiefly of sandstone, shale, and
limestone or dolomite and aggregating many thousand feet in thick-
ness. The areas in which they are at or near the surface are shown
in figure 76. They are important sources of water over much of
the eastern and central parts of the country, including most of New
York, Pennsylvania, West Virginia, Kentucky, Tennessee, northern
Alabama, and parts of the States east of those mentioned, all or nearly
all of Ohio, Indiana, Illinois, Iowa, Missouri, and Oklahoma, the
southern peninsula and some of the northern peninsula of Michigan,
southern and central Wisconsin, southeastern Minnesota, south-
eastern Nebraska, eastern Kansas, north-central Texas, and north-
western Arkansas. They are also sources of water supply in the
Pecos Valley and adjacent regions in New Mexico and Texas. They
are exposed in many areas in the western part of the United States,
chiefly in mountain ranges (fig. 76), but are of little consequence in
these areas as sources of water.

Except along the eastern margin and in a few other localities, the
Paleozoic formations of the eastern and central United States lie
nearly horizontal, but their dips are sufficient to produce differences
from place to place in the geologic section and the depths to partic-
ular formations. There are several unconformities within the Paleo-
zoic sequence, but none of them involve any radical differences in
structure or in character of rock. In the West the Paleozoic rocks
generally appear in faulted and tilted blocks in mountainous regions,
and in these positions they are generally barren of water to great
depths.

The great Paleozoic area of the eastern and central United States
{fig. 76) extends northward to the Canadian border or to the areas
of pre-Cambrian rocks; eastward into the Appalachian Mountains
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and New England, where the Paleozoic formations are deformed and
metamorphosed and more or less interfolded and faulted with the

ally lie nearly horizontaland include a number of valuable sandstone and limestone aquifers. The deeper waters are in most places highly mineralized.

FIGURE 76.—Map of the Undted States showing areas in which Paleozole rocks are at or near the surface. In the large areas the Paleozaic formations gener-

pre-Cambrian; southward to the Coastal Plain, where the Paleozoio
formations pass to great depths beneath younger deposits; and west-
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ward to the Great Plains, where the Paleozoic formations likewise
disappear under younger deposits. In the New Mexico-Texas region
the succession of Paleozoic formations reappears, with modifications,
and is water-bearing in the Pecos Valley and other areas where the
formations lie at sufficiently low levels and their dips are not too
great.

The Paleozoic succession of the eastern and central United States
includes a number of prominent water-bearing sandstones and lime-
stones. Among the most important water-bearing sandstones are
the thick and widespread sandstones of the Cambrian system, the St.
Peter sandstone in the Ordovician system, and the sandstone at the
base of the Pennsylvanian series of the Carboniferous system. Among
the important water-bearing limestones or dolomites are the Oneota
dolomite and related beds in the lower part of the Ordovician system,
the Galena dolomite and related beds in the Ordovician system above
the St. Peter sandstone, the Niagara dolomite and related beds that
constitute a large part of the Silurian system, and the several lime-
stone formations that make up a large part of the Mississippian series
of the Carboniferous system. Prominent non water-bearing shales
are found in the Cambrian system, at the top of the Ordovician system,
in the Devonian system, and in the Pennsylvanian and Permian
series of the Carboniferous system. The Devonian system is not of
leading importance as a source of water except in New York and
some other parts of the East. The Pennsylvanian and Permian series
contain many sandy beds that yield water, but these are interbedded
with shaly beds, and, on the whole, these two series are not very
satisfactory in respect to either the quantity or the quality of water
which they yield.

In most parts of the large Paleozoic area numerous wells penetrate
sandstone or limestone and furnish supplies for domestic, stock, and
industrial uses and for the waterworks of villages and the smaller
cities. Flowing wells are obtained in many localities, chiefly in the
valleys of Mississippi River and its tributaries. Many of the wells
are less than 100 feet deep, and only a small proportion are more
than 200 feet deep. However, in Wisconsin, Illinois, Minnesota, Iowa,
and Missouri there are many deeper wells, and a considerable num-
ber have been drilled by municipalities and industrial concerns
to depths of more than 1,000 feet to reach well-known Paleozoic
sandstones. Most of the deep wells in these States yield abundant
supplies.

The most serious problem in connection with the Paleozoic forma-
tions relates to the quality of the water. Throughout most of the
area the rocks lying more than a few hundred feet below the surface
yield water that is too salty to be used. This condition appears to
be due chiefly to wuv siuggish circulation of the ground water at
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some distance below the levels of the principal streams. The quality
of the water in the Paleozoic rocks of this region depends on its posi-
tion with respect to the drainage level rather than on the formation
in which it exists. Fortunately, the water within 200 or 300 feet of
the surface is generally of good quality except that it is rather hard.
Only in Kansas, Oklahoma, and Texas are the shallow Paleozoic
waters commonly too highly mineralized for use. In the central
zone of the area, running through Wisconsin, Illinois, Minnesota,
Iowa, and Missouri, the water of deep-lying Paleozoic rocks is gen-
erally rather highly mineralized but yet, as a rule, good enough for
domestic uses. East of Illinois the deeper waters are all bad and no
successful wells have been reported more than 500 feet deep.

COLUMNAR SECTIONS.

Generalized geologic sections of the Paleozoic rocks in different
parts of the eastern and central United States, with brief state-
ments as to the water-bearing properties of the formations, are given
below.

Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies.
New York.a
System Subdivision. Lithologic character. Water supply.
3 : The Carboniferous rocks ex-
| sty shto ana swna- | S el B
5 efly e and sand-| of New Yorl e ne
Carboniferous. stone. slgsction e soiut h v;] est eﬁg
. ennsylvania, where
Migsissippian series. system is well developed:
: Chiefly red sandstone and,
Catskill formation. sandy shale.
Chiefly gray and olive-
Chemung formation. colored sandstone and
sandy shale.
Gortage formation. Sandstoneand shale.
Tully limestone. Blue-black limestone. Yield moderate supplies to
Devonian. many springs and wells,
Hamil hal most of which are shallow.
M:t";eﬁgg sshal; 4 Shale and sandstone.
Omnondaga limestone. Limestone.
Schoharie grit.
Esopus grit. Grit and sandstone.
Oriskany sandstone.
Heldetberg group. Limestone.

on compiled from various sources. Water-supply data chiefly from paper on Nu
York by ? B Woaks (U 'S. Geol. Survey Wasor-Bupply PAper 116, pp. 55-86, 1906). 0 se
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Columnar sections of Paleozote rocks in the United States, with descriptions of their
water supplies—Continued.

New York—Continued.

System. Subdivision. Lithologic character. ‘Water supply.
\ Yields potable water to
Cayuga group, including | Shale, impure limestone, springs and wells, some of
alina formation. gypsum, salt. whach is highly mineral-
& ; : Yields hard_but _potable
Silurian § Lockport dolomite. Chiefly limestone. water to wellsand springs.
141k, 8o
L
bt
é" Clinton formation. S”‘S%g:;ol'i‘%es%l_“ and | yields water.
S -
3 | Albion sandstone. Cosrll;gllgnerate and sand- | vyaq water freely.
] .
?g
Silurian or Or- Red and green shale and
dovician. g Queenston shale. sandstope.
Oswego sandstone. Gray sandstone.
Yiﬁld ;v%}etrhto m%gyisvyel]s.
5 ue; e water is iron-
Iﬁg{g;’?gﬁgm’ Shals, slate, ete. bearing and_sulphurous,
g and some of it is regarde&
as unfit for drinking.
. Yields water. The mineral
Ordovician. A
. . waters of Saratoga Sprin,
Trenton limestone. Chiefly limestone. come fram P
in this limestone.
léll‘ag;lﬁliggtlggstme. Chiefly limestone. Yield some water.
Beekmantown limestone. S“s‘ig:te‘:%%_ sandy Hme- | vie19 some water.
. . ite.b .
g Iﬁg}&f&%ﬁgg&’f’m Dolomite, limestone, and
E Theresa sandstone.b sandstone-
E .
O Compact y, buff, or | Yields small supplies to
5 reddish-brown sand- ?ﬂngs and shallow wells.
2, | Potsdam sandstone.® stone, found chiefl o records of deep wells
.g north of the Adirondac in these sandstones have
. Mountains. been obtained.
Cambrian.

Middle and Lower Cam-
brian.

Limestone and slate in

gﬂagbem tNew Yorfk I‘?nd

acent parts of New
England.

Yields water to many
springs, some of which are
large; also moderatzrsaulr
Pl.ies to wells, gen y

ess than 100 feet deep.

Cheshire quartzite.

b E. O. Ulrich refers these formations to his Ozarkian system
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.

Southwestern Pennsylvania.c

Maxi-
mum A
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).

@ Limesa(’me h?ear mliiﬂdle t( Up;
= Prevailingly sott and shaly. | Per Washington limestone
8 Contaings};me sandstone | 20d Dbasal sandstone

Dunkard (Waynesburg sandstone)

g 1,150 and a number of coal beds,

K] group. which are generally thin supply many wells and

g and nnimportant. springs- Where they are
3 not deeply buried their
' water is of good quality.

The most important coal-
beaﬁing fomrgationl of
southwestern Pennsylva-
Monongahela | 0 hia. The rocks are deci- s‘ﬁ’:&fg f;‘“g ganiisgoge,
formation. dedly calcareons, But beds | o oStORS AC S0a% beds.
of sandstone are locally P water 1§ sally.
rominent members of the
ormation.

. Clé;‘fg‘,z, sgl:gé: g;g ar:;"t‘;g Sandstones yield consider-
2 most _pronounced, inter- ?1215 geta}) ebws;iteea W}I‘fi:e
% | g stratified with beas of D andsione o
2 onemangh 1 Mahoning sandstone, at

formation 853 coarse sandstoneé which base of f tion, i b-
g . are fairly persistent but 1 o1 formation, 1S Pro
? which oceasionally lose | 2PLY thebe‘%water'b”“qg
their distinctive charae. ;niatmber. eep water is
i3 er. ally.
Carboniferous.| &

g Less sandy than either of
& the contiguous formations.

Allegheny 395 Largely shale, but in | Yieldssome water from sand-
formation. places sandstone is well stone and coal beds.
developed. Three promi-

nent coal beds occur.
Yields generous supplies of
Generally coarse hard sand- A

Pottsville 40 stone or conglomerate in- | v2 t;;_‘.'ég S&“gg;zrs‘glv‘;gg
sandstone. glfoan%sha 2 thinirregularbed | ghere it is well developed
. and lies near the surface.

Red and green shales, with

Mauch be%s of greer{ishtsfm((lsgime

A auc inclosing a lentil o ue
2 Chunk 250 fossiliferous limestone, Ino‘%ev?:{:‘], not a good source
2 shale. which is the thin edge of :
= the great Greenbrier lime-

K] stone of Virginia.

=

-,%' Sandstone varying from .
3 thin-bedded, ﬂaggly rock | Yields moderate supplies to
2 | Poconosand- 2,000 to coarse, irregularly bed- many springs and wells.
= stone. 4 ded conglomerate. Bed ‘Where deeply buried its
of siliceous limestone at water is salty.
the top.
i : Red, black, and green shales and greenish sandstone.
Catskill formation. | 2,250 Nonmarine deposits.
Devonian. Ct{?g"mg forma- 3,400 | Chiefly greenish-gray marine sandstone and shale.

Portage formation.
Hamilton forma-
tion.

¢ Section compiled from folios and reports on southwestern Pennsylvania. Water-supply data from
{folios and water-supply papers.
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water supplies—Continued.
Ohio.d
Maxi-
X mum
System. Subdivision. thick- Lithologic character, ‘Water supply.
ness
(feet).
g Sandstone, generally mas-
2 8| Dunkard 66 | sive shafeﬁimestone, and
g % | group. thin coal seams; non-
a marine at least in part.

Mcnonga- Shale, limestone, and sand- | Yield small supplies of fair
helaforma- | 275 | stone, with important | Qquslity to shallow wells,
tion. beds of coal. especially where sand-

stone beds are near surface.
Quﬁntéties oin w?ter e‘l;-
" .| erally too small for public
g | Comemauen | o | OB onnione, with |  SupPles.  Deep water is
T rm . someshale and limestone. y-
7]
]
K] Shale, limestone, and sand-
g | Allegheny 4 - t
i fonBation 300 ig;rlle, mt{1 important
B
4
§ Yields considerable potable
A& . water to wells and springs
Light-colored sandstone where it crops out or lies
Pottsville 435 8nd lomerate, with | relatively near the surface.
formation. some shale and a few coal Best supplies dprobably
seams. from basal beds. Where
i';xl :xes deep its water is
Carboniferous. sally.

Maxville +100 Fossiliferous limestone,
limestone. largely brecciated.

Logan for- 150 Sandstone, massive con-
mation. o glomerate, and shale.

. | Black Hand 500 Sandstone, fine conglomer-
2 formation. ate, and shale.
2
=] . "

Light-colored argillaceous - N
=1 c shale, with thin: beds of Entire series is poor in wa-
1) uyshoga 450 sandstone. Shale charac- ter. In large areas in
] formation. terized by' ferruginous which the shales are at
-z nodules the surface, water is scarce
2 . and reliance is largely
= placed on rain water

s b stored in cisterns.
gh?;le.u T'Y¥| 440 | Black bituminous shale.

Sandstone, used for build-

Berea sand- 919 | ingstone and for grind-

stone. stones; locally carries oil
and gas.
i Thin-bedded shale with
Devonian or ;
Carboniferoys. | Bedford shale. 150 :g:]llg' thin beds of sand-

dData compiled from various sources, including Fuller, M. L., and Clapp, F. G., U. 8. Geol. Survey
Watef-Supply Paper 259, pp. 22, 23, 1912; Orton, Edward, U. 8. Geol. Survey Nineteenth Ann. Rept.,
gt. 4, pp. 633-717, 1898; Prosser, C. 8., Jour. Geoiog. vol 11, pp. 520, 521; Ohio Geol. Survey, vols. 6, 7,

ull. 7, 4th ser., 1905; Mills, R. V. A., and Wells, R. U., L. =. Guw. Survey Bull. 693, 1919; and Fenne-
man, N. M., Ohio Geol. Survey; 4tk ser., Bull. 19, pp. 59-70, 1916.
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.
Ohio—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(feet).
: Mainly black or dark-brfown
Obio shale. 8,000 | “shale. Yields little water, most of
y;&ilch is highly mineral-
ized.
Olentangy shale. 80 | Blue shale.
Devonian.
Del i .
Slaware Hme- | .o} pjyethin-beddedlimestone. | Covered by thick, imper-
vious shale, is of small im-
ortance as source of wa-
ﬂer but su pliesd a few
Columbus lime- Light-colored limestone cou- owing wels anc = some
stone. uo ing masses of chert. rather large springs.
Cortnpactj x;xaéxéesia% hmt%- Most igmortaut i?:umset gf
: stone, join and wil ground water in the State
Monroe formation. 600 | humérous solution pas-| except glacial drift.
sages. Where near the surface
the rocks yield abaundant
%%gphesthto ll:iimu wet]E'
. f ere they lie dee e
Salina formation. 600 Sl;%%'r&oklosﬁ?e’ gypsum, water is salty. P
Water found in joints and
solution passages in the
lii?zestog:.ct M?st nxat:ris
: at_ con 0 estone
N Light-colored shaloat base; | w'ith basal shales.
Niagara limestone. 600 b Springs occur where this
a °v°f’:§d a thin sand-{  ooniace crops_out. The
Silurian. stone bed at top. limestoune yields consider-
able water to shallow
wells, but where it lies
deep the water is salty.
Massive buff to pinkish | Water found in moderate
lhiomon‘:talorcmss-b«uide'@jd aﬁounts in omfs, bedding
{ , i mestone, compose nes, and solution pas-
”g&‘;t:“ ' lime- 250 | largely of m inute shell gages; ! spri numel%us
. fg:gments. Few joints or at top and bottom.
sdding partings. Lo- Where formation lies deep
cally replaced by iron ore. water is salty.
Red or yellow noufossilif-|
“Medina’’ shale, 400 | erous shale, with local | Yieldslittle water,
thin beds of sandstone.
Yields moderate supplies to
Oray to blug imestonslof | *shallow well. Moot doo
Richmond and Mtornati ith shale s obtain very smal
Maysville | +650 %tru.a_u wi lcaron s | supplies or none”at all.
groups. thre;umnghoulg tymos‘?:ftm‘f Water in some wells
ness brackish and in a few
. slightly sulphurous.
Ordovician.
S ' Latoni Blue and gray shales,
2 | “shate.  ° 230 | weathering brownish or | Rarely water-bearing.
& yellowish. No successful deep wel
g known. Furnish small
3 supplies to shallow wells,
| | Utica shale, 24 | Black shale,
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their
water supplies—Continued.

Ohio—Continued.
Maxi-
mum
System. Subdivision. t}:ﬁ:- Lithologic character. Water supply.
(feet).
D?rﬁ hard,2 conlmpact 1flmle, c ter I but
s n layers 2 to 10 inches or | Carry wa iocally, ul
S};a%e g}“}rmmz 150 | more thick, alternating | ~success of drilling is uncer-
age, with beds ofi_m ure gray | tain, Some of the water
88 limestone of ar thick- | is salty or sulphurous.
ness.
Limestone of Black M
ore or less water generally
Ordovician. %}z::?g St?l’.llf: Massive, compact grayish | present but commonly
S0-Ca) ¢ Pren- 600 limestone, breaking with salty. Not to be depended
ton’’ limestone conchoidal fracture. on for supplies of fresh
of the drillers). water.
. _ | Yieldslarge supplies of salt
Scs.tmieter sand. 400 Pgl;g%se calcareous sand water under considerab
. . pressure.
Ordovician Varicolored dolomitic ime- | ~,1vo Little or no water at
- stone and marble, with i
gg:ln.Cam 3,000 B{’:&?}y shale in some -ii;%tll)zisoa:t which they ocear
Probabl ilingl N% %enetmﬁidl o t om&
obably prevailingly aters ely to
Cambrian. sandy. P g strongly mineralized and
unfit for use.
North-central Kentucky.¢
Maxi- ‘Water supply.
mum
System. Subdivision. |thick-| Lithologic character.
(g;sts) To shallow wells. To dt:?g“gﬁl!ed
. . Occurs in smanareas
Newman lime- on Waverly shale.
stone. Not important in
this region.
loglieethglr morel&‘f Th dst £
s ue shale, covel e sandstone fur-
Carbeniferous. bﬁra %nter%e(lll de&i niz‘;?es very u_;e
shales and hard, | Soft water at its| g . o oiated b
even-bedded green- | junction with the pe! ed by
Waverlyshale.; 300 1 {op sandstgxes. underlying shale. gggnwens in this
Contains conecre-| The shale fur- gion.
tionary iron oxide nishes no water,
at one or more
horizons.
Yields an abun-
ds_.nceliofdhxghtg
InineralizeC water. | \ot penetrated b,
; Thin-bedded carbon-|{ The most com- | NO! penetrated by
Devonian. Ohloshale. 150 | *aceous black shale. | mon mineral lc.leee%nwells in this
waters are sul- gion-
phur, chalybeate,
and alum.

eMatson, G. C., Water resources of the Blue Grass region, Ky.: U. 8. Geol. Survey Water-Supply
Paper 233, pp. 14-17, 1909.
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their
water supplies—Continued.

North-central Kentucky—Continued.

Maxi-|
mu mj
thick:

ness
(feet).

Lithologic character.

‘Water supply.

To shallow wells.

To deep drilled
wells.

Usually a cherty
magnesian lime-
stone with some
shale beds.

Furnishes consider-
able hard water
where the lime-
stone rests on
shale.

Yields moderate

quantities of hard.
water.

Blue shale and yel-
low limestone, in
places containing

ert. Locally in-
cludes some sand-
stone. Varies
greatly in thick-
ness. Includes

iments of Niag-
aran and Onon-
daga age.

The limestone fur-
nishes sup-
lies of hard wa-
er. The shale
supplies some
éninergl wateé
o springs an
shallow wells.

The limestone fur-
nishes consider-
able water in some
localities.

Heavy-bedded are-
naceous limestone,
y or blue, wea-
hering to buff;
about 10 feet of
den se- calcareous
shale in the lower
part. Locally an
impure sandstone.

Furnishes an abun-
dance of hard wa-
ter in the lime-
stone areas and
where the sand-
stone is not too
shaly.

Penetrated by onlya
few wells. The
sandy phase may
furnish some water.

125

Blue or dove-colored
nodular limestone
and blue shale, the
shale beds predom-
inating.

Furnishes moder-
ate quantities of
hard water.

Furnishes satisfac-
tory suppliesin but
few places.

Interbedded blue
limestone and

shale. Shale pre-

dominates in

northern part of

the region, but
heavy beds of lime-
stone occur farther
south.

Where heavy beds
of limestone are
at thé surface,

ood supplies of
rd water are ob-
tained from
springs and shal-
low wells.

The limestone beds
furnish consider-
able water where
within 100 feet of
the surface. Deep
wells may encoun-
ter brackish water
coitaining hydro-
gzgmlph:de. The

t s?plies are
obtained where the
limestone layers
are near the sur-
face.

System. Subdivision.
Devonian.
Silurian. Panola.
Richmond.
Ordovician.
Maysville.

230

Interbedded blue
limestone and
shale, thealternate
layers usually thin
and nodular. In
general the shale
predominates, and
the limestone
layers are in places
thin and shaly.
Some moderately
heavy beds of lime-
stone occur at cer-
tain horizons, but
the usual thickness
of single bedsis less
than 1 foot.

Yields moderate
quantities of hard
water. Water
conditions are
most favorable
where the forma-
tion contains
most limestone at
or near the sur-
face. Contains
many springs of
moderate size,
and shallow wells
are commonly
successful.

Seldom yields water

at depths greater
than 150feet. The
best supplies of
hard water are
commonly ob-
tained within 50
feet of the surface,
though in some
localities good sup-
plies are obtained
at a depth of 100
feet or slightly
more. Water en-
countered below
the level of the
surface streams is
likely to be brack-
ish and to contain
hydrogen sulphide.
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Columnar sections of Paleozoic rocks in the United States, with deseriptions of their
water supplies—Continued.

North-central Kentucky—Continued.

Maxi- ‘Water supply.
muime-
System. Subdivision. |thick| Lithologic character. -
(g:%s) To shallow wells. To d::gugnlled
In southern part of
region upper beds
are of shaly sand-
stone, in, some
places concretion-
ary, called the Gar-
rard sandstone
";‘r”t“ilsbs‘;;’m l::{g; The sandstone sup-
den farther north. plies moderate s
In northern part g;lqntxues o{ wz}- W‘ater t:earingn;)but
0 v r in some local- ew places. ecp
Eden shale. 4200 &fgz?%l:;sgtg {)‘}ﬁ‘lfe ities. The shale | wellsareunsuccess-
shale, contsining supplies smalli ful
some sandy layers %g&?hnes of
and local beds of :
limestone. Maxi-
mum_thickness of
the Garrard sand-
stone member is
about 150 feet, and
it gradually thins
northward.
Blue and gray lime-
stones with some Usually furnishes no
blue sliale. Lime- Moderat . fresh wa{;er, but
Winchester stone layers com- oderate quanti- may su stro
limestone. +60 monly rough and ties of hara water. briges, 2 {h co:’llf
in some places hav- monly contain hy-
ing waved upper drogen sulphide.
surface.
rdovician.
Ordovician Yields an abun- M 1
Gray crystalline | dance of hard wa- anhy good ?eleg
limestone, usually | terforspringsand | When  pene ralt L
25 | lighter colored and | wells. = Contains e i % eve. of
more cherty than | many large under- igr ace nramage,
the underlying| ground streams ]‘? suppdes are
limestone. and supplies large | 5% ]‘nﬁ and saline-
springs. sulphar.
Lower 10 to 35 feet
consists of light-
drab argillaceous
limestone with
shale beds; over-
lain by 100 feet of .
Lexington grag or blue thin- | Supplies an abun- | Below the levels of
i ed no nce o
limestone. 104 edded nodular ance of hard | surface drainage

limestone, separ-
ated by thin part-
ings of shale; at
the top 20 to60feet
of suberystalline
gray siliceous sand
and locally phos-
phatic limestone.

water for springs
and wells.

supplies mineral
waters —ususlly
salt or salt-sulphur.

Heavy-bedded
coarse-grained
crystalline cherty
limestone; usually
gray.

Yields considerable
hard water.

‘Will supply no fresh
water when found
below level of syr-
face streams. May
yield salt-sulphur
water.
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Columnar sections of Paleozotc rocks in_the United States, with descriptions of their
water supplies—Continued.

North-central Kentucky—Continued.

System.

Subdivision.

Maxi-|
mum,
thick-|

ness
(feet).,

Lithologic character.

‘Water supply.

To shallow wells.

To deep drilled
wells.

Ordovician.

Highbridge
limestone.

Dense fine-grained
ﬁmy or light-drab
mestone, 90 feet
thick, near the
base; covered by
several feet of soft
e-grained lime-
stone containms
calcite crystals an
some pyrite. The
upper 20 to 40 feet
dove-colored fine-
grained limestone,
containing many
calcite crystalsand
separated by
layers of shale a
few inches to 4 feet
thick. The top
layer usually a
i ray crystal-
line Iimestone.
Near the top a bed
of soft unctuous
green clay.

Considerable hard
water for spnnFs
and shallow wells.

Yields considerable
salt and salt-sul-
phur water.

30

Dense fine-grained
limestone, arranged
in heavy even
beds; light dove-
colored to gray.
Dolomitic at the
top and bottom
and containing
many seams of
dolomite through
the entire series.

S(}me hard wattg
or springs an
shallow wells.

Not distinguished
from the other
Stones River for-
mations. Will
yield nothing but
salt or salt-sulphur
water.

285

Dense fine-grained
iumssiire limestovlne
n places part!
cr¥str,)alllzed . Ug
ually dark drab or
dove-colored.
Heavy bedded, but
with some shaly
partings.

Yields considerable
hard water for
springs and shal-
low wells in Ken-
tucky River
gorge.  Contains
some caverns.

Yields salt or salt-
sulphur waters
only.

100

Known only from
well records.
Limestone resem-
bling the overly-
ing beds; rarely
shale.

salt or salt- hur
waters.

Yields nothin% but
ulp.

St. Peter
sandstone.

A tslliceotm: lim:j-
stone, not expos
and known only
from well records.
Occurs at horizon
of St. Peter sand-
stone.

Yields strong salt-
sulphur water.
Furnishes flowing
wellsin the valleys
of Ohio, Licking,
and Kentucky
rivers.




WATER-BEARING FORMATIONS.

213

Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continuved.
Michigan./
Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(feot).
2 Sandy shale of various col-
'g i ors, with layers of fire clay | Yields much water that is
Saginaw for- 100 aqti beds of coal; charged highly mineralized but can
El mation. with iron pyrites; princi- be used. Supplies many
4 pal coal horizon of Michi- | shallow wells.
8 gan.
i
Parma sapd- Yields much brine but also
S stone. 170 | Porous. some potable water.
Grand R i or opiacd By sbale
rand Ra; or rep o
T groupp.‘ 535 | ‘and dolomite wi Yields salty or bitter water.
Carboniferous. sum.
g
Marshall Yields supplies of fresh
E sandstone. 560 water; brEm.
2
2,
S " Blue sa;xﬂt_"lly shal:f{ wité:
Coldwater seamso sand-
g ghale. 1,000 | Stone, Balls of kidney | D068 ROt yield much water
g iron ¢ ore’’ in some layers.
Contains brine in large
Boren sand- | 45 | “amounts; signs of oiland | Yields brine.
. g8s.
Dark ;,hl:ilte, in places léiack
an uminous. Con-
Antrim shale. 480 tains iron pyrite, oil, and Does not yield much water.
£8S.
Yields water in northern part
Traverse forma- Bluish calcareous shale and
Devonian. tion. 080 |~ thin-bedded limestone. e roSpmeextant
Yields considerable water
Gray and yellowish bitumi- | charged withsaltand other
Dundee limestone. 255 | nouslimestone with sand | minerals. Some of the
and chert. water is used as mineral
water.
The sandstone yields much
Chiefly dolomite, in part
Monroe group. 1,200 | shaly. Sandstone near ?;’S’Jn“found yi o;v:t:rr thv:g
top. horizons near the outcrop.
Silurian.
D%:ﬁite, in part sfhalt,
man; of
Salina formation. 960 Eﬂf cimckesyt being 100 feef, | Yields brine.

7 Data compiled from the following sources: Lane,

. Geol. Survey Water-Suppl w

1917; Russell, I. C., and_Leverett, Frank, idem,
1. 5, pl. 73, 1895, adjusted to nomenclature of geologic

Michigan: U.

Atlas, Detroit folio (No. 201?,
155), 1908; Lane, A. C., Mic]

gan Geol. Survey, vol

map in Michigan Geol. 'Survey, vol. 8, 1902.

Paper 30, 1899; Sherzer,

A. C., Water resouroI:is of the Lower Peninsula of
. H.,

U. S. Geol. Survey Geol.
Ann Arbor folo (No

ection based largely on wells at Jackson and Monroe.
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.

Michigan—Continued.
Maxi-
mum
System. Subdivision thick- Lithologic character. Water supply.
ness
(feet).
. s Dolomite and limestone;
Silurian. Niagara group. 835 some shale. . . .
Little information available.
Water probably of poor
@ 100 | Red shale; in some places quality.
sandy or green shale.
Ug&m‘},’:ﬁzﬁgf' +600 Dgi'(l)(ni}‘xale with some lime- | 13 ¢ yield much water.
Ordovician. Trenton (?) and Dolomite and limestone, .
older limestones. 271 | “shaly at base. * | Yield strong brine.
St. Peter sand- 18 White friable sandstone or
stone. red clay.
“ Calciferous. "’
Northern Indiana.g
‘“Knobstone "’ Shale with some sandstone ;
Carboniferous. group. 600 | o limestone. Produce little water.
New Albany shale. 100 | Shale locally bituminous. Very poor water bearer.
Sellersburg  lime- Bedded limestones, with
Devonian. Jeﬁgrggh’;ﬂle lime- heavy-bedded soft white | Yield considerable water in
stone. h 350 | sandstone  (Pendleton | areas where they are near
Pendleton  sand- sandstone) in  certain the surface.
stone. areas.
Kokomo limestone Bedded and jointed lime- | Furnishes good supplies of
(“water lime'’). ¢ stone. water.
Niagaraformation: ¢ 500 | Compact, massive, or bed- | In many places carries con-
pper division. limestone, in man siderable amounts of po-
Sil parts somewhat crystal- | table water in joints, bed-
urian. ine, ranﬁmgmcolor from | ding planes, and solution
buff to blaish or greenish passages.
shades. Immediately be-
low glacial drift in magfr
places in northern Indi-
ana.
Lower division 450 | Brownish or reddish lime- | Poor water bearer.
(“Clinton”’) stone.
Richmond forma- Blue-green shale and_ blue
tion. limestone above and fine- | Yield very little water No-
Ordovician. | “Lorraine’” forma- | 1,000 | grained brown or black | where known to furnish
ion. shale below. Do not crop sufficient for well supply.
Utica shale. out in northern Indiana.

¢Capps, 8. R., The underground waters of north-central Indiana: U. 8. Geol. Survey Water-Sup-
ply Pager 254, p. 36, 1910. i

k The Sellersburg and Jeffersonville limestones together are the ‘‘ Corniferous”’ of well drillers.

iThename ‘‘ Niagara,” as commonly used by well drillers, includes the Kokomo limestone (* water-
lime ’) and the Niagara formation.
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Columnar sections of Paleozoic rocks in_ the United Stam, with descriptions of their
water supplies—Continued

WATER-BEARING FORMATIONS.

Northern Indiana—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologie character. Water supply
ness
(feet).
“Trenton” lme- plagnglolomlecm mﬁany " Yields large quantities of salt
4 3 oes
stone. 500 not crop out in water. q
Indiana.
Shale (formation 80
undetermined).
Ordovician.
Porous sandstone. Does | Yields abundant water
8t. Peter sand- | g5y | “1ot¢ crop out in northern | highly mineralized with
: Indiana. t, sulphur, iron, ete.
Gray sandy dolomitic sand-
“Lower Magne-
s 4400 | stone. .Does not out
slan ”* limestone. in northern Indh:r:.p
‘Wisconsin. /
Milwaukee (Hamil- MaEnadan limestone and
Devonian. ton) shnls 138 ale.
Yield only small supplies.
Caky;%)‘iv auba- 30 | Shaly limestone.
Silurian. Hard magnesian limestone; Generally ds moderate
Niagara imestone. ( 700 | ™10 o "Dure dolomite. supplies yiel
Clinton beds. 60 | Shale and iron ore. Not important.
B oot o | 500 | Blue and green shale. Yields very little water.
Galena limestone. | 250 | ORY or bufl magnesian | yigys moderate supplies.
Decorah shale. 50 Bﬁ‘&g&?“n shales 80d | yig145 very small supplies.
Ordovician. | Platteville lime-| g9 | Blueand buff limestone. | Yieldsonly small supplies.
8t. Peter sand- 200 | Wsliiot;e.and yellow sand- Yields large supplies.
SBhakopee dolo- Dolomite, in places sand
mite ? 100 | “9nd shaly. P Y | Yields small supplies.
Oneota dolomite. 150 Dm‘;’ Places sandy | yie)3s moderate supplies.
Madison & (Jordan ‘White and yellowish sand- | Generall elds large suj
Cambrian. sandst oxso. ) 50| Vstone, plies. y ¥ go sup

AL ] demniSamuel, and Schultz, A, R 5 uﬁ'l‘he underfround and surface-water supplies of Wisconsin:

and Nat. Hist. Surve: 35, pl. 2
& According to E. O. Ulrich both tie anwduendotamyoungerthanthaladanmdstm

497781 O-59-17
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Columnear sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.
‘Wisconsin—Continued.
Maxi-
- Inum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
Mendotak (8t. < .
: Yellowish sandstone, shaly | Generally yields moderate
Sto;v:ance) sand 60 and dolomitic. ' supplies. h
Franconia sand- Sandstone, in places glau- i
stone. 160 | ™ conitic and shgly. 8180- | yields large supplies.
Cambrian.
D;:ig:’h sand- 100 | Coarse friable sandstone.
Eau Claire sand- 250 Fine sandstone, locally | Generally yields moderate to
stone. shaly. large supplies.
Ms‘;‘,’,;‘;wnﬁ imon 250 | Coarse sandstone. Yields large supplies.
Illineis.!
McLeans-
1,000
; g,‘;'g g gr- ’ Yield small supplies tomany
.g . Alternating beds of shale, shallow wells. Water from
e sandstone, and limestone. considerable depths highly
mineralized.
g | Carbondale 375
B formation.
o
2
E‘ Ngt 8 valuable source of we.
er becauseln southern part’
§ | Pottsvllle| 5o | Conglomerate and sand-|  ofgtate, whereit is well de-
P : - veloped, it is deeply buried
and containssalty water.
Carboniferous.
n : Yilelds Wl:ter fre&aly ]bu{) in
Chester . most places is deeply bur-
group. 1,200 | Chiefly sandstone. ied and contains waiter £00
2 salty for use.
E
g Meramec
& | group. 30
5 Ngt prolpill'lientdwater bearers
'% Osage group. 400 | Chiefly limestone. pﬁ& bl an,; ‘?&qe‘ll]:tt;)(:i’zu -
=l erate depths.
Kinderhook
group- 200
Chattanooga shale. 400 | Black, shale.
. Unimportant ag water bear-
Devonian. Limestouss of ) . ers but yield small sup-
daga, Oriskany, | 1,025 Limestone with some sand- plies to a few wells.

and Helderberg
age.

stone.

k According to E. O. Ulrich both the Madison and Mendota are younger than the Jordan sandstone.
1Section compiled from various sources. Water-supply data chie

ground waters of eastern United States: U. 8. Geol. Survey Water-Supp.

f from Fuller, M. L., Under
y Paper 114, pp. 248-257, 1905.
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.
IMinois—Continued.
Maxi-
X mum
System. Subdivision. tgieg:- Lithologic character. Water supply.
(feet).
| Creviced limestone or dolo- | Yields freely to both shallow
Silurian. Niagara dolomite. 4201 MERLe and deep,;vells.
Maquoketa shale. 275 | Chiefly shale. Yields little water.
Galena dolomite.m
N " Yields freely to both shallow
Decornghule, | s | Oty croviont mestone | ViS00 T
stone. ) part of State.
Ordovician.
. Yields generous supplies to
Sts’tgl:t er sand 420 | Chiefly porous sandstone. wellsin northern mﬁl waest-
" ern part of State.
Shakopee dolomite
including New .
g:ssm: ’,}ﬁ,’ﬂ 3600 Doslg‘:;t.e and some sand- | yig1q some water.
ber.
Oneota dolomite.
Yieldslarge supplies of pota-
U Cambri b}e Swatt,er ni? gr%rﬁgrem patrg
mbrian 0 tate. sou
Cambrian. &'xﬁatone. 1,000 | Chiefly porous sandstone. this sandstone is deeply
buried and its water is
largely too salty for use
Southern Minnesota.n
Devonian. 100 | Limestone and sandstone. Lgx‘:laglpyliez.ields moderate
Shale, dolomite, and argil- | Locally yields small su
Maquoketa shale. | 100 | ®y500005 sandstone. et p]ies? w ¥
Dot hagerne: Yield moderate or 1
shale. moderate or large
Platmaville lime- 350 | Limestone and shale. supplies. &
stone.
Ordovician. "
St. Peter sand- ‘White or ow sandstone, s s
stone. 200 | “with snmygl;hale. 7 | Yields large supplies.
. Yellow, buff, pink, or red | Locally yields small to
Shakopee dolomite.| 75 | ~ gojom te;s«'m?esandstone. oderate supplies.
Oneota dolomite. | 200 | Buff toreddish dolomite. | Gfneraly vields moderate
Cambrian. | Jordansandstone. | 300 [ Coarsegrained white sand- | yiei4q Jarge supplies.

mIn the southern and central parts of the State the interval between the Maquoketa shale and St.
Peter sandstone is occupied by the Fernvale, Kimmswick, Plattin, and Joachim limestones, which have

an agiregate thickness of 800 feet.
» Adapted from Hall, C. W., Meinzer, O. E., and Fuller, M. L., Geology and underground waters of

southern esota: U.'S. Geol. Survey Water-Supply Paper 258, pl. 6, 1911
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their
water supplies—Continued.

Southern Minnesota—Continued.

Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(feet).
8t. Lawrence for- Dolomite, shale aﬁd sand- | < :
mation. 225 stone. ’ Yields little water.
" Fine-grained white sand-
Franconia sand- . i i
) stone. 100 %tac;lé?, shaly beds toward | Yields large supplies.
D tonacnd tnaer White sandstone, shale, and
stone and under- e sandstone, e, an s :
lying shales and 450 | “thin limestone.’ ’ Yields freely in some parts.
sandstones.
. Red sandstone and shale. .
Algonkian (?). | Red clastic series. |+1,750 Paligy fragmental volcanic | Yields little water.
rocks.
Iowa.o
Red shale, sandstone, and
Permian (?) series. +22 gypsum.’ 4
¢ | Missouri Shale, limestone, somesand- | Generally yields only meager
-% group. +700 st,oﬁe, and coal. and uncertain supplies.
3
g
.,;3 The chit;,g : qui]f)er ol:;{ th(ils
ou; e basal sand-
8 Shale, some sandstone and g{omg which yields moder-
— | Des Moines limestone, and coal. 2
>, +970 q ate supplies. Other parts
a group. Prominent sandstone yield only meager supplies
g formation at base. of water that Is often too
M~ poor for use.

The median bed of this for-
mation irs aztx ix?porg.aﬁ:
source of water for bol

Carboniferous. “ St. Louis Limestone, sandstone, and | shallow and deep wells.
limestone.” shales. The upper and lower parts
f of the formation are not
. important as water bear-
8 ers.
5. 500
& | 4 | Keokuk
2185 lime-
E é Bstclme. Limestone, chert, and geo- Generallly tyield adequait;
“ urling- : ’ 4 supplies from crevices
é & | tont diferous shales. the limestone.
g |8 lime-
Ao stone.
: i» | The limestone of this group
Shale, magnesian and oolitic : )
Kinderhook Mg . ields reliable supplies of
group. %500 htlggg.tones, and sand Bard but otherwise excel-
S lent water to many wells.

o Adapted from Norton, W. H., Hendrixson, W. 8., Simpson, H. E., and Meinzer, O. E., Under-
ground-water resources of Iowa: U. S. Geol. Survey Water-Supply Paper 293, pl. 2, 1912.
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.

Towa—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(feet).
Lime Creck shale,
Sweetland Creek
shale, and State Shald and limestone.
Quarry lime-
stone.
Yield small supplies but are
Devonian. +300 not important as sources
C‘g:;: alley lime- Limestone. of water.
wﬁﬁmﬁf’n Limestone and some shale.
. Dolomite, limestone, Yields highly mineralized
Saglma (7) forma- 3507 sumand anhydrite'marg. water, mtich of it too min-
on. and sandstone. eralized for use.
Silurian. Yields abundant supplies to
Niagara dolomi 3845 | Dolomite. :hallow Ry d “qﬁa?g
i te. + 0 many s l'mj E. al
occurs £y solution
passages.
Is nearly impervious and
Shale with limest, ;1“ 2 excopt. 315 wl‘i'mestonmp'
ale some one exce| e lim e
Maquoketa ghale. | 3275 | " pear middle. 2 the ma ddle, which fur-
es water to a few
wells
Yields abundant supplies to
Galena dolomite. Dolomite and limestone. low and deep wellsand
to many springs.
Decorah shale. 500 | Green shale. Yields practically no water
P l:t%‘nv:}le lime- Limestone and shale. Yields little water.
One of the most reliable and
Ordovician.
8t. Peter sand- Sandstone, white rounded | oSt KTO¥n of the aquifers
stone. 1o, grains. abundant supplies to
many wells.
Shakopee dolo- Dolomite, in places arena- Y-mmd’ lgoinnﬂ“dﬁglem
mite. ceous. passages.
New Richmond (?)
sandstone, mem-
ber of Shikopee +700 Sandstone. Yields water freely-
dolomite.
Yields considerable w:iter
Oneota dolomite. Dolomite. from joints and solution

. Supplies many
m‘%ﬁmp
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their
water supplies—Continued.

Towa—Continued.
Maxi-
mum
Systam. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
One of the chief aquifers of
Jordan sandstone. 100 | Sandstone. the State. Supplies many
springs and flowing wells.
St. Lawrence D
formation. 4450 | Dolomite, marl, and shale. 0es not yield much water
Cambrian.
Dresbach sand- Yield abundant supplies of
stone. Sandstone. good water in eastern part
of State. Supply many
+1,100° flowing wells.  ~ Farther
Undifferentiated :vhest ) &t yield tis‘ less and
., e water contains more
Cambrian. Bandstone, mar), and shale mineral matter.
Algonkian (?). | Red clastic series. | +430 | Red sandstone. Yields little water.
Missouri. »
) Alternating beds of shale, | Yields no good supplies of
Missouri 41,200 | limestone, and sandstone; |  water, but some water that
group. 4 shale largely predomi- is salty or otherwise highly
nates. mineralized.
Sandstone and limestone
Pleasan- Chiefly shale, but withsome | ™} /5 yield some water,
ton for- 225{ sandstone and limestone Springs from this forma-
mation. and small veins of coal. tion are rare.
g
’Fg Ngt an ti)mpovtﬁ.n%lwah;r
Henrlet- Sandy shale and thin beds | pearer, but a small supply
8| g |Poatet | 195 | STinaie and thp etk | is obiained by sinking
| 5| mation. stone. wellsto thelimestone beds.
] Does not give rise to any
= gu important springs.
[}
Carboniferous. E g‘ Chiefly shale and sandstone;
8 the sa%dstoge utsu:lt%ly
& | Cherokee more apundans 8t W8 | yields Lrines and other
shale. 720 :gf:‘cﬁsggg’s’ms :?relv‘v ghly mineralized waters.
thin beds of limestone.
Yields oil and gas.
Graydon Coarse-grained friable sand- | ,, 100t
sand- 75|  stone with shale and some | AR important water bearer.
stone: gravel or conglomerate. Gives rise tomany springs.
§ Chester group- 600 Liszlxlxsg?ne, sandstone, and
B .
§§ Generally yield good water.
% 3| Ste. Gene-
2% “vieve lime- | 150 | Limestone.
= stone.q

pStratigraphic material compiled from various sources, includinﬁ sllllep“d' E. M., U. 8. Geol. Survey

Water-Supply Pa;
Wallace, i’&soun
Bull,, vol. 19, No. 15, 1

Paper 195

Bur.

per 195, 1907; Ulrich, E. O., Geol. Soc. America
Geol. and Mines, vol. 12, 2d ser. g
918; and unpublished material. T

., vol. 22, pﬁ.
p. 7-51, 1914; Branson, K. B.,
e water-supply data are from Water-Supply

281-680, 1911; Lee,
Missouri Univ.

95.
¢ Whether this limestone properly belongs in the Chester or Meramec group is undecided.
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.
Missouri—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
St. Louis Evenly bedded chertg gray | Yields some water but is not
lime- 375 limestone, locally reeci- an important source of
. stone. ated. supply.
£
g
o
) Spergen Massi:e otoliii&h limgt%ne, Not i . of
€ rts of w! afford a | Not important as a source
é ::lt%l::. 200 g_:;:lxdsome building mate- |  water.
=
Warsaw Chiefly shale, with some | Unimportant as a source of
shale. 7% limeystone and sandstone. water.
Keokuk Cox{npact b{uish llmes!;onof
©0] at base; thinner beds o
Lme- 20| limestore interbedded | Ot mportant as a source of
stone. with shaly beds farther *
up.
& & Genera]lﬁ coarse-grained
g e crystalline pure lime-
ils e TR
X part of ) repre- .
Carbonlterous.| & | &) sented by a thick upper | V50 S STR8L WOT beT
& | Burling- limestone, a less stent large subterranean streams
g ton lime- 150 | lower bluish limestone that issue in rin
stone. which is very dense and Many sprin h:glas? issi‘fo
g hard, and between the ytlm 8S hott
two bedsa layer of shat- chert.
tered chert. The lime-
stone contains large sink
holes and caves.
Chouteau s Too compact to be a reliable
Compact limestone, in
lime- 70 ’ source of water. Supplies
. | stone. places shaly or sandy. a fow springs. v
g
5 Bluish to greenish shale im-
™ pregnated with salts;
g | Hanni- 70| containssome beds of im- | Yields some of the strongess
& | balshale. pure limestone and dolo- | mineral watersinthe State
] mite; upper part very
5 sandy.
Louisl- Dolomitic limestone, with
:tnoa:lleifna— 40 sandy shale at base.
Black shale. Present in
Chattanooga shale. 60 m of southwestern Mis-
souri.
Dark-blue to drab sandg
(¢} d Creek gal Bﬁﬁl%li?rogﬁs to | Unimportant of
raghea and s ow to as 8 source
Devonian. shie. % grg'silieeous shiple. Pres. |  water,
ent in northeastern Mis-
souri.
Thin-bedded dark-gray
C:g;;ew ay lime- 60 | ~ limestone and shaly con-
g cretionary limestone.

r Fern Glen, Bushberg

subdivisions of the Kinderhook.

Glen Park, Sulphur Springs, and other names have been applied to local
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their

water supplies—Continued.
Missouri—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(feot).
Grand Tower lime- 60 Compact bluish-gray lime-
stone. stone.
Unimportant as a source of
water.
Clear Creek lime- i
Devonian. stone. 150 | Cherty limestone.
. " Chiefly dark bl - R izedin only a few well
Bailey limestone. 120 | s oherty s Ty | R e thg State,
Bainbridge lime- Dolomitic argillaceous lime- | R ed in only a few
Sllarian. st.one.ag 25 | “stone. sectionsi.nthz State.
Girardeaulime- Dark fine-grained, hard,
stone. 60 | 7 Brittle limsestone.” ’
Chiefly light-blue shale;
Maquoketa shale. 100 | some arenaceous shaie
and sandstone.
Fernvalelimestone. 5
Not twiidely dml;t:lbuted %nd
Coarsely crystalline light- | ROt IOPOT as water
Kimmswick lime- | 45 g{ggeg’o iy Tone- | bearers in the State.
Ordovician.
Plattin limestone. Compact heavy-bedded
‘White or yellowish dolomit-
Joachim limestone. 150 | ic limestone, in part very
soft and white.
St. Peter sand- Loosely cemented quartz | One of the most important
stone. san 200 sandgtone. a water bearers in the State.
Cherty gray dolomite, non-
Jefferson City dolo- 300 cherty dolomite, and | Yields some water. Gives
mite. white to buff dolomite rise to small springs.
{cotton rock).
The sandstones of this for-
Alternating beds of coarsel mation sre important
Cambrian. Roiltl’bidoux forma- 225 crystalline dolomite an sources of water and supply

¢ The Bilurian of northeastern Missouri is divided by T. E. Sav:

tion.

sandstone; chert abun-
dant.

most of the large springsin
télé:tsoutheasm part of the
©.

and others into the Sexton Creek

limestone (above) and Edgewood formation (below), with a total thickness of 84 feet.
t Thickens to 1,000 feet in southern part of State, according to E. B. Branson.
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their
water supplies—Continued., = -

Missouri—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(feet).
Cavernous cherty dolemite,
G:ﬁé’:fade dolo- 300 | nonchert .dolyomite, an.
some sandstone.
Noncherty massive dol
Proctor dolomite. s 100 | NomEoerly massiv dolo- Tmportant water bearers.
Large springs issue from
the cavernous beds.
E;n:iitxelince dolo- 300 | Very cherty dolomite.
Cambrian. Potosi dalomite.« 4:300' Rather massive dolomite.
' Shaly beds with some lime-
Elvins formation. 260 stone conglomerate and
dolomite.
Bonneterre dolo- 450 Dolomitic limestone, in
mite. some places shaly.
Sandstone, generally fine
Lamottesandstone.| 250 ined, but gravel at the G%’;‘;‘;{.}_y a good water
North-central Texas.v
Yield bhighly mineralized
Double
Mountain | 2,200 | Red and blue day, sandy | %65, DCRD IS
formation. shale, and sand’stone, | 5 8000 CROUED fOr S Dot
4 with gypsum and som% for domestic use. The
E limestone; gypsum mos water from limestone
. , abundant in the UPDEr | pedg s better then that
E Cg};‘;‘z{;‘ I000| Deds. from sandstone, shale, or
E - gypsum beds.
£
Red and blue clay and sand-
‘Wichita for- H 57 | Yields water, nearly all of
2,000 stone, with limestone in ?
mation. uppef part. which is salty.
Sandstone and limestone
Carboniferous. yield water in varying
amounts. ¢ t\?;’aterti oxin
@ Clay, shale, conglomerate upper part of lormation 1
g Cisco group. | 1,000 | and sandstone, with some gg‘g:}l’}ogﬁsgi s%y‘;‘;;’;r
limestone and coal. from lower part near out-
o crop is generally good
.g enough for use and sup-
g plies shallow wells.
%
g i . Gives rise to many springs.
& Alternating beds of lime- | Yields water chiefly from
Canyon 1100 | Stone and clay, withsome | sandstone beds. Water
group. 4 sandstone and conglom- is variable in quality,
erate. some being good and some
nnfit for use.

L 'I";he Gasconade, I’roctor, Eminence, and P’otosi formations belong to the Ozarkian system of E. O.

Ulrich.
. vStratigraphic material compiled from various sources, including Gordon, C. H., Geology and under-

ground waters of the Wichita r
. 13-29, 1913; and unpublished material. Water.supply data from U. 8. Geol. Survey

per 317

ion, north-central Texas:

U. 8. Geol. Survey Water-Supe‘lrv Paper 317,
a

ter-Supply
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Columnar sectioms of Paleozoic rocks in the United States, with descriptions of thew
water supplies—Continued.

North-central Texas—Continued.

Maxi-
mum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
Alternating beds of sand-
stone and clay with some |
:h lome;‘ao%% fa::;d ’sh:_:l:s; Yxeldslt va;;ter that ist too
. e lower eet consis salty use, except u;
i St!l:avgxoéor 1,900 | of blue and black clay | per part near OIROI‘OD:
2 * locally containing bedsof | w yields  potable
] limestone, sandstone, or water to shallow wells.
w sandy shale, and a coal
g seam at top.
£ Smithwick Sk Guriranaceons shais,
@ c carbonaceous s
Carboniferous.| g shale. 25| with some sandstone len
& tils.
ight-gray, dark-gray, and
Marble Falls| 500 1oblus to black lime-
stones.
-g‘,,,g “Lower, Black fissile bituminons
2 saloand| @ shale, with limestone at
é 2! limestone. top.
Ordovician | Ellenburger lime- .
and (?a.m- sto?e or eqt%:g: +1,000 C!:le;ltom:ngnmestoneand
Upper Cambrian
Cambrian. sandstones, some | (?)
limestone.
Black Hills region.w
o Minnekahta Thin-bedded gray lime- | Too dense to carry much
< | “limestone.| 50| " stone. water, although cavernous
g8 in some %l:oes near sur-
5 face. Probably will Yiald
@ | Opeche for- 130 Red slabby sandstone and only small supplies of wa-
[ mation. sandy shale. ter of poor quality.
E] Sandstone generally coarse
g Sandstones, locally buff and | and watetggaﬂngysupply-
g § Minnelusa red, in greater part calca- | ing some wells and many
™ sandst, 600 | reous; some thin limestone sgnngs In some places
. Carboniferous. | 2§ one. included; red shale at | the sandstone is fine-
g base. grained and will not yield
o water freely.
g Appal:lentl too d :nseb%o
yield water except possi|
bt Pme 630 | Massive gray limestone. along some h.ig?zer slopez
g - where caverns may he pen-
B etrated.
1)
Englewood i Apparently too dense to
g n";llmestone. 60 | Pink slabby limestone. gxp;d Tuch water.

wDart

on, N. H., Artesian
Water-Supply Paper 428, pp. 9-35, 1018; and unpublished ma

water in the vicinity of the Black Hills, 8. Dak.: U. 8. Geol. Survey
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Columnar sections of Paleozoic rocks in the United States, with descriptions of their
water supplies—Continued.

Black Hills region—Continued.
Maxi-
mum
BSystem. Sabdivision. tgi;g— Lithologic character. ‘Water supply.
(feet).
’é.sé Whitewood Apparently too @ to
Wi " 00 dense
Ordovician. ,S-EE limestone. 80 | Massive buff limestone. Tield much water.
f4 (2]
=
&% Red-brown sandstone and
52 Quariate,lopsly congm: | T2 Spper aad lower sand.
. © g | Deadwood eratic, partly massive; on
Cambrian. 9 formation. | *°% | much shale a:lﬁplg many springs and
28 ) and limsestone brescia n  doubtless also yield
B2 middle porthern hills. considerable water to wells-
Big Horn Basin.z
g Gray limestoneinterbedded
E Embar for- 4gp| With gray and red sandy | Will probably yield little
& mation. shale, um, and thin- water.
[ bedded sandstone.
L}
o Massive y_sandstone
& s Tensl 250 | conta thin Ia; of | Good water bearer.
Carboniferous. &8 Sandstone. ety yers
&ae
Amsden f Red sandy shale and sand- | wiy; probably yield moder-
g, mation.w- 300 :ttg’;:’aﬁgﬁ:éus oflime- | "ypo gupplies? yiel
g .
73 -
g ~ Mﬁ‘g%;'t‘m. 1,000 | Massive gray limestone.
g = Willwprobably yield little
. 3| Bighorn Siliceous gray limestone water.
Ordovician. E‘gfg EEmestone. 300 | “yery hard and massive, ~
4 5| Deadwaod Sandstone, shale, conglom- | Will probably yield some
Cambrian. ggﬁ formation.| 90 |~ erate, and limestone. water. v e

zDarton, N. H. Geologg of the Big Horn Mountains: U. 8. Geol. Survey Prof. Paper 51, p. 14, 1906,
er, C, A., Geoiogy and water resources of the Big Horn Basin, Wyo.: U. 8. Geol. Burvey Prof.
ll‘iaper 53, p. 8, 1906. Lupton, C. T., and Hewett, D. F., Anticlines in the southern part of the Big

8,
orn Basin, Wyo.: U 8. Geol. Survey Buli. 656, 1917.
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CAMBRIAN SYSTEM. '

Cambrian rocks lie at or near the surface in parts of New England
and eastern New York and in parts of the Appalachian Mountains in
Pennsylvania, Maryland, West Virginia, Virginia, North Carolina,
South Carolina, Tennessee, Alabama, and Georgia. Farther west
they become deeply buried under younger Paleozoic rocks, but they
reappear at or near the surface in an extensive area in Wisconsin,
Minnesota, Iowa, and the northern peninsula of Michigan and in
another extensive area in Missouri and Arkansas. Still farther west
Cambrian rocks appear in many small and widely scattered outcrops.
(See fig. 77.)

In New England and the Appalachian Mountain region the Cam-
brian rocks have been much deformed and metamorphosed and in
many places can not be distinguished from the pre-Cambrian crys-
talline rocks. They consist largely of quartzite, slate, schist, and
crystalline limestone. In the southern part of the Appalachian region
the system is exposed over extensive areas and has a maximum thick-
ness of many thousands of feet, including thick limestone formations
in its upper part. Throughout most of the large Paleozoic area of
the eastern and central United States (fig. 76) the Cambrian rocks
consist predominantly of sandstone, generally a few hundred feet in
aggregate thickness. In the Cambrian of the West quartzite is
prominent. )

10 The following publications (of the U. 8. Geol. Survey, except as otherwise stated) give information
relating to water in Cambrian rocks in the United States:

Alabama, Water-Supply Paper 114; Geol. Folio 175; Alabama Geol. S8urvey cooperative report on
underground water.

Connecticut, Water-Supply Paper 374, 470.

Delaware, Water-Supply Paper 106.

Georgia, Water-Supply Paper 114; Georgia Geol. S8urvey Bull. 15 (cooperative report).

Illinois, Water-Supply Paper 114; Seventeenth Ann. Rept., pt. 2; Monograph 38; Geol. Folios 81,
145, 200.

Towa, Water-Supply Papers 114, 145, 293; Geol. Folios 145, 200,

Kansas, Geol. Folio 148.

Maine, Geol. Folios 149, 158.

Maryland, Geol. Folios 179, 204; Maryland Geol. Survey Special Pub. 10, pt. 2 (cooperative report).

Minnesota, Water-Supply Papers 114, 256; Geol. Folio 201.

Missouri, Water-Supply Papers 114, 145, 195; Geol. Folio 148.

Nebraska, Prof. Paper 32.

New Mexico, Geol. Folio 199.

New York, Water-Supply Paper 114,

North Carolina, Geol. Folios 124, 147, 151.

Ohio, Water-Supply Paper 259.

Pennsylvania, Water-Supply Papers 106, 110, 114; Geol. Folios 162, 179.

South Carolina, Geol. Folio 147.

South Dakota, Water-Supply Papers 227, 428; Twenty-first Ann. Rept., pt. 4; Prof Papers 32, 65;
Geol. Folios 107, 127, 128, 164, 209.

Tennessee, Geol. Folios 124, 151.

Virginia, Water-Supply Paper 114.

West Virginia, Water-Supply Papers 114, 179.

Wisconsin, Water-Supply Papers 114, 145; Geol. Folios 140, 145; Wisconsin Geol.and Nat. Hist.
Survey Bull. 35 (cooperative report).

Wyoming, Twenty-first Ann. Rept., pt. 4; Prof. Papers 32, 51, 65; Geol. Folios 107, 127, 128, 150,
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The Cambrian sandstones of the Mississippi Valley region rank

WATER-BEARING FORMATIONS.
among the best water-bearing formations in the United States.

(See
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position on p. 109.) In

statements regarding their mechanical com
, Minnesota, YIowa, Illinois, Missouri, and Arkansas they fur-

Wisconsin
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nish generous yields of fairly good water, which is largely utilized by
municipalities for public supplies. They belong to one of the most
productive artesian basins in the country and give rise to many flow-
ing wells. In this region there are a good many sucessful wells that
tap the Cambrian sandstones at depths of more than 1,000 feet, but
some deep wells have salty water.

East of this region, in Indiana, Ohio, and the southern peninsula
of Michigan, and in large parts of New York, Pennsylvania, West
Virginia, Kentucky, and Tennesses, the Cambrian sandstones are
deeply buried and contain only salty water.

Farther east, in New England, New York, and the Appalachian
Mountain region, Cambrian rocks of various kinds furnish small sup-
plies of good water to many dug wells and relatively shallow drilled
wells. In the southern Appalachian Mountain region the thick
limestones give rise to large springs. The conditions in the East
are very different from those in the Mississippi Valley region in that
there are no well-recognized Cambrian water horizons and no well-
recognized artesian basin, such as characterizes the Mississippi Valley
region.

West of the Mississippi Valley region of successful Cambrian wells
the Cambrian formdations pass to greater depths, and their water
becomes more highly mineralized. For this reason they do not form a
practicable source of supply where they underlie southwestern Minne-
sota, western Iowa, northwestern Missouri, and regions to the west.
In the Black Hills the sandstones of the Deadwood formation supply
many springs and will probably give rise to flowing wells over a large
area. In the mountains of Oklahoma, aund in a great many ranges
farther west Cambrian rocks are exposed, but in these places they
generally have steep dips and pass quickly to great depths. Conse-
quently they are of very minor importance for water supply in the
western half of the United States.

ORDOVICIAN SYSTEM."

The Ordovician rocks lie next above the Cambrian and do not dif-
fer greatly from them in distribution within the United States. (See

11 The following publications (of the U. 8. Geol. Survey, except as otherwise stated) give information
relating to water in Ordovician rocks in the United States:
Alabama, Water-Supply Paper 114; Geol. Folio 175.
Arkansas, Water-Supply Papers 114, 145.
Colorado, Prof. Paper 32.
Connecticut, Water-Supply Paper 374, 470.
Delaware, Water-Supply Paper 106.
Georgia, Water-Supply Paper 114.
Illinois, Water-Supply Paper 114; Seventeenth Ann. Rept., pt. 2; Monograph 38; Bulletins 438, 506;
Geol. Folios 81, 145, 185, 188, 200, 208, 213.
Indiana, Water-Supply Papers 113, 114, 254; Eighteenth Ann. Rept., pt. 4.
Towa, Water-Supply Papers 114, 145, 293; Geol. Folios 145, 200.
Kansas, Geol. Folios 148, 206.
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fig. 78.) Throughout most of the great Paleozoic area of the central
and eastern United States they lie buried beneath younger Paleozoic
formations, but they come to the surface or near the surface over
rather wide belts adjacent to the Cambrian outcrops and also in a
few areas where the Cambrian rocks remain entirely concealed.

For the purposes of this paper the areas in which Ordovician for-
mations are at or near the surface can be grouped as follows:

1. A wide belt adjacent to the Cambrian outerops, occupying much
of southeastern Minnesota, northeastern Iowa, northern Illinois,
southern and eastern Wisconsin, and the eastern part of the north-
ern peninsula of Michigan (fig. 78). This is the largest and most
important area with respect to water supply.

2. A large crescent-shaped belt in southern and eastern Missouri
and adjacent parts of Arkansas and Illinois, encircling the Ozark
Mountains except to the southeast, where the Paleozoic rocks are
overlapped by younger deposits (figs. 77 and 78). This area ranks
second in importance with respect to water supply.

3. A large area on the gentle upfold of Paleozoic strata known as
the Cincinnati anticline. This anticline extends from northwestern
Alabama through central Tennessee and central Kentucky into
western Ohio and eastern Indiana, where it forks, one prong extend-
ing northeastward into eastern Michigan and the other northwestward
toward Chicago (fig. 78). The Ordovician rocks in this area are of
comparatively little value for water supply, because most of the
water at any considerable depth is too highly mineralized for use.
Some of the formations, however, supply potable water to shallow
wells.

4. Many detached areas in New England, eastern New York, and
the Appalachian Mountain region from Pennsylvania to Alabama.
The Ordovician rocks in these areas are closely related to the Cam-

Kentucky, Water-Supply Papers 114, 233.

Maine, Geol. Folio 158.

Maryland, Geol. Folio 179; Maryland Geol. Survey Special Pub. 10, pt. 2 (cooperative report).

Michigan, Water-Supply Papers 30, 114.

Minnesota, Water-Supply Papers 114, 256; Geol. Folio 201.

Missouri, Water-Supply Papers 114, 145, 195; Bulletin 438; Geol. Folio 148.

Nebraska, Prof. Paper 32.

New York, Water-Supply Paper 114

North Carolina, Geol. Folio 151.

Ohio, Water-Supply Papers 114, 259; Eighteenth Ann. Rept., pt. 4, Nineteenth Ann. Rept., pt. 4.

Pennsylvania, Water-Supply Papers 106, 110, 114; Geol. Folios 162, 170, 179.

South Dakota, Prof. Paper 32.

Tennessee, Water-Supply Paper 114; Geol. Fdlio 151; Tennessee Geol. Survey Bull. 26 (cooperative
report).

Virginia, Water-Supply Paper 114.

West Virginia, Water-Supply Papers 110, 1i4; Geol. Folio 179.

Wisconsin, Water-Supply Papers 114, 145; Geol. Folios 140, 145; Wisconsin Geol. and Nat. Hist.
Survey Bull. 32 (cooperative report).

Wyoming, Prof. Paper 32.



brian and, like them, are largely deformed and metamorphosed.

Like the Cambrian rocks of the region they yield many small supplies
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any springs, both

of potable water to shallow wells and give rise to m

small and large.
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5. A rather small and little-known area in northwestern Minnesota
and northeastern North Dakota, forming a part of a larger Ordovician
area that lies mainly in Canada (fig. 78). The Ordovician rocks of
this area are generally covered by glacial drift. They are of little
value for water supply because of the salty character of the water.

6. Many rather small outcrops in or near mountain ranges through-
out the western part of the United States, generally overlying Cam-
brian rocks. In the West the Ordovician system is, on the whole,
not very well developed nor extensively exposed and is not of much
consequence for water supply. There are, however, many outcrops
that are not shown in figure 78.

The Ordovician system in the Mississippi Valley region includes
the St. Peter sandstone, which is one of the most valuable aquifers in
the United States. (See pp.119,152.) Itisremarkably persistent and
widespread, underlying nearly all of Iowa and Missouri, parts of the
States adjoining these two on the north, west, and south, nearly all
of Illinois and adjacent parts of Wisconsin, nearly all of Indiana, and
at least large parts of Michigan, Ohio, and Kentucky. Though vary-
ing in character and thickness from place to place, it is not generally
more than 200 feet thick and is commonly distinguished as a slightly
cemented porous sandstone composed of well-rounded quartz grains.
It is almost everywhere water bearing and is a valuable source
of supply in most of Illinois, a little of eastern Indiana, southern
Wisconsin, southeastern Minnesota, eastern Iowa, a large part of
Missouri, and northern Arkansas. In this belt it generally yields
potable water in sufficient quantities for public supplies. Farther
east its water is too salty for use; farther west it passes to rather
great depths and its water is generally highly mineralized. The St.
Peter sandstone, like the underlying Cambrian sandstones, forms a
prominent aquifer in the great Paleozoic artesian basin of the
Mississippi Valley region and gives rise to many flowing wells.

The Ordovician formations below the St. Peter sandstone consist
chiefly of limestone or dolomite. In Iowa and Minnesota they are
divided into two formations, the Shakopee dolomite above and the
Oneota dolomite below. The Shakopee contains beds of sandstone
and in some places has a heavy sandstone member at the base that
is tentatively correlated with the New Richmond sandstone of
Wisconsin. The Oneota usually consists of massive dolomite. It
rests on the Cambrian sandstone. The Oneota and the Shakopee
furnish considerable water, the Oneota and the New Richmond (%)
sandstone member of the Shakopee probably yielding more freely
than the remainder of the Shakopee.

Above the St. Peter sandstone is a group of beds consisting chiefly
of limestone or dolomite, the upper and thickest part of which is
called the Galena limestone or dolomite in Iowa, Minnesota,
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Wisconsin, and Illinois, where it is a very satisfactory aquifer that
yields moderate to large supplies of hard but otherwise good water
to numerous wells. East of these States limestones also occur above
the St. Peter sandstone, but their water is generally salty except
locally in shallow wells.

The upper part of the Ordovician system throughout the eastern
and central United States consists chiefly of shale and therefore yields
only meager supplies of water.

Ordovician formations are at or near the surface in a considerable
part of eastern New York, on both sides of Hudson River and on the
southeast, south, and southwest sides of the Adirondack Mountains.
Farther west they pass below a thick cover of younger Paleozoic
formations. They consist of a great thickness of shale, limestone,
and other rocks, which in the eastern part of the State are largely
folded and metamorphosed. They yield supplies to many wells, a
considerable part of the water from shale orslate. Most of the water
is of satisfactory quality, but some is highly mineralized. The
ground-water conditions are determined by varying local differences
of structure and rock composition. Somewhat similar irregular
conditions are found in the Ordovician rocks of the Appalachian
Mountains south of New York.

In the southern part of the Appalachian Mountains the Ordovician
rocks have a great total thickness. The Knox dolomite, partly of
Cambrian and partly of Ordovician age, is several thousand feet
thick. It gives rise to some very large springs.

SILURIAN SYSTEM.!

The Silurian system is less widely distributed in the United States
than the Cambrian and Ordovician systems. It is thin or absent in

12 The following publications (of the U. 8. Geol. Survey, except as otherwiseindicated) contain infor-
mation relating to water in Silurian rocks in the United States:

Alabama, Water-Supply Paper 114; Geol. Folio 175

Arkansas, Water-Supply Paper 114.

Georgia, Water-Supply Paper 114; Georgia Geol. Survey Bull, 15 (cooperative report).

Ilinois, Water-Supply Paper 114; Seventeenth Ann. Rept., pt. 2; Monograph 38; Bulletin 506.

Tndiana, Water-Supply Tapers 113, 114, 245; Eighteenth Ann. Rept., pt. 4.

Towa, Water-Supply Papers 114, 145, 293.

Kentucky, Water-Supply Papers 114, 233.

Maine, Geol Folio 149.

Maryland, Water-Supply Paper 110; Geol. Folio 179; Maryland Geol. Survey Special Pub. 10, pt.
2 (cooperative report).

Michigan, Water-Supply Papers 30, 31, 114, 182-183; Geol. Folio 205.

Minnesota, Water-Supply Papers 114, 256.

Missouri, Water-Supply Papers 114, 145, 195.

New York, Water-Supply Paper 114.

Ohio, Water-Supply Papers 91, 114, 259; Eighteenth Ann. Rept., pt. 4, Nineteenth Ann. Rept.,
pt. 4; Geol. Folio 197.

Pennsylvania, Water-Supply Papers 110, 114; Geol. Folio 179.

Tennessee, Water-Supply Paper 114; Tennessee Geol. Survey Bull. 26 (cooperative report).

Virginia, Water-Supply Paper 114

West Virginia, Water-Supply Paper 114; Geol. Folio 179.

Wisconsin, Water-Supply Paper 114; Geol. Folio 140; Wisconsin Geol. and Nat. Hist. Survey Bull,
35 (cooperative report).
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most of the Paleozoic sections of the West. It is present under most
of the great Paleozoic area of the eastern and central United States
but is absent in large tracts where both older and younger Paleozoic
rocks occur. Itis also present in parts of the Appalachian Mountains
and in certain localities in New England, chiefly in northern Maine.
It lies at or near the surface in large areas in northeastern Iowa, north-
ern Illinois, the eastern margin of Wisconsin, the southeastern margin
of the northern peninsula of Michigan, northern and eastern Indiana,
eastern Ohio, and western New York; also in marginal parts of the
southern peninsula of Michigan; in belts adjacent to the Ordovician
outcrops on both sides of the Cincinnati anticline in Kentucky, Ten-
nessee, and Alabama; and in areas northeast of the Ozark Moun-
tains in Missouri and Illinois. It appears to be absent from the
Paleozoic section in Minnesota and in parts of Kentucky, Tennessee,
Alabama, Arkansas, and Missouri west of the Ozark Mountains.
(See fig. 79.)

The Silurian system consists chiefly of limestone and dolomite,
which are important sources of water and are tapped by numerous
wells, especially in Towa, Illinois, Wisconsin, Indiana, and Obhio.
Apparently before the glacial epoch these limestones, like those of
the Ordovician, were in large areas above the water table and were
thus exposed to weathering, which made them cavernous. Where
these areas were later covered by glacial drift the water level rose
and the cavernous limestones became good water bearers.

In Iowa, Wisconsin, Illinois, and Indiana the principal Silurian
formation is the Niagara limestone or dolomite, which yields water
freely and is recognized as an important aquifer. Its water in these
States is generally potable, although it may yield poor water where
it is struck at considerable depths in central or southern Illinois or
in Indiana. In Ohio and adjacent parts of Kentucky the Niagaran
limestones are also present and yield satisfactory water to many
shallow wells but generally only salty water where they are struck at
considerable depths.

In Ohio a thick formation, chiefly limestone, known as the Monroe
formation, lies above the Niagara and forms the upper part of the
Silurian system. This is the best aquifer in Ohio except the glacial
drift. Where it is near the surface it yields abundant supplies of
water to many wells. In Michigan the Monroe consists chiefly of
dolomite but includes sandstone near the top and is divisible into
several formations. It yields some potable water, but where it oc-
curs at some depth below the surface its water is probably generally
of poor quality. In Michigun and in northeastern Ohio the Salina
formation, which contains many beds of salt and much salty water,
intervenes bet ween the Monroe and the Niagara deposits.
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DEVONIAN SYSTEM.?

The Devonian system is most extensively developed in New York,
Pennsylvania, Maryland, Virginia, and West Virginia, where it attains
a thickness of many thousand feet. In New York the maximum
thickness of the deposits of Devonian age is about 8,400 feet, in
Pennsylvania 14,450 feet, in Virginia 13,700 feet, in Maryland 10,575
feet, and in West Virginia 9,215 feet. In southern New York and
adjacent parts of Pennsylvania the Devonian crops out or lies imme-
diately below the glacial drift thronghout a wide belt (fig. 80). Its
lower part consists of limestone, sandstone, and shale; its upper part
comprises a great mass of gray and greenish sandstone and shale
overlain by thick deposits of red sandstone and red sandy shale. In
this region the Devonian rocks yield moderate supplies of water to
many shallow wells but are seldom deeply penetrated for water. In
western Pennsylvania the Devonian formations pass beneath the
Carboniferous and are likely to yield salty water.

The Devonian system extends westward and southwestward from
New York, Pennsylvania, and West Virginia through most of Ohio,
Indiana, Michigan, Illinois, Iowa, Kentucky, and Tennessee, and
into parts of adjacent States (fig. 80). It thins out rapidly, however,
toward the west, and in the western part of the country it is in many
places absent from the Paleozoic section, the Carboniferous rocks
resting directly on Ordovician or older formations. In the States
mentioned the Devonian system consists chiefly of limestone in its
lower part and dark shale in its upper part. In none of these States
is it an important source of water, although the limestone formations
yield moderate supplies in many localities. In Ohio the very thick
shale in the upper part of the Devonian system is especially unfa-
vorable with respect to water supplies.

13 The following publications (of the U. 8. Geol. Survey, except as otherwise indicated) give informa-
tion relating to water in Devonian rocks in the United States:

Alabama, Water-Supply Paper 114; Alabama Geol. Survey cooperative report on underground
water. X

Arkansas, Water-Supply Paper 114.

Illinois, Water-Supply Paper 114.

Indiana, Water-Supply Papers 26, 114, 254; Eighteenth Ann. Rept., pt. 4.

Towa, Water-Supply Papers 114, 145, 293.

Kentucky, Water-Supply Papers 114, 233.

Maryland, Water-Supply Papers 110, 114; Geol. Folio 179; Maryland Geol. Burvey Special Pub:
10, pt. 2 (cooperative report).

Michigan, Water-Supply Papers 30, 31, 114, 182, 183: Geol. Folio 205.

Minnesota, Water-Supply Paper 256.

Missouri, Water-Supply Papers 114, 185.

New York, Water-Supply Paper 114.

Ohio, Water-Supply Papers 91, 114; Eighteenth Ann. Rept., pt. 4, Nineteenth Ann. Rept., pt. 4;
Geol. Folio 197.

Pennsylvania, Water-Supply Papers 110, 114; Geol. Folio 179.

Tennessee, Water-Supply Paper 114.

Virginia, Water-Supply Paper 114.

‘West Virginia, Water-Supply Fapers 110, 114; Geol. Folio 179.
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Devonian rocks occur in New England and in the folds of the
Appalachian Mountains. Like the rocks of the older systems, they

rocks are relatively unimportant as

upply many shallow wells; farther west they include

FiaURE 80.—Map of the United States showing areas in which Devonian rocks are at or near the surface. Devonian
sources of water. In New York and Pennsylvania they include sandstones and lmestones that s

limestones that locally yield potable water and much nonproductive shale.

are here largely metamorphosed. The northern part of Maine is
extensively underlain by moderately folded Silurian and Devonian
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limestone, shale, and sandstone, cut in places by igneous rocks, some
of which are volcanic. These formations would probably yield mod-
erate water supplies, but it has not often been necessary to sink wells
into them through the overlying drift.

CARBONIFEROUS SYSTEM.“

In the United States the Carboniferous is the most extensively
developed of the Paleozoic systems. It has an aggregate thickness
of many thousands of feet and is widely distributed over both the
eastern and western parts of the country. It lies at the surface or
immediately below the glacial drift throughout much larger areas
than any of the other Paleozoic systems. (See fig. 81.)

Carboniferous rocks are found in New England, in the folds of the
Appalachian Mountains, in the great area of flat-lying Paleozoic rocks
between the Appalachian and Rocky Mountains, and in a few large
areas and many smaller areas in the West.

In Rhode Island and eastern Massachusetts Carboniferous rocks
belonging to the Pennsylvanian series attain an aggregate thickness
of 12,000 feet, and in many places they rest on rocks of Cambrian

14 The following publications (of the U. 8. Geol. Survey, except as otherwise indicated) give informa-
tion relating to water in Carboniferous rocks in the United States:

Alabama, Water-Supply Paper 114; Geol. Folio 175; Alabama Geol. Survey cooperative report on
underground water.

Arizons, Water-Supply Paper 380; Bulletin 435.

Arkansas, Water-Supply Papers 110, 114, 145; Geol. Folios 122, 154.

Colorado, Prof. Papers 32, 52.

Georgia, Water-Supply Paper 114; Georgia Geol. Survey Bull. 15 (cooperative report).

Tllinois, Water-Supply Paper 114; Seventeenth Ann. Rept., pt. 2; Bulletin 438, 506; Monograph
38; Geol. Folios 105, 185, 188, 195, 208, 213; Illinois Geol. Survey Bull. 5 (cooperative report).

Indiana, Water-Supply Papers 26, 114, 254; Eighteenth Ann. Rept., pt. 4; Geol. Folio 105.

Towa, Water-Supply Papers 114, 293.

Kansas, Water-Supply Paper 273; Prof. Paper 32; Bulletin 238; Geol. Folios 148, 159, 206, 212.

Kentucky, Water-Supply Paper 114; Geol. Folios 184, 233.

Maryland, Water-Supply Papers 110, 114; Geol. Folios 160, 179; Maryland Geol. Survey Special
Pub. 19, pt. 2 (cooperative report).

Michigan, Water-Supply Papers 30, 31, 114, 182, 183.

Mississippi, Water-Supply Paper 114.

Missouri, Water-Supply Papers 114, 195; Bulletin 438; Geol. Folios 148, 206.

Montana, Water-Supply Paper 221.

Nebraska, Water-Supply Paper 12; Nineteenth Ann. Rept., pt. 4; Prof. Papers 17, 32.

New Mexico, Water-Supply Pdpers 123, 158, 343; Bulletin 435.

New York, Geol. Folio 172.

Ohio, Water-Supply Papers 91, 114; Eighteenth Ann. Rept., pt. 4. Nineteenth Ann. Rept., pt. 4;
Geol. Folio 184.

Oklahoma, Water-Supply Paper 148; Bulleting 641, 691; Geol. Folios 122, 132, 154.

Pennsylvania, Water-Supply Papers 110, 114; Bulletins 300, 531; Geol. Foliog 102, 121, 123, 133, 144,
146, 160, 172, 174, 180.

8outh Dakota, Water-Supply Papers 227, 428; Twenty-first Ann. Rept., pt. 4; Prof. Papers 32, 65;
Geol. Folios 107, 127, 128, 164, 209.

Tennessee, Water-Supply Paper 114; Tennessee Geol. Survey Bull. 26 (cooperative report).

Texas, Water-Supply Papers 154, 191, 276, 317; Eighteenth Ann. Rept., pt. 2; Geol Folio 194

Utah, Water-Supply Paper 380.

Virginia, Water-Supply Paper 114.

‘West Virginia, Water-Supply Papers 110, 114; Geol. Folios 160, 179, 184.

‘Wyoming, Twenty-first Ann. Rept., pt. 4; Prof. Papers 32, 51, 53, 65; Bulletin 364; Geol. Folios
107, 127, 128, 141, 150, 173.
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Carboniferous rocks also occur in other parts of New England,

but they consist chiefly of metamorphic and igneous masses.

age.

Between the Appalachian and Rocky Mountains the Carboniferous
rocks lie at or near the surface in the southern peninsula of Michigan,
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where they are surrounded by older rocks, and in broad, irregular belts
adjacent to the outcrops of older rocks on the north and in the Cincin-
nati anticline and Ozark Mountain uplift. They also lie at or near
the surface throughout a great area extending far southwestward
and eventually pass beneath younger deposits to the south and west.
Thus, Carboniferous rocks are found at or near the surface in the
southern peninsula of Michigan, western Pennsylvania, eastern Ohio,
most of West Virginia and Kentucky, central Tennessee, northern
Alabama, southwestern Indiana, central and southern Illinois, south-
ern and north-central Iowa, northern and western Missouri, north-
western Arkansas, southeastern Nebraska, eastern Kansas, most of
Oklahoma, north-central Texas, and adjacent parts of other States.

Farther west the Carboniferous. strata reappear from beneath the
younger deposits and occupy large parts of New Mexico and trans-
Pecos Texas. In the eastern part of New Mexico they lie nearly
level, like the Paleozoic formations throughout most of the large area
in the sastern and central United States; but farther west they are
commonly inclined at considerable angles and are broken into moun-
tain blocks by faulting. Carboniferous rocks underlie most of the
Colorado Plateau in northern Arizona, eastern Utah, and adjacent
parts of Colorado and New Mexico, and in large parts of this high
plateau region they lie immediately below the surface and are nearly
horizontal or only gently inclined. Carboniferous formations, gener-

- ally steeply inclined, crop out in belts that border orform parts of
the Black Hills, the Uinta Mountains, and many of the mountain
ranges of the Rocky Mountain system in Colorado, Wyoming, Mon-
tana, and Idaho. They also crop out in the escarpments of many
of the faulted block mountains of the Basin and Range province and
of the Sierra Nevada.

Each of the three series of the Carboniferous system—the Missis-
sippian, the Pennsylvanian, and the Permian—is well developed in the
United States, and both the Mississippian and the Pennsylvanian are
widely distributed. (See figs. 82, 83, and 84.) In Michigan, in
northern Indiana, and east of the Cincinnati anticline the Missis-
sippian series consists largely of sandstone and shale, but farther
west it consists predominantly of limestone. It has a maximum
thickness in Pennsylvania of about 4,400 feet; in the Mississippi
Valley region of about 1,500 feet; and in northern Arizona of about
1,500 feet. The Pennsylvanian series consists, for the most part, of
a great succession of relatively thin discontinuous strata of shale,
sandy shale, sandstone, limestone, and coal. It attains a thickness
of several thousand feet in the East and in the Southwest but is not
generally much more than 1,000 feei iLick in the Mississippi Valley
region. The Permian series occurs in West Virginia and adjacent
parts-of Pennsylvania and Ohio, where it consists of the Dunkard
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group, made up of sandstone, shale, limestone, and thin beds of coal.
It occurs much more extensively in the Southwest, chiefly in Kansas,
Oklahoma, Texas, and New Mexico, where it has a maximum thick-
ness of a few thousand feet and consists of shale and sandstone,
largely of red color, with limestone, gypsum, and salt. The portions
in which the red shale and sandstone predominate are commonly
called “Red Beds.” In some parts of the west the Permian series

e

FIGURE 82.—Map of the United States east of longitude 102°, showing areas in which rocks of the Mississip-
pian series are at or near the surface. In parts of Iowa and Missouri and adjacent areas Mississippian
limestones and sandstones yield satisfactory water supplies and are largely utilized. In Michigan, Indi-
ana, and farther east the Mississippian series yields some potable water, but as a rule its supplies are
small or of poor quality

has not yet been definitely separated from the underlying Pennsylva-
nian rocks or the overlying Triassic rocks.

On the whole the Carboniferous rocks, especially the Pennsylvanian
and Permian, are not good water bearers. The large areas in the
United States where they are at the surface are among the most
unfavorable in the country with respect to water supply.
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In Michigan, Indiana, and farther east (fig. 82) the Mississippian
series yields some potable water, but as a rule the quantity is small
and the quality poor, the shaly formations being especially unfavor-
able. West of these States larger and better supplies are obtained
from the Mississippian limestone formations. In parts of Towa and
Missouri and adjacent parts of other States some of the Mississippian

o~

FIGURE 83.—Map of the United States east of longitude 102°, showing areas in which rocks of the Penn-
sylvanian series are at or near the surface. To a large extent areas underlain by Pennsylvanian rocks
lack satisfactory water supplies. The basal sandstone or conglomerate, which occurs from Pennsyl-
vania to Iowa and Missouri, may yield potable supplies where it is not too deeply buried.

limestones and sandstones yield very satisfactory supplies and are
tapped by many wells.

The best sources of water in the Pennsylvanian series are the sand-
stones and conglomerates commonly found at the base of the series
throughout the region from Pennsylvania to Missouri and Iowa
(fig. 83). They yield fairly satisfactory supplies to many wells in
localities where it is difficult to get water from other sources, but
where they are deeply buried their water is likely to be too highly
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mineralized for use. The beds higher up in the series consist so
largely of shale and shaly sandstone that they generally yield only
meager supplies, and, moreover, their water is generally highly min-
eralized. Unfortunately, throughout large areas the Pennsylvanian
series lies at the surface and has a great thickness. In these areas
it is tapped by many wells that yield more or less satisfactory sup-
plies, but in general the problems of water supply are acute, not only

X
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FIGURE 84.—Map of the United States east of longitude 102°, showing areas in which rocks of the Permian
series are at or near the surface. The Permian series is unsatisfactory in both quantity and quality of
water, especially in Kansas, Oklahoma, and Texas.

for the waterworks of cities and villages but also for domestic and
live-stock use on farms. In many localities reliance must be placed
chiefly on rain water stored in cisterns and earth reservoirs.

The Permian series is also very unsatisfactory as a source of water.
In some parts of its area of outcrop in Kansas, Oklahoma, and Texas
(tig. 84) it yields only meager supplies; in other parts it yields large
supplies of salty water. The water from many of the springs is so
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highly mineralized that it is unfit for use. There are, however, many
springs in the Quartermaster formation that yield water of satisfac-
tory quality. In general the yield of the Permian ‘“Red Beds” is not
large. In this area the water-supply problems are as acute as they
are in the areas of Pennsylvanian rocks, and rain water is also stored
to a large extent for domestic, stock, and other supplies. In both
Pennsylvanian and Permian areas many localities have surficial dé-
posits of one kind or another that yield the needed water.

On the whole, the Pennsylvanian and Permian formations yield
more satisfactory supplies in Pennsylvania and other parts of the
Appalachian region than farther west, because the surface is more
rugged, and hence the water-bearing formations have been leached
of their saline matter to greater depths and also crop out more
extensively and thus give rise to more springs. Although in the
Appalachian region the deeper Carboniferous waters are practically all
salty, there is no acute water-supply problem, as in many Carbonif-
erous areas farther west, because good domestic supplies can gener-
ally be obtained from springs or shallow wells and municipal supplies
from springs or spring-fed streams.

On the high plains or plateaus of eastern New Mexico a number of
deep wells have been drilled into the Carboniferous rocks, which here
consist of limestone, sandstone, shale, and gypsum. Some of these
wells have failed to:get water or have struck only salty water.
Others have found adequate supplies of very hard gypseous water,
which can, however, be used for watering live stock and in many
places also for drinking and other domestic uses. Pecos Valley,
N. Mex., is underlain by Carboniferous formations which are believed
to be Permian, at least in part, The upper 600 to 800 feet is made
up of typical red beds, consisting of gypsum, red sandstone, lime-
stone, and shale. Below these red beds there is a formation of gray
limestone with some beds of sandstone, shale, and gypsum. The
limestone and sandstone of this lower formation yield very large
supplies to numerous flowing wells; the water is very hard but is
used for drinking, domestic supplies, and irrigation.

In northern Arizona Carboniferous formations are within reach of
the drill throughout considerable areas. They apparently rest largely
on Cambrian and pre-Cambrian rocks. They consist chiefly of rocks
of Pennsylvanian age, but in places they include rocks of Mississip-
pian and probably of Permian age. The Redwall limestone of the
Grand Canyon region is a thick, massive Mississippian limestone that
is probably not promising as a source of water. In parts of northern
Arizona the Mississippian series is apparently absent, but in parts of
central and southern Arizona it is well represented. The Pennsyl-
vanian series consists of sandstone, limestone, and variable amounts
of shale. The limestone and shale are nearly impervious and are un-
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promising as sources of water. The sandstone, which occurs at sev-
eral horizons, is somewhat porous and would doubtless yield some
water under favorable conditions. Above the Pennsylvanian rocks
is the Moenkopi formation, of either Permian or Triassic age. It
consists of shale and thin sandstone containing some water that
is, at least in part, salty. Above this formation, in some places, is
the De Chelly sandstone, a moderately porous brown sandstone of
Triassic age.

MESOZOIC SYSTEMS.

GENERAL CONDITIONS.

At the end of the Paleozoic era great changes took place in the
physical geography of North America and hence in the regions in
which sediments accumulated. Consequently the areas in the United
States where Mesozoic rocks are near the surface are very different
from those where Paleozoic rocks are near the surface. In the eastern
part of the United States the Mesozoic rocks are less abundant than
the Paleozoic. The great interior region extending from the Appa-
lachian Mountains to the Great. Plains is, for the most part, underlain
by Paleozoic formations, but the marginal regions on the east and
south contain Mesozoic formations. In the western part of the
United States Mesozoic deposits were spread more widely, and in
many places they lie over Paleozoic rocks.

There are three Mesozoic systems—the “Triassic, the Jurassic, and
the Cretaceous. The Triassic and Jurassic systems are not extensively
exposed and are of relatively small importance as sources of water.
The Cretaceous system, on the other hand, is extensively developed
and widespread and is one of the most important of all rock systems
as a source of water.

TRIASSIC SYSTEM.!®

Triassic rocks occur in three general regions in the United States—
in a number of isolated tracts between the Atlantic coast and the

15The following publications by the U. 8. Geol. S8urvey give information relating to water in Tri-

assic rocks in the United States:

Arizona, Water-Supply Paper 380; Bulletin 435.

Colorado, Sixteenth Ann. Rept., pt. 2, Seventeenth Ann. Rept., pt. 2; Prof. Paper 52,

Connecticut, Water-Supply Papers 110, 114, 232, 374, 449, 466, 470.

Kansss, Sixteenth Ann. Rept., pt. 2. .

Massachusetts, Water-Supply Paper 110.

Maryland, Maryland Geol. Survey Special Pub. 10, pt. 2 (cooperative report).

Nebraska, Sixteenth Ann. Rept., pt. 2.

North Carolina, Water-Supply Paper 114.

New Jersey, Water-Supply Paper 114; Geol. Folios 157, 167, 191.

New Mexico, Water-Supply Paper 380; Bulletin 435.

New York, Water-Supply Paper 114; Geol. Folio 157.

Pennsylvania, Water-Supply Papers 106, 114; Geol. Folios 162, 167.

South Dakota, Geol. Folios 107, 164.

Texas, Water-Supply Papers 154, 191.

Utah, Water-Supply Paper 380.

Virginia, Water-Supply Papers 114, 258.

Wyoming, Bulletin 364; Geol. Folios 107, 150, 173.
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parts of the Great Plains, Rocky Mountains, and Colorado Pl

Appalachian Mountains, from Massachusetts to North Caro

and in the far West, from the western part of the Basin and Range
(See fig. 85.)

province to the Pacific coast.
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The Triassic rocks between the Atlantic coast and the Appalachian
Mountains form the Newark group, which consists of sandstone with
some shale and conglomerate, a little coal, and some prominent
layers of basic igneous rock commonly called trap. The sandstone,
shale, and conglomerate generally have a deep-red color. The igneous
rocks are in part extrusive lava flows and in part intrusive dikes and
sills. The Newark rocks are commonly tilted, in some places at
rather steep angles, and are broken by large normal faults, as a result
of which the same sandstone bed or trap sheet may crop out in two
or more parallel belts, as shown in figure 86. It is also extensively
broken by smaller joints and faults.

The Newark rocks occur in a number of isolated tracts from
Canada to North Carolina. The outcrops in the United States are
shown in figure 75 (p. 199). A relatively large tract of Triassic rocks
extends through the Connecticut Valley in Massachusetts and Connec-
ticut; a very small tract occurs farther west in Connecticut; the largest
tract begins in southeastern New York and extends through New Jer-

Zposterior'trap sheet
“ Main trap sheet
Anterior trap srl:eet

I W
& 'y %»m o
i MR UA ey
G e
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‘}i

FIGURE 86.—Generalized section across the Triassic area of the Connecticut Valley. (After W. M. Davis.)

sey and Pennsylvaniainto Maryland ; another tract of considerable size
begins in Maryland and extends well into Virginia; and several other
tracts are found farther south in Virginia and North Carolina. It
should be noted that most of these tracts are entirely surrounded by
older rocks, showing that the Triassic beds do not extend under cover
from one tract to another but occur in isolated basins.

The sandstone and conglomerate of the Newark group yield water
in moderate quantities to many dug and drilled wells. Large yields
are not often obtained, but the supplies are generally ample for
domestic use or for small industrial plants. In New Jersey some
‘Tather large supplies for industrial plants and public waterworks are
obtained from this group of formations. The sandstone is some-
what porous, but most of the water is derived from joints, as in the
surrounding crystalline rocks. Joints occur abundantly within 300
or 400 feet of the surface, but generally grow narrower with increas-
ing depth. The shale is in general less porous than the sandstone
but is also traversed by water-bearing joints. It generally occurs in
rather small lenses that are soon penetrated by the drill. The trap
rocks are generally so compact that they yield little or no water.
This is especially true of the intrusive bodies and the deep parts of
thick extrusive sheets. Meager supplies may be obtained from joints,
and in a few places considerable water has been obtained from vesic-
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ular partsof extrusive trap (p. 141). Thewater of the Newark rocks is
of much better quality than most of the Paleozoic water but not quite
s0 free of dissolved mineral matter as the water from the crystalline
rocks in the same region.

The Triassic rocks of the Great Plains, Rocky Mountains, and Colo-
rado Plateaus are largely red beds consisting chiefly of irregularly
stratified shaly sandstone, sandy shale, and gypsum. The ‘ Red
Beds’ are in part Permian, in part Triassic, and perhaps in part
Jurassic or even younger. In many places their age is not definitely
known, and their reference to the Triassic system is tentative. Both
the lower and the upper boundaries of the Triassic system in this
region are uncertain.

The following section gives the thickness, lithologic character, and
water-bearing properties of the Triassic and associated formations
at a typical locality in the Panhandle of Texas:

Geologic section on North Branch of Nortli' Canyon. Cita Creek, eastern Randall County,
er.c

Thick-|
System. Subdivision. Lithologic character. (?esg ‘Water supply.
eet).
Tertiary. Sand and clay. 70 sz;mlzgr.yields large supplies
Gray sandstone and conglom-

erate, cross-bedded, with 30
fossil bones and plates
(upper sandstone).

Red and gray shales. 35

Gray cross-bedded sandstone
and conglomerate, with fog- 10
sil bones and plates (mid-

Trujillo. dle sandstone).

- S: ‘;ags ,in then’l‘riassic "(Red
s’ usual issue from

Red shale ith white bands 60 under the sanzstone ledges,

of soft sandstone. especially those in the Tru-

& jillo formation, or fromj oints
I and fissures in the red clay.
. B Massive cross-bedded gray to As a rule water from springs
Triassic. 5 brown sandstone, with in'the Triassicis of g Ki)l;al-
i shaly members, and con- ity. Few wells have been
F glomerate; locally three 75 sunkin the Triassic forma-
a well-marked ledges with tionsin this rart ofthe State,
shale lentils between (lower but almost all yield relatively
sandstone). softand pure water. In other
laces the Triassic may be
ess satisfactory.

Dark-red shale with white 140
bands.

Yellow shale with iron con- 2
cretions.
Tecovas.

Maroon shale with iron con- 2
cretions.

White to lavender shale. 10

aGould, C. N., The geology and water resources of the western portion of the Panhandle of Texas: U.8.
Geol.Survey Water-Supply Paper 191, pp. 22, 36, 37, 1907. Water-supply data from various sources.

497781 0-59~19
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Geologic section on North Branch of North Canyon, Cita Creek, eastern Randall County,

Tex.—Continued.
Thick-
System. Subdivision. Lithologic character. (;xe%si ‘Water supply.
eet).

Most water from Permian
‘“Red Beds’ containg large
amounts of mineral salts.
The water from many of the
A A e

. i is unfit for use.

Oa(rll,mm!pro;{s Quartermaster. Red shale with white bands | ;.

There are, however, man:
and ledges of soft sandstone. springs in the uartel'-maste};-

formation w yield water
of satisfactory guality. In
general, the yield of the
Permian “ Red Beds’’ is not
large.

Similar ‘“Red Beds’ are found in adjacent parts of New Mexico.
In some parts of Texas and New Mexico they do not yield much
water and their water is not of satisfactory quality. In most places
they are overlain by water-bearing Tertiary deposits, but where
these are absent wells are sunk into the “ Red Beds,” frequently,
though not always, with disappointing results.

Farther north, especially in the Black Hills and in the mountains
of Wyoming, there is a formation of ‘“ Red Beds” in some places
more than 1,000 feet thick. In the Black Hills it is called the
Spearfish formation, and in other localities its approximate equiva-
lent is called the Chugwater formation. The Chugwater is regarded
as chiefly Triassic, though the lower part in places is Permian and
probably in places also extends down into the Pennsylvanian. It
consists of soft, intensely red shale and sandstone, with thick beds
of gypsum near the base. It is very unfavorable as a source of
water. It may locally be water bearing, but as a rule it yields no
water or only small amounts of very peor water.

In the Navajo country of northeastern Arizona and adjacent
regions the Shinarump conglomerate of Triassic age, which is gener-
ally not more than 100 feet thick, is porous, and the contact be-
tween it and the underlying Moenkopi formation is one of the best
saturated zones in the region and gives rise to many springs. The
Chinle formation, which rests on the Shinarump, has a maximum
thickness of about 1,000 feet and lies at the surface throughout
extensive areas. It consists of chocolate-colored sandy shale at the
base, succeeded by purple, lavender, green, and light-colored varie-
gated shales, overlain by lenses of limestone conglomerate and red
shale and shaly sandstone. This formation is notable for the fossil
wood which it contains. It has small capacity for water, and in
large parts it is destitute of available supplies.’®

18 Gregory, H. E., The Navajo country-—a geographic and hydrographic reconnaissance of parts of
Arizona, New Mexico, and Utah; U. 8. Geol. Survey Water-Supply Paper 380, pp. 79, 125, 1916.



WATER-BEARING FORMATIONS. 249

In the western part of Nevada, in the Sierra Nevada, and in other
parts of the far West there are Triassic formations, of great aggre-
gate thickness, that are very different from the ‘“Red Beds’’ farther
east. They include sandstone, limestone, and shale which have been
greatly intruded by igneous magmas and much metamorphosed.
They are not extensively exposed, and, so far as known, they are
unimportant with respect to water supplies.

JURASSIC SYSTEM.!

Jurassic rocks are apparently absent from the eastern part of the
United States, but they underlie large areas in the West, where
they have a distribution somewhat similar to that of the Triassic
(fig. 85). They may be considered as occurring chiefly in two dif-
ferent regions—in the Colorado Plateaus and the Rocky Mountains
and in the Pacific Mountain region, including the Coast Ranges and
the Sierra Nevada. The Jurassic rocksin these two regions differ in
lithologic character and have not been closely correlated.

Jurassic formations occur in large parts of Montana, Wyoming,
eastern Utah, central and western Colorado, northeastern Arizona,
northwestern New Mexico, and adjacent parts of other States. In
most of this region they are deeply buried by younger deposits, but
they crop out in narrow bands adjacent to many of the mountain
ranges and lie at or near the surface over rather large areas in south-
eastern Utah and northeastern Arizona and adjacent parts of Colo-
rado and New Mexico.

In the Black Hills uplift the “Red Beds” of probable Triassic age
(Spearfish formation) are overlain by the Sundance formation, which
is overlain by the Unkpapa sandstone, which is overlain by the
Morrison shale. The Sundance and Unkpapa are Jurassic; the Morri-
son may be Lower Cretaceous. The Sundance formation here ranges
between 100 and 300 feet in thickness and consists of dark-gray shale
and buff sandstone; the Unkpapa sandstone has a maximum thick-
ness of about 225 feet and consists of massive fine sandstone of white,
purple, red, and buff hues; the Morrison shale has a maximum thick-
ness of about 150 feet and consists of massive shale that ranges in color
from gray to greenish and maroon. On the whole, these formations are
not promising as water bearers. The Morrison shale and the shaly
parts of the Sundance formation are practically barren of available

17The following publications of the U. 8 Geol. Survey give information relative to water in

Jurassic rocks in the United States:

Arizona, Water-Supply Paper 380.

Kansas, Sixteenth Ann. Rept., pt. 2.

Nebrasks, Sixteenth Ann. Rept., pt.2; Geol. Folio 108.

New Mexico, Water-Supply Paper 380.

South Dakota, Water-Supply Paper 428; Prof. Paper 32; Geol. Folios 107, 127, 164.

Utah, Water-Supply Paper 380; Bulletin 628; Prof. Paper 56.

Wyoming, Prof. Papers 32, 56, 65; Bulletins 471, 543; Geol. Folios 107, 108, 127, 150.
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water. The sandstone members of the lower part of the Sundance
will yield small or moderate supplies. The Unkpapa sandstone, in
the eastern and southeastern part of the Black Hills, may prove to
be water bearing, but apparently it is too fine grained or compact
to carry a large volume.'®

The Sundance formation and the Morrison shale extend over a con-
siderable area. They have been identified in the Laramie and Big
Horn basins. They are prevailingly clayey except the lower part of
the Sundance, which consists chiefly of soft sandstone.

In southwestern Wyoming the Jurassic is represented by the
Nugget sandstone, a light-colored sandstone, by the Twin Creek lime-
stone, and by at least the lower part of the Beckwith formation.?®
The water-bearing properties of the Nugget sandstone have not, so
far as is known, been tested by drilling, but its physical character
suggests that it may be water bearing. The Twin Creek, which
overlies the Nugget, consists of black and gray shale and shaly
limestone, with occasional beds of yellow sandstone. It is not
promising as a source of water. Above the Twin Creek is the
Beckwith formation, which attains a great thickness. The lower part
of the Beckwith has been shown by fossil evidence to be Jurassie,
but the upper part is probably Lower Cretaceous. Where best
developed the Beckwith consists of a lower red-bed member, com-
posed of interbedded clay, sandstone, and conglomerate, 2,500 feet
thick, and of an upper member, composed of rather light-colored
interbedded sandstone and clay over 3,000 feet thick. The sand-
stones and conglomerates of this formation may be important water
bearers. Some of the water is highly mineralized, but some of it
may be of satisfactory quality.?

In southeastern Utah, northeastern Arizona, and adjacent parts of
Colorado and New Mexico is the La Plata group, of Jurassic age,
which consists mainly of two massive cross-bedded friable sandstone
formations—the Navajo sandstone above and the Wingate sandstone
below. Between these two sandstones in many places is a band of
limestone or of calcareous shale and sandstone called the Todilto for-
mation.?® Above the Navajo sandstone lie the McElmo formation,
consisting of sandstone and some shale, and other beds of sandstone,
which thicken toward the west. In central Utah the beds assigned
to the McElmo formation attain a thickness of about 1,850 feet and

18 Darton, N. II , Artesian waters in the vicinity of the Black Hills, S. Dak.: U. S. Geol. Survey
Water-Supply Paper 428, pp. 32, 33, 1918.

123chultz, A. R., Oil possibilities in and around Baxter Basin, in the Rock Springs uplift, Sweet-
water County, Wyo.: U. 8. Geol. Survey Bull. 702, table opposite p. 24, 1920.

9 Veatch, A. C., geography and geology of a portion of southwestern Wyoming, with special refer-
ence to coal and oil: U. 8. Geol. Survey Prof. Paper 56, pp. 162-163, 1907. Schultz, A. R., Geology and
geography of a portion of Lincoln County, Wyo.: U. 8. Geol. Survey Bull. 543, pp- 49-54, 135, 1914.

sl Gregory, II. E., The Navajo country—a geographic and hydrographic reconnaissance of parts of
Arizona, New Mexico, and Utah: U. 8. Geol. Survey Water-Supply Paper 380, pp. 79, 125-126, 1916.
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consist chiefly of variegated sandstone and sandy shale. The lower
800 feet is here mainly red and contains gypsum. Above the red
beds is a gray to white sandstone about 200 feet thick.?* The McElmo
is of either late Jurassic or early Cretaceous age. There is still much
uncertainty as to the correlation of the beds at about this horizon in
different localities.

The massive sandstones of the La Plata group are porous and per-
meable and will doubtless yield water in considerable quantities.
Where they crop out they give rige to many springs and seeps.?® The
McElmo formation in Arizona is similar to the Navajo sandstone.
Supplies of fairly good water are obtained from conglomeratic sand-
stone of the McElmo formation in the vicinity of the town of Green
River, Utah, and the sandstone beds are probably water bearing in
other places.

In California the Franciscan formation is of either Jurassic or Lower
Cretaceous age, probably Jurassic. It is several thousand feet in
aggregate thickness and comprises sandstone, conglomerate, shale,
limestone, bedded radiolarian chert, and schist, much altered, shat-
tered, and metamorphosed by intrusive and extrusive igneous rocks.
This formation is too compact to be of much importance as a source of
water. However, a large yield has recently been obtained on Angel
Island by drilling to a depth of 300 feet and tapping sandstone beds
that apparently belong to the Franciscan.

CRETACEOUS SYSTEM.*
GENERAL CONDITIONS.

The Cretaceous system is well developed and widely distributed in
the United States. It has been divided into two rather distinct rock
series known as the Lower Cretaceous and the Upper Cretaceous,
both of which areimportant withrespect to water. (Seefigs.87and 88,
pp- 264,266.) For convenience in describing the Cretaceous system it

2Lupton, C. T., Geology and coal resources of Castle Valley in Carbon, Emery, and Sevier counties,
Utah: U. S. Geol. Survey Bull. 628, pp. 23-26, 1916.
8 Gregory, H. E., op. cit., p. 126.
% Lupton, C. T., op. ¢it., p. 17.
2 The following publications (of the U. S. Geol. Survey, except as indicated) give information relating
to water in Cretaceous rocks in the United States:
Alabama, Water-Supply Paper 114; Alabama Geol. Survey cooperative report on ground water.
Arizona, Water-Supply Paper 380; Bulletin 435.
Arkansas, Water-Supply Papers 114, 399; Prof. Paper 46.
California, Water-Supply Papers 375, 446, 495.
Colorado, Seventeenth Ann. Rept., pt. 2; Monograph 27; Prof, Papers 32, 52; Bulletins 265, 350;
Geol. Folios 36, 58, 68, 71, 135, 153, 186, 203.
Delaware, Water-Supply Papers 106, 114; Bulletin 138; ‘Geol. Folios 137, 162, 211.
District of Columbia, Bulletin 138; Water-Supply Paper'114; Geol. Folios 70, 152,
Georgia, Water-Supply Papers 67, 114, 341, Bulletins 138, 164; Georgia Geol. Survey Bull. 15
(cooperative report).
Towa, Water-Supply Papers 114, 203; Geol. Folio 156.

(Footnote continued on page 252.)
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may be regarded as occurring in three regions in the United States—
the Atlantic Coastal Plain (including the coastal plain adjacent to
the Gulf of Mexico), the westera interior (parts of the Great Plains,
the Rocky Mountains, and the Colorado Plateaus), and the Pacific
coast region. The first two of these regions contain valuable Creta-
ceous aquifers.

COLUMNAR BECTIONS.

The following tables give the generalized geologic columns, with
reference to ground water, for the Cretaceous and overlying rocks in
eight different parts of the country—three in the Atlantic Coastal Plain
and five in the western interior. The Tertiary and Quaternary for-
mations are given for reference in connection with the description of
those systems (pp. 271-309).

(Footnote cdntinued from page 251.)

Kansas, Water-Supply Papers 8, 273; Prof. Paper 32, Geol. Folio 212.

Kentucky, Water-Supply Papers 114, 164,

Louisiana, Water-Supply Paper 114; Prof, Paper 4o.

Maryland, Water-Supply Paper 114; Bulletin 138; Geol. Folios 13, 137, 152, 182, 204; Maryland
Geol. Survey Special Pub. 10, pt. 2 (cooperative report).

Minnesota, Water-Supply Papers 114, 256; Monograph 25; Geol. Falio 117.

Mississippi, Water-Supply Papers 114, 159.

Montana, Water-Supply Papers 221, 518; Geol. Folios 55, 128.

Nebraska, Water-Supply Papers 12, 70, 215, 425; Nineteenth Ann. Rept., pt. 4; Prof. Papers 17,
32; Geol. Folios 85, 87, 88, 108, 156.

New Jersey, Water-Supply Papers 106, 114; Bulletin 138; Geol. Folios 137, 157, 162, 167, 211.

New Mexico, Water-Supply Papers 123, 343, 380; Bulletin 435; Geol. Folios 199, 214.

New York, Water-Supply Paper 114; Prof. Paper 44; Bulletin 138; Geol. Folio 157.

North Carolina, Water-Supply Paper 114; Bulletin 138; Geol. Folio 80; North Carolina Geol. and
Econ. Survey, vol. 3 (cooperative report).

North Dakota, Monograph 25; Bulletin 575; Geol. Folios 117, 168, 181

Oklahoma, Water-Supply Paper 148.

Pennsylvania, Water-Supply Paper 106; Bulletin 138; Geol. Folios 162, 167, 211.

South Carolina, Water-Supply Paper 114; Prof. Paper 90; Bulletin 138.

South Dakota, Water-Supply Papers 34, 90, 227, 428; Seventeenth Ann. Rept., pt. 2, Twenty-first
Ann. Rept., pt. 4; Prol. Papers 32, 65; Bulletins 575,627; Geol. Folios 85, 96, 97, 100, 107, 108, 113,
114, 127, 128, 156, 164, 165, 209.

Tennessee, Water-Supply Papers 114, 164; Tennessee Geol. Survey Bull. 26 (cooperative report).

Texas, Wates-Supply Papers 190, 191, 276, 317, 335, 375; Eighteenth Ann. Rept., pt. 2; Twenty-
first Ann. Rept., pt. 7; Geol. Folios 42, 64, 76, 183.

Utah, Prof. Paper 56; Bulletins 541, 628.

Virginia, Water-Supply Paper 114; Bulletin 138; Geol. Folioe 13, 80; Virginia Geol. Survey Bull.
5 (cooperative report).

Wyoming, Water-Supply Papers %0, 425; Twenty-first Ann. Rept., pt.4; Prof. Papers32, 51, 53,
6, 65; Bulletins 3684, 471, 543, 621, 641, 856; Geol. Folios 107, 127,128, 141, 142, 150, 173.
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptions of their water supplies.

Maryland and Delaware. o

WATER-BEARING FORMATIONS,

Maxi-
mum
System. Subdivision. thick- Lithologic ckaracter. ‘Water supply.
ness
(feet).
¥
kil Clay, loam, sand, gravel, | Small supplies of water are
. geat, and ice-borne boul- obtained rather geneta.lly
£ | | matbottor O acion. of Stacraces ‘of | Locons depasits, cspotiaily
. a_series o [ ne s, €s]
Quaternary. | 3 § wiatlon. which the Sunderlandis | of Wicomico and Talbot
2 forma- highest and oldest and | formations. Water from
& 21 ton the Talbot is lowest and | Talbot formation islikely
5 Sunder- youngest. to be salty.
§ 8| landfor-
58 mation
€ F ous clay, loam Sl;gpliesman rings and
g Brandy- sand, an%sfravyé occur- llow w&z.p lgxs)callms
3 winefor-| 50| ringin erosion remnants | beds of clean sand
23 mation unconformably on older | gravel yield rather copious
E formationsat high levels. supplies.
= ;
92 | Cohansey Sandy formation with
&s (?) or s:r‘;j gravel and clay lenses,
o8 York- bun-| e©ncountered in wells in | Yields water in many places
g § town(?)| gr.q| southern Delaware and | butis very irregular.
23 feet, throughout Worcester
E o tion. "} County, Md.
8t. Marys .
Clay, sand, and greenish- | Yields rather large supplies,
. m" 150 | “4iie sandy (;]ayg chiefly from basal eds. "
&
Choptank b
@ | e forma- Sand, clay, and marl. Probably yields water from
g § tion, » €87, upper béds.
S8
| 8 | cavert Sand, lay, marl, and dis- | 2o bede bobecon Bond
mar] rom beds between 35 an
forma- +200 toﬁaeegu's earth. 75 feet above base of for-
tion. mation.
3 Q‘ Nanjemoy
Clayey greensand with
forma- +125 Yields abundant supplies
§ § tion. some gypsum. from deposits neal'p
o | 8 and also important sup-
g plies from beds near top
g Aquinfor- | ;o0 | Greensand and greensand | of formation.
| E mation. marl.
Rancocas
i forma- 20 | Greensand marl.
-§ tion.
Mon-
Cretaceons. mouth
2 tion.
o
3l
1) I:i)rma- +50 Darkymicaceoua 8andy | Not a water horizon.
on. .

6Clark, W. B., and oti ars, The surface and und
Delaware and the District of Columbia: Maryland G

ound water resources of Maryland, including
. Survey special publication, vol. 10, pt. 2, 1918.
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Columnar sections of the Cretaceous, Tertiary, and Quaterna;

rocks in the United States,

with descriptions of their water supplie ntinued.
Maryland and Delaware—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
2
Sand and clay which
Magothy Widely water bearing.
8N | w| g rapidlynoth | MV R s
§ tion. cally. plies.
g
g Yields rather large supplies
o Raritan Thick-bedded light-colored
o forma- 200 |  sand, grading into gravel m’nm t?alt‘:ayeil;%:ﬁdlg
& tion. and clay. o
o higher horizons.
=)
Highly colored and varie- | Yields moderate supplies to
P'}g?g’:_" 200 ﬁ%te{l clay, grading into |  many shallow wel s, and
Cretaceous. , to ghter sandy clay and rather h;lif: supplies to
,g m. some sand. deeper wells.
a8
0
g | g | Arundel Lenses of iron-bearing cla;
5 ? forma- 125 | 40ree tough, and dark. | | Not & water horizon
e |5
S |3 Sand, sandy clay,and cla
nd, sandy c! .
IR Th sandls 1 part pure | Vioa Tuket oS0 sipEley
an: y;in part con- y
forme- | 350 | {ainile knolinized fed. | Somewhst smallor "sup-
on. spar. Cross-bedded and g es from deposits near
irregularly bedded. op of formation.
Georgia.b
e R Teh mud,
; sand, marsh mu
Recent series. swamp deposits, and
beach sand.
Near coast mud and sand
il a S“}g{,‘h‘& 50 %oln inir Ixlm;rm e shells.
& 0 uviate phase, coarse
Qusternary. 5 ) tion. sand, gravel, and ciay.
o | ® Yield moderate supplies of
gl e nonartesian water to
g a Coastal-terrace phase, gray many shallow dug and
£ | 8| Okefe- sand of perhaps beach ori- |  driven wells.
ﬁ ._.=°’ nokee 0 gin; argillaceoussand and
= |8 forma- small amount of gravel.
tion. Fluviate phase, coarse
sand and gravel.
)
LY Soft white argillaceouslime-
Tertiary. g8 Cl:;‘é%% for- () stone and laminated fos- Uni;“tg?fm“t"'sam”‘
§§ * siliferous greenish clay. water.
R~

b Stephenson, L. W.,and Veatch,J. 0., Uggoerground waters of the Coastal Plain of Georgia: U. 8.

Geol. Survey Water-Supply
Survey Prof. Paper 95, pg.
Jackson age in Georgia: U.

Paper 341, 1915.

ke, C.

W, The age of the Ocala limestone: .
107-177,1916. Cooke, C. W., and Shearer, H. K., Deposits of Claiborne and
8. Geol. Survey Prof. Paper 120, pp. 41-81, 1919.

. 8. Geol
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptions of their water supplies—Continued.

Georgia—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(feet).
; Sandy shelly marl, slightly
Duplin marl. 15 ‘phosphatic. ’
- C%ld:?gns Dot w:!l knowrl;:
A ; ut these formations prol
8 Vﬁbsandy nish ang ably supply some artesian
% | Marks Head clay, fine gray and | 7§
1 marl. 45 | brownish phosphaticsand,
@ and sandy laminated clay
g with calcareous nodules.
A Marine fossilife
arine fossiliferous, green-
Alum Blust 20| 18 or ray  argillaceous | Contains looal water-bearing
formation. ﬁnd am‘fgudylaminam beds.
y-
Chattah Containst bteids ylel‘dmrgt coree
00~ quantities of artesian
1 1 chee forma- 150 | Gray and drab compact fos- |  gqter suitable for domes-
18 siliferous limestone. tic use and for most indus-
| .§ trial purposes.
1 ©
g Mainly heavy-bedded soft . .
3 v:hi fossi tero:ls lilillle- Contm%si;t;oedsfyieldlpg largg
2 burg stone, extensively silici- uantities of artesian ang
'3 vmti for- 300 | fied, overlain byrgdmsid- gonartesian water suitable
mation. ual sand containing flint for domestic use and for
fragments. Contains most industrial purposes.
some sand and clay beds.
Ocalalime-
stone (in . e
Tertlary. south- Contains beds yielding arte-
western 150 White ular fossiliferous sian water suitable for do-
Georgia). | . limestone. mestle use and for most
Contains | 2 industrial purposes.
Jackson |8
Is. g
g
=
Bamwell | g Mainly red and varicolored
tion (in |§ fossiliferous marine sand;
eastern | © thin beds of silicified lime-
Georgia) 100 stone or chert and sand-
Contgas stone and quartzite.
g | Jackson m’l‘wiseggs clay member 8t | ooy numerous beds
1 yielding large quantities of
E good water.
£ | McBean for- Variable in lithologic char-
§ mation. acter; mainly clayey and
5] Contains 400 sandy fossiliferous marl,
Claiborne drab sandy clay, and full-
fossils. er’s earth.
Dark ligniticand glauconitic
Wilcox for- clay of the nature of full- | Contains water-bearing beds;
‘mation 150 er’s earth and varicolored | importance not ascer-
: unconsolidated sand and tained.
Y.
B e ey %L | Gontains beds yielding tar:
4 s of white clay, to- ntains s yielding fairly
Mg;vggnf.or- 400? gether with rossili‘frerous large quant&lies of good

limestone, marl, clay,and
calcareous quartzite.

water.
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptions of their water supplies—Continued.

’
Georgia—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
Gray calcareous mi Tt Ry ormation soniain
. ra; eous micaceous | of the formation con
8 sazd, dark-gray to black | numerous sand beds Field-
Ripley for- sandy clay and shell marl ing large quantities of good
pley 4950
% | “mation. fine fo cross-bedded sand | water; the clayey and
é with subordinate lenses of wmarly beds near the mid-
] clay. dle contain some water-
§ bearing beds.
5 Calcareous sand, sandy .
2 Eutaw for- limestone, and more or | Thelower part contains beds
5'| “mation. 50 L‘i—?}.ﬁf““y S hadded g | Tiies o good waiay 408
Cre s liscmﬁ. sant es of good water
and clay at base.
g
E e grined o bedded
arkosic s: with subor-
Contains numerotis beds
§ Mgt on | S e et | O i eandl
S approaching kaolin in| 8ood water.
composition.
8
Pre-Cambrian. Crystalline rocks.
Eastern Texas.c
Yields small supplies of pota-
Recent series 50 Fluviatile and beach de- [ ble water to some
. posits. wells where the deeper
water is salty.
Blue calcareous clay, with | Yields small supplies from
Bmxmont 800 lenses of sand and a':andy sandy lenses. Much of the
. Y- R clay. water is too salty for use.
Quagernary. 3
: i .| 900 | Gravelandcoarsesand, witn | O1e t?e‘r%:e most fimp"ﬁ“t
Lissie Vi water-bearin; ormations
§ e lenses of clay. in the region.g
-2
é Deposits of
highest Ple- 50 Fluviatile deposits consist- | Relatively unimportant for
istocene ter- ing in part of gravel. water supply.
race.
< . . Notimportant in eastern part
~ Fluviatile deposits consist- | of State, but in the area in
Teptiary (7) Reynosa for- 100] ing of fiint gravel an which it crops out, west of
. mation. limestone débris embed- | Brazos River, it yields po-
3 ded in a clay matrix. table water from sand and
M gravel members.

¢Gordon, C. H., Geology and underground waters of northeastern Texas: U. 8. Geol. Survey Water-
Supply Paper 276, p'F. 3744, 1911. Deussen, Alexander, Geology and underground waters of the south-
eagtern part of the Texas Coastal Plain: U. 8. Geol. Surve; atet—Sppptlf Paper 335, pp. 27-29, 1914.
Matson, G. C., The Pliocene Citronelle formation of the Gulf Coastal Plain: U. 8. Geol. Survey Prof. l'Papet:
98, &p. 167-192, 1916. Ste%henson, L. W., A contribution to the lgeologv of northeastern Texas and
southern Oklaboma: U. 8. Geol. Survey Prof. Pager 120, gp 129-163, 1918. Trowbridge, A.C., Reconnais-
sance of Gulf Coastal Plair of Texas: U 8. Geol. SBurvey Prol. Paper 131, pp. 85-107, 1923.
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Columnar sections of the Cretaceous, Tertiary, and Qua&ema& rocks in the United States,

with descriptions of their water supplie ntinued.
Eastern Texas—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. Water supply.
ness
(fest).
. Cross-bedded coarse gray
§_8 Dewitt for-| ; oo, | semi-indurated, high IK Yields water freely from
SE mation. 4 calcareous sandstone wit. sandstone beds.
(R4 lenses of clay.
Maﬁneandngnmaﬁne?lue,
fneen and gray clay;
. | Pascagouls ocally calcareous; some
3 day 300 { large calcareous concre-
B * tions and manysmall nod-
2 ules; some layers of sand
g and sandstone. Do not yield much water.
ﬁ . Nonmarine blue and gray
Hattiesburg 350 clay, some layers calcare-
clay. ous; thin layers of sand
and sandstone.
@ Nonmarine gray sand, sand-
- stone, fine conglomerate,
g% Catahoula 1475 qtauartzite, and clay. For
&g | sandstone. s te;ne]nt i g me-
° chani Bt OEPOSIION | il water fresty to flow-
ing and nonflowing wells.
- Marine y sand, sand-
Fayette sand-| 1o, |~ Sfone, quartzite, and dark
: calcareous clay.
Calcareous blue clay with
Tertiary. Jafig‘fn forma- 50 ltxinge limestone concre- | Does not yield much water.
ons.
Green clay with concretions
Yogua for- | 750 | “5F selenite and lenses of | Yields considerable water
sand and lignite.
‘g’" Imﬁgulardm:ﬁses <i)]f1 yellow :
. sand an H laces
|8 c‘::oali‘nuﬂtgrn- 400 | lemsesof greez calcateous, | Yields water freely from
8| g mation. glauconitic, fossiliferous lower part of formation.
g g marl; of iron ore and
ol lignite.
218
§ )
Red ferruginous indurated
Bl MoantSd ) o o with onses of | Yields water freely to flow-
mation, gnite and clay; bedsand ing and nonflowing wells.
* concretions of iron ore.
At the top 50 to 200 feet of
white pomu.:;1 lq'%s:hwatet-
Wilcox forma- ; g san SOme | yields water freely to flow-
i 1,100 | interstratified clay. Far- : ?
tion. ’ Pherdomn lontivulns mass. |  ing and nonflowing wells.
es of sand, clay, and lig-
nite and beds of marl.
Black and blue clay with The clay yiel
. < . y yields no water.
Midway forma- 500 interbedded strata of lime- Some sandy beds yield

tion.

stone and some lenses of
sand.

mnsger euny tae
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptions of their water supplies—Continued..

Eastern Texas—Continued.
Maxi-
mum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
Navarro for- Shaly clay, fine sand
mation. 1,000 any sandy clny'.;ray !
The clay and marl are not
water- nﬁ except lo-
Chiefly gray or bluish-gray cally where they are sandy.
. calcareous shaly clay or The sand beds are impor-
3 marl. At top Pecan Gap | tant water bearers in
% | Taylormarl| 600 chalk member, 50 feot | Arkansas but of doubtful
K] thick, underlain by Wolfe |  valuein Texas.
-] City sand member, 100
] feet thick.
]
| Not <t>f val';‘:g as a source of
N water. @ more porous
§ Austinchalk.| 600 | Chalk. parts yield some ,,e};, had
g water.
g
B Sand strata yield water.
) Facfnls Ford 600 | Chiefly clay. Containssand The clay yields none or
y- strata near top. only meager supplies of
Cretaceous. highly mineralized water.
‘Woodbine The sand strata at several
sand. 800 ( Sand and shale. horizons yield water freely.
@ Generally yields no water or
] ‘Washita Impure limestone and marl, | only small sup;;lies. Lo-
=] group. some sand. cally considerable water
g from sand lenses.
8
§ g Yi'ie‘lds Ht{’lgtwater {in eastern
2% | Fredericks- Massive white chalky lime- exas Suppes many
3% 11
g2 | burggroup. stone and calcareous clay. m{:ism:gg oo & é:v[:lr’S;
3 limestone.
£
(4]
§ Trinit Sand and clay with thin | One of the most important
e oy beds of limestone and | sources of water in the re-
= group- some shale. gion.

Northwestern Nebraska and adjacent parts of Wyoming and Sonth Dakota.d

Quaternary, | Alluvium. 50 | Gravel. Ylsilg:,érs:ll eylsn. the larger
2
88 | Ogalalla for- 250 Calcareous grit, sandy clay, | Yields large supplies of good
2 S ] mation. sand, and gravel. water to many wells.
n‘ w
. . . Yields moderate supplies
Arikaree Gray sand with beds of .
Tertiary é formation.| 890 pi{)y SOCretions. espeffxally from coarse basal
2
@ .
: Yields water but is not an
£ | oming o | 4200 | Coarssand, ol sandsione, | ¥iimprcnsource o sup-
: ply.

dCompiled from various sources, chiefly U. 8. Geol. Survey Prof. Papers 17 and 32, by N. H. Darton.
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptionsg of their water supplies—Continued.

Northwestern Nebraska and adjacent parts of Wyoming and South Dakota—Continued.

Maxi-
mum
System. Subdivision. tgiecég- Lithologie character. ‘Water supply.
(feet).
P Ogemsy vigds eny small
é Brule Hard ginkish clay, more or ples, bu 2
< 600 24! laces it yields rather
S B | clay. less sandy and jointed. Keel ® Some of water 18
Tertiary @ § highly mineralized.
- ot
K
2 | Chadron Pale nish-gray sand- | v
g g forma- | 100 i e g Yields wafer in a few places.
g | Fox Hills Yields moderate su
plies in
é sand- 700 | Sandy and shaly beds. somns localities, P
g
E Pietre 1.200 | Dark hal Yicc;itlis no water or sl.it bes?
. ar. shale. meager supplies of
% 5 | shale L eray water of poor quﬁx%y.
wv
0
Niobrara
281 g forms- 400 | Chalk and calcareous shale. | Yields small supplies in
Creta § g tion some places.
cwl]s- &
Els
£ig Gray and dark shale, thin :
enton ? Generally yields but little
§ § shale. |£1,000 zg:g;bs&eﬁsumestone, and Water.
Widespread artesian aqui-
Dakota sand fet?sPGives rise to a large
to sand- 200 | Massive buff sandstone. number of wells, includ-
stone. ing numerous strong fiow-
ing wells.
Black Hills region. ¢
| 5
£|g|Bruecy. | 200
S o
Tertiary. g 5
S| & | Chadron
g 2| formation. 100
B
§' Similar to preceding section.
&
, Pierre
%[ 81 shate. 1,200
g3 '
2|8
R
<
Cretaceous. g . | Niobrara
2] 8| forma- 225
o1 s tion.
g6
N
58 Generally vield but little
S | Carlile Gray shale with thin sand- | ™ Ga¢0 ¥ Best water bed is
= 600 stone, limestone, and con- ;
< shale. o 4 a sandstone near top of
© cretions. the Carlile shale.

e Darton, N. H., Artesian waters in the vicinity of the Black Hills, 8. Dak.: U. S. Geol. Survey
Water-Supply Paper 428, pp. 9, 16-23, 29-32, 1918.
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptions of their water supplies—Continued.

Black Hills reglon—Continued.

Maxi-
mum
Bystem. Subdivision thick- Lithologic character. Water supply.
ness -
(feet).
g §' ?im"’mmg 65 | Impure slabby limestone.
B
Els
'g Graneros Dark shale with some lenses | Generally not water-bear-
g 2| " shale. 1,150 | of massive sandstone in | ing, but Xlstonddsme water
818 - its lower part. from san 0 lenses.
8
o
i3
% oD S hves Tron o' T
er. ves rise to a la
§| Dakotasand- | 50 | yoscive buff sandstone. number of wells, includ-
=] . ing numerous strong flow-
Cretaceous. ing wells.
é Massive white to purple
Fuson shale. 150 | shsleand veryfine grained | Yields little or no water.
E sandstone.
g Mnum 30 | Gray limestone.
8
-] Massive buff sandstone, | Yields large supplies of wa-
B | Lekotasand- | g0 | Gitn” some intercalated |  ter. Gives rise o strong
Al " shale. flowing wells.
Cretaceous (?).| Morrison shale. 150 | Massive gray, greenish, and | yyg)qs little or no water.
Central Montana./

Coarser ¢, are water-bear-
ing and supply shallow
dug wells ; finer types are
non water-be: o} a'r
m supplies” of "poor

Quaternary. Alluvium que:hg? . Sgg:e municipal
supplies are obtained from
alluvium. Themost abun-
dant ylelds are obtained
in the valleys of large
streams.

]

" Water-bearlni where suffl-

;3, - ciently tf;hlcm ?éld not ex-

; & | Terrace ) dral;

Tertiary. % | deposits. 200 | Gravel. g\?edlies ed welm

s t0 200 feet deep near

g of Big Snowy Mountains.

E|

/Bowen, C. F., Anticlines in a part of the Musselshell Valley, Mont: U. 8. Geol. Burvey Bul. 691,
. 188-189, 1918; Woolse , L. H., Richards, R. W.,and Lupton, C. T., The Bull Mountain coal field,
usselshell and Yellowstone counties, Mont.: U, 8. Geol. Survey Bull. 647% 18-32, 1917; and unpub-
lished material, chiefly by A.J. Ellis. The water-supply data are by A J. Ellis, and G. M. Hall.
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
witj;: descriptions of their water supplies—Continued. ’

Central Montana—Continued.

Maxi-
mum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
Generally water-bearing, but
Al beds of mas- yields{re for the most part
give ant yellowish | small. Principalsourcesof
g to buff sandstone, clay, | water aresandstone lenses
k] shale, and coal. Atbase| andcoalbeds. Shalelenses
% | Fort Unlon is Lebo shale member,| are non water-bearing or
Tertiary. ° formation. |+3:000 of dark olive- | furnish small supplies of
] * to brown sandy | poor quality. Somelenses
§ e and thin-bed: ar- of ﬁne—gmivned sandstone
=] kosic sandstone with beds Fresent obstacles to finish-
Ofdconl sandstane s ber geni‘:llo
an N mem] non
water-bearing. v
Generally water-bearing.
Principal sources of water
3 are sandstone beds, es)
i L e it o
Alteenating beds of massive S eone mer
Tertiary (7). | & | Lance forma- | | o yallowﬁigg-brown and gray ?ﬁ: é"t:tl;“ ?ﬁ%:ﬁnigas?mg!
Ty () | 2| Ttion. ’ sandstone and buff to ’
turall vorable places
gray shale.
sup) flowing ‘wells.
Shale beds are generally
non water-bearing or fur-
nish meager amounts of
highly mineralized water.
IR | Vomer gt masivolons ,
?lt:cn al laces cross-bedded; mid- Pri:bam‘ll%c fma:r devel-
sround w| o part, brown andesitic opgeh Staplics this
Crazy beds; upper part contains | STV PP
Moun- abundant tufaceous mate- .
tains). rial. Not widespread.
Generally non water-bearing.
Doty Al umsaitable. ot
Bearpaw Darkshale, withsome sand- | Jeary Al unsuiaoie for
”'f: 1 d domestic use, have been
. shale. [¥1:90 | "stone near base. obtained in & few places
% from somewhat sandy
g . layers.
g
& Generally water-bearing
Cretaceous. Water of fair quality and
5 Judith adequate for domestic use
g -] umver Sandstone and  shale. | except where the forma-
S | forma- | +350| Lower part chieflysand- | tlon Is very thin. Where
§, L) t, stone. the formation is thin sup-
) on- plies from this source re-
=] semble thoge from the
‘Bearpaw and Claggett.
Non water-bearing in Mussel-
Claggett shell County but contains
forma- 490 | Dark shale and sandstone. sandstone members in
tion. Stillwater County that are
probably water-bearing.
Eagle Chiefly sandstone biit with | * Buppliss fowins wells 1o
i sa ne but wi upplies flowing wells in
sand- +300 oonsyidemble shale. sm!;gtumlly favorabls

stone.

places.
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptions of their water supplies—Continued.

Central Montana—Continued.

Maxi-
mum
System. Subdivision. thick- Lithologic character. ‘Water supply.
ness
(feet).
Chiefly shale but with sev-
. eral beds of sandstoneand
2 conglom%rl:l:ite. Iﬁ ]s_ome
T areas a n sandy lime-
5 sions ‘caled {ho Moty | GSgeraly aan water boaring
a sand oceurs 675 fest below 5 estic
-] the lop. At the base is use is obtained from the
g | colorado found 30 to50feet of thin- | 40Py sand ‘and other
2] shale +2,200 ded sandstone, called | 20 ayers. The Cat
5 - Creek sand yields artesian
2 the Cat Creek sand, which flows of potable water 1
5] is approximately equiva- | 77390 Pota o e I
] lent to the top sandstone | Lol a> orable
& of the Cloverly formation -
=) and the Dakota sand-
stone, which underlies the
Cretaceous. Colorado group.
] Generally yields potable
B water. In structurally fa-
2 vorable areas it yields
] Red, gray, and white shale large supplies of artesian
2 with thick beds of sand- water under considerable
& | Kootenai for- 500 stone in the upPer egan. pressure. In some places
2| mation. * Contains several beds of | South of the Big Snow
g coal in the Lewistown | Mountains highly mineral-
?_ and Great Fallscoal fields. | ized thermal waters have
54 been obtained from_ the
g Kootenai by drilling
= through the Colorado.
Southwestern Wyoming.g
Clay, silt, sand, and gravel A v .
Quaternary. 430 goﬂ:pos'tiing ﬁqi:d-plﬁ?and Wl‘)lllac{‘:ld water in some
errace deposits. .
Bridger § Greenish efiallld eind tclayl,
er forma- composed largely of vol-
tiog. 1,800 canigssh with ogcasional
calcareous white bands.
. Thin-bedded shale, sand-
Green River +2,000 stone, and limestone, for
formation. 4 the most part light col-
R ored.
]
g Red ém% elgovtv slandy clt:(x;
Tetiars. | | | Kpient and shele interiaminate .
g & {?gf a | £1,500)  Or'reqdish ‘s od ) one. | vvater bearing.
2 ) . Local areas of concretion-
a ary limestone.
g | Fowkes Light-colored rhyolitic ash T
% forma- | 42,500 beds with interbedded
2 tion. limestone.
Almy for- Red and yellowish-white.;. . .
+2,200{ conglomerate, sandstoney,
mation. | =% sn?lgsandy day. .
O tolons T Wik
€retaceous : H PRy
b Evanston formation. | +1,600| clay interbeddedwith-
orTertiary. ' Sandstonie snd conm%link‘ v
several small coal beds. -

¢ Compiled chiefly from Veatch, A. C., Geography and geolog?v

withs al references to coal and Geol. Survey Prof
163, 1!8?;‘“ v

it: 0. 8.

ol

of a portion
Paper 56, tab olfp,‘p 50 and pp. 162-

southwestern Wyoming
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Columnar sections of the Cretaceous, Tertiary, and Quaternary rocks in the United States,
with descriptions of their water mppliea-—-&ntinued.

Sounthwestern Wyoming—Continued.
Maxi-
mum
Bystem. Subdivision. t};ie::- Lithologic character. Water supply
(feet).
‘White y, yellow, and
s || it et Sy
a {gnma- +4000| pedded brown and white | FTobably water bearing.
g . sandstone and numerous
é beds of coal.
g | Hilliard Gw and hiack sandy shale,
] forma- | 6,800 th some clay and shaly
. tion. sandstone.
; Alternating beds of gray
] and yell%w clay, shale,
-] . and sandstone containin,
Cretaceous § . | Frontier numerous beds of .
) 32 =3 forma- | 2,000 Forms prominent ridges | Probably water bearing.
g H tion. or hogbacks. Near top of
-3 formation 8 pronounced
8is bed _of coarse sandstone,
B 'E in places conglomeratic.
Pls
8 Aspen Gray and black shale, shaly
forma- | 2,000 | sandstone, and beds of
tion. compact gray sandstone.
le:ck shslg, sg:%y sl?nd-
Bear River for- stone, anc¢ s me-
45,000 stone. Several thin beds
mation. ! of coal and bituminous
shale.
Northeastern Arizona and northwestern New Mexico A.
Ranks next to the Dakota
Chuska sand- ‘White and gray porous i
g stone. 900 | " oross-bedded sandstone. gznyt}::gn:agr-im capacity
Tertiary. 2
Dark-brown and whiteshale
s | Tobachishale. | 1,100 [ “ 0 4o v ordinate sandstone. Yields some artesl. an water.
The sandstones of the Mesa-
Mesaverdeand Light-colored sandstonecon- |  verde formation have con-
later forma- | 1,100 aining shale and seamsof | siderable porosity and
tions. coal. constitutesoms of the chief
water bearers of theregion.
Gray calearoous shale &t | o engloisimpervious. The
base, changing to buff and dst trata m
Cretaceous. Mancos shale. | 800 g{,‘b‘;’:n‘i becoming sandy ;aiad Some water. Y

Upper Cretaceous series,

Bas large capacity for hold-
{ Ming wter, bo

th between
the constituent grains and
in cavities. WIill probably
yield water freely. Im
Some places the water may
be highly mineralized.

& Gregory, H. E., The Navajo country — a geogr:

Arizona, New Mexico, and Utah: U. 8. Geol. Survey

497781 O-59~20

ater-Supp

hi d hydrographic reconnaissance of gsrts of
a‘g fer- {y Papcgsao,pl. 21 and p- 126, 1916,
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LOWER CRETACEOUS SERIES.

Lower Cretaceous formations crop out along the inner edge of the
Atlantic Coastal Plain from New Jersey to Texas except in parts of

°

that

L)

portant aquifers; in
ce; in the Pacific

-~

IGURE 87.—Map of the United States showing areas in which rocks of the Lower Cretaceous series are at or near the surface. Includes some rocks

may prove to be basal Upper Cretaceous. In the eastern part of the United States and in Texas the Lower Cretaceous contains im:;
the western interior (chiefly Montans, Wyoming, South Dakots, and Colorado) it ylelds considerable water but is not of leading im;

coast region it is unimportant as a source of water.

N
Ag[ —
({4
.‘.
v
& i
- - '113. ‘_‘hb ‘s 2
o el ‘

12

Virginia and North Carolina and in the Mississippi embayment from
Alabama to Arkansas, where they are overlapped by younger forma-
tions. (See fig. 87.) The areas of outcrop are relativelv narrow ax-
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cept in Texas, where Lower Cretaceous formations are at the surface
over a wide area. The Lower Cretaceous formations rest with pro-
nounced unconformity on rocks ranging in age from pre-Cambrian
to Triassic. They dip gently seaward and in that direction pass
beneath younger formations that dip in the same general direction.

The Lower Cretaceous series east of Mississippi River consists of
several hundred feet of irregular gravelly, sandy, and clayey beds
and contains some of the leading aquifers of the country. It yields
supplies in variable amounts to many wells in its areas of outcrop
and for some miles beyond, where it is still within reach of the drill.
Although it dips very gently—generally much less than 1°—it soon
passes too far below the surface to be commonly reached in drilling.
Moreover, at cunsiderable depths the water is likely to be salty.

West of the Mississippi the Lower Cretaceous series thickens until
it attains a thickness of more than 2,000 feet. It also becomes more
calcareous, about one-half of it being limestone or chalk. The Lower
Cretaceous of this region includes a number of good aquifers and is
a very important source of water. It is divided into three parts—
at the bottom the Trinity group of formations, consisting largely of
sand, but with some clay and limestone; in the middle the Freder-
icksburg group, consisting largely of limestone; and at the top the
Washita group, consisting chiefly of impure limestone and marl.
The clay and compact limestone do not yield much water, but the
beds of porous sand and fissured limestone are good water bearers.
The best water beds are the sands of the Trinity group.

Lower Cretaceous formations underlie considerable parts of the
western interior region, but they are here not so widespread and not
nearly so important for water supply as the Upper Cretaceous. They
are found mostly in the northern part of the region. They consist
chiefly of shale and sandstone. Some of the sandstones are water
bearing, notably the Lakota sandstone, in the vicinity of the Black
Hills, and the Cloverly sandstone, in the Big Horm and Laramie
mountain regions in Wyoming. The Purgatoire formation in Colo-
rado contains water-bearing sandstone but generally lies too deep to
be reached by wells. In Montana the Kootenai formation, which is
at least in part Lower Cretaceous, includes beds of sandstone -that
yield water. In the Great Falls region it is the principal water-
bearing formation and gives rise to numerous springs and flowing
wells. Below the Lakota, Cloverly, Purgatoire, and Kootenai is the
Morrison shale, which yields little or no water.

In the Pacific coast region Lower Cretaceous formations (Knoxville
and Horsetown) are well developed, attaining a thickness of several
thousand feet, and consist chiefly of shale and sandstone. These
formations, however, carry little water and supply but few wells.
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UPPER ORETACEOUS SERIES.

The Upper Cretaceous series is more widespread in the United
States than the Lower Cretaceous and is more important as a source

ic Coastal Plain

FIGURE 88.—Map of the United States showing areas in which rocks of the Upper Cretaceous series are at or near the surface. In the Atlanti
in the western interior (Great Plains, Rocky Mountain region, and Colorado

Plateaus) its basal formation is the Dakota sandstone, one of the most valuable aquifersin the United States and a notable artesian reservoir.

(Long Island to Texas) this series contains several important aquifers;

|

of water. I.isof great value for water supply in the Atlantic Coastal
Plain and in the western interior, including the Great Plains, the
Rocky Mountain region, and the Colorado Plateaus. (See fig. 88.)
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In the Atlantic Coastal Plain the Upper Cretaceous series rests on
the Lower Cretaceous, except locally, where it overlaps the Lower
Cretaceous and rests on older rocks. It crops out or lies immediately
below surficial deposits from Massachusetts to the Mexican border in
an irregular belt with a few interruptions, chiefly in Virginia and
North Carolina and in the Mississippi embayment. It dips gently
seaward like the Lower Cretaceous and in that direction passes be-
neath a cover of younger deposits that gradually increases in thick-
ness toward the sea. Where it fails to crop out, in Virginia and North
Carolina and in the Mississippi embayment, it is overlapped by
younger formations and can generally be reached in drilling.

The Upper Cretaceous changes considerably from place to place in
its extensive occurrence beneath the Atlantic Coastal Plain, but it
practically everywhere contains some good water-bearing beds. Its
water is generally of satisfactory quality, except at considerable
depths, where it may be salty. It consists chiefly of clay, sand,
limestone, and greensand marl. The greensand marl is characteris-
tic of the series in this region.

The Upper Cretaceous section in Maryland and Delaware is shown
in the table on pages 253—254. About the same formations extend
through New Jersey, where they have a somewhat greater aggregate

thickness.
In the southern part of North Carolina and in the adjacent part

of South Carolina the Upper Cretaceous has an extensive area of
outcrop. In North Carolina it has been divided into the Black Creek
formation, 500 or 600 feet thick, at the bottom, and the Peedee for-
mation, of still greater thickness, at the top.*® The Black Creek
formation consists of sand, clay, and some marl; the Peedee consists
of clayey and calcareous sand and some greensand. Both yield large
supplies of water to many wells but are irregular with respect to the
distribution of water-bearing sands.

Westward through Georgia and Alabama the Upper Cretaceous
thickens and includes much marl, chalk, and soft limestone. In this
region it also yields much water, especially from the beds of sand.

West of the Mississippi embayment the Upper Cretaceous becomes
still thicker, attaining & maximum thickness of about 3,000 feet in
eastern Texas. Here also it consists of alternating beds of sand,
clay or shale, limestone and marl, as shown in the section on page 258.
The beds of sand are generally good aquifers, but the clayey and
calcareous beds either do not yield water or yield only small supplies
of very hard water. The best water horizons are in the Woodbine
sand, which is the basal formation of the series in Texas.

The Upper Cretaceous underlies the central and northern parts of
the Great Plains, extending eastward to central Minnesota and Jowa

#sStephenson, L. W., The Coastal Plain of North Carolina (the Cretaccous formations): North Carolina
Geol. and Econ. Survey, vol. 3, pp. 73-171, 1912; prepared in cooperation with U. 8, Geol. Survey.
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and southward into New Mexico. It underlies large parts of the
Rocky Mountain region and crops out in numerous ranges of that
region. It also underlies most of the plateau region of western
Colorado, eastern Utah, northwestern New Mexico, and northeastern
Arizona. Throughout most of these regions the basal formation of
the Upper Cretaceous is the Dakota sandstone, one of the most
valuable aquifers in the United States and a notable source of arte-
sian water. It is approximately equivalent in age to the Woodbine
sand of Texas. Above the Dakota sandstone, which is generally not
much more than 100 feet thick, lie Upper Cretaceous formations
which in some places aggregate several thousand feet in thickness.
These overlying formations are predominantly shaly and include
much dense, plastic, impervious shale that will yield no water but is
very effective in confining the copious supplies of the Dakota sand-
stone under artesian pressure. There are, however, several fairly
good water-bearing beds at various horizons above the Dakota.

The Dakota sandstone is found in most of North Dakota, South
Dakota, and Nebraska, in the western parts of Minnesota, Iowa, and
Kansas, and in considerable parts of Montana, Wyoming, Colorado,
New Mexico, Utah, and Arizona. (See sections on pp. 258-263.) In
all these States it includes beds of sandstone and is recognized as a
prominent aquifer, although in some parts it also includes much
non water-bearing shale. It gives rise to strong flowing wells where
it is under cover in low-lying parts of North Dakota, South Dakota,
Minnesota, Nebraska, Kansas, Wyoming, and Colorado. Elsewhere
it supplies numerous pump wells. Much of the water is highly
mineralized. Toward the west, in Montana and Wyoming, it dis-
appears or at least loses its identity as a water-bearing sandstone.

A typical section of the Cretaceous formations above the Dakota
sandstone on the Great Plains is the Black Hills section, given on pages
259-260. Thé Graneros shale, Greenhorn limestone, and Carlile shale
correspond to the Benton shale of other areas and collectively have
in some reports been called the Benton group. They include a great
thickness of impervious shale but yield some water from sandstone
beds. The Niobrara formation yields small supplies. The Niobrara
and Benton formations together constitute the Colorado group. The
Pierre shale is thick and impervious and is notable for its failure to
yield water. In many of the areas where the Pierre lies at the sur-
face it is difficult to obtain water supplies even for domestic and
stock use. The Fox Hills sandstone is generally water bearing but
is absent in much of the region. The Pierre shale and Fox Hills
sandstone together form the Montana group. The Laramie forma-
tion, which in eastern Colorado lies next above the Montana group,
also conteins some water-bearing sandstone. In eastern Montana
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the Lance formation occurs stratigraphically above the Fox Hills
sandstone and in places rests on the Pierre shale. It is from 200 to
1,100 feet thick there and consists of somber beds of clay, with
lenses of sandstone and a little lignite, and locally a basal sand-
stone called the Colgate sandstone member, which may possibly
be equivalent to the Fox Hills.?” This basal sandstone, which in
places is 175 feet thick, is an aquifer of considerable importance,
and the overlying beds also furnish some water. The Lance forma-
tion is of either late Cretaceous or early Tertiary age.

In central Montana the Colorado group is represented by a thick
shale formation that yields very little potable water except from
sandstone near the base, which gives rise to some flowing wells. The
Montana group, however, contains more sandstone in central Montana
than it does in the area farther east, as is seen by comparing the
section for central Montana with the Black Hills section (pp. 259-262).
The Eagle sandstone, Claggett formation, Judith River formation,
and Bearpaw shale are the equivalents of the Pierre shale. They
include several recognized water-bearing sandstones interbedded
with thick beds of impervious shale. In the section in south-
western Wyoming shown on pages 262-263 there are beds of porous
sandstone that will probably yield water in both the Montana group
and the Colorado group of formations. Much of the water is highly
mineralized.

On the Colorado Plateaus (western Colorado, eastern Utah, north-
western New Mexico, and northeastern Arizona) the generally dis-
tributed Upper Cretaceous deposits are commonly divided into three
formations—the Dakota sandstone at the bottom; the Mancos shale,
in the middle; and the Mesaverde formatlon, at the top. Locally in
western Colorado and northwestern New Mexico the Lewis shale,
the Pictured Cliffs sandstone, and a series of coal-bearing nonmarine
Cretaceous deposits are present above the Mesaverde formation.
The Dakota sandstone is generally a few hundred feet thick and
contains considerable water-bearing sandstone or conglomerate.
Much of its water is, however highly mineralized. The Mancos
shale, several thousand feet thick, is an immense body of impervious
shale with some sandstone in the lower part. The Mesaverde for-
mation, in many places more than a thousand feet thick, consists of
alternating beds of sandstone and shale of which the sandstones are
usually water bearers.

In the Pacific coast region the Upper Cretaceous is represented by
sedimentary beds having an aggregate thickness of about 4,000 feet.
Itis exposed largely in the Coast Ranges. It is not important as a
source of water. In San Diego County, Calif., a considerable thick-

% Calvert, W. R., Geology of certain lignite flelds in eastern Montana: U. 8. Geol. Survey Bull. 471,
Pp- 194-198, 1912.
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ness of beds supposed to be Upper Cretaceous have been penetrated
in drilling, and some water-bearing beds have been encountered.?®

CENOZOIC SYSTEMS.
GENERAL CONDITIONS.

The Cenozoic era followed the Mesozoic and includes the present
time. This ers is notable for the deformation and uplift of the earth’s
crust in the western part of the United States and to a less extent in
the eastern part, the voluminous outpouring of lava in the West, and
the invasion of the northern part of the country by huge ice sheets
in comparatively recent times. At the beginning of the era the ter-
ritory now occupied by the United States was for the most part a
low-lymg, pa,rtly submerged regicn. Deformation, uplift, and vol-
canic activity have produced practically all the mountains and pla-
teaus that exist in the country at present. These highlands were
rapidly eroded by the streams, and much of the resulting rock waste
was deposited by the streams on the lowlands, producing thick and
widespread alluvial deposits that contain numerous irregular beds of
water-bearing gravel. Voleanic activity produced very thick and
extensive sheets of lava, consisting largely of water-bearing basalts.
The great ice sheets eroded the bedrocks and brought with them and
deposited vast quantities of rock waste called glacial drift, much of
which was assorted by the waters that flowed copiously from the ice
sheets, producing abundant deposits of water-bearing gravel. Sedi-
ments were also accumulating in parts that were still submerged by
the sea, notably in much of the region now occupied by the Atlantic
Coastal Plain.

The Cenozoic formations therefore comprise glacial drift, alluvial
and lacustrine deposits not related to glaciation, marine deposits,
and volcanic rock—all of which contains much water-bearing mate-
rial. The Cenozoic formations, being the last deposited, immediately
underlie the surface throughout much larger areas than the older
formations. Hence they are readily recharged by rain and surface
water and are conveniently reached by wells. As they consist
largely of gravel and other porous and permeable materials, and as
they have not been submitted to much compacting or cementation,
they include much material that absorbs, transmits, and yields water
freely. The Cenozoic formations are therefore more valuable as
sources of water than the formations of any of the older eras. They
supply more wells and as a rule furnish more water.

The Cenozoic formations are divided into two systems—the Ter-
tiary, which is the older, and the Quaternary, which is the younger.

%8 Ellis, A.J., and Lee, C. H., Geology and groand waters of the western part of San Diege County,
Calif.: U. 8. Geol. Survey Water-Supply Paper 446, pp. 61-57, 175-181, 1919.
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Both are important as sources of water. The Quaternary, which
includes the glacial drift and most of the water-bearing alluvial de-
posits of the West, is without question the most valuable of all the
geologic systems as a source of water.

TERTIARY SYSTEM.®
GENERAL CONDITIONS.

The Tertiary system is probably the most important system in
the United States as a source of water, except the Quaternary.

® The following publications (of the U. 8. Geol. Survey, except as indicated), give information in
regard to water in the Tertiary rocks in the United States:

Alabama, Water-Supply Paper 114; Alabama Geol. Survey cooperative report on underground
water.

Arizona, Water-Supply Paper 380.

Arkansas, Water-Supply Papers 114, 145, 399: Prof. Paper 46.

California, Water-Supply Papers 225, 375, 495; Geol. Folios 66, 138.

Colorado, Sixteenth Ann. Rept., pt. 2, Seventeenth Ann. Rept., pt. 2, Twenty-first Ann. Rept.,
pt. 4, Twenty-second Ann. Rept., pt. 4, Monograph 27; Prof. Papers 32, 52; Bulletin 531; Geol.
Folios 71, 135, 198.

Delaware, Water-Supply Paper 114; Bulletin 138; Geol. Folios 137, 162.

District of Columbia, Geol. Folio 152.

Florida, Water-Supply Papers 114, 319.

Georgia, Water-Supply Papers 114, 341; Bulletin 138; Georgia Geol. Survey Bull. 15 (cooperative
report).

Idaho, Water-Supply Papers 53, 54, 78; Bulletin 199; Geol. Folios 45, 103, 104.

Illinois, Water-Supply Papers 114, 164; Seventeenth Ann. Rept., pt. 2; Monograph 38.

Indiana, Water-Supply Paper 114. .

Kansas, Water-Supply Papers 6, 273, 345; Sixteenth Ann. Rept., pt. 2, Twenty-first Ann. Rept.,
pt. 4, Twenty-second Ann. Rept., pt. 4; Prof. Paper 32; Geol. Folio 212.

Kentucky, Water-Supply Papers 114, 164,

Louisiana, Water-Supply Papers 101, 114; Prof. Paper 46.

Maryland, Water-Supply Paper 114; Bulletin 138; Geol. Folios 13, 23, 136, 137, 152, 182, 204;
Maryland Geol. Survey special publication, vol. 10, pt. 2 (cooperative report).

Mississippi, Water-Supply Papers 114, 159.

Missouri, Water-Supply Papers 114, 195.

Montana, Water-Supply Paper 518.

Nebraska, Water-Supply Papers 12, 70, 215, 216, 425; Sixteenth Ann. Rept., pt. 2, Nineteenth
Ann. Rept., pt. 4, Twenty-first Ann. Rept., pt. 4, Twenty-second Ann. Rept., pt. 4; Prof. Papers
17, 32; Geol. Folios 87, 88.

Nevada, Water-Supply Paper 423.

New Jersey, Water-Supply Paper 114; Bulletin 138; Geol. Folios 137, 162.

New Mexico, Water-Supply Paper 380; Twenty-first Ann. Rept., pt. 4, Twenty-second Ann.
Rept., pt. 4; Geol. Folio 214.

North Carolina, Water-Supply Paper 114; Bulletin 138; Geol. Folio 80; North Carolina Geol. and
Econ. Survey, vol. 3 (cooperative report).

North Dakota, Geol. Folio 181.

Oklahoma, Water-Supply Papers 148, 345; Twenty-first' Ann. Rept., pt. 4, Twenty-second Ann.
Rept., pt. 4.

Oregon, Water-Supply Papers 53, 54, 78, 220, 231; Bulletin 252; Geol. Folio 103.

I’ennsylvania, Water-Supply Paper 144; Geol. Folio 162.

South Carolina, Water-Supply Paper 114; Bulletin 138.

South Dakota, Water-Supply Paper 227; Prof. Paper 32; Bulletin 627.

Tennessee, Water-Supply Papers 114, 164.

Texas, Water-Supply Papers 154, 190, 191, 276, 335, 375; Twenty-first Ann. Rept., pts. 4 and 7,
Twenty-second Ann. Rept., pt. 4: Geol. Folio 64.

Utah, Bulletin 283; Prof. Paper 56.

Virginia, Water-Supply Paper 114; Bulletin 138; Geol. Folios 13, 23, 80, 136; Virginia Geol. Survey
Bull. 5 (cooperative report).

Washington, Water-Supply Papers 53, 54, 55, 111, 118, 316, 425; Bulletin 108; Geol. Folios 86, 106.

Wyoming, Water-Supply Paper 70; Twenty-first Ann. Rept. pt. 4, Twenty-second Ann. Rept.,
pt. 4; Prof. Papers 32, 51, 56; Bulletins 255, 364, 425, 543; Geol. Folio 173.
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Next to it probably ranks the Cretaceous. The Tertiary system is
not, as a rule, as thick as some of the older rock systems, but it

and the Great Plains and also in parts of the Rocky Mountain region and the Colorado Plateaus the Tertiary system contains valuable aquifers that yield

large supplies to many wells.

FIGURE 89.~Map of the United States showing areas in which Tertiary sedimentary formations are at or near the surface. Inthe Atlantic Coastal Plain

consists largely of porous materials, and it lies at or near the surface
throughout extensive areas. (See figs. 89 and 94.)
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The sedimentary deposits of the Tertiary system have been divided
into the following four series, the oldest being given first: Eocene,
Oligocene, Miocene, and Pliocene. All these series are of consider-
able importance in the United States as sources of water supply;
the Pliocene is most important and the Eocene or Miocene ranks next.
In addition to the Tertiary sedimentary formations there are in the
western part of the United States vast areas of volcanic rocks of
Tertiary age, largely water-bearing basalt (fig. 94).

With respect to water supplies there are four important groups of
Tertiary formations in the United States—the sedimentary forma-
tions of the Atlantic Coastal Plain, the sedimentary formations of
the central and southern parts of the Great Plains, the sedimentary

o~

FIGURE 90.—Map of the Atlantic Coastal Plain showing areas in which beds of the Eocene series are at
or near the surface. The Eocene, especially from South Carolina to Texas, includes valuable artesian
aquifers. The boundary of the Coastal Plain is shown by the broken line.

formations of the northern part of the Great Plains and of parts of
the Rocky Mountain region and the Colorado Plateaus, and the lava
beds and associated sedimentary beds of the Columbia Plateaus
(chiefly in Washington, Oregon, and Idaho). In addition there are
many detached areas of Tertiary rocks in the West—both sedimentary
and igneous—that yield more or less water.

FORMATIONS OF THE ATLANTIC COASTAL PLAIN.

The Tertiary formations of the Atlantic Coastal Plain were nearly
all laid down in the sea, not very far from the shore. They consist
mainly of beds of sand, clay, and soft limestone. They overlie the
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Cretaceous formations and, like the Cretaceous, dip gently seaward.
They include a number of good aquifers, chiefly the beds of sand,
which supply many flowing and nonflowing wells. Their water is
generally of good quality in the areas of outcrop and for some dis-
tance down the dip but is likely to become salty where the forma-
tions pass to considerable depthsin the direction of the sea. Certain
high-level terrace deposits are probably also of Tertiary age. (See
p. 307.)

All four of the Tertiary series are present in the Atlantic Coastal
Plain and contain water-bearing beds. The areas in which the differ-
ent series are at or near the surface are shown in figures 90 to 93. Some
localities that have only a thin deposit of a younger Tertiary series
overlying an older Tertiary series are included in the map of each
series. The Eocene is represented in Delaware, Maryland, and Vir-
ginia by the Pamunkey group of formations, about 225 feet thick,
which contain sand and greensand that yield rather large supplies.
In North Carolina the Eocene has been divided into a lower forma-
tion, called the Trent marl, approximately 150 feet thick, and an
upper formation, called the Castle Hayne limestone, approximately
50 feet thick. Both formations consist largely of beds of marl, lime-
stone, and sand. Both yield abundant supplies of hard water from
the sandy beds and from solution openings in the limestone. From
South Carolina to the Mexican border the Eocene deposits occur
continuously and increase greatly in thickness and.in width of outcrop.
Throughout this long belt they include prominent artesian aquifers
of great value. A good idea of the Eocene of this part of the Atlantic
Coastal Plain is given by the typical sections for Georgia and eastern
Texas on pages 254-258. In southwestern Texas the water is highly
mineralized, and much of it is too salty for use.

The areas in the Atlantic Coastal Plain in which Oligocene beds
are at or near the surface are shown in figure 91. The Oligocene
underlies extensive areas in South Carolina, Georgia, Florida, Ala-
bama, Mississippi, Louisiana, and Texas. In Georgia, Florida, and
South Carolina it consists largely of limestone but includes con-
siderable sand and other materials. (See section, p. 255.) In these
States it contains several important water-bearing formations. The
Oligocene limestones of Florida and Georgia give rise to many
large springs, including some of the largest in the United States.
In Mississippi the Oligocene is represented by the Vicksburg group,
which is calcareous and clayey and yields little water, and by the
Catahoula sandstone. In Louisiana and eastern Texas, as shown in
the section on page 257, it is represented by the Catahoula sand-
stone, which is a good aquifer.

The Miocene series is represented throughout most of the Atlantic
Coastal Plain (fig. 92). From Delaware to North Carolina it con-
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FIGURE 91.—Map of the Atlantic Coastal Plain showing areas in which beds of the Oligocene series are at
or near thesurface. The Oligocene includes the Catahoula sandstone, which is a good aquifer in Texas
and Louisiana, and the Chattahoochee formation and Vicksburg group, which yield water chiefly in
Georgia, Florida, and South Carolina. The boundary of the Coastal Plain is shown by the broken
line.

3
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FIGURE 92.—Map of the Atlantic Coastal Plain showing areas in which beds of the Miocene series are
at or near the surface. Yields water from sandstone aquifers at several horizons from New Jersey to
North Carolina and from the Oakville sandstone in Texas. The boundary of the Coastal Plain is
shown by the broken line.
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sists of the Chesapeake group, which contains several beds of water-
bearing sand. (See section, p. 253.) In New Jersey the overlying
Cohansey sand is an important aquifer. West of Brazos River in
Texas the Oakville sandstone, which has a maximum thickness of at
least 600 feet, yields abundant supplies of potable water to flowing
and nonflowing wells.

The Pliocene formations of the Atlantic Coastal Plain apparently
comprise deposits of two very different kinds—marine deposits and
high-level terrace deposits. The marine deposits are similar to the
Miocene beds, on which they rest in regular succession. They are

o~

FIGURE 93.—Map of the Atlantic Coastal Plain showing areas in which Pliocene marine beds are at or near
thesurface. These beds are relatively thin and not very important as sources of water. The Pliocene
terrace deposits are fdund farther inland,in the Atlantic Coastal Plain, as erosion remnants at high
levels. Locally they supply many shallow wells. The boundary of the Coastal Plain is shown by the
broken line.

the uppermost of the succession of Coastal Plain sedimentary forma-
tions thus far considered and are exposed nearest to the present
seashore (fig. 93). The terrace deposits are younger and lie farther
inland, at higher levels, unconformably on the eroded surfaces of the
older formations of the Coastal Plain, like the Pleistocene deposits
described on pages 306-307. Both the marine deposits and the terrace
deposits are relatively thin and unimportant as sources of water,
although they furnish some waterin many places. In eastern Texas,
however, the Dewitt formation, which is now regarded as Pliocene,
attains a great thickness and yields much water.
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SEDIMENTARY FORMATIONS OF THE GREAT PLAINS, ROCKY MOUNTAIN
REGION, AND COLORADO PLATEAUS.

The great deformation, uplift, and volcanic activity that affected
the western part of the United States about the end of the Mesozoic
era and has continued or recurred at intervals to the present time
produced highlands in association with tracts that were relatively
low. The highlands were rapidly eroded by the streams, and the
lowlands received great deposits of rock waste washed down from
them. Most of these deposits were laid down by the streams them-
selves and have the usual characteristics of alluvial material —irregu-
lar bedding and imperfect assortment but with abundant lenses and
stringers of porous gravel. In part, however, the material consists of
beds laid down in lakes, swamps, or playas or by the wind. As there
were successive epochs of disturbance there are several more or less
distinet series of these deposits ranging in age from late Cretaceous or
early Eocene to the present. As the major disturbances of the suc-
cessive epochs occurred in different parts of the West the predomi-
nant deposits of different regions are not of the same age.

The oldest Tertiary deposits are found mainly in the northern and
central parts of the Great Plains (western North Dakota, western
South Dakota, eastern Montana, eastern Wyoming, and parts of
Colorado near the mountains), in the Rocky Mountain region (Wyo-
ming and parts of Montana, Colorado, and Utah), and in the Colorado
Plateaus (western Colorado, eastern Utah, and northwestern New
Mexico). (See fig. 89.) The youngest Tertiary deposits are found
mainly in the central and southern parts of the Great Plains (western
and central Nebraska, adjacent parts of South Dakota and Wyoming,
western and central Kansas, eastern Colorado, western Oklahoma,
northwestern Texas, and eastern New Mexico). (See fig. 89.) The
bulk of the Quaternary deposits are farther west,in the Basin and
Range province. (See pp. 291-303 and fig. 100, p. 293.)

In eastern and central Montana the impervious Pierre shale is
overlain by the Lance formation, which is of late Cretaceous or
early Tertiary age; and the Lance is overlain by the Fort Union
formation, which is early Tertiary. The Lance is in most places
several hundred feet thick and consists of somber clay, lenticular
beds of sandstone, and a little coal, with locally a basal sandstone
known as the Colgate sandstone member. The Fort Union formation,
2,000 feet or more in maximum thickness, consists of an irregular com-
plex of beds similar to those of the Lance. The Lance and the Fort
Union are both irregular in their water-bearing properties, but
generally yield .moderate supplies of fairly good water.® A sharp

2 For description of water in the Fort Union and Lance formations and in the underlying Cretaceous
formationsin eastern and central Montana see Ellis, A. J.,and Meinzer, O. E., Ground water in Mussel-
shelland Golden Valley counties, Mont.: U. S. Geol. Survey Water-Supply Paper 518 (in press).
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contrast therefore exists between the areas underlain by the Lance
or Fort Union, where domestic and stock supplies are generally ob-
tainable, and the adjacent areas, where the Pierre shale is at the sur-
face and satisfactory water supplies are hard to get. All these for-
mations extend into North Dakota, South Dakota, and Wyoming,
where similar contrasts exist as to water supply. In different parts
of the Great Plains, the Rocky Mountain region, and the Colorado
Plateaus the latest Cretaceous and early Tertiary beds differ in thick-
ness and succession of strata and in the names applied to them, but
in general they form thick irregular formations that contain consider-
able water-bearing material. Good examples are given in the section
for southwestern Wyoming and for the Navajo country of north-
eastern Arizona and northwestern New Mexico. (See pp. 262-263.)

The Great Plains are largely underlain by gravelly, sandy, and
clayey materials that were spread smoothly over them in the later
part of the Tertiary period by streams from the Rocky Mountains.
These alluvial deposits, nowhere more than a few hundred feet
thick, are in most areas porous enough to furnish at least some
water, and they contain abundant irregularly distributed lenses and
stringers of gravel and sand that yield large quantities of good water
to many wells: They constitute one of the most valuable aquifers
in the United States, ranking among the first in quantity of water,
quality of water, number of wells supplied, and extent of productive
area. The water supply of these beds is one of the most attractive
features and one of the leading assets of the great semiarid region
which they underlie. They give rise to only a few flowing wells, but
the pumping lifts are generally not great.

In southwestern Nebraska, eastern Colorado, western Kansas,
western Oklahoma, northwestern Texas, and eastern New Mexico
these beds, called the Ogalalla formation, rest on Cretaceous or older
formations. In northwestern Nebraska and adjacent parts of Wyo-
ming and South Dakota they are underlain by older Tertiary forma-
tions-—the Arikaree, Gering, Brule, and Chadron, as shown in the sec-
tion on pages 258-259. Towad the north the Ogalalla formation disap-
pears and the underlying formations successively come to the surface.
The Arikaree formation, which is of Miocene age, consists largely of
sandstone and is a fairly satisfactory aquifer. The Brule clay and
the Chadron formation constitute the White River group, of
Oligocene age, which forms the principal badlands of South Dakota.
They supply some wells but are in general unsatisfactory as to both
quantity and quality of water.

In some upland localities in northeastern Montana north of
Missouri and Milk rivers water is obtained from shallow wells that
end in the Flaxville gravel—a deposit of probable upper Miocene
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age, about 100 feet in maximum thickness, which rests unconform-
ably on older formations.®* Water is also obtained in other parts of
Montana from terrace gravels, some of which are probably Miocene.

SEDIMENTARY FORMATIONS OF THE BASIN AND RANGE PROVINCE,
COLUMBIA PLATEAUS, AND PACIFIC COAST REGION.

Farther west, in the Basin and Range province, the Columbia
Plateaus, and the Pacific coast region, there are many Tertiary
sedimentary formations of diverse character, all of which can not be
separately mentioned here. They yield water in many places but
are of minor importance in comparison with the Quaternary alluvial
deposits, which are the great water bearers of the Basin and Range
province and the Pacific coast region, and also in comparison with
the Tertiary lavas of the Columbia Plateaus.

In Nevada Tertiary sedimentary formations underlie many of the
desert basins in somewhat synclinal structure and are exposed along
the borders of the basins, in some places greatly deformed. They
have an aggregate thickness of several thousand feet and consist
largely of lake deposits of soft shale, fine-grained sandstone, marl,
and tuff. In general they are too dense to be promising as sources
of water, and they have thus far been of little consequence in the
water supply of the State.

In California and the coast region of Oregon and Washington
Tertiary sedimentary beds attain an aggregate thickness of many
thousand feet. They were laid down in part in the sea and in part
in lakes or on land. They include much shale, sandstone, and tuff.
Much of the sandstone is compact and of fine grain, but some is
coarse and well assorted.

The Tejon formation, more than 4,000 feet thick, the Monterey
group of formations, more than 5,000 feet thick, and the Ione for-
mation are important Tertiary formations of California, but they have
no great value as sources of water. In the vicinity of Puget Sound
there are Tertiary beds, called the Puget group, aggregating many
thousand feet in thickness. They consist largely of sandstone but
include conglomerate, shale, and thick beds of coal. They would
doubtless yield water, but &% they are overlain by thick deposits of
water-bearing glacial drift and as the region receives a heavy rainfall
their supply is not much needed.

In central and eastern Oregon, western and south-central Idaho
and central Washington there are thick Tertiary formations, includ-
ing lake beds and alluvial and wind-blown deposits. They are

# Collier, A. J., and Thom, W. T., jr., The Flaxville gravel and its relation to other terrace gravels of
the northern Great Plains: U. 8. Geol. Survey Prof. Paper 108, pp. 179-184, 1918. Collier, A. J., Geology
of northeastern Montana: U. 8. Geol. Survey Prof. Paper 120, pp. 17-39, 1919.

497781 O-59-21
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intimately related to the Tertiary lavas of the region and contain
much volcanic débris. They include many porous beds and on the
whole have considerable promise as producers of water. In many
localities they give rise to flowing artesian wells and in some of these
localities the artesian water is hot. The following two generalized
columnar sections for central Washington give an idea of the
prominence of the Tertiary formations in this region, their relations
to the volcanic rocks, and the large proportions of sand and gravel
that they include. The Ellensburg formation is a recognized artesian
aquifer.

Generalized columnar sections of the sedimentary and volcanic rocks in central
Washington.s

Mount Stuart quadrangle, northern part.

Maxi-
. mum
System. Subdivision. thick-~ Lithologic character.
ness
(feet).
| Compact lava and tuff, with scattered érystals of
Pliocene: Rhyolite. 800 | ™ quartz; weathers whitéand rusty yellow-
Massive yollow sandstone, with clay and bony shale.
Roslyn forma- )
3,500| Roslyn seam of coalin upper on of formation,
tion. +3 e e ataAblo sobons LTt ’
Tertiary. Lava flows with interbedded tuffs. Lava black and
¢ | Teamaway ba- | , o5 | “dark gray, compact or vesicular, in some places
g salt. ’ westhgiang’ brown or red. ’ P
12
Waell-stratified ;ot?gllo?ﬁw’ é‘:ikosie and “mf;'f'i
i sandstons, and shale, light and dar! y. Ineas
S\E&k forma- | 5400 | part of area sandstone more purel%uartzose and
* white and yellow. Cut by numerous dikes of
diabase.
Pre-Tertiary.
Mount Stuart quadrangle, southern part.
ht-colored sandstone, shale, and omernte,
Elg;xag:rg for- | 3 500 I‘illlg.-mall very friable, with many pumice fragments
: and pebbles, and biting stream bedding.
<
g
Black lava, weathering or brown, compact or
& | Yakima basalt. | 2,000 | scorlaceous, with typlmmmnarparﬁngsoommon,
Tertiary. g Tuffs present but notimportant.
Taneum andes- Loose-textured lava, with tuff and tuff-breccia, pink,
ite. 300 green, gray, and brown.

Eocene:  Manatash Massive light-colored sandstone and pebbly conglom-
formation, +1,000 | “orate, h shale and seams of bone.

Pre-Tertiary. Easton schist.

aSmith, G. 0., U. S. Geol. Burvey Geol. Atlas, Mount Stuart folio (No. 106), 1904.
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VOLCANIO ROOCKS.

The Tertiary period was characterized throughout the western
part of the country not only by great deformation but also by the
pouring out of enormous floods of lava (fig. 94) that spread over
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FI1GURE 94.—Map of the western part of'the United States showing areas in which Tertiary or Quater-
nary voleanic rocks are at or near the surface. The extensive lava beds, especially in Idaho, Washing-
ton, and Oregon, consist chiefly of basalt; they yield abundant supplies to many drilled wells and
give rise to numerous springs, some of which are very large. No Tertiary or Quaternary volcanic
rocks are exposed in the eastern part of the United: States.

large areas and produced expanded sheets like the stratified sedi-
mentary formations. Basalt lies at the surface over vast areas,
including. large parts of Idaho, Washington, and Oregon and con-
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siderable parts of the other Western States. Nearly all of the
Columbia Plateaus, more than 200,000 square miles in extent, is
underlain by volcanic rock, chiefly basalt. Over much of the region
this rock ranges from a few hundred to several thousand feet in
thickness and consists of numerous beds laid down one upon another
with intervening scoria and volcanic fragments.

On the whole the basalt yields water freely from its joints and
other large openings and from the porous zones between successive
beds. It ranks as one of the important aquifers of the United
States. It supplies numerous wells but is especially notable for the
many large perennial springs to which it gives rise; the great springs
of the Snake River valley are the best examples (pp. 138-141).
Obsidian and jointed rhyolites also yield freely; they give rise to the
Big Springs, in Idaho (pp. 142-143). Many of the rhyolites and
other volcanic rocks of persilicic or mediosilicic composition do not,
however, yield much water (pp. 141-142). The beds of volcanic
rock are in most places horizontal or gently warped. Where they are
warped into synclines they may form artesian basins. The water
from volcanic rocks is usually of good quality.

QUATERNARY SYSTEM.
GENERAL CONDITIONS.

The Quaternary is by far the most important system in the United
States with respect to water supply. Indeed, it would probably not
be an exaggeration to say that it is as important as all other systems
taken together. It lies at the surface throughout the largest area,
supplies the most wells, and affords the greatest quantities of water.

The Quaternary deposits in the United States are for the most
part included in three groups—glacial drift (fig. 95), the valley fill
of the West (fig. 100), and the deposits of the Atlantic Coastal Plain
(fig. 109). Both glacial drift and valley fill are of especial impor-
tance as sources of water, the drift being the principal source of
ground water in the northern part of the country and the fill being
the principal scurce in the western part. Some of the water-bearing
basalts are also of Quaternary age, particularly in Idaho, where they
have recently been studied by H. T. Stearns, of the United States
Geological Survey.

The Quaternary period has been divided into two epochs—the
Pleistocene or glacial epoch and the Recent or postglacial epoch.
Most of the water-bearing deposits of Quaternary age are sand and
gravel beds laid down during the Pleistocene epoch.
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GLACIAL DRIFT.%?

The glacial drift consists chiefly of till, or boulder clay, deposited
directly by the glaciers or great continental ice sheets; alluvium
deposited by streams issuing from the ice; stratified beds laid down
in glacial lakes; and loess and dune sand, consisting largely of
glacial materials picked up and redeposited by the wind. (See pp.
117-129.)

The bulk of the material is tills As it is unassorted;it has low po-
rosity and does not yield water freely. It varies greatly, however,
in its water-yielding capacity according as it is composed predomi-
nantly of coarse or fine material. It supplies a large number of
shallow dug wells throughout the drift-covered area, as shown
in figure 95. The yield of these wells is generally small but
commonly adequate for domestic use. The water of many of the
wells is polluted by household and barnyard wastes and by near-by
privies.

The gravelly and sandy deposits made by the streams that issued
from the ice are the great water bearers of the glacial drift. They
yield copious supplies to many drilled and driven wells and are
largely drawn upon for public, industrial, and live-stock uses, for
which the yields from the till are inadequate. These alluvial depos-
its consist largely of gravel but also include much sand. They
occur in abundant irregular lenses and stringers of gravel and sand

8 The following publications (of the U. 8. Geol. Survey, except as indicated) give information regard-
ing water in the glaciai drift of the United States:

Arkansas, Water-Suppiy Paper 145; Geol. Folio 140

Connecticut, Water-Suppiy Papers 114, 232, 374, 397, 449, 466, 470.

Eastern United States, Water-Supply Paper 114.

Illinois, Water-Supply Paper 114; Seventeenth Ann. Rept., pt. 2; Monograph 38; Geoi. Folios
67, 105, 185, 188, 195, 208; Illinois Geol. Survey Bulii. 5 (cooperative report).

Indiana, Water-Suppiy Papers 21, 26, 113, 114, 254; Eighteenth Ann. Rept., pt. 4; Geol. Folios
67, 105.

Iowa, Water-Suppiy Papers 114, 293.

Kansas, Water-Suppiy Paper 273; Geol. Folio 206.

Maine, Water-Supply Papers 145, 223; Geol. Folio 149.

Massachusetts, Water-Supply Papers 114, 145.

Michigan, Water-Supply Papers 30, 31, 114, 182, 183; Geol. Folios 155, 206.

Minnesota, Water-Supply Papers 114, 256; Monograph 25; Geol. Folios 117, 201, 210.

Missouri, Water-Suppiy Paper 195; Geoi. Folio 206.

Montana, Water-Supply Papers 221, 400.

Nebraska, Water-Suppiy Paper 12; Geoi. Folio 156. '

New Jersey, Geol. Folios 157, 161. !

New York, Water-Suppiy Papers 110, 114, 145; Geol. Folios 157, 169, 190.

North Dakota, Seventeenth Ann. Rept , pt. 2; Monograph 25; Geol. Folios 117, 168.

Ohio, Water-Supply Papers 114, 259; Eighteenth Ann. Rept., pt, 4, Nineteenth Ann. Rept., pt. 4;
Geol. Folio 197.

Pennsyivania, Water-Suppiy Paper 114.

Rhode Island, Water-Suppiy Paper 114.

South Dakota, Water-Supply Papers 34, 90, 227; Seventeenth Ann. Rept., pt. 2; Geol. Folios 96,
97, 99, 100, 113, 114, 156, 165.

‘Washington, Water-Supply Paper 425.

Wisconsin, Water-Supply Paper 114; Wisconsin Geol. and Nat. Hist. Survey Buli. 35 (c6operative
report)-
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intimately intermingled with the till; in outwash aprons that extend
out from the moraines, where the edges of the ice sheets once stood
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ing of glacial débris deposited for many miles along the streams

pouring out great débris-laden floods; and in valley trains, consist-
that headed in the ice sheets.
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The irregular lenses and stringers intermingled with the till in
many places consist of imperfectly assorted gravel or sand, and, as
a rule, they are not very thick or continuous. One or more of these
water-bearing beds is, however, commonly encountered by drilled
wells, and they generally yield reliable and rather large supplies un-
der good pressure and protected from pollution to some extent by
overlying drift. They furnish water to many successful wells through-
out the glaciated area, especially from Ohio to the Dakotas, for live-
stock and general farm supplies, for industrial supplies, and for
public supplies of villages and small cities.

The outwash aprons and valley trains are generally large deposits
of coarse and well-assorted gravel or sand that yield water very freely
and in large quantities. They occur abundantly in the glaciated area
and for many miles along nearly all the streams that rise in that area.
Plate XXIX and figure 96 give a good idea of the distribution of
these deposits in relation to the drift sheets.

Glacial outwash deposits are the chief water bearers of New Eng-
land. Until the Catskill system of the New York City waterworks
was completed virtually the entire supply for Brooklyn was drawn
from the extensive outwash apron on the south side of the terminal
moraine on Long Island. (See fig. 97 and p. 117.) The outwash
deposits are also extensively developed in the drainage basin of Mis-
sissippi River from Pennsylvania to the Dakotas and in the drain-
age basin of Columbia River in Montana, Idaho, and Washington.
Throughout the Mississippi basin they furnish large supplies of good
water to many cities, villages, and industrial plants.

Extensive stratified deposits were laid down in a number of large
lakes that were produced by ice dams in the Pleistocene epoch, and
smaller deposits in lakes and ponds produced by irregularities in the
surfaces of the till sheets. Some of the largest deposits of this sort
were made in a series of ancient lakes in the drainage basin of the
Great Lakes, in the ancient Lake Agassiz, which occupied the drain-
age basin of the Red River of the North, and in the ancient Lake
Missoula, which lay in the Clark Fork drainage basin. The lake
deposits consist largely of stratified clay, which, however, in many
places overlies or embraces beds of sand or gravel containing arte-
sian water.

Loess is found chiefly in the drainage basin of the Mississippi, west
of Indiana. It occursin and adjacent to the areas covered by the
older drift sheets in Illinois, western Wisconsin, southeastern Minne-
sota, Jowa, Missouri, Nebraska, and Kansas. It also extends far
west of the drift on the Great Plains in Kansas and Nebraska and
borders the Mississippi southward nearly to the Gulf of Mexico. It
is thickest on the uplands bordering the streams that lead from the
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firi_ft sheets. . It yields small supplies to some wells, but on the whole
1t 1s very unimportant as a source of water. (See pp. 122-123.)

FIGURE 96.—Map of Minnesota showing glacial outwash gravel in plains or aprons. In most places this
gravel yields water freely. (Compiled from maps by Frank Leverett and . W. Sardeson, Minnesota
Geol. Survey Bulls. 12, 13, and 14.)

Figure 95 shows approximately the southern limit of the glacial
drift in the United States, except for the valley trains and the drift
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of many relatively small glaciers that existed in the mountains of
the West during the Pleistocene epoch. It will be seen that the
glacial drift covers a large part of the most productive and best-
developed agricultural and industrial section of the country. Hence,
its ample water supplies are extensively utilized and very valuable.
Some idea of the thickness of the drift may be gained from the map
of southern Minnesota (fig. 98).

The glacial drift is not all of the same age but consists of at least
five sheets of different ages, superimposed upon one another like the
successive formations of older rocks. Between the successive drift
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FIGURE 97.—Map of Nassau County, Long Island, N. Y., showing water-bearing outwash gravel and its
relation to the terminal moraine. (After M. L. Fuller.)

sheets are old soils and various stream and wind deposits. The
most important of these deposits with respect to water supplies are
beds of gravel laid down by the streams from the melting ice as the
ice front retreated or by the streams from the advancing ice which
later deposited the drift sheet that covers the gravel. Thus, the
base of the lowest drift and the horizons between successive drift
sheets are in many places the most productive water horizons.
These different drift sheets are best exposed and best known in
Iowa, Illinois, and adjacent States. The Wisconsin drift, which is
the youngest, lies at the surface throughout the largest area (fig. 95);
the Iowan drift is an exceptionally thin sheet in northeastern Iowa;
the Illinoian and Kansan are thick deposits and also widely exposed.
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FIGURE 98. —Map of southérn Minnesota showing thickness of glacial drift. (From U. 8. Geol. Survey Water-Supply Paper 256, pl. 2.)
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The Nebraskan is a thick sheet but is apparently exposed only in
small areas where the overlying Kansan has been removed by ero-
sion. The Montauk till occurs principally on Long Island. The
Jerseyan drift sparsely covers parts of New Jersey and Pennsylvania.
The Montauk till and the Jerseyan drift probably cerrespond in age
to the Illinoian and Nebraskan, respectively.

The succession, lithologic character, and water-bearing properties
of the various drift sheets and of the intervening deposits are out-
lined in the following generalized section for Iowa, in which all the
five drift sheets of the Mississippi Valley region are found. The dis-
tribution of the drift sheets in Iowa is shown in figure 99. The
most important difference with respect to water supplies is between
the Wisconsin drift and the older drift sheets, or rather between the
areas underlain by Wisconsin drift and those underlain only by older
drift. The Wisconsin drift was deposited so recently that it is as yet
very little eroded, and hence the areas in which it is found are gen-
erally poorly drained and have ground water very near the surface;
the areas underlain only by older drift have been more extensively
eroded and drained sinee their last glaciation, and hence they are
less favorable for obtaining shallow water. The till is so difficultly
permeable that it is likely to remain saturated with water nearly to
the surface even where it is dissected by deep valleys, but the more
permeable gravel beds are likely to be drained where they occur at
much higher levels than the streams. The Wisconsin drift is com-
monly underlain by one or more of the older drift sheets, and much
of the water drawn from the glacial drift in the Wisconsin drift area
comes from one of the older sheets or from intervening or basal gravel
beds.
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Generalized columnar section of the Quaternary deposits in Iowa.s
Y aep
Subdivision. Lithologic character. Water supply.
Chiefly alluvium. Most of the allu-
Recent serles. vium is doubtless of glacial origin. Not important.
Unw%ather%d calcl?regel_:f tﬂ}'l lv;irth Suppli vells. Th ¢
sandy and grave s an ge | Supplies many wells. e outwash
Wisconsin drift. amounts of outvyvash and gravels yield much water.
gravel.
P‘Z‘]’o;“‘;;')_dep(’sm 01d soil; much loess. Yields some small supplies from loess.
A thin sheet of light-yellow clayey 1 oli
Towan drift. till, with numerous large granite Y%:;desr:oggsrgglllss;é l‘l:erggigg.sandy

boulders.

3
T s?:éi‘:;lsj.mn de- | goil and vegetal deposits. Unimportant.
4
§ Resembles the Kansan drift in water-
3 | Miinotan arite. | C18yey Ull, not quite sodense as the | “pearing properties. Supplies some
2 Kansan. —ailee prop PP
) .
Yarmouth de- Riroh 3ot
The B gravel s of ex- 3
posits (includ- tensive irregular gravel deposits be- Very valuable aquifer, supplying
gll'gvg)zfchamn tween the Kansan and Iowan drifts. many springs gng wells.
Because of its extensive occurrence
at the surface, this drift probably
Tough, hard clayey till, with some | supplies more wells than any other
Kansan drift. sandy beds, especially in upper aquifer in the State. However, the
part. supply is generally small and some-
what uncertain. The water occurs
in sandy beds and tubular openings.
. Probably the strongest Pleistocene
Aftonian gravel. Ir;';lg&ﬂ,,;‘;:c’gds of gravel; also old sofl | ™5 viter in the State. Supplies
. many wells and springs.
. Till yields but little water, often hav-
Dark plastic till with old soil and A i . ’
Nebraskan drift. bedspcontaining much wood; sand | g offensiveodor; sand and gravel

and gravel chiefly underlying till.

layers yield large supplies, generally
under artesian pressure.

o Norton, W. H., and others, Underground water resources of Iowa: U. S. Geol. Survey Water-Supply
Paper 293, 1912; and other sources. Based chiefly on the work of Samuel Calvin.

VALLEY FILL OF THE WEST.®

In the western part of the United States the broad basins or val-

leys that lie between the mountain ranges generally contain great
deposits of rock waste that has been washed down from the moun-
tains. These deposits are commonly called valley fill. The deposits
that can be seen at the surface or in dug wells generally lie in their

32 The following publications (of the U. 8. Geol. Survey, except as indicated) give information relat-
ing to water in the fill of the mountain valleys of the western part of the United States:
Arizons, Water-Supply Papers 104, 136, 320, 375, 380, 425, 450; Bulletin 352; Geol. Folios 111, 112,
Arizona Agr. Exper. Sta. Bull. 64.
California, Water-Supply Papers 89, 137, 138, 139, 142, 219, 222, 225, 278, 204, 345, 375, 398, 400, 429;
446, 450, 468, 495; Geol. Folios 163, 193; California Conservation Comm. Rept. for 1912, pp. 335-
429 (cooperative report).
Colorado, Water-Supply Paper 240.
(Footnote continued on page 292.)
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original positions or are only slightly deformed and are for the most
part of Quaternary age. In most places, however, the valley fill has
not been deeply eroded, so that the lower beds are generally con-
cealed and there is much uncertainty as to their structure and age.
In part they are of Tertiary age and have been deformed and eroded
before the upper beds were deposited. If the entire valley fill were
exposed in outcrops its stratigraphy and structure would doubtless
prove to be much more complicated than is suggested by well records
and by the shallow exposures found in most localities. In much of
the southern part of Big Smoky Valley, Nev., the undeformed Qua-
ternary fill is known to be underlain at slight depths by poorly con-
solidated sandy and clayey beds of Tertiary age. In some parts of
the valley the Tertiary beds seem to be about in their original posi-
tion; in other parts they are greatly deformed and are separated from
the Quaternary by a pronounced unconformity.* In the San Pedro
Valley, Ariz., Bryan® has found that the bulk of the so-called valley
fill consists of somewhat deformed beds that are shown by abundant
fossil evidence to be of Pliocene age. In this valley the Quaternary
formations, which rest unconformably on the Pliocene and older
rocks, are probably not much over 100 feet thick.

All the deposits that have been laid down since the intermontane
troughs came into existence in about their present form can properly
be regarded as valley fill, regardless of whether they are Quaternary
or older. But whether specific beds are included which are known
to be considerably deformed or whose structure is uncertain must
rest on a somewhat arbitrary decision. The undeformed Quaternary
fill is doubtless a few hundred feet thick in many places, and fill of
undetermined age has in many localities been penetrated to depths
of more than 1,000 feet. In many valleys, however, the upper parts
of the smooth valley slopes have been formed by the erosion of the
bedrocks and have only a thin mantle of detrital material.

The valley fill underlies perhaps one-half of the entire Basin and
Range Province, which includes nearly all of Nevada and large parts

(Footnote continued from page 291.)

Idaho, Water-Supply Paper 78.
Montana, Water-Supply Papers 345, 400.
Nevada, Water-Supply Papers 365, 375, 423, 425, 450, 467; Bulletin 530.
New Mexico, Water-Supply Papers 123, 158, 188, 260, 275, 343, 345, 422, 425; Bulletin 618; Geol.
Folios 199, 207.
Oregon, Water-Supply Papers 78, 220, 231; Bulletin 252.
Texas, Water-Supply Paper 343; Geol. Folios 188, 194; Texas Univ. Mineral Survey Bull. 9 (co-
operative report).
Utah, Water-Supply Papers 157, 199, 217,277, 333.
# Meinzer, O. E., Geology and water resources of Big Smoky, Clayton, and Alkali Spring valleys:
Nev.: U. 8. Geol. Survey Water-Supply Paper 423, pp. 53-58, 1917.
& Bryan, Kirk, unpublished data.
36 Bryan, Kirk, Erosion and sedimentationin the Papago country, Ariz., with a sketch of the geology:
U.S. Geol Survey Bull. 730, pp. 52-65,1923. Paige, Sidney, Rock-cut surfaces in the desert ranges:
Jour. Geology, vol. 20, pp. 442-450, 1912.
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of southern Idaho, southern Oregon, western Utah, eastern California,
southern Arizona. central and southwestern New Mexico, and trans-
Pecos Texas (Pl. XXVIII, p. 196). It also underlies the Great Valley
of California (Sacramento and San Joaquin valleys) and nearly all the

FIGURE 100.—Map of the western part of the United States showing principal areas underlain by Quater-
nary valley fill. This ill includes much gravel that yields water freely in large quantities. It is the
most valuable aquifer in the West.

valleys in California nearer the coast, and many valleysin the Rocky

Mountain region and in other parts of the West. Most of the areas

underlain by valley fill are shown in figure 100.
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The valley fill is the great water bearer of the arid part of the
United States. Like the glacial drift, it is very irregular in distribu-
tion, thickness, and structure and in the yield, head,and quality of
its water, but in most places it yields some water, and in many places
it furnishes very large supplies of satisfactory quality. In many
desert regions where surface streams are lacking the valley fill is
practically the only source of water. It is heavily drawn upon for
irrigation, especially in the valleys of California and Arizona—for
example, in the valley of southern California, San Joaquin Valley,
Sacramento Valley, Santa Clara Valley, and Salinas Valley, in Cali-
fornia, and in the Gila River valley and Salt River valley, in Arizona.
For this reason it doubtless ranks first among all the formations or
groups of formations in the United States in the quantity of water
delivered through wells.

The valley fill consists almost entirely of rock waste washed down
from the mountains. It was deposited largely by streams or by sheet
floods into which the streams expanded on the even lowlands. A
small part of the rock waste, chiefly fine-grained material, was carried
into lakes or playas that occupied the lowest areas of some of the
depressions and was deposited as stratified lake beds or as playa clay.
In some places lake deposits are interbedded with stream deposits.
A small part of the material has been handled by the wind and has
been redeposited as dune sand, or loesslike silt, or, in a few localities,
chiefly in New Mexico, as gypsum sand or gypseous clay. The val-
ley fill also contains considerable mineral matter deposited by water
from solution, such as caliche, travertine, gypsum, and salt, and in
some valleys it contains interbedded sheets of volcanic rock.

The stream deposits are of two general types—unassorted or imper-
fectly assorted materials consisting of a clayey matrix and embedded
pebblesand boulders, and assorted materials, consisting chiefly of gravel
andsand. (Seepp.117,129-131.) Theimperfectlyassorted materials
form the bulk of the valley fill. They are produced by rapidly
fluctuating torrential streams and sheet floods. Where they are
saturated they generally yield water slowly, and they are the source
of supply for many dug wells that extend only a few feet below the
water table. The assorted materials are the deposits in ancient beds
of streams of more sustained flow. They consist largely of trains of
gravel that radiate from the mouths of the canyons, where the
mountain streams have throughout the Quaternary period dis-
charged into the valleys. These gravel trains are incased in the
clayey matrix of the poorly assorted fill. They are in a peculiarly
favorable position to receive the water of the mountain streams and
to transmit it to all parts of the valley fill. The gravel in an ancient
stream bed of this character is coarsest near the mouth of the can-
yon from whiech the train heads and becomes increasingly fine grained

L
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as it extends beneath the valley. However, the beds formed by the
larger streams may contain clean water-bearing gravel at points
many miles from the canyon mouths. Excellent examples are af-
forded by the clean gravels with very large yields of water that were
deposited by Salt River near Phoenix, Ariz.; by the streams that
flow across the valley of southern California from the high mountains
to the north and east; by the numerous streams that flow into the
Great Valley of California from the well-watered Sierra Nevada; and
by streams in many other valleys bordered by relatively well-watered
mountains. Even in smaller drainage basins with more arid climate
remarkably productive gravel trains are found, as, for example, in
Steptoe Valley, Nev., where much water-bearing gravel was found
in exploratory drilling by the United States Geological Survey.”

The sections of wells drilled into the stream deposits of valley fill
consist chiefly of the poorly assorted materials which drillers com-
monly call clay and regard as non water-bearing. In most drilled
wells, however, one or more beds of assorted gravel or sand are pene-
trated, and these are the recognized water-bearing beds. They occur
at various levels, and the beds revealed by the sections of different
wells at the same locality can often not be correlated. These con-
ditions are well illustrated in figure 45 (p. 157).

Shore features and stratified deposits of extinct or nearly extinct
lakes are found in the lowest parts of many of the closed drainage
basins, the deposits being at or near the surface. These extinct
lakes presumably existed in the times of cold humid climate, in the
Pleistocene epoch, when the great continental ice sheets extended
far south. The distribution of these lake beds in the Basin and
Range province, in so far as they have been discovered, is shown in
figure 101. The outlines of the lake beds shown in the map were
determined chiefly from the ancient shore features. In some places
lake beds are interstratified with alluvium, as illustrated in the
artesian-well section shown in figure 102. The lake deposits, except
in their marginal parts, are generally too fine grained to yield water
freely, but they may form effective confining beds and give rise to
artesian flows.

The playas are flats which at the present time occupy the lowest
parts of most of the valleys that do not have drainage outlets and to
some extent the lowest parts of valleys that have outlets. Underlying
the flats is fine-grained material that has been deposited from thin,
temporary sheets of roily water which is for the most part derived
from heavy floods. Before this water reaches the flats its velocity
is reduced so much that it loses all of its load except the fine ma-
terial which it holds in suspension. The material deposited on the

¥ Clark, W. O.,and Riddell, C. V7., Exploratory drilling for water and use of ground water for irri-
gation in Steptoe Valley, Nev.: U. 8. Geol. Survey Water-Supply Paper 467, pp. 50-58, 1920.

497781 0-59-22
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playas ranges from fine sand to dense clay and includes large amounts
of silt. Near the surface it is generally more or less yellow or brown,
but at greater depths it may have a bluish hue or may be quite
black. The playa deposits are too dense to furnish much water, and
such meager supplies as they may yield in some localities are likely
to be too poor for use.

The dune sands are porous and permeable and will generally yield
water freely. They are, however, not widely enough distributed to

~c——
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FIGURE 101.—Map of the Basin and Range province showing Pleistocene lake beds. (For a list of these
ancient lakes and a brief discussion of them see Geol. Soc. America Bull., vol. 33, pp. 541-552, 1922.)

be of much consequence for water supply. Gypsum sands yield
very hard water.

The mineral matter deposited from solution is largely disseminated
through the valley fill, but to some extent it forms separate beds.
Its effect on the water-bearing properties of the fill is unfavorable.
The calcareous material forms hard layers of caliche (fiig. 45, p. 157)
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and a cement that partly
occupies the interstices, es-
pecially of the lower part of
the fill (fig. 71, p. 190),greatly
reducing in many places its
yield of water. Thegypsum
and salt, chiefly deposited in
the lowest parts of the val-
leys, are detrimental to the
quality of the water.

In many places the deep
valley fill yields less water
than the fill lying within a
few hundred feet of the sur-
face. Thisisapparently due
partly to original differences
and partly to greater cemen-
tation and compacting of the |
deeper fill. In some valleys I
the fill comprises at least |
two distinct formations, the |
lower of which is nearly im- '
pervious, whereas the upper :
yields water freely. Such a |
condition occurs in Animas |

i
|
I
|
|
!
!

Clay, silt,sand, gravel,and caliche
[ (about 150 feet thick)

Younger stream
deposits
A\

>Blue ¢clay (about 350 feet thick)

Lake beds
Al

> Clay,.sand, gravel, sandstone,and

38 .
Valley ’ N. Mex" and is cong.l‘o)merate (at least 750 feet

shown in figure 103. Similar
conditions exist in the valley
of southern California®* (fig.
54, p. 173) and in the Rillito
Valley, Ariz.* In some
places, however, the deep fill
yields water abundantly, as,

thic

®Schwennesen, A. T., Ground water in
the Animas, Playas, Hachita, and San
Luis basins, N. Mex.: U. 8. Geol. Survey
Water-Supply Paper 422, pp. 78-81, 1918.

® Mendenhall, W. C., Ground watersand
irrigation enterprises in the foothill belt, *+ 75 Bedrock
southern California: U. 8. Geol. Survey o
‘Water-Supply Paper 219, pp. 34-39, 1908. FIGURE 102.—Generalized columnar section of San Simon

408mith, G. E. P., Ground-water supply Valley, Ariz.-N. Mex.,showing valley fill in which lake
and irrigation in Rillito Valley, Ariz.: Ari- beds are interstratified with alluvium. (After A. T.
zona Agr. Exper. Sta. Bull. 64, p. 86, 1910. Schwennesen. )

Older stream
deposits
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for example, in parts of Coachella Valley north of the Salton Sea,
where there are strong wells more than 1,000 feet deep and where
one flowing well obtains a large supply from a depth of 1,400 feet.

The water-bearing properties of the valley fill depend very largely
on the kind of rocks from which it is derived, as has been explained on
page 118,

The occurrence of water in the valley fill is so distinctive and of
so much practical importance that it seems worth while to give the
following concise description of a typical desert valley underlain by
water-bearing fill.2 (See Pl. XXX and figs. 104 and 105.)

Big Smoky Valley is a typical Nevada desert valley—a plain hemmed in by
mountain ranges and underlain by porous rock waste eroded from these ranges and
saturated with water discharged from them. Like most of the valleys of the State,
it has a general north-south elongation and an interior drainage. A low, gentle
alluvial swell divides the area draining to Big Smoky Valley into a north basin, which
contains the upper valley (figs. 104 and 105), and a south basin, which contains the
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FIGURE 103.—Section across Animas Valley, N. Mex., showing younger water-bearing alluvium resting
unconformably on older, almost impervious alluvium. (After A. T. Schwennesen.)

lower valley. Each of these basins held a lake in the Pleistocene epoch and now
contains an alkali flat.

The north basin has an area of about 1,250 square miles. Like most other desert
basins, it comprises two strongly contrasted types of topography, one in the moun-
tains and the other in the valley. The mountains have a relief of several thousand
feet, and their surface has been eroded or carved by streams; the valley has a relief
of only a few hundred feet, and most of its surface is formed of deposits laid down
by streams. The mountains are steep sided and almost infinitely varied in topo-
graphic detail; the valley consists of smooth, gentle slopes and nearly level plains.
In general the relation of the mountains to the valley is that of cause and effect, and
a study of the physiography of the basin therefore consists largely in correlating the
land forms in the valley with the causal conditions in the mountains.

The greater part of the valley surface consists of coalescing alluvial fans, or slopes
built of the rock waste discharged from the canyons. At their bases the slopes become
very gentle and merge, in many places imperceptibly, into large playas, or alkali

1 Brown, J. S., The Salton Sea region—a geographic, geologic, and hydrologic reconnaissance: U. 8.
Geol. SBurvey Water-Supply Paper 497 (in press).

4 Mainly quoted from Meinzer, O. E., Geology and water resources of Rig Smoky, Clayton, and Alkall
Spring valleys, Nev.: U. 8. Geol. Survey Water-Supply Paper 423, 1917.
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flats, that occupy the lowest parts of the valley. Superimposed on these main fea-
tures are n1merous scarps produced by recent faulting, large ridges built by ancient
lakes, hills and ridges of sand heaped up by the wind, and in a few places mounds
and terraces built by springs. The alluvial fans have also been modified by large,
deep streamways carved into them.

The valley is nearly surrounded by a mountain wall in which are cut innumerable
notches of various sizes. Each notch is the mouth of a canyon—the portal through
which a certain part of the mountain area makes its contributions to the valley, not
only of the water that falls upon it as rain or snow but of the very substance of the
mountains themselves. The water that is discharged at the surface or as under-
flow is the vehicle by means of which the transportation of this rock material is
effected, the soluble matter being carried in solution, the fine particles of sand and
clay held in suspension, and the pebbles and boulders rolled over the surface by the
impact of the water. Only from the larger canyons are these contributions made
continuously, most of the canyons being dormant the greater part of the time and
becoming active contributors only at long intervals, when freshets occur. The char-
acter and quantity of the contributions that the valley receives through these
notches determine almost exclusively the shape of its surface, the distribution and
capacity of its water-bearing beds, the quantity, quality, and level of its ground
water, the character of its soil and native vegetation, and the agricultural possibilities
of its lands.

At the mouth of each canyon is an alluvial fan, built of the materials contributed
by the canyon. Each of these fans is or has been the greatly expanded streamway
or flood plain of the stream that periodically flows from the canyon. The floorofa
canyon and the surface of an undissected fan form parts of a single stream profile and
are as closely adjusted to each other by the laws of stream gradation as the upper
and lower courses of more ordinary streams. All the fans have the same general
form because they are produced under the same general conditions. Each hasan
apex at the mouth of the canyon, from which it extends downward in all directions
except as it is limited by other land forms. In each the grade diminishes with dis-
tance from the apex, thus giving the fan a concave profile along a line drawn from
the apex in any direction in which the fan extends. In their size and in the shape
of their concave profiles, however, the fans differ as widely as the canyons from
which they are supplied. These differences are never haphazard but are deter-
mined by the sizes and gradients of the canyons, the volume and character of the
floods which they discharge, and the quantity and nature of rock waste which the
floods have to handle.

As the canyons are not far apart their fans are crowded together and modified by
each other. Many small fans are superimposed on the larger ones, and fans of nearly
equal size merge with each other in their middle and lower parts, forming a single
smooth slope, a given point of which may receive sediments from two or more
canyons.

As in most localities the contributing mountain areas on opposite sides of the
valley differ in size, corresponding fans are likewise unequal, and the axis, or line
of lowest depression, is not in the middle of the valley but relatively far from the
side on which the mountains are large and near the side on which the mountains
are small. The largest mountains are not, however, all on the same side, but are
here on one side and there on the other. Consequently the line of lowest depression
is a sinuous line that keeps far away from the large mountains.

The north basin once contained a lake whose surface fluctuated but never rose
high enough to have an outlet. When at its highest level it was about 40 miles
long, 9 miles in maximum width, and covered an arca of approximately 225 square
miles, or 18 per cent of the drainage basin in which it lay. Its maximum depth was
about 170 feet. The shore features consist almost entirely of gravelly beaches and
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beach ridges, or embankments, many of which are very definite structures that can
be followed for a number of miles, the largest attaining heights of nearly 50 feet.

At present the valley contains no perennial lake, but the flood waters that are
not lost in their descent over the fans are impounded in the lowest parts of the
valley, from which they are removed almost exclusively by evaporation. The
impounded waters are always roily and on evaporation deposit fine sediments. This
process of aggradation is as characteristic of the desert valleys as the aggradation on
alluvial fans through deposition by running waters, and it produces as distinct a type
of land surface. The running waters form surfaces with grades, whereas the im-
pounded waters form surfaces that approximate horizontal planes.

The valley is arid. At one station the precipitation in 6 years averaged only 6.55
inches a year and in no year amounted to as much as 9 inches. Inthe higher moun-
tains the precipitation is appreciably greater. About 50 of the canyons that drain
into the upper valley contain small perennial streams.

The bedrocks of the drainage basin are relatively impervious and form a huge
reservoir that is nearly water-tight. In this reservoir rests the great accumulation
of porous rock waste called the valley fill, which is saturated with water up to a
certain level known as the water table. The great body of water that is stored
underground in this natural reservoir is derived from the rain and snow that fall
upon the drainage basin. Contributions to the water in the valley fill are made by
the perennial streams that flow out of the larger canyons; the floods discharged at
long intervals from the canyons which are normally dry; the underflow of some of
the canyons; the rain that falls in the valley; and water discharged underground
from openings in the bedrocks.

It is roughly estimated that the perennial streams together contribute to the
underground supply at an average rate of 15,000 to 30,000 acre-feet a year, most of
which goes to the upper valley. The total annual recharge is considerably greater.

The contributions of water to the underground reservoir are balanced by losses
from this reservoir. The losses occur chiefly through the return of the ground water
to the surface but in smaller part through percolation out of the basin by way of
underground passages. The return water reaches the surface by flowing from springs
or by rising through the capillary pores of the soil or the roots and stems of plants
where the water table is near the surface; it is all eventually evaporated. Ground
water is returned to the surface over an area of about 160 square miles, or 100,000
acres, in the upper valley. The main west-side spring line extends, with a sinuous
course, due to differences in the sizes of alluvial fans, a distance of more than 30
miles and includes innumerable springs that discharge a part of the copious under-
ground supply received from the Toyabe Range. On the east side there is no spring
line comparable to that on the west side, probably because the supply from the
relatively low range on the east side is smaller than that from the higher mountains
on the west. On the alluvial slope between the main west-side spring line and the
mountains a few springs which flow from fault ecarps are apparently produced by
impounding caused by dislocation of the valley fill. The data seem to indicate that
the quantity of water. discharged from the main body of ground water in the upper
valley is between 50,000 and 100,000 acre-feet a year, or between about 8 and 17 per
cent of the precipitation on the porth basin.

In the upper valley an area of about 100,000 acres has a depth of less than 10 feet
to the water table, an area of about 170,000 acres has a depth of less than 50 feet, and
an area of about 215,000 acres has a depth of less than 100 feet.

The coarse clean sand or grit derived from granite is porous and yields water freely.
The arkosic grit derived from rhyolite and other igneous rocks of fine grain also gen-
erally yields water freely, but it contains more fine material and when it disinte-
grates it becomes quite compact. The pebbles derived from the angular fragments
resulting from the weathering of slate and limestone may produce porous deposits but
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are extensively developed in the valleys of Arkansas and Platte rivers
and many other streams and are also found in a few areas from
which the streams that produced them have been diverted. These
deposits extend for hundreds of miles from the mountains and ‘in
some places expand to considerable widths. In the part of the
Platte River valley shown in figure 106 the belt of alluvium ranges
from 5 to 20 miles in width. This alluvium contains large quantities
of good water which it yields very freely to wells. It is heavily
drawn upon for many purposes, including irrigation.

In central Kansas, between Smoky Hill and Arkansas rivers, there
are Pleistocene alluvial deposits, known as the McPherson formation
or “Equus beds,” which apparently occupy an abandoned stream
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FIGURE 108.—Map and profile of Portales Valley and a part of Pecos River valley, N. Mex.,showing
shallow-water area in Portales Valley and topographic relations that suggest capture of the ancient
stream of Portales Valley by Pecos River. Stippled pattern shows area in Portales Valley that has
water table less than 25 feet below surface.

channel. They are about 200 feet in maximum thickness and cover
fully 800 square miles (fig. 107). They consist chiefly of sand and
clay but in some places include a thick bed of gravel at the bottom.
They form an excellent aquifer, the basal gravels being especially
productive.t

Portales Valley, a broad, shallow trench in the Tertiary beds of
eastern New Mexico, contains no stream at present but was evidently
excavated by a stream that headed far to the west and has since been
captured by Pecos River* (fig. 108). This valley is underlain by

44 Haworth, Erasmus, The geology of underground water in western Kansas: Kansas Board Irr., Sur-
vey, ahd Exper. Rept. for 1895-96, pp. 103-104, 1897.

45 Underground water resourcesin Portales Valley, N. Mex. (O. E. Meinzer): U. S. Geol. Survey Press
Bull. 406, October, 1909. Baker, C. L., Geology and underground waters of the northern Llano Estacado:
Texas Univ. Bull. 57, pp. 52-54, 89-90, 1915.
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porous deposits that yield very large supplies to rather shallow wells.
It seems probable that these deposits were laid down by the ancient
stream after it had excavated the valley, and that they are of Quat-
ernary age. There are probably other valleys in this region with
similar history and similar ground-water conditions.

DEPOSITS OF THE ATLANTIC COASTAL PLAIN.%

The Quaternary deposits in the Atlantic Coastal Plain are wide-
spread and, on the whole, very important as sources of water (fig.
109). They include alluvial deposits, estuary and shore deposits, and
limestone formed in shallow but clear parts of the sea.

-~

FIGURE 109.—Map of the Atlantic Coastal Plain showing distribution of principal Quaternary deposits.
The alluvial gravel in the Mississippi lowland below the mouth of the Ohio and in Louisiana and
Texas yields very large supplies of water. The boundary of the Coastal Plain is shown by the broken
line.

Near the end of the Tertiary period the Atlantic Coastal Plain sank
several hundred feet with reference to sea level and was therefore
largely submerged beneath the sea. During the Quaternary period

16 The following publications (of the U. 8. Geol. Survey, except asindicated), give information relating
to water in Quaternary deposits in the Atlantic Coastal Plain:

Arkansas, Water-Supply Paper 399; Prof. Paper 46.

Delaware, Geol. Folios 137, 211; Maryland Geol. Survey Special Pub., vol. 10, pt. 2 (cooperative
report).

Florida, Water-Supply Paper 319.

Georgia, Water-Supply Paper 341; Georgia Geol. Survey Bull. 15 (cooperative report).

Louisiana, Water-Supply Papers 101, 114; Prof. Paper 46.

Maryland, Geol. Folios 137, 152, 182, 204, 211; Maryland Geol. Survey Special Pub., vol. 10, pt. 2
(cooperative report).

Mississippi, Water-Supply Paper 159.

Missouri, Water-Supply Paper 195.

Texas, Water-Supply Papers 335, 375; Eightcenth Ann. Rept., pt. 2.
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it emerged in successive stages, with- minor submergences. Con-
sequently, a series of terraces were formed at different levels, and
these are generally underlain by alluvial or shore deposits, which in
most places form only a thin mantle but in some places are very
thick.

The highest terrace is generally considered to be of late Pliocene
age. Asshown inthesectionfor Maryland and Delaware (pp. 253-254)
the deposits at this level are now called the Brandywine formation
(fig. 110), but the name ‘‘Lafayette formation’’ has been widely
used for the high-level deposits of approximately the same age
throughout the Atlantic Coastal Plain. The Quaternary terrace de-
posits are generally known as the Columbia group. In Maryland
and Delaware (see pp. 253-254) Quaternary terrace deposits are
known to occur at only three different levels (fig. 110), but in North
Carolina 7 Quaternary terraces and terrace deposits have been recog-
nized at five distinct levels. After the lowest of the present terraces
was formed the region emerged, at least in large part, so that it stood
higher with reference to sea level than at present, and the valleys

Olde- formations

FIGURE 110.—Generalized section of Atlantic Coastal Plainin Maryland and Delaware,showing Pliocene
and Quaternary terraces and terrace deposits. (After Clark, Mathews, and Berry.)
*

were eroded below the present sea level. Still more recently the
region sank somewhat, and the lowest parts of the valleys have become
submerged.

In the States bordering on the Atlantic Ocean these terraces are
widely developed but the terrace deposits are not thick. They fur-
nish small supplies to many shallow wells. As arule the lowest ter-
races are more reliable for water supply than those at relatively high
levels, but the water under the lowest terrace is likely to be salty.

Below the mouth of Ohio River the valley of the Mississippi becomes
very wide, and in southeastern Missouri and northeastern Arkansas
there is an abandoned valley of the Mississippi known as the Advance
lowland, far west of the present river channel. The extensive low-
lands formed by the present valley and the abandoned valley are
underlain by Quaternary alluvium (fig. 109). In the Advance low-
land and in the Mississippi lowland in Missouri, Arkansas, Kentucky,
Tennessee, and Mississippi this ailluvium is generally between 100 and
225 feet thick. It is composed of loam, clay, sand, and gravel. As

47 Clark, W. B., and others, The Coastal Plain of North Carolina: North Carolina Geol. and Econ.
Survey, vol. 3, 1912.
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a rule there is a downward gradation from fine silt and loam at the
surface through compact clay and fine sand to coarse sand and gravel
at the bottom. The bulk of this material is of Pleistocene age. It
is younger than the principal deposits of loess, and therefore was
probably laid down largely during the latest glacial advance, when
the Wisconsin drift sheet was deposited.*® These alluvial deposits,
especially the basal gravels, yield water in very large quantities and
are drawn upon for various uses, including the irrigation of rice.*

In southern Louisiana the Quaternary deposits become much
thicker and also yield water in large quantities (fig. 109). In some
parts of the area the water is salty, but to a great extent it is of good
quality. There are many flowing wells with large yields, and also
many that are pumped very heavily for rice irrigation.

In Texas the Quaternary deposits of the Coastal Plain are also
well developed (fig. 109) and of much importance as aquifers.®® In
the southeastern part of the State there are two principal Quaternary
formations, the Lissie gravel and the Beaumont clay, which under-
lie a broad belt along the coast. The Lissie gravel is believed to rep-
resent the coalescing alluvial fans that were spread out at the mouths
of the valleys of the streams which discharged into the sea during

.some parts of Pleistocene time, possibly the early and middle parts.
It has a maximum thickness of about 900 feet but thins out in the
direction away from the sea. It constitutes one of the most impor-
tant water bearers of the Atlantic Coastal Plain. It yields large
quantities of water which is in part salty but mostly potable, It
gives rise to flowing wells over a large area adjacent to the sea, where
it is covered by the Beaumont clay. The Beaumont formation con-
sists of blue and reddish calcareous clay with lenses of sand and
gravel. It is not a good water bearer but serves to confine the
water of the Lissie gravel under artesian pressure.

In the valleys of the major streams of the Coastal Plain in Texas
there is aseries of Quaternary terraces with underlying alluvial depos-
its, like the terraces of the Columbia group farther east. Terraces
at three distinct levels have been discriminated, the highest of
which is the oldest. Each grades laterally into interstream phases,
the Lissie gravel and Beaumont clay representing the interstream
phases of the middle and lowest. The gravel beds in the stream val-
leys of this part of the Coastal Plain are largely the extensions of the
deposits along the same streams on the Great Plains, just as the

48 Stephenson, L. W.,and Crider, A. F., Geology and ground waters of northeastern Arkansas, with
& discussion of the chemical character of the waters by R. B. Dole: U. B. Geol. Burvey Water-Snpply
Paper 399, pp. 120-121, 1916.

4 Idem, p. 146.

s Deussen, Alexander, Geology and underground waters of the southeastern part of the Texas Coastal
Plain: U. 8. Geol. Survey Water-Supply Paper 335, pp. 78-84, 1914.
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gravel deposits along Mississippi River and some of its tributaries
are largely the extensions of their glacial outwash.

A large part of Florida, including nearly all of the southern part,
is underlain by Quaternary deposits,* which consist chiefly of sedi-
ments laid down in the sea but also include alluvium and much wind-
blown sand. They comprise sand, clay, marl, and limestone. The
limestone is largely oolite and shell limestone and is soft and porous.
The Quaternhry system of Florida in general increases in thickness
toward the southern part of the State, where, exclusive of sand hills,
it probably has a maximum thickness of 125 feet. The Quaternary
materials are as a rule very porous. In some places they are too
thin to yield much water, but where they have considerable thick-
ness they contain large supplies, which they yield freely to springs
and wells, They absorb the surface water readily but -also readily
take in surface pollution. In some places the water is salty, but
generally it is potable.

MARINE DEPOSITS OF THE NORTHEAST.

In the northeastern part of the United States, especially along the
coast of Maine, there are marine strata of clay and silt with some
interbedded and underlying sand and gravel.®* These bedsin Maine
are chiefly within 10 or 20 miles of the coast although they extend
much farther up the valleys of major streams. They are found up
to elevations of 300 feet above sea level. They were formed during
a submergence of the region that occurred at about the end of the
Pleistocene epoch and are related to the glacial outwash of the Wis-
consin drift. Considerable water can be recovered in some places by
means of dug or driven wells ending in the interbedded or basal sand
and gravel, but these supplies are local and not generally available.

GROUND-WATER PROVINCES IN THE UNITED STATES.

In order to summarize effectively the occurrence of ground water
in the United States the country has been divided into 21 ground-
water provinces, the approximate boundaries of which are shown in
Plate XXXI. (See also Pl. XXVIII, p. 196.) Any such division is
necessarily somewhat arbitrary, both as to the number of provinces
and as to their boundaries, but it serves a very useful purpose for
concise presentation of the conditions in the entire country.

In making the division consideration is given to the several impor- ~
tant groups of aquifers in the country, namely, glacial drift, valley
fill of the western basins, Tertiary lava, Miocene and Pliocene (upper

81 Matson, G. C., and Sanford, Samuel, Geology and ground waters of Florida: U. 8. Geol. Survey
Water-Supply Paper 319, 1913,

52 Stone, G. H., The glacial gravels of Maine and their associated deposits: U. 8. Geol. Survey Mon,
34, pp. 41-58, 1899.
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Tertiary) formations of the Great Plains, Eocene formations of the
interior, Cretaceous formations, (chiefly the Upper Cretaceous of the
interior, including the Dakota sandstone), Paleozoic sedimentary for-
mations, and pre-Cambrian and other crystalline rocks. The general
rules for classification are as follows:

1. A large area in which only one of these of aquifers exists
or is important, constitutes a province. e provinces of this class
are the Piedmont province the South-central Paleozoic province

he Wisconsin Paleozoic province (G), the Black Hills Cretaceous
province (J), the Trans-Pecos Paleozoic province (M), the Columbia
Plateau Lava province (S), and the Southwestern Bolson province
).

2. Where more than one of the principal groups of aquifers occurs
the coextension of the two most important of these groups deter-

mines the limits of a province.  The provinces of this class are the

aste : (B the North-central Drift-Paleozoic

o((F) t-Crystalline province (H), the Dakota
Drlft-()retaceous province (I), the Great Plains Pliocene-Cretaceous
province (K), the Great Plains Pliocene-Paleozoic province (L), and
the Montana Eocene-Cretaceous province (0). Modifications of this
rule are represented by the Atlantic Coastal Plain province the
Northwestern Drift~-Eocene-Cretaceous province (N), and the Mon-
tana-Arizona Plateau province (Q), in which at least three of the
principal groups of aquifers are present and are so nearly equal in
importance that they must all be taken into account.

3. In rugged and lofty mountainous regions the topography and,
to some extent, the climate produce radical changes in ground-water
conditions, which eclipse the differences due to the presence of differ-
ent groups of aquifers Such a mountainous region constitutes a
ground-water province. The provm es of this class are the Blue
Rldge-Appalachlan 1 Valley provinc @ the Southern Rocky Moun-
tain province (P), the Northern Rocky Mountain province (R) , and
and the Pacific Mountain province (T). The last-named province is
not, however, a very satisfactory unit.

In this connection, it is interesting to call attention to an earlier
division of the country into ground-water provinces that was made
by Ries and Watson * in their excellent chapter on ‘‘ Underground
waters.” They divided the country, very logically, into 10 provinces.

In a subsequent volume on ground water in the United States the
writer intends to describe in some detail the conditions in each of
the provinces which he has recognized. For the present volume the
following very brief summary must suffice. Sources of further infor-
mation regarding any of these provinces may be ascertained by con-

®Ries, Heinrich, and Watson, T. L., Engineering geology, pp. 330-337, New York, John Wiley &
Bons, 1914,
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sulting \Water-s_gggly Paper 427/ Bibliography and index of the
publications of the United States Geological Survey relating to
ground water. This paper contains a detailed index of ground-
water reports for every State and also includes a map of the United
States that shows the area covered by each of the important reports.

A. Atlantic Coastal Plain province.—Water is derived in rather large quantities
from Cretaceous, Tertiary, and Quaternary strata, chiefly sand and gravel interbed-
ded with clayey beds. Very large supplies are obtained from alluvial gravelsin
M.ississippi Valley and adjacent areas. The province includes extensive areas of

flow. The ground water ranges from low to high in mineral content.

{_B.) Northeastern Drift province.—Principal ground-wa.ter supplies come from glac

ift. The till yields small supplies to many springs and shallow wells; the outw
gravels yield very large supplies, notably on Long Island. Many drilled rock wells
receive small supplies, chiefly from joints in crystalline rocks or in Triassic sandstone.
Ground water is generally soft and otherwise low in mineral matter.

‘@ Piedmont province.—Water that is generally low in mineral matter is supplied
in small quantities by the crystalline rocks and locally by Triassic sandstone. Many
shallow dug wells are supplied from surface deposits or from the upper decomposed
part of the bedrock. Many drilled wells of moderate depth are supplied from joints
in the crystalline rocks. Some wellgin Triassic sandstone yield rather large supplies.

Blue Ridge-Appalachian Valley province.—This is a region of rugged topography

numerous springs which generally yield water of good quality from Paleozoic
strata, pre-Cambrian crystalline rocks, or post-Cambrian intrusive rocks. The water
ies are derived chiefly from eprings, spring-fed streams, and shallow wells.

South-Central Paleozoic province.—The ground-water conditions are in general
rather unsatisfactory. The principal sources of supply are the Paleozoic sandstones
and limestones. Throughout considerable parts of the province the Paleozoic supplies
are meager or of poor quality. Deep Paleozoic water is highly mineralized. In
many of the valleys large supplies are obtained from glacial outwash and other allu-

ds and gravels.

North-Central Drift-Paleozoic province.—Most water supplies are derived from
the glacial drift. Numerous drilled wells obtain large supplies from glacial outwash
or from gravel i interbedded with till. The water from glacial drift in this provmce
is generally haird Bt otherwise good. In many small areas the drift gives rise to
flowing wells. Many drilled wells end also in Paleozoic sandstone or limestone and
receive ample supplies of water. The deeper Paleozoic waters are generally highly
mineralized and in many places are unfit for use; the shallower Paleozoic waters are
commonly of satisfactory quality except that they are hard. In many valleys flow-
ing wells can be obtained from Paleozoic aquifers.

G. Wisconsin Paleozoic province.—Most of the water suppliesare obtained from wells
of moderate depth drilled into Cambrian or Ordovician sandstone orlimestone. These
wells as a rule yield ample supplies of hard but otherwise good water. In many of
the valleys artesian flows are obtained from the Paleozoic aquifers. The region is
devoid of water-bearing drift except in the valleys, where there are water-bearing
outwash gravels.

H. Superior Drift-Crystalline province.—In most parts of this province satisfactory
water supplies are obtained from glacial drift. Where the drift is thin water supplies
are generally scarce, because the pre-Cambrian crystalline rocks in most places yield
only meager supplies, and as a rule there are no intervening Paleozoic, Mesozoic, or
Tertiary formations that are thick enough to yield much water. The drift and rock
waters range from soft waters of low mineralization, in Wisconsin, to highly mineral-
ized waters—some of them unfit for use—in_the western and especially the north-
western part of the province.
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1. Dakota Drift-Cretaceous province.—The two important sources of ground -ater
are the glacial drift and the Dakota sandstone. The drift supplies numerous wells
with hard but otherwise fairly good water. It isavailable for water supply in nearly all
parts of the province. The Dakota sandstone has extensive areas of artesian flow.
1t supplies many strong flowing wells, a considerable number of which are more than
1,000 feet deep. The Dakota sandstone waters are highly mineralized but are used
for domestic supplies. The water from most parts of the formation is very hard, but
the water from certain strata is soft, although rich in sodium sulphate and sodium
chloride.

J. Black Hills Cretaceous province.—The conditions in this province are, on the
whole, unfavorable with respect to shallow-water supplies because most of the prov-
ince is underlain by the Pierre shale or by shales of the White River group (Oligocene).
The principal aquifer is the Dakota sandstone, which underlies the entire region
except most of the Black Hills. This sandstone will probably yield water wherever
it occurs, and over considerable parte of the province it will give rise to flowing wells,
Throughout much of the province it is, however, far below the surface. In some
localities underlain by shale smali supplies are obtained from shallow wells. In the
Black Hills water is obtained from a variety of sources, ranging from pre-Cambrian
crystalline rocks to Cretaceous or Tertiary sedimentary rocks.

K. Great Plains Pliocene-Cretaceous province.—The principal aquifers of this
province are the late Tertiary sands and gravels (Ogalalla formation and related
deposits) and the Dakota sandstone, The Tertiary deposits are exceptionally satis-
factory for water supply over extensive areas where they underlie the smooth and
almost uneroded plains. They yield large quantities of good water to relatively
shallow wells. The Dakota sandstone underlies nearly the entire province and
gives rise to various areas of artesian flow. Throughout much of the province, how-
ever, it lies too far below the surface to be a practical source of water, Where the
Tertiary beds are absent or badly eroded and the Dakota sandstone ie buried beneath
thick beds of shale, as in parts of eastern Colorado, it may be very difficult to develop
water supplies for even domestic and live-stock uses. Many of the valleys contain
Quaternary gravels, which suppy large quantities of good water. Considerable
Tertiary and Quaternary well water is used for irrigation.

L. Great Plains Pliocene-Paleozoic province.—The principal aquifers of thm prov-
ince are the late Tertiary and Quaternary sands and gravels, which give the same
very favorable conditions as the Tertiary and Quaternary deposits in province K.
The Tertiary deposits are underlain through practically the entire province by
Permian or Triassic *‘ Red Beds,’’ which in most places do not yield much water or
yield only highly mineralized water. In the localities where the Tertiary deposits
are thin or absent or where they have been badly eroded the ground-water conditions
are generally unfavorable.

M. Trans-Pecos Paleozoic province. —The bedrock consists of Carboniferous and
Triassic strata, including limestone, gypsum, red beds of shale and shaly sandstone,
and some less shaly sandstone. In most of the province these rocks yield only
meager supplies of highly mineralized waters to deep wells. In the Pecos Valley,
however, Carboniferous limestones and sandstones yield very large supplies to numer-
ous flowing wells; the water is very hard but good enough for irrigation and for
general domestic and live-stock uses. Locally the bedrock is overlain by Quaternary
water-bearing gravels.

N. Northwestern Drift-Eocene-Cretaceous province.~—Ground-water supplies are ob-
tained from glacial drift and from underlying Eocene and Upper Cretaceous forma-
tions. Where the drift is absent or not water-bearing, wells are sunk into the underly-
ing formations with variable success. The Eocene and latest Cretaceous, which un-
derlie most of the eastern part of the province, generally include strata or lenses of
sand, gravel, or coal that yield water. The Cretaceous furmations that occur in the
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western part consist chiefly of alternating beds of shale and sandstone. Thesandstones
generally yield water, but the shales are unproductive, and where a thick shale for-
mation immediately underlies the drift or is at the surface it may be very difficult
to get successful wells. In certain localities upland gravels yield water to shallow
wells.

0. Montana Eocene-Cretaceous province.—Fairly good water in quantities adequate
for domestic and live-stock supplies and generally also adequate for small municipal
supplies is obtained from strata and lenses of sand, gravel, and coal in the Fort Union
{Eocene) and Lance (late Cretaceous or Eocene) formations which underlie most of
the province. These formations in this province usually rest on the Pierre shale, a
thick dense shale of Upper Cretaceous age that yields no water or only meager
amounts of water, generally of poor quality. Hence, locally, where the Fort Union
and Lance are alsent or do not yield adequately, there is great difficulty in obtain-
ing satisfactory water supplies. In the northern part of the province there is a little
water-bearing glacial drift.

P. Southern Rocky Mountain province.—In this lofty mountain province, under-
lain for the most part by crystalline rocks, water supplies are obtained chiefly from
springs, from streams fed by springs and melted snow, or from very shallow wells
near the streams.

Q. Montana-Arizona Plateay province.—The question may properly be raised
whether the large region included in this province is sufficiently homogeneous to be
regarded as a unit with respect to ground water. It is, for the most part, an arid to
semiarid plateau region underlain by sedimentary formations ranging in age from
Paleozoic to Tertiary, not violently deformed but sufficiently warped and broken to
produce a close relation between rock structure and the occurrence of ground water
and to cause rather rapid variation in ground-water conditions from place to place. On
the whole, water supplies are not plentiful and not of very satisfactory quality. Where
thick formations of nearly impervious material, such as the Mancos shale, are at the
surface, or where the plateau is greatly dissected, as in the Grand Canyon region,
water supplies are very scarce. Locally, however, sandstone aquifers, such as the
sandstones of the Kootenai formation, the Dakota sandstone, or the Mesaverde for-
mation, are within reach of the drill and may yield very satisfactory supplies, in
some places giving rise to flowing wells. Locally there are also water-bearing
gravels of Quaternary age. .

R. Northern Rocky Mountain province.—This is a relatively cold region, chiefly
mountainous but with extensive intermontane valleys and plains. It is underlain
by a great variety of rocks with complicated and diverse structure. As in other
mountain regions, the water supplies are obtained largely from mountain springs and
streams. Considerable water is in places available from valley fill, chiefly ordinary
alluvial sand and gravel and the outwash deposits of mountain glaciers. A few
supplies are also obtained from wells drilled into various rock formations—for
example, the Belt series, of pre-Cambrian (Algonkian) age, and the sedimentary
beds of Tertiary age.

8. Columbia Plateau Lava province.—The principal aquifers of this province are
the widespread Tertiary and Quaternary lava beds and interbedded or associated
Tertiary sand and gravel, such as those of the Ellensburg formation. In general,
the lava yields abundant supplies of good water. It gives rise to many large
aprings, especially along Snake River in Idaho. Locally the lava or the interbedded
sand* and gravel give rise to flowing wells. However, much of the lava is 8o
permeable and the relief of the region is so great that in many places the water table
is too far below the surface to be reached except by deep wells. In certain parts of
the province glacial outwash and ordinary valley fill are also important source:
of water,
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T. Southwestern Bolson province.~—The principal source of water supply in this
arid province is the alluvial sand and gravel of the valley fill underlying the numer-
ous intermontane valleys that characterize the region. These water-bearing beds of
sand and gravel not only provide numerous desert watering places and domestic,
live-stock, mining, and municipal supplies, but in many places they also yield
important irrigation supplies. In the elevated marginal parts of the valleys the
water table may be very far below the surface or ground water may be absent; in
the lowest parts, underlain by clayey and alkaline beds, ground water may be
meager in quantity and poor in quality; at intermediate levels, however, large
supplies of good water are generally found. The province includes the Valley of
Southern California and the Great Valley of California, in both of which water from
the valley fill is extensively used for irrigation. Most of the water in the valleys of
this province is recovered by means of wells, but there are also many springs, some
of which are large. There are numerous areas of artesian flow, but most of the water
for irrigation as well as other purposes is pumped. In mountain areasof the province
there are, in the aggregate, many springs, small streams, and shallow wells that
furnish valuable supplies. As a rule, the most favorable dreas in the mountains for
springs and shallow wells are the areas underlain by granitic rocks.

U. Pacific Mountain province.—This is a somewhat heterogeneous province, char-
acterized chiefly by lofty mountains with some intermontane valleys and by heavy
precipitation. Water supplies are obtained largely from the numerous streams.
Many shallow wells are supplied from crystalline rocks in the Sierra Nevada and
other parts of the province. The lowland areas of the northern part of the province
are underlain largely by glacial driit that yields water freely. Tertiary formations,
which are well developed in Oregon and Washington, would doubtless also yield
much water.
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