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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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-7
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[o]
o
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5
3
No.l No.2 No.4
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
water table---.
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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.
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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,
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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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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.



PRINCIPLES OF OCCURRENCE. 73

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

. -
ehbn
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.
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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 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>