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FOREWORD

The scientific and economic results of work by the United States Geological Survey during the fiscal
year 1961, the 12 months ending June 30, 1961, will be summarized in four volumes of which this is the
first. This volume includes 146 short papers on a variety of subjects in the fields of geology, hydrology,
and related sciences, prepared by members of the Geologic, Water Resources, and Conservation Divisions
of the Survey. These papers are of two kinds. Some are announcements of new discoveries or observations
on problems of limited scope, which may or may not be described in greater detail subsequently. Others
summarize conclusions drawn from more extensive or continuing investigations, which in large part will
be described in greater detail in reports to be published at a later date.

Professional Papers 424-C and -D include additional short papers of the same character as those in
the present volume. Professional Paper 424—-A provides a synopsis of the more important new findings

resulting from work during the fiscal year.

THOMIAS B. NOoLAN
Director.
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GEOLOGY OF METALLIFEROUS DEPOSITS

1. TEMPERATURE OF FORMATION OF A PRECAMBRIAN MASSIVE SULFIDE DEPOSIT, COPPER KING MINE
FRONT RANGE, COLORADO . '

By P. K. S1Ms and PRIESTLEY TOULMIN, 3d, Denver, Colo., and Washington, D. C.

The Copper King mine, at Prairie Divide in Lari-
mer County, Colo., contains ore deposits of two types
and ages—massive sulfide-magnetite deposits of
Precambrian age and a vein uranium deposit of
early Tertiary age. The ore deposits and the geologic
setting of the mine have been described previously
(Sims, Phair, and Moench, 1958). This report pre-
sents some new data concerning the temperature of
formation of coexisting sphalerite, pyrrhotite, and
pyrite from one of the massive sulfide deposits in
the mine.

The sulfide-magnetite deposit is a small, elongate,
roughly tabular body that is mainly in cummingto-
nite-anthophyllite skarn. The ore minerals form
massive layers and lenses a few feet in maximum
breadth and width and a few tens of feet in length
that conform to the foliation and lineation of the
host rock. The. deposit consists, in order of de-
creasing abundance, of pyrite, sphalerite, pyrrhotite,
chalcopyrite, magnetite, and molybdenite. The re-
lation of the ore minerals to the host rock clearly
indicates that they formed mainly by replacement
of amphiboles. The deposit and its host rock are
enclosed entirely within a biotite-muscovite granite
of Precambrian age, which has been called Silver
Plume granite (Lovering and Goddard, 1950, pl. 1).
Magnetite from the deposit and monazite from a
pegmatite in the granite have both been dated as
late Precambrian (Phair and Sims, 1954).

. Except for molybdenite, the ore minerals are
closely associated and commonly intergrown, al-
though the quantities and proportions of the sep-
arate mineral phases differ from one ore-bearing
layer or lens to another. The close spatial association

of the ore minerals and the textural relations ob-
served in the field and in polished sections indicate
that they were deposited during a single stage. The
minerals crystallized in the commonly observed
paragenetic order: magnetite, pyrrhotite, pyrite,’
sphalerite, and chalcopyrite. The sphalerite is dark
reddish-brown and apparently homogeneous. It con-
tains oriented blebs and blades of chalcopyrite and
sparse randomly distributed blebs of pyrrhotite,
which are interpreted to have formed from exsolu-

tion on cooling.

The temperature of formation of the deposit can
be estimated by use of the sphalerite and pyrrhotite
geothermometers (Kullerud, 1953; Arnold, 1958).
Barton and Kullerud (1958) have extended the
earlier work of Kullerud (1953) to show that if
sphalerite formed in equilibrium with pyrrhotite
(with or without pyrite) below a temperature of
600°C., the temperature of formation can be deter-
mined from the FeS content of the sphalerite, using
the solvus curve determined for the binary systems
FeS-ZnS. The sphalerite at the Copper King mine
is in contact with both pyrrhotite and pyrite and
contains exsolved blebs of pyrrhotite, and therefore
probably crystallized in equilibrium with these
minerals. The sphalerite in five samples from various
parts of the deposit exposed in the mine workings
contains 13.6 to 15.6 formula percent FeS, as shown
in table 1, which corresponds to a range in tempera-
ture of crystallization from 440°C. to 490°C. (Bar-
ton and Kullerud, 1958, fig. 33). The low amounts
of manganese, copper, and cadmium in solid solu-
tion in the sphalerite would have little effect on the
solubility of FeS in ZnS.
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TABLE 1.1.—Spectrochemical analyses of sphalerite and esti-
mated temperatures of crystallization

[Analyses by R. G. Havens, U.S. Geological Survey]

Estimated
Samples Analyses (percent) temperature
of formation
(degrees
Serial No. | Field No. Fe FeS1 | Mn | Cu | Cd Zn centigrade) ?

E-1860...... A 9.1 15.6 [ 0.13 | 0.63 | 0.26 | 0.015 490110
1861...... B.......... 8.6 14.8] .13(1.1 .28 .014 480+10
1858...... CK-69..... 8.2 141 12| .95 .28 013 456+10
1857...... CK-201 7.9 13.6 | .13 | .62 ] .26 .012 440+10
1859...... UG-20..... 7.9

13.6 .13 | .69 .26 o1 440+10

1 Formula percent.

2 Not corrected for total rock pressure. If the rock cover at the time of
mineralization was b6 miles, the sphalerite temperatures would be raised
about 50° C.

Compositions of pyrrhotite from two samples
(CK-64 and CK-3) collected from the same part of
the mine as the sphalerite samples have been deter-
mined from measurements of d2 (Arnold and
Reichen, 1959). Pyrrhotite CK—64, associated with
pyrite, sphalerite, and chalcopyrite, has d 192 equal
to 2.063A, corresponding to 47.03 atomic percent
metals. Assuming Fe to be the only metal present,
we may apply the solvus curve in the system FeS—

" FeS. to find a temperature of 400°C. This tempera-
ture is somewhat lower than that indicated by the
composition of the associated sphalerite. A similar
relationship between “pyrrhotité temperatures” and
“sphalerite temperatures” has been found in several
other studies (for example: Stone, 1959; Skinner,
1958) and probably is a consequence of different
reaction rates in the two systems.

Comparison of the reaction-rate data on sphalerlte
in the system FeS-ZnS (Kullerud, 1953, p. 98) and
on pyrrhotite in the system FeS—FeS.,! shows that
pyrrhotite equilibrates with pyrite at 325°C. as
rapidly as sphalerite equilibrates with FeS at 750°C.
Thus as a pyrite-pyrrhotite-sphalerite assemblage
cools slowly in nature, one would expect the pyrrho-
tite to continue to react at temperatures below that
at which the sphalerite composition had been effec-
tively ‘“quenched in” by decreasing reaction rates.

Pyrrhotite CK-3 is also associated with pyrite,
sphalerite, and chalcopyrite, and is cut by a late
generation of pyrite probably related to the Tertiary
uranium mineralization. Its (102) peak is much

1 Pyrrhotite-pyrite equilibrium relations between 325° C. and 743° C. by
Ralph G. Arnold, unpublished Ph.D..thesis, Princeton Univ., 1958, p. 41.

R

broader than that of pyrrhotite CK-64, presumably
reflecting a range of composition. The mean value
of d12) is approximately 2.066A, corresponding to
a composition of 47.3 atomic percent metals. Both
this higher mean metal content and the greater
spread in composition of pyrrhotite CK-3 probably
reflect partial reaction with the late pyrite. Pyrrho-
tite that has a composition of 47.3 atomic percent
metals is in equilibrium with pyrite at about 325°C.

If the massive sulfide deposit is genetically related
to the granite, as seems probable from their close
spatial association and their similar absolute ages
(Sims, Phair, and Moench, 1958, p. 200), the de-
posit necessarily formed after the adjacent granite
had crystallized and cooled to about 500°C. On this
assumption, it is unlikely that the ore-forming solu-
tions could have come from a source near the sul-
fide body ; instead they must have been derived from
a more distant source, possibly subjacent crystalliz-
ing magma.
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2. COFFINITE IN URANIUM VEIN DEPOSITS OF THE FRONT RANGE, COLORADO

By P. K. Sims, E. J. YOUNG, and W. N. SHARP, Denver, Colo.

Coffinite, a uranous silicate with hydroxyl sub-
stitution, is associated with pitchblende in some
hydrothermal vein deposits in the Front Range, and
locally is an important ore mineral. Previously re-
ported occurrences of the mineral in the United
States (Stieff, Stern, and Sherwood, 1956; Frondel,
1958) have been mainly from the black, unoxidized
vanadium-uranium ores of the Colorado Plateau.

The known occurrences of coffinite in the Front
Range are listed in table 1. At the Copper King, .
Fair Day, and Foothills mines, and possibly also the
Schwartzwalder mine, coffinite constitutes a substan-
tial part of the uranium ore; at the other localities -
it is sparse.

TABLE 1.—Known occurrs nces of coffinite in the Front Range

Mine District or arca County Principal associated minerals Source of data
Blue Jay Jamestown Boulder Fluorite, uraninite, and Identified by X-ray powder
: uranothorite photographs, this report.
Copper King Prairie Divide Larimer Pitchblende, siderite, pyrite, Reported by Sims, Phair,
sphalerite, marcasite, quartz and Moench (1958).
Fair Day Jamestown Boulder Pitchblende, pyrite, quartz, Identified by X-ray powder
sphalerite, chalcopyrite photographs and in polished
and thin sections, this report.
Toothills Idledale Jefferson Pitchblende, pyrite, quartz, Identified by X-ray powder
potassium feldspar, carbonates photographs, this report.
Old Leyden coal Leyden Jefferson Meta-tyuyamunite, autunite, Reported by A. J. Gude, 3rd;
uranophane, and pyrite see also Gude and McKeown
(1953). :
Schwartzwalder Ralston Buttes Jefferson Pitchblende, pyrite, quartz, Reported by J. D. Schlottman,
carbonate minerals, potassium U. S. Atomic Energy Commis-
feldspar . ) sion (oral communication, 1960).
Stanley Idaho Springs Clear Creek Pitchblende, pyrite, sphalerite, Reported by R. H. Moench,
and a carbonate mineral (oral communication, 1961).

Coffinite typically occurs in the Front Range in
veins that are characterized by abundant open
cavities and conspicuous crustification, features gen-
erally considered diagnostic of epithermal veins
(Lindgren, 1933, p. 444-445). It is associated with
pitchblende, pyrite, and sparse sulfides that rarely
are visible megascopically, chiefly sphalerite (nearly
pure ZnS), chalcopyrite, and marcasite. Quartz—
or quartz, ankerite, and potassium feldspar—is
the principal gangue mineral in most deposits, but
siderite is dominant in one, the Copper King deposit.
Two exceptions to this mode of occurrence are
known. At the Stanley mine, coffinite fills fractures
that cut sulfide and gangue minerals of a mesother-
mal vein; at the Old Leyden coal mine, coffinite is
associated with fractured and silicified coal.

The coffinite is black in hand specimen and gen-’

erally cannot be distinguished megascopically from
pitchblende. It can be identified with certainty, how-
ever, by X-ray powder photographs, and in some ores
at least can be recognized in thin and polished sec-
tions. Polished thin sections are particularly useful
for study of the coffinite ores. o

In transmitted light, the coffinite is brown or

"yellowish brown, translucent to different degrees, and

mostly isotropic. It occurs predominantly as aggre-
gates of extremely small particles that form spheroi-
dal or other rotund forms. Rarely, the aggregates
have a visible fibrous structure, with the fibers
oriented perpendicular to the colloform bands. The
fibrous aggregates show a generally weak but con-
spicuous dichroism (darker color perpendicular to
fibers). In general, the optical properties agree with
well crystallized coffinite from the Woodrow mine,
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Laguna district, New Mexico (R. H. Moench, writ-
ten communication, 1961).

Refractive indices, reflectivity, and unit cell sizes
of coffinite from two mines are listed below :

Coffinite
Locality Refractive Reflectivity 1 Unit cell size
index (percent) (A)
Fair Day mhine’ -« o seome s 1.7740.005 7.8-9.8 A, =6.935
C, =6.21>
Copper King mine............ ©) 8.2-8.6 A, =6.97)
C, =6.28s

1 Determined in orange light with a Hallimond visual microphotometer,
according to the method described by Leonard (1960).

2 Coffinite is finely admixed with siderite and other minerals, and a re-
liable refractive index was not determined. Index is known to be lower than
for coffinite from the Fair Day mine.

The pitchblende associated with coffinite from the
Fair Day mine has a reflectivity of 13 in orange
light. As the coffinite from both the Fair Day and
Copper King mines contains some finely intergrown
pitchblende, the measured reflectivities are slightly
higher than would be obtained from homogeneous
coffinite. i
In reflected light, coffinite resembles pitchblende
in its optical and physical properties and in having
rotund forms and ubiquitous shrinkage cracks. It
is gray and isotropic, and has a hardness similar to
that of pitchblende. It can be distinguished from
pitchblende because it has (a) weak internal reflec-
tions, (b) a lower reflectivity, and (c¢) a local radial-
fibrous structure in colloform aggregates, which can
be seen most clearly under oil immersion.
Metallographic studies of the black uranium ores
from the Fair Day mine, which have a delicate collo-
form structure, indicate that coffinite formed later
than pitchblende. In all sections examined, coffinite
embays and veins pitchblende, in a manner such as
that illustrated in figure 2.1. The upper photomicro-
graph shows a spheroidal grain of pitchblende that
is almost surrounded by coffinite. The coffinite em-
bays the host irregularly and has replaced much of
the outer part of the original sphere. One veinlet
extends completely across the sphere. Replacement
clearly preceded complete solidification of the host,
for shrinkage cracks in the pitchblende in part ex-
tend outward into the -coffinite, suggesting that
shrinkage was partly simultaneous in both minerals.

If the pitchblende had completely crystallized and
shrunk before it was replaced, the coffinite should
occur preferably in and along the shrinkage cracks.
In detail, the contacts between pitchblende and coffi-
nite are sharp, even when observed under high mag-
nification, and are commonly bulbous or mammillary
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FI1GURE 2.1.—Photomicrographs of polished sections of
ore from Fair Day mine (¢, coffinite; p, pitchblende).

in outline. In the lower photomicrograph, of part of a
coffinite veinlet that transects a spheroidal grain of
pitchblende, it can be seen that the veinlet is highly
irregular and consists of coalescing aggregates of
individual rotund forms that are smoothly convex
toward the host. The largest node has conspicuous
growth bands. This photomicrograph shows also a
small veinlet of coffinite that appears to follow a
shrinkage crack in pitchblende; this relation is rare
in the ores.

Paragenetic studies of the black uranium ores
from the Copper King mine are less definitive. Typi-
cally, tiny rotund forms of pitchblende, at most a
few microns in diameter, occur in dominantly collo-
form coffinite. Even under magnification of several
hundred diameters, there is no evidence that the
pitchblende is corroded by coffinite.
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The occurrences of coffinite in the Front Range
indicate that the mineral characteristically forms in
veins in a low temperature-pressure environment.
Coffinite has not been identified from the uranium-
bearing mesothermal sulfide veins of the Front Range
mineral belt (Sims, 1956), except at the Stanley
mine (table 1), where coffinite is clearly later than
the dominant vein minerals and therefore could have
formed under considerably lower temperatures than
the main mineral assemblage.
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3. STRUCTURAL CONTROL OF EPIGENETIC URANIUM DEPOSITS IN CARBONATE ROCKS OF
NORTHWESTERN NEW MEXICO

By LowELL S. HILPERT, Salt Lake City, Utah

Work done in cooperation with the U.S. Atomic Energy Commission

A compilation of data on more than 100 uranium
deposits in carbonate rocks in northwestern New
Mexico shows that the deposits are generally asso-
ciated with tectonic structures. The deposits occur
mostly in the Colorado Plateaus Province in the
Todilto limestone of Jurassic age; and a few occur
in the Basin and Range Province in the San Andres
and Madera limestones of Permian and Pennsyl-
vanian ages, respectively (fig. 8.1). All the deposits
are considered to be of epigenetic origin—that is,
they were emplaced some time after the host rocks
were deposited.

In the Todilto limestone the uranium minerals are
of primary and secondary origin. The primary min-
erals, which are finely disseminated, are uraninite
and coffinite, accompanied by the vanadium oxides
higgite and paramontroseite (Truesdell and Weeks,
1959, p. 1689-1960). These minerals fill pore spaces,
and replace limestone along silty layers. They are
accompanied by the accessory minerals pyrite, hema-
tite, fluorite, and barite (Laverty and Gross, 1956,

p. 195-201). The secondary uranium minerals, gen-,

erally closely associated with the primary minerals

above the water table, are yellow and yellow-green
uranyl vanadates and silicates, which coat the walls

of fractures and the pore spaces along silty layers

in the limestone. ‘

The Todilto deposits are roughly tabular with ir-
regular outline, thus resembling many uranium de-
posits in sandstone in the Colorado Plateaus Prov-
ince and elsewhere. They generally conform to the
bedding but in detail cut across it. More than 50
deposits have been mined, and individual deposits
have yielded from a few tons to as much as 100,000
tons of uranium ore. ~

Control of the uranium deposits in the Todilto
limestone has been ascribed to diagenetic folds and
larger scale fold and fault structures (Gabelman,
1956, p. 389, 391-392). The diagenetic folds are
referred to hereafter as intraformational folds.
However, a close spatial relation between the de-
posits and the larger scale structures is difficult to
establish. In fact, these structures may be younger
than the primary uranium minerals (Hilpert and
Moench, 1960, p. 443-444) as they probably are
related to a system of large-scale structures that has
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been interpreted to be later than early Eocene in age
(Hunt, 1938, p. 74-75). On the other hand, the
deposits are closely related to the intraformational
folds because they generally occur along the flanks
and in some places along the axes of the folds.

The intraformational folds are of many types.
Some are broad and open, some are recumbent,
others are parts of larger intraformational folds,
and still others are associated with intraformational
faults that have displacements of only a few inches
or more. In size the folds range from a few inches
to about 30 feet in width and amplitude, and from
a few feet to hundreds of feet in length. They are
generally confined to the Todilto limestone, but some
extend a few feet into the overlying or underlying
formations. Many occur in clusters and if so the
axes of individual folds may be parallel or sub-
parallel. These structures are developed best in
McKinley and Valencia Counties and a few occur in
western San Juan and Rio Arriba Counties (fig. 3.1).

These intraformational folds are apparently tec-
tonic in origin, as they are related to tectonic fold-
ing (Hilpert and Moench, 1960, p. 437-444). They
are probably of Jurassic or Early Cretaceous age;
and the associated primary ore minerals are prob-
ably of Late Cretaceous or early Tertiary age (Hil-
pert and Moench, 1960, p. 450).

Deposits in the San Andres and Madera lime-
stones also occur where the rocks have been de-
formed. These deposits may be wholly secondary in
origin, as only secondary minerals have been identi-
fied—but it is possible .that primary minerals will
ultimately be revealed by further exploration or
study.

In the San Andres limestone the uranium is in
conspicuous yellow vanadates that coat fracture
surfaces, bedding surfaces, and fill open space in
the rock where it has been broken by faulting. Two
deposits in north-central Socorro County (fig. 3.1)
are in a sandy zone in the limestone where it is
broken by a north-trending high-angle fault. The
largest mineralized zone, from which some ore has
been mined, is about 50 feet in diameter and 35 feet
thick. A deposit also occurs in the San Andres lime-
stone in Valencia County, but the geologic relations
are not clear. At this locality a yellow uranium
mineral has been reported to occur in fractures in
the San Andres limestone near igneous intrusive
rocks.

Two uranium deposits also occur in ‘a sandy zone
in the Madera limestone in north-central Socorro
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County (fig. 3.1) where the limestone has been
brecciated along a north-trending high-angle fault.
In these deposits also the uranium occurs in yellow
vanadates and possibly in silicates that coat the
fracture surfaces. The largest mineralized zone is
about 100 feet in diameter where exposed at the sur-
face, and is several feet thick. The highest grade
material is near the fault and some ore has been
mined.

The deposits in the San Andres and Madera lime-
stones are probably of late Tertiary age or younger
because the faults that apparently control the de-
posits displace the Datil formation (Wilpolt and
Wanek, 1951), which is probably of late Tertiary
age. ‘

In summary, the uranium deposits in carbonate
rocks in northwestern New Mexico are almost en-
tirely associated with folds, faults, and minor frac-
tures. These deposits are of epigenetic origin; they -
occur in two geologic provinces in formations of
three geologic ages, and they probably represent
two different periods of mineralization. Because
they were formed under diverse geologic conditions
in which the tectonic structures are the only fea-
tures common to all, it must be concluded that locali-
zation of the uranium deposits is controlled by the
tectonic structures. A brief review of the geologic
literature reveals that most epigenetic uranium de-
posits in carbonate rock are controlled by tectonic
structures. Therefore, it is concluded that only de-
formed carbonate rocks are good host rocks for epi-
genetic uranium deposits.
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4. ORIGIN OF URANIUM AND GOLD IN THE QUARTZ ITE-CONGLOMERATE OF THE SERRA DE JACOBINA,
BRAZIL

By MAX G. WHITE, Washington, D. C.

The Serra de Jacobina is in the north-central
part of the State of Bahia, northeast Brazil. It is
a narrow prominent range that stands out in sharp
relief over adjacent plains. The mountainous coun-
try rises generally to altitudes of 600 to 800 meters
with peaks of approximately 1,100 meters. The ad-
jacent plains have an average altitude of about 450
meters. The principal town in the area is Jacobina,
about 360 kilometers, by road, west of the port city
of Salvador, Bahia.

The gold deposits of the region have been known
since the latter part of the 17th century. Lode and
placer deposits have been mined on a small scale.
Currently only the Canavieiras gold mine is operat-
ing in the district. ’

Uranium discovered in the pyritic gold ores of
Jacobina in early 1954 (White, 1956) has been de-
scribed in fair detail at the Canavieiras mine (White,
1957; Bateman, 1958). The gold-uranium mineral-
ized quartzite-conglomerates have been traced in
discontinuous outcrops from about 3 kilometers north
of Jacobina southward to the Rio do Almoco, a

distance of 23 kilometers.- The  conglomerates are:

known to extend an additional 6 kilometers south-
ward into ah area that has not yet been investigated
for uranium. -

Fieldwork on the gold- and uranium-bearing con-
glomerates at: Morro do Vento, 2 kilometers south of
the Canavieiras mine, constitutes the basis for the
present report. ' a

GEOLOGIC SETTING AND STRUCTURE

Rocks exposed in the Serra de Jacobina (Branner,
1910) in'the vicinity of the town of Jacobina con-
sist of white quartzite that in the upper part has
some nonconglomeratic sandstone, and in the lower
part numerous conglomerate beds that contain py-
ritic gold-uranium deposits.. The conglomerates are

restricted to the western flank of the Serra, where
they lie in contact with weathered granitic rocks.
On the eastern border of the Serra the white quart-
zite is overlain by slate and phyllite. Scattered pock-
ets of high-grade manganese oxides are found in the
quartzite.

.The rocks in the Serra de Jacobina dip easterly at
high angles (45° to 70°), and strike northerly,
parallel to the trend of the range. Details of the
structure are not well known, but considering the
steep dip of the rocks and the relatively narrow
width (6 km) of the Serra, any divergence in strike
of the quartzite from the trend of the Serra would
carry the basal conglomerate away from the Serra
at some short distance north of Jacobina. Many
high-angle faults cut the Serra de Jacobina and
many of the morros (hills) that make up the range
are fault blocks. The conglomerates may have been
removed by faulting north of Jacobina. In a few
places highly weathered dark-colored dikes of what
probably was an ultramafic rock (possibly pyroxen-
ite) cut across the quartzite-conglomerate. No pre-
ferred orientation of the dikes has been observed,
but many of them lie in the north-trending faults.
A similarity of these rocks and their ore deposits to
the well-known gold-bearing conglomerates of South
Africa has been noted by earlier writers (Oliveira
and Leonardos, 1943).

ORIGIN OF DEPOSITS

The uranium mineral in the Serra de Jacobina
conglomerates has been identified by X-ray diffrac-
tion as uraninite. It occurs in close association with
gold and pyrite in silicified quartzite-conglomerate.
The mineralized rock is green, owing to the presence
of chrome-bearing mica, or brown to yellow owing to
limonite formed from oxidation of pyrite. On Morros
do Vento, a mineralized zone 1,260 meters long has
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an average content of 0.008 percent equivalent
U.,0x and 10 grams of gold per metric ton of rock.
This mineralized zone ranges from one-half to 10
meters in thickness but averages about 2 meters.
The mineralized zone apparently parallels the strike
of the enclosing sedimentary rocks and from place
to place it consists of either conglomerate or quartz-
ite. Numerous sections measured across the mineral-
ized zone show that about 45 percent of the host
rock is quartzite and the remaining 55 percent is
conglomerate. The boundary of the mineralized rock
at some places coincides with the edge of a con-
glomerate lens or a quartzite bed, but at other places
the boundaries are within lenses or beds having
otherwise uniform lithology. Some mineralized zones
or shoots that have well-defined boundaries transect
both quartzite and conglomerate beds.

It is apparent that the mineralization does not
favor any lithologic unit in the quartzite-conglom-
erate sequence. Moreover there seemingly is no cor-
relation between high values of gold and uranium
and any particular rock type. It would appear, there-
fore, that this ore deposit is not a placer, which is
the origin that has been suggested for the somewhat
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similar South African deposits, and for gold-bearing
conglomerates of Blind River, Ontario (Davidson,
1957). Rather, the minerals probably were emplaced
by hydrothermal solutions introduced along a pos-
sible north-south fracture or fracture zone, appar-
ently parallel to the bedding. This conclusion is
strengthened by the presence of quartz stringers and
veins and the extensive sericitization and chloriti-
zation.
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HYDROLOGIC STUDIES,

5. MAGNITUDE AND FREQUENCY OF FLOODS IN SUBURBAN AREAS

'

The effect of suburban development on the mag-
nitude of floods may be evaluated by examining the
relations between flopds of.a given recurrence in-
terval and the drainage area, lag time, and a length-
slope parameter. Although these relations may not
measure the effect as precisely as would be possible
with “before and after” records of rainfall and
streamflow, they do permit fairly accurate predic-
tion, using existing records, of the effect of suburban
development upon flood .peaks.

Suburban development changes two of the basic
elements that determine the magnitude and timing

" of the volume and peak of the flood hydrograph. The
average infiltration rate is decreased because roof-
tops and city streets are impervious. The lag time

‘ments to the principal stream channels.

y By R. W. CARTER, Washington, D. C.

between rainfall excess and the flood hydrograph is
decreased because of storm sewers and improve-
The net
effect of these changes on the magnitude and fre-
quency of floods in the vicinity of Washington, D.C.,
has been evaluated.

The percentage of impervious surface area in
basins in which suburban development is virtually

complete is fairly low. For example, the percentages

for Little Falls Branch near Bethesda, Md., and
Four Mile Run near Alexandria, Va., based on aerial
photographs taken in 1955, are 12.6 and 11.5, re-
spectively. An approximation ‘of the effect of im-
pervious area on flood peaks is given by equation
(1), which is based on the following assumptions:
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1. The average rainfall-runoff coefficient of 0.3 as
determined from rainfall-flood volume studies for
storms in the Washington, D.C., area applies to
flood peaks as well as to flood volumes.

2. The effect of the changes in impervious area is
independent of the size of flood. ‘

3. Seventy-five percent of the rainfall volume on
impervious surfaces reaches the stream channel.

4. The impervious area consists of many fairly
small areas randomly distributed throughout the
basin. ' '

K — 030 4 0.0045
= 0.30

In this equation K is the factor by which all flood
peaks are increased by the'pe_rcent of impervious

(1)

area, I. For example, if 10 percent of the area is |

impervious, the value of K is 1.15. The effect of
imperviousness is small relative to other effects of
suburban development on flood peaks.

The average time interval, T, between the cen-
troids of rainfall excess and of the resulting flood
hydrograph, was determined for each of 20 streams
in the immediate vicinity of Washington, D. C. The
time distribution of rainfall excess was determined
from continuous records of rainfall and time-infil-
tration curves. The criteria for selection of storms
were (a) a uniform areal distribution and (b) a
short duration time relative to the lag time.

In figure 5.1, lag times are shown as a function
of L/+/S where L is the total length from the gaging
point to the rim of the basin measured along the
principal channel, and S is the weighted slope of an
order of 3 or greater of all stream channels in the
basin. The weighted slopes were computed as fol-
lows:

3 L 2
$=|s @8y @

Curve 1 on figure 5.1 is the relation for unde-
veloped areas in the Piedmont province near Wash-
ington, and may be expressed as :

| V8

Snyder (1958) found that a similar equation with
different coeflicients, but the same exponent, applied
to areas in California, Virginia, and other states.
" The lower limit of the relation of lag time to
L/v/S is probably defined by curve 3 on figure 5.1,
which is based on data given by Snyder for basins
that are completely sewered and have no natural
channels. '

T = 3.10 ( L )0'6 G

Values of lag time for basins that are partly
sewered, but with the principal stream channels
maintained in their natural condition, should plot
between curves 1 and 3. The points numbered 7,
10, 22, 23, and 24 on figure 5.1 are for such basins
in the vicinity of Washington where suburban de-
velopment is virtually complete. These points tend
to define curve 2 which can be expressed

T —1.20 (%)M | (4)

The slopes of curves 2 and 3, figure 5.1, have

been made identical to the slope of curve 1, although

the slopes of the curves 2 and 3 are not well defined
by available data.

The effect of changes in lag time on the magnitude
and frequency of floods may be determined by a
multiple regression technique. The magnitude of
floods of a given recurrence interval for undeveloped
basins is considered to be a function of T and A4,
where A is the size of the drainage basin in square
miles. Data for developed basins may also be used
to determine this relation if the effect of impervious-
ness on flood peaks is first accounted for, and if it is
assumed that the effect of T and K are independent.
Data for developed and undeveloped basins have thus
been used to define an equation of the form,

Q_
F=rAn ()

The magnitude of the flood discharge Q in cfs,

which corresponds to a recurrence interval of 2.33

years, was determined for each of 18 streams from
the record of maximum annual peak discharges. For
each stream the annual peaks were plotted against
the recurrence interval computed as (n .+ 1)/m
where m is the order number and 7 is the number
of years of record. The period 1951 to 1959 was

-used. The value of @ for each stream was determined

from the discharge-recurrence relation..
The constants in the functional expression of
equation (5) were defined by multiple regression

| using values of Q and T computed from records for

each stream and using the value of K from equation

1. The value of K from equation 1 was 1.00 for nine

of the streams and ranged from 1.00 to 1.19. The
equation of the regression is

%= 293 A0.85 T-0.45 (6)

with a standard error of —22 and 29 percent.

The value of the exponent of A is significant at the

Ak

EQ
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FIGURE 5.1.—Effect of suburban development on lag time.

99 percent confidence level ; the value of the exponent
of T at the 98 percent level. Data used to derive the
equation include a range in A from 3.9 to 546 square
miles, and a range in T from 1.2 to 18.6 hours.

The effect of suburban developments on floods
with a recurrence interval of 2.33 years may be evalu-
- ated by use of figure 5.1, and equations (1) and (6).

For example, assume that the relation between T
and L/v/S changes the values given in curve 1 to
the values given on curve 2 (fig. 5.1) because of

\ suburban development, and that the percent im-

perviousness is increased from 0 to 12 percent. Then

‘@ (Suburban) _ (310\0% 1854\ o
@ (Undeveloped) - (1.20> : (.300) o

The ratio 1.8 is believed to be the maximum effect
of complete suburban development on flood peaks
of any recurrence interval for drainage basins larger
than 4 square miles in the Washington area.

REFERENCE

Snyder, Franklin F., 1958, Synthetic flood frequency: Am.
Soc. Civil Engineers Proc. v. 84, no. HYb, 22 p.
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6. EFFECT OF ARTIFICIAL STORAGE ON PEAK FLOW

By WiLLiaM D. MiTCHELL, Champaign, IIL

As a supplement to the regular network of gaging
stations, many districts now operate a network of
high-water partial-record stations. Practical con-
siderations have dictated that many of these be lo-
cated at culverts, or other channel constrictions, at
which the peak flows may be materially affected by
artificial storage. To be of maximum value in
regional flood studies, the recorded amounts of

such peak flows should.be increased to account for'

the effect of artificial storage. The problem is com-
plicated by the lack of complete hydrographs for
most sites; only the peak stage and outflow dis-
charge are observed for any given flood, therefore
the usual methods of flood routing cannot be ap-
plied. How, then, can an observed outflow peak be
transformed to the corresponding inflow peak?

Various arbitrary solutions have yielded highly
varying results, leading to the conclusion that a
satisfactory solution could be obtained only by
making a tabulation of I/O (inflow peak divided by
outflow peak) resulting from routing all possible
inflow hydrographs through all possible reservoirs.
Then, given an appropriate description of a spec1ﬁc
inflow hydrograph and spec1ﬁc reservoir, the tabu-
lations would provide the appropriate correction
factor. Obviously, it would be impractical to route
an infinite number of hydrographs through an in-
finite number of reservoirs, but it appeared feasible
to make detailed studies of a few combinations, and
arrange the results in such manner that interpola-
tions might be made for others. It is possible to
make such interpolations if inflew hydrographs and
storage-outflow relatlons ‘are reduced to dimension-
less bases.

Inflow hydrographs may be described in terms of _

@, the instantaneous . discharge, and H, the time
from beginning of rainfall excess, and it is postu-

lated that @ is determined by H,; A, the size of the"

drainage area; P, the amount of rainfall excess; D,
the duration of the rainfall excess; and 7 and k.
characteristic times for a given drainage basin that
indicate the time lag between rainfall and. runoff.
These factors are combined into the dimensionless
ratios (QT/AP,), (H/T), (k/T), and (D/T), lead-
ing to families of inflow hydrographs in which the
first ratio is the ordinate, the second is the abscissa,
and the third and fourth are distinguishing param-
eters. -

Reservoir routing requires an expression of the
form S = KO-, in which S is the storage, K is a con-
stant depending upon the relative capacities of the
reservoir and the outlet, O is the outflow, and z de-
pends on the relative slopes of the stage-discharge
and stage-storage curves. The minimum value of x

- is 0.67 which would apply only to outflow at critical

depth from a reservoir with vertical sides. The
maximum z is indeterminate, but for many sites its
value appears to be near 1; in fact, it is a common
assumption in many reservoir problems that S =
KO, and the storage is said to be linear. (Preliminary
studies indicate that the methods here described may
be expanded to include nonlinear storage, but the
present analysis treats only linear storage.) In the
expression S = KO, K has the dimension of time,
and is reduced to a dimensionless base by dividing
by T.

Sixteen dimensionless inflow hydrographs were
routed through varying degrees of linear storage to
obtain 128 outflow hydrographs. From these rout-
ings, pertinent tabulations were prepared as shown
on table 1. On: the first line, K/T = 0, so that the
data are for the inflow hydrograph. Other lines are
for outflow hydrographs, with K/T increasing to
2.0. The three central columns of the table repre- -
sent, respectively, the time of occurrence of the
peak, the magnitude of the peak, and the time of
passage of the centroid of volume. The ratio for
time of travel through the reservoir, t./T, may be
obtained by subtracting value of t,/T for K/T = 0
from other values of t,/T.

TABLE 1.—Results of routing nflow hydrographs through
linear storage

[k/T=1.0; D/T = 0.1]

K/T tp/T QT/ AP, o/ 1/0
0.0...... 0.88 443 .0 1.264  |......... ...
R AP, .98 420.0 1.369 1.031
B3 1.16 | 359.6 1.588 1.204
N P 1.30 309.4 1.790 1.399
T 1.44 272 .4 1.977 1.590
1.0...... 1.60 232 .4 2.237 1.863
1.5...... 1.80 188.5 2.636 2.297.
2.0...... 1.96 159.6 3.012 2.713

The data may be arranged iﬁ several ways, but

_the most convenient arrangement appears to be that
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FIGURE 6.1.—I/0 as a function of ¢t., t,, and k/T.

shown as figure 6.1, in which I/0 is plotted as ordi-
nate against t,/t, as abscissa for different values of
k/T. Analysis of the tabulated data indicates that,
for purposes of this plot, the ratio t,/t, should be
computed by the formula:

t./t,= 0.9 K/T/(1.00 + 0.7 D/T 4 0.9 K/T)

Not all of the points plotted fit the curves per-
fectly, but only 2 of the 128 values are more than 10
percent from the curve, and these are for extreme
conditions. (Both are for k/T = 0.3, D/T = 1.5; for
K/T = 1.5, the error is 11.5 percent; for K/T = 2.0,

12.0 percent.) Two-thirds of the true values are

within about 3 percent of the curve values.
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To use figure 6.1, it is nécessary to have values for
D, K, T, and k. Values of D may be estimated from
rainfall records, and K may be estimated from the
storage-outflow curve. Work is continuing, as a
part of another project, from which it is hoped to
derive methods of -estimating T and %k from the
physiographic characteristics of the drainage area.

R

Until these methods become available, it is suggested-

that T may be computed by one of the several for-
mulas now available for computing time -of concen-
tration; values of k/T may be estimated from the
steepness of the recession curve of surface runoff,
using 0.3 for very rapid recession, 1.5 for very slow
recession, and 0.7 for average recession.

7. DISTINCTIVE CHARACTERISTICS OF GLACIER RUNOFF

By MARK F MEIER and WENDELL V. TANGBORN, Tacoma, Wash.

Salient features of glacier runoff patterns may
be brought out by comparing runoff data from two
glacier-covered basins with data from three moun-
tain basins that do not retain any significant snow-
fields throughout most years. These comparisons
also show the influence of climatic factors, such as
precipitation, on the runoff.

Most American glaciers behave as natural storage
reservoirs that retain a predominant portion of the
yearly total precipitation during a winter period of
high precipitation, and release large quantities of
water during a summer period of high temperatures
and low precipitation. Thus, the annual variation of

runoff from glacier-covered basins bears little or no

relation to the annual variation of precipitation.
This behavior is typical of all mountain drainage
basins in areas of heavy snowfall, but the effect is
most extreme for glacier-covered basins.

The distributions within a water year of runoff,
precipitation, and degree-days for selected basins in
Washington and Montana are shown in figure 7.1.
The four basins in Washington are on the western
slope of the Northern Cascade Mountains and in-
clude basins that are in both the non-glacier-covered
foothills and on the largely glacier-covered crest of
the range (table 1). Runoff and precipitation pat-
terns from a different climatic environment  are
shown for a partly glacier-covered basin in the
Northern Rocky Mountains of Montana. The data
used in plotting the precipitation curves were not
obtained from stations located within these basins
but from selected Weather Bureau stations that are
believed to have similar annual precipitation dis-
tributions. ,

These curves clearly demonstrate the long lag

between precipitation and runoff that is characteris-
tic of glacier-covered terrain. The curves from in-
termediate basins show that, as the mean elevation
and amount of glacier-cover increases, appreciable
runoff is delayed until later in the water year, and
in a largely glacier-covered basin the highest monthly
runoff occurs in July or August.

The role of the various solar and atmospheric
energy sources in the production of meltwater runoff
from either type basin is not developed in this
article. However, there is an obvious qualitative
relation between air temperature and runoff for a
glacier-covered basin. This is shown by the cumu-
lative degree-days above 32°F and runoff measured
at the outlet of the Grinnell Creek basin (fig. 7.1).

Pronounced diurnal fluctuations in discharge are
characteristic of the runoff from glacier-covered
basins, reflecting diurnal fluctuations in the energy
supplied for melting ice. Average daily curves of
icemelt and runoff during clear weather are shown
in figure 7.2 for the South Fork Cascade River basin.
The asymmetric nature of the melting curve is due
to a slow morning rise of incident solar radiation,
caused by the basin’s high eastern rim and a north-
westerly slope of the ice surface. This condition
occurs over about half of the basin area. The total
daily runoff is less than the indicated daily icemelt
because the icemelt recorder was located in a re-
gion of higher-than-average melt rates. At this time
of the year the mean time of transit of meltwater
from its point of generation to the gaging station at

the outlet was of the order of magnitude of 4 hours.-

In general, a thick, complete snowpack stores
rainfall, releasing it gradually or retaining it as
ice, whereas a bare ice or firm surface permits rapid
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FIGURE 7.1.—~Cumulative runoff and precipitation for selected drainage basins in the Northern Cascade Mountains, Wash.,
and the Northern Rocky Mountains, Mont.

a, Average precipitation at Darrington, Diablo Dam, and
Sedro Woolley, Wash.

b, Runoff of Day Creek near Lyman, Wash.

¢, Runoff of South Fork Nooksack River near Wickersham,
Wash.

d, Runoff of Stetattle Creek near Newhalem, Wash.

runoff of rainfall and produces a ‘“flashy” hydro-
graph.

The effect of individual rain or snow storms on
the runoff hydrograph is shown in figure 7.3. In-
spection of these data shows that it is very difficult
to forecast runoff from a given rainstorm. The
rate of runoff following a rainstorm depends on (a)
the amount of basin area covered with snow, (b) the

¢, Runoff of South Fork Cascade River at South Cascade
Glacier, Wash.

f, Precipitation at Summit, Mont.

g, Runoff of Grinnell Creek near Many Glacier, Mont.

h, Degree-days above 82°F at Grinnell Creek near Many
Glacier, Mont.

thickness and density of the snowpack, (¢) snow
temperature, (d) whether the snow has been chan-
neled by previous rain or periods of high melt rate,
and (e) perhaps other factors. These factors show
a normal seasonal variation, but may change rapidly
and unpredictably in the fall.

Perhaps the most distinctive aspect of glacier
hydrology is the natural change in ice storage from

TABLE 1.—Characteristics of drainage basins

. Water Altitude Drainage Percent Total .
Basin year area of area yearly Physiographic  description
Mean Maximum | (square glacier- runoff
(feet) (feet) miles) covered (inches)
Day Creek near Lyman, Wash... ... ... 1959 | 2,310 | 4,311 | 36.3 0 121 | Low altitude forested foothills and
' low mountains.
South Fork Nooksack River near 1959 | 3,000 | 6,400 | 103 0 120 | Forested foothills and few high
Wickersham, Wash. peaks.
Stetattle Creek near Newhalem, Wash ..| 1959 | 5,000 | 7,200 | 21.4 2 155 | Forested valleys and high peaks near
crest of range.
South Fork Cascade River at South 1959 | 6,440 | 8,265 2.39 61 191 | Bare slopes, jagged high peaks,
Cascade Glacier, Wash. little vegetation.
Grinnell Creek near Many Glacier, 1960 | 6,780 | 9,541 3.47 14 93 | Bare slopes, jagged high peaks, .
Mont,. some vegetation. -
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vear to year. The storage changes tend to counter-
act the effects of cool wet, or warm dry years, as
shown by table 2, which presents data from South
Fork Cascade River during two contrasting years.
Departures from long-term means of temperature
and precipitation are reported for Newhalem, the
nearest station for which these data are available.
Loss of water through evaporation was found by our
measurements to be negligible during the summer,
and measurements on other glaciers have shown this
to be generally true during the whole year. Thus,
changes in the mass of a glacier represent true addi-
tions to, or withdrawals from, ice storage.

TABLE 2.—Water budget for South Fork Cascade River at
South Cascade Glacier, Wash., for two contrasting years

r South Fork Cascade River
L at South Cascade Gilacier, Wash. Newhalem, Wash.
0 P TS S SR l PO U P |
6 N;gn Midlrﬁgm © Water Change in | Precipitation | Temperature
' TIME - year Precipitation 1 Runoff 2 storage ? departure 3 departure 3
X (inches) (inches) (inches) (inches) (°F.)
FIGURE 7.2.—Mean diurnal variation in rates of icemelt and
runoff for 14 days of clear, warm weather occurring dur- | 1958. ... 1130 4200 —51 —14.2 +3.0
_ ing period July 13-30, 1958. Icemelt was measured at 1959 210 191 17 1325 0.8
station A, elevation 5,527 feet, on South Cascade Glacier. T ) +17 ' '
Runoff was measur.ed at South Fork Cascade River at 1 As measured at P1, 6,160 feet elevation, on South Cascade Glacier.
South Cascade Glacier, Wash., and was averaged over the 2 Average values for whole drainage basin.

- SNOW-FREE GROUND,
IN PERCENT

DISCHARGE, IN CUBIC FEET
PER SECOND

3 Departures from 1931-556 means, by U.S. Weather Bureau.
4 Part of the record estimated.

total area of ice and snow in the drainage basin.
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FIGURE 7.3.—Variation of runoff, precipitation, snow depth, percent of snow-free grouﬁd, and temperature for the drainage

basin of South Fork Cascade River at South Cascade Glacier, Wash., during the 1960 water year. Dashed lines indicate
periods of estimated record. Precipitation distribution during the period October 1, 1959, to April 3, 1960, and at several
later short intervals was computed on basis of known total precipitation on South Cascade Glacier at P1 (6,160 feet)
and known daily precipitation values at Darrington, Wash. Precipitation is differentiated into rain (solid black bars),
mixed rain and snow (dotted bars), or snow (clear bars), on basis of free-air freezing levels over Seattle or actual observa-
tion. Snow depths were measured at P1 (6,160 feet). Temperature record is a composite of Darrington daily means minus
16°F (lapse-rate correction) shown by light lines, or actual measurement at research station at South Cascade Glacier
(elevation 6,040 feet) shown by heavy lines.
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8. RECENT HYDROLOGIC TRENDS IN THE PACIFIC NORTHWEST

B'y WILBUR D. SimoNs, Tacoma, Wash.

Annual runoff and annual precipitation in the
Columbia River basin decreased, and annual mean
temperature gradually increased between 1885 and
1945, according to an analysis by McDonald and
Langbein (1948). To determine if these trends have
continued, data for runoff, precipitation, and tem-
peratures have been examined for the period 1885
to 1960—15 more years of record than was available
to McDonald and Langbein. Annual deviations from
the 1911-60 means were weighted for running 5-
year periods according to the formula:

& <4 2b 4- 3¢ + 2d 4 e
: 9

in which a, b, . . . are data for consecutive years, and
~ the deviations were plotted against the middle year.
The period 1911-60 was chosen as a reference be-
cause it was the longest period of concurrent records.
In this preliminary analysis no adjustments of run-
off were made for irrigation diversions or other
modifications caused by the works of man.

Trend curves of annual streamflow for seven index
stations are shown on figure 8.2. A distinct down-
ward trend for the years prior to 1940 and an up-
trend during succeeding years are evident. At 5 of
the stations shown the 15-year average for the period
1946-60 was the maxXimum 15-year average of
record, being surpassed only at those stations that
had records during the 1890’s. The flow of the
Columbia River near The Dalles, Oreg., without con-
sidering the changes in flow regimen caused by the
works of man, was only 7 percent less during the
period 1946-60 than during the period 1891-1905.

Annual precipitation might be expected to show
trends similar to those exhibited by streamflow data.
Trend curves for five precipitation stations are
shown on figure 8.3. An upward trend during the
past 15 years is discernible in three of the five sta-
tions studied but at only one station is the precipi-
tation greater during the past 15 years than during
the late 1800’s. The trends in annual precipitation
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FIGURE 8.1.—Weighted deviations, in degrees Fahrenheit, from 1911-60 average annual temperatures at selected stations in
the Pacific Northwest.
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are similar to the trends in annual runoff but are
less clearly defined.

Trend curves for four temperature stations are
shown on figure 8.1. Earlier records indicated a
gradual rising temperature that reached a maximum
about 1940. A downward trend since then is quite
pronounced at each of the stations for which records
were studied. However, at only one station do the
recent temperatures reach the lower temperatures
of the 1890’s. The general tendency is for hot and
dry years or wet and cool years to coincide.

Thus the analysis of data for the total 75-year
period shows significant changes in trends and
demonstates the necessity for continuing data col-
lection and analysis in order to provide reliable in-
formation for development and evaluation of water-
use projects.

REFERENCE
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9. PRECIPITATION AS A VARIABLE IN THE CORRELATION OF RUNOFF DATA

By WiILLIAM J. SCHNEIDER, Washington, D. C.

Differences in runoff between basins are at least
partly caused by differences in precipitation. Pre-
cipitation data, therefore, should be useful in im-
proving the correlation between runoffs from differ-
ent basins.

The effect of differences in precipitation on cor-
relation of runoff can be expressed by either of two
equations:

Rn == f(RC: AP) (1)
R, = f(R; (adj)) (2)

in which R, is the runoff of the dependent basin, R,
is the runoff of the control basin, AP is a measure of
difference in precipitation between basins, and
R.(adj) is the runoff of the control basin adjusted
for differences in precipitation between basins.
Investigations to date indicate that a logarithmic
transformation of runoff data is necessary to obtain
an essentially homoscedastic variance. The model
equations using transformed runoff variables are:

log Rp = a + b; log Re + b.AP  (la)
log R, = a + b, log R, (adj) (2a)

The term AP in equation (1a) may be obtained by
using precipitation for either basin as the subtrahend
in obtaining the difference in precipitation. Use of
precipitation data for the dependent basin as the
subtrahend will give a positive coefficient for b,;
use of precipitation data for the control basin as the
subtrahend will give a negative coefficient.

In equation (2a) the adjusted runoftf for the con-
trol basin is obtained as follows. The precipitation-

" runoff relation for the control basin is developed

from the existing data. From this relation, two
expected values of runoff (R;; and R;.) are deter-

mined. The first, (R,;,), is the expected value based

on the precipitation for the dependent area, the
second, (Rp¢), is the expected value based on the
precipitation for the control area. The difference
(Rp,—Rpc) represents the expected difference in

runoff from the control basin due to the difference

in precipitation (AR;), taking into account the mag-
nitude of the precipitation. This difference in run-
off is then added to the measured runoff to give

Rc (adj) = Rc + ARp (3)

which is then correlated directly with the runoff
from the dependent basin.

A moderately extreme example of the effect of
precipitation differences on the runoff relation be-
tween two basins is shown in the following results.
Correlation of annual runoff of Albright Creek at
East Homer, N. Y., (drainage area, 7.08 square
miles) with runoff of SCS Watershed 97 at Coshoc-
ton, Ohio, (drainage area, 7.16 square miles) for

the 15-year period 1941-55 gave a correlation coeffi-

cient of 0.47 and a standard error of estimate of 443
and —30 percent, based on the Coshocton area as
the dependent variable. The inclusion of precipita-
tion data in the form of AP as shown in equation
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(1a) reduced the standard error of estimate to +15
and —13 percent, and resulted in a correlation coeffi-
“cient of 0.93. Thus, the inclusion of AP accounted
for an additional 64 percent of the variance in the
data, reducing the residual variance from 78 to 14
percent. The use of adjusted runoff as indicated in
equation (2a) reduced the standard error of estimate
to 414 and —13 percent, and resulted in a correla-
tion coefficient of 0.95. All regression coefficients
were highly significant in both equations.
Improvement in determining runoff relations can
also be demonstrated for basins that are close to-
gether. The areas drained by Sage Brook near South
Berlin, N.Y., (drainage area, 0.70 square miles) and
by Cold Spring Brook at China, N. Y., (drainage

B-21

area, 1.51 square miles) are less than 25 miles apart.
The correlation coefficient between annual runoffs
for the 22-year period 1936-57 is 0.87 and the stand-
ard error of estimate for Sage Brook is 412 and
—11 percent. Including precipitation data as de-
scribed in equation (la) reduced the standard error
of estimate to 4-8 and —7 percent, and resulted in a
correlation coefficient of 0.92. Model equation (2a)
gave similar results.

Although the models used are cons1dered satisfac-
tory, it is not implied that they are the best ones for
estimating runoff. The two examples are cited above
merely to illustrate the feasibility of improving a
determination of the relation between runoffs by
considering differences in precipitation.

10. REGIONAL LOW FLOW FREQUENCY ANALYSIS

By H. C. R16Gs, Washington, D. C.

The distribution of the population of annual
minimum flows at a stream site would be useful in
planning the optimum development of the flow. In
hydrology the distribution of the population is never
known; it can only be estimated from the data ob-
tained at the site. The sample distribution so ob-
tained may be considerably different from the
population distribution; therefore some method is
sought for obtaining a better estimate of the popu-
lation distribution.

The shape and position of a frequency curve
(which is the sample distribution) of annual mini-
- mum flows based on observational data at one site
differ from those of a curve for another site be-
cause of differences in physical characteristics of
the basins and because of differences in weather ex-
perienced. Examples are shown on figure 10.1. Both
curves differ from their respective population curves

because of the short periods of weather sampled. It

is postulated that weather samples differ areally
within a common time period. Therefore, some
method of combining the experience at several sta-
tions while maintaining the characteristics of each
individual station record should result in better esti-

mates of the frequency distributions. Such a method'

is'called a regional ana]ys1s

Regional analysis is useful only when the correla-
tion coefficient between minimum flows at two sta-
tions is less than 1, but greater than some minimum
value. Remembering that the purpose of regional
analysis is to reduce sampling error in the frequency
curve, it can be seen that flows which are completely
correlated must also have the same sampling error
and, therefore, combining the experience cannot re-
duce this sampling error. Now consider the other
extreme of poor correlation between flows. . Poor

correlation. might  indicate that different weather
.samples were experienced at -different basins, or

that the reactions to a particular weather occurrence
were different, or both. The last is the most likely.
Here, the combined experience averages deviations
that consist both of sampling errors and of effects of
differences in basin characteristics. Averéging

‘values of the latter component ordinarily will not

improve the estimate of the frequency curve; it may

even produce an estimate of reduced reliability..

Between total correlation and some minimum value
of correlation is a range in which there is an op-
portunity for reducing individual sampling errors
(some of which are assumed to be plus and some
minus). This may be done by (a) relating the mag-
nitude of the annual minimum flow -at a:certain
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FIGURE 10.1.—Frequency curves of two Tennessee streams.

recurrence interval to the median annual minimum
flow and to indexes which describe the differences in
basin characteristics, and then (b) using the com-
puted.value rather than the value obtained from the
frequency curve.

The method of regional analysis just described is
applied to frequency curves of annual minimum 7-
day average flows for 47 sites in the regions, roughly,
of New England, Georgia, and Kansas. The de-
pendent variable is Q.,, the discharge at 20-year re-
currence interval from the frequency curve based on
observations. The median annual minimum, Q., is
also taken from the frequency curve. The effects of
basin characteristics are described by drainage area
(A) and by an index (S) of the slope of the base-
flow recession curve, which is defined as the ratio
(expressed as a percentage) of two discharges from
the recession curve; the denominator of the ratio is
Q. and the numerator is the discharge 10 days after
the @, discharge. The index S describes the inte-
grated effect of geology, topography, vegetal cover,
and to some extent climate, on the minimum flows.

The computed regression is—

log Q.o = —2.58 4 1.13 log @, —0.22 log A
+ 1.35log S + 0.09 (log @) [log (4/Q>)]

The standard error of Q2 is —20 percent and +25
percent. The regression coefficient for the last term
is statistically significant at the 5-percent level. All
others are highly significant. Streams used in de-
fining the equation have the following ranges of
variables:

1.05 < Q. < 1,770 cfs
412 <« A < 11,220 sq mi
6.7 < S < 94 percent

The equation was solved for Q., for each of the
47 sites and for 61 additional: 25 in Tennessee, 4 in
California and Washington, 24 in North Carolina,
and 8 in Turkey. The computed value of @., for each
of the 108 sites is plotted against the corresponding
value obtained from the individual frequency curve
on figure 10.2. No geographical bias is apparent
from study of the deviations. The wide range in
magnitude of @Q., and the wide geographic range
encompassed indicate that the relation should hold
wherever (a) the rate of summer-and-fall base-flow
recession is consistent from year to year and (b)
the annual minimum flow occurs in the late summer
or fall.
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The reliability of the regionalized values of Q.o
is directly related to the proportion of the regression
error that is sampling error, and to the reliability
of Q.. These two factors cannot be assessed at this
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time. However, the standard error of 25 percent
does not seem excessive when one considers that
there is some minimum sampling error below which
no advantage would be gained by a regional analysis.

R

11. MODIFIED CONVEYANCE-SLOPE APPLIED TO DEVELOPMENT OF STAGE-FALL-DISCHARGE RATINGS

By WiLLiAM C. GRIFFIN, Washington, D. C.

The common gaging-station rating is a relation be-
tween discharge and gage height. Ratings for gaging
stations on streams with variable backwater effect
must include an additional variable, fall (F'), which
is the difference in water-surface elevation at the
ends of a reach of channel. Such ratings are called
stage-fall-discharge ratings. All methods in general
use for development of stage-fall-discharge ratings
require trial and error solutions. This paper pre-
sents a direct approach.

In the Manning formula, Q = 5—4—8—6 AR?38172)

@ is discharge in cubic feet per second; 7 is a rough-
ness factor; A is cross- sectlonal area; R is hydraulic

radius; and S is energy slope. The term L 486 AR=3

is commonly called conveyance, K. Thus, the for-
mula reduces simply to

Q = KVS. (1)

A curve of conveyance against stage could be de-
veloped from an instrument survey, and inasmuch
as @ and K have the same units of cubic feet per
second (slope is dimensionless), the stage-convey-
ance curve could be used as the base stage-discharge
rating. The only additional requirement for a com-
plete rating is a relation for determining v/S. Intui-
tively, fall is the most logical factor to use in a rela-
tion curve to yield vS. If values of square root of
slope as computed from the ratio of measured dis-
charge to conveyance, when plotted against fall, de-
fine a satisfactory curve of relatlon the rating
process is complete.

An example is given below for. the Ohio River at
Cincinnati, Ohio. Data were not available for ac-
curately defining a conveyance curve, but discharge
measurements provided sufficient information, ex-
cept for the roughness factor, n, for a fair approxi-

mation of conveyance at the measuring section. A
value of 0.03 was selected for n; conveyance was
computed for each of a sequence of discharge meas-
urements; and the relation between conveyance and -
discharge was defined graphically (fig. 11.1). It was
postulated that the shape of the conveyance curve
would be more important than its position. Hence,
an error in n would be critical only if instead of
being constant as was assumed, 7 should have varied
with stage.

The square root of energy slope was computed for
each measurement, by dividing measured discharge
by conveyance, and plotted against fall to define the
right-hand curve of figure 11.1. This curve can be
used in combination with the conveyance curve as
the stage-fall-discharge rating for the station. To
use the rating, if gage height and fall are given,
conveyance and /S can be obtained from the curves
and the corresponding discharge is the product of
these two.

- The rating just described is virtually the same as

the conventional constant-fall type of rating for

variable backwater effect. This similarity would be
more readily apparent if, for this particular station,
equation 1 were modified as follows:

Q = 0.01 K(100 vS).

The advantage of the procedure described, then, is
not that a new type of rating can be developed, but
that a direct approach can be used to get a result
that might never be apparent if an indirect method
is attempted.

The fact that a workable relation was developed
without the use of trial and error procedure probably
means that there was no significant variation of n
with stage. Any error that may have been made in
the choice of 0.03 for n would have been compen-
sated for in the computed values of /8.
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FIGURE 11.1.—Stage-fall-conveyance relation for the Ohio River at Cincinnatf, Ohigf.

One recognized limitation in the use of the modi-
fied conveyance-slope procedure for variable back-
water ratings is at stations of the limiting-fall type,
where backwater is not present all the time. A
characteristic of stations of ‘this type is that, for.a
given stage, discharge reaches a maximum rate at
some amount of fall and does not increase with in-
creasing fall. At such stations the modified con-
veyance-slope procedure would be applicable only
for falls less than the limiting values, and it would
be necessary to use the type of limiting-fall curve

described by Mitchell (1954, p. 145) as the upper
limit of discharge unaffected by variable backwater.
Doubtless, other limitations will come to light as
additional applications are made; their recognition
will aid in delineating the conditions under which

‘the method can be used.to advantage.

, L :
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12. FLOW IN AN ARTIFICIALLY ROUGHENED CHANNEL

By H. J. KoLOSEUS and JACOB DAVIDIAN, Iowa City, Iowa

Work done in cooperation with the Iowa Institute of Hydraulic Research

A resistance coefficient, such as the ‘Darcy-Weis-
bach f or the Manning =, is frequently used to eval-
uate the energy losses due to the retarding effect of
channel surfaces on a moving fluid. The coefficient
is assumed to be a function of the relative rough-
ness, the’ shape of the channel and the Reynolds
and Froude numbers; however, the relationship has
not been defined for most cases of open-channel flow.
Hence, the resistance coefficient is estimated on the
basis of judgment and experience. .,

As a first step. toward a more. )ratlonal determi-,
natlon of the re51stance coefﬁclent a laboratory study
of the effect of . roughness concentratlon _on open-
channel flow was undertaken. The roughness ele-
ments, % ¢-inch metal cubes, were arranged in dla-
mond patterns cpmmensurate in size with partlcular
ro ghness concentrations. The upstream face of each

cube .was placed normal to the, mean direction of

flujd motion. Tests were conducted in two; rectangu-

lar tiltable flumes, one 2 feet wide and 30 feet long,’

and the other 2.5 feet wide and 85 feet long.

The experimental program was designed to max1—
mize the' relative importance of the roughness in-
fluence. Koloseus (1958, Ph. D. Thesis Towa State
University) has previously.shown' for supercritical
flow that the resistance coefficient for a rough chan-

nel of this type is independent ‘of gravitational ef- |

fects when the Froude number is less than 1.6, and is
independent of viscous effects when!v/f 'R k/4h ex-

ceeds 600. Within these limitations; it is assumed

that,f is a.function of the relative height and: the
cube concentratlon that is i R

N "f'= G(k/an, \) e

where f is the resistance coeﬁiment 8ghS/ V‘ “G
means “function of’; g is the acceleration of gravity;
h is depth of flow; S is the energy gradient; V is the
average velocity; 'k is height of roughness (k/4h is

called the relative height of roughness) ;'x is rough- |

ness concentration, denoting the ratio of the total

projected area. of the roughness in the ‘direction:of:

mean fluid movement to the total floor area; R is
Reynolds number, 4Vh/v; and v is kinematic vis-
cosity. S

‘Experimental data plotted on figure 12.1 define
the relatlon

1
Vi~

The scatter of values about the line for equatlon (2)

(fig. 12.1) is remarkably small over 4-fold varlatlon‘

in k/4h and the 64-fold variation in A. .. . ..
Equatlon (2) reduces to that of leuradse (1933)

= 2 log [0.14 A —« (4h/k):| (2)

_for flow in sand roughened pipes when. the rougha.

ness concentratlon factor is ignored. Comparable
changes in magmtude of either k/4h or A have ap-
proximately the same effect on the. re51stance coeffi-
c1ent As w1th relatlve helght the roughness con-
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centration must be more than doubled in order to REFERENCE 4
obtain a two-fold increase in the resistance co- | Nikuradse, J., 1933, Stromungsgesetze in rauhen Rohren:
efficient.
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13. DIMENSIONS OF SOME STABLE ALLUVIAL CHANNELS

By S. A. ScHUMM, Denver, Colo.

Several attempts have been made to develop a
series of equations that can be used to calculate the
dimensions of stable alluvial channels (Leliavsky,
1955). During recent investigations into the mor-
phology of streams in a semiarid environment, in-
formation was collected that may have a practical
application in the solution of such problems. This
information indicates that the shape of alluvial chan-
nels and the stratification of channel deposits are
significantly related to the type of sediment found
within these channels (Schumm, 1960a, 1960b).

In this analysis the silt-clay content of alluvium is
used as a simple but significant parameter for sedi-
ment description. Silt-clay as discussed here is sedi-
ment that passed a 200-mesh sieve or that is smaller
than 0.074 mm. The percentage of silt and clay in a
sample gives an indication of the physical properties
of the sediment, for as the silt-clay fraction increases,
cohesiveness of the sediment increases, permeability
decreases (Burmister, 1952, p. 20), and tractive
resistance increases (Dunn, 1959).

The information was collected at 41 cross sections
near Geological Survey gaging stations, located on 29
rivers and creeks in Kansas, Nebraska, South Da-
kota, Wyoming, and Montana. The channels are
considered stable, for gaging-station records show
only minor changes in the stage-discharge relation
through the years of record. The selected channels
contained less than 40 percent gravel, but neverthe-
less displayed a considerable range of alluvial and
hydrologic characteristics. The information collected
includes the following: Channel width (w), maxi-
mum channel depth (d), width-depth.ratio (F),
mean annual discharge (@), mean annual flood or
the total discharge with a recurrence interval of
2.38 years (Q,), median grain size of bed and bank
sediment (D;,), percent silt-clay in bed (S,) and

banks (S,), percent silt-clay in the perimeter of the
channel (M) calculated as a weighted mean

S. X w4+ S, X 2d
w 4+ 2d
As an indication of the range of variables occur-
ring among the sampled sections, the extreme values
for some alluvial, hydrologic, and morphologic char-
acteristics of the channels are as follows:

M —

Drainage area above gaging station..._..._. sq mi.... 212 to 56,700
Channel width feet.... 25 to 800
Maximum channel depth feet.. . 2.3to0 18
Width depth ratio 2.5 to 138
Median grain size (bed)_..__.....____.. mm 0.02 to 8.0
Median grain size (bank) mm__..  0.01to00.33
Silt-clay in banks percent.... 23 to 97
Silt-clay in bed. ...percent..._ 0.2 to 87
Silt-lay in perimeter of channel _______ percent . . 1.4 to 89
Mean annual discharge efs... b5.8to 5,155
Mean annual flood ... cfs... 311 to 48,000

That a relationship exists between channel width
and depth and discharge is well known and has been
discussed most recently by Nixon (1959). The col-
lected data afford an opportunity to relate channel
width and depth not only to discharge but also to
other variables.

Analyses of variance show that at the 0.05 level
the following are significantly related to width:
Percent silt-clay in banks, mean annual flood, mean
annual discharge, weighted mean percent silt-clay.
Percent silt-clay in the channel and median grain
size in bed and banks are not significant at the 0.05
level. Mean annual flood and weighted mean per-
cent silt-clay are most significantly related to width,
for they are significant at the 0.001 level. These two

" variables were chosen for a multiple correlation

analysis with channel width. The analysis yields the
following equation for channel width:

Qy*

w = 5.76 S

(1)
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The results of tests of the reliabilify of simple cor-
relations and the multiple correlatiqn between w,
@, and M are as follows:

w and Q, wand M w and (Qv, M)
Coefficient of variation (7*).___.... 0.71 0.55 0.83
Coefficient of correlation (7)...... .85 74 91
Standard error in log units (Se) .21 .26 .16

The coefficient of variation indicates that 71 per-
cent of the variation of width from the mean is ex-
plained by the use of @, alone. Fifty-five percent of
the variation of width from the mean is explained
by the use of M alone. When @, and M are combined
by multiple correlation analysis, 83 percent of the
variation of width from the mean is explained. The
use of M explains 40 percent of the variation unex-
plained by the use of @, alone.

Analyses of variance indicate that of all variables
tested, @, and M are most significantly related to
channel depth, for they are significant at the 0.01
level. Multiple correlation analysis yields the fol-
lowing equation:

M 38 Q"‘zn

5.37
The results of tests of the reliability of simple cor-

relations and the multiple correlation between d, Q,,
and M are as follows:

d = (2)

d and M d and Qv d and (M, Quv)
Coeflicient of variation (2*)_._._..... 0.13 0.10 0.41
Coefficient of correlation (7)...... .35 .32 .64
Standard error in log units (Se) .21 21 .16

Partial correlation analysis shows that only 13 per-
cent of the variation of depth from the mean is ex-
plained by the use of M and only 10 percent through
the use of @, alone. When Q, and M are combined in
the above equation, 41 percent of the variation is
explained. This is a considerable improvement, but
the unexplained variation is still great.

In both cases the use of M improved the accuracy
of calculation of channel width and depth. Con-
siderable variability remains in the correlations, but
perhaps some of this may be explained by the innate
variability of ephemeral streams. In any event, the
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introduction of a parameter for sediment type seems
necessary before the accuracy of calculations of
channel width and depth can be improved.

Although within the limits of the data used chan-
nel width can be calculated with some confidence,
the calculation of maximum depth is considerably
less accurate. However, maximum depth can be cal-
culated in another way, by the use of an equation
developed previously for width-depth ratio. Using
data collected at 69 stations, which include the 41
with runoff data, it was found (Schumm, 1960b)
that the channel shape expressed as a width-depth
ratio (F') is related to M as follows:

F — 255 M- (3)

In a practical application of the above to the
prediction of stable channel dimensions, width-depth
ratio can be calculated by equation 3 and channel
width by equation 1. Maximum channel depth can
be calculated by the use of equation 2 or by dividing
the calculated width obtained by equatlon 1 by the
calculated width-depth ratio.

It is recognized that equations 1 and 2 are em-
pirical equations developed from a small amount of
existing data; however, they demonstrate that equa-
tions for the calculation of channel width and depth
can be significantly improved by the introduction
of a parameter for sediment type.
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14. SOME FACTORS INFLUENCING STREAMBANK ERODIBILITY .

i o S

A device designed to simulate the erosive action
of a gently flowing stream was used to erode pre-
pared samples of sediments to determlne what physi-
cal properties control the erosion processes .

Circular pats of “disturbed sediments were pre-
pared and their moisture content and _packmg were
controlled. Preliminary results: (tables 1'and 2) int
dicate qualitatively which soil: characteristics are
important in controlling susceptibility to erosion.
’i‘ABLE 1.2 Average erosion rates, in 'jnilligrams per 'squ’a'ré

} icentimeter of erosion’ surface per minute, -and
o.~iphysical properties of sediment- samples From
. .sources in Colorado and Wyoming

B L . P “'Soils
HerEere 7
Soil properties c| e Dry pack Undisturbed
N i . il W -
v L A B c D E
T3
Air dned soils: e el 5 L
Erosion rates......... mg/¢m? /min- { -213.7 319.6 579 14.1 21.3 1
Moisture content.......... percent | 2.0 ~ 2.0, 1.2 o
$Bulkden51ty4...‘........z'..rg/cc . 1.58 1.62 1.61 1.56 1.83
Moist samples: , X -
Erosion rates. ........ mg/em?/mhin | 144. 7 | 238 1D 491 7.7 4.9
Moisture content.......... percent | 20.0 18.0 13.2 15.7 26.4
Bulk density. ................ g/ce 1.37 1.62 1.59 1.36 1.35
Grain size distribution: Y S S .
Sand > .0625 mm. percent | 22 & | 30 35
Silt . 004 to .0625 mm . ...do...] 42" 52 46
Clay < -.004 mm. .edo.t.l 36 518 | 19 Tyl
Median diameter (ds ) ............ mm 012 037, .060
Sorting coefficient (4375/d25) .......... 6.44 | 2083 2113~

VTABLE Z_Eﬁ ects of packmg cmd 'mozsture content on erodi-
L bzlzty of pats of soil 4

P

By I. S MCQUEEN, Denver, Colo:

) y 3 i
Motsture Bulk density Erosion
(percent) (g/cc) (mg/cm?/min)
" 'Pretreatment i . ‘ |
Dry Dry Dry [*
X . pack | Puddled | pack | Puddled | pack | Puddled
SR o t 2 S - .- .
rresmydprepared Akl Ao o20 | e 133 171 |23r4| " 3.9
Seasone 35 atmosphere. . ... ... 0201 |~r17.2 (- 1.41. .. 1.80{ 50.0 [ 4
Seasoned at 1% atmosphere: e .
14.8] 183 1:56 | 1.797125.2 | - .3
14.9 18.3 1.51 ) 1.81 140.9 . .5
20| 1.9 1.65 1.92 | 205.8 91.2
2.0 1.9 1.51 2.12 | 221.7 115.7
................ 1.48 1.86 | 163.3 35.3

APPARATUS AND METHODS

The erosion device was designed to apply a uni-
form eroding force to the vertical face of a cylindri-
cal pat of soil 3 inches in diameter and up to 3 inches
high. The force applied is equivalent to that of a
stream flowing past a vertical streambank with a
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flow velocity of 1.2 fps measured at a point 0.1 foot
from the bank. .

- Circular pats of dlsturbed sedlments were pre—
pared by two methods (dry packed and puddled) as
follows:

Dry packed -—300 g of soil passmg a No 10 U. S.
Standard sieve (2 mm) was placed in a paper-hned
Buchner funnel with a funnel tremie. After satura-
tion from the bottom with distilled water a vacuum
was applied to the funnel to consolidate the sample
pat and reduce the moisture content to approximately
field capacity. .

-Puddled.—300 g of 5011 passmg a No. 10 U. S
Standard sieve (2 mm) was saturated with distilled
water and mixed thoroughly. This was then trans-
ferred to a paper-lined Buchner funnel and a vacuum
was applied to reduce the moisture content to ap-
prox1mately field capac1ty

- Following preparation,» the pats were removed
from the funnels and some of each kind of pat were
tested in the erosion device immediately, some were
seasoned on a Richards pressure plate at specified
moisture tensions, and some were air dried before
testing. : o :

In addition to the dlsturbed s01l pats, four. rela-
tively undisturbed samples of two soils (D and E,
table 1) Were obtained w1th a Lutz sampler Two
of these were saturated” and then drained to field
moisture condition on a Richards pressure plate be-
fore testing. The other two were air drled before
testing on the erosion device.

‘The resuits of ‘the erosion tests and the physical
properties of the samples are shown in tables 1 and
2.! Grain size distribution was not obtained for the
undlsturbed samples ' ]

N . v

. SOIL FACTORS AND ERODIBILITY
" Among the important s6il properties that control

‘erosion are antecedent moisture, grain size distri-

bution, packing, and chemistry. The soils used were
chosen and the sample pats were prepared to indi-
cate which soil properties have the greatest influence
on erosion.

Differences in antecedent moisture cause differ-
ences in the erodibility of a soil (table 2). Air dry
pats erode rapidly because of forces developed by
the hydrati‘on of clay particles and reduced cohesion
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between particles. This is more evident in the
puddled than in the dry-packed samples because the
expansion of the clay particles is more disruptive
in a consolidated tightly packed sample. This hydra-
tion or “slaking” action may explain why intermit-
tent streams sometimes have higher rates of erosion
than perennial streams. The erosion rate of moist
soils increases as moisture content increases.

The erodibility of soils is influenced by the grain-
size distribution' (table 1). In general, a poorly
sorted sediment with a small median-grain size will
resist erosion better than a well-sorted sediment with
a larger median-grain size. This may not, however,
hold true for coarse sands in streams with low
velocities.

Packing includes a group of related properties
such as porosity, bulk density, structure, texture,
cementing, and pore-size distribution that are asso-
ciated with the way the sediments are deposited and
the forces applied to them since deposition. The two
methods of sampl’_e preparation were used to simu-
late extremes of packing. The erosion rates of the
dry-packed samples were from 2 to over 400 times
as high as the corresponding puddled samples (table
2), indicating that differences in packing can cause
extreme differences in the erodibility of a sediment.

The effect of chemistry on erodibility was not de-
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fined by the data obtained because it was, masked by
the effects of packing and antecedent moisture
content.

CONCLUSIONS

This study was undertaken to explore the feasi-
bility of determining in the laboratory an erodibility
index for soils. For such an index to be of value, the
erodibility of a given soil would have to be constant
or would have to have a direct relation to- some
measurable property of the soil. The data obtained
indicate that erodibility of a given soil is extremely
variable. It is influenced by packing and by ante-
cedent moisture content. Erosion rates determined
on disturbed samples have little relation to actual
erosion because the change in packing resulting from
the disturbance changes the erodibility. Changes in
moisture content and the freezing and thawing of
natural undisturbed sediments may change their
packing and hence change their erodibility so much
that any index obtained would have little meaning

‘in terms of actual field erosion rates.

Comparisons can be made between different sedi-
ments to determine which are more susceptible to
erosion but the rate of erosion t¢ be expected under
a given set of conditions cannot as yet be determined
from laboratory analyses of sediments.

R

15. AN EXAMPLE OF CHANNEL AGGRADATION INDUCED BY FLOOD CONTROL

By NormAN J. KING, Denver, Colo.

Studies by Leopold and Miller (1956) show that
ephemeral streams, like perennial streams, maintain
a quasi-equilibrium between erosion and deposition.
A change in one or more of the hydraulic factors
affecting the stream-system results in adjustments
in the other factors accordingly. Below a stream

junction, for éxample, the increased discharge should |

be accompanied by a corresponding increase in chan-
nel dimensions since @ =wdv, in which Q is dis-
charge, w is width, d is depth, and v is velocity.
Leopold and Miller (1956) show that width, depth,
and velocity change in the downstream direction as
simple power functions of discharge. Significantly,
the power function relating width to discharge ap-
proximates the sum of the power functions relating

depth and velocity to discharge. It follows, .there-
fore, that width—the channel dimension in ephe-
meral streams that can be measured most easily—
is also the most responsive to changes in discharge.

Measurements above and below arroyo junctions
made by Miller (1958, table 4) show that with few
exceptions the width below the junction of all but
very small arroyos is equal to or greater than the
width of the larger tributary. Based on the expres-
sion ¢ — k (b+c¢), in which a is the channel width
below the junction and b and ¢ are the tributary
widths, Miller’s measurements show the coefficient
k to average 0.68.

If increased discharge forms a wider channel be-
low a junction, it might be reasoned that a decrease
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in discharge in one of the tributaries as a result of
artificial controls would have the opposite effect. At
first, aggradation would be expected because flow
emerging from the uncontrolled tributary would
spread across the wider reach thereby decreasing
its depth and velocity of flow. According to Schumm
and Hadley (1957) aggradation would continue un-
til the bed of the channel becomes oversteepened;
then the newly formed deposit would be trenched by
headward erosion to form a channel that is once
again in quasi-equilibrium with the discharge.
Completion by the Bureau of Land Management in
1953 of a flood-control and water-use project on
Logan Draw in the southeastern part of the Wind
River basin, Wyoming (King, 1959), is affording an
opportunity to test the above reasoning, to measure
the rates of aggradation, and to determine the time
necessary to complete a cycle of channel adjustment.
Logan Draw is an ephemeral stream that heads on
Beaver Rim and trends generally northward to its
junction with Conant Creek, which in turn drains
through Muskrat Creek to the Wind River. Above
the junction of Logan Draw and Conant Creek the
drainage basins of the two streams are very much
alike. Logan Draw has a channel length of 21.3
miles, a drainage area of 60.4 square miles, and a
sandy bed that carries perennial underflow. Conant
Creek above the junction has a channel length of
18.4 miles, a drainage area of 58.9 square miles, and
a sandy bed that also carries perennial underflow.
Both basins head at about the same altitude on

FI1GURE 15.2.—Conant Creek channel downstream from the mouth of Logan Draw (1960).
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Beaver Rim, experience the same general storm
events, have similar topography, and are underlain
by the same general rock types. It is probable, there-
fore, that both channels experience flow simul-
taneously, that their discharge is of about the same
magnitude, and that the peak discharges reach the
junction at about the same time. A comparison of
channel cross sections above and below the junction
(fig. 15.1) show an increase in width below the
junction. Depending on the points of measurement
the coefficient & of Miller (1958, p. 13) ranges from
about 0.6 to 0.8.

Since completion of the water-control structures
in Logan basin, no flows have reached the mouth of
Logan Draw, whereas numerous runoff events have
occurred in Conant Creek. The channel downstream
from the junction has aggraded as expected (fig.
15.1). This in turn has induced aggradation in both
tributary channels for a short distance above the
junction (sections 54 and 5B, fig. 15.1). However,
the newly formed deposit thins rapidly upstream so
that no aggradation has occurred at section 6B (fig.
15.1) on Logan Draw and almost a foot of channel
degradation has occurred at section 64 (fig. 15.1) on
Conant Creek. In the aggraded reach the small
inner channel that normally contained low flows has
been largely filled and is now protected by vegetation
that induces further aggradation (fig. 15.2). Repeat
surveys (fig. 15.1) show that the greatest aggrada-
tion (2.7 acre-feet in the surveyed reach) occurred
during the period 1955-57. Aggradation in the

B

Only vestiges remain of the inner

channel that once carried low flows.
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same reach during the periods 1957-59 and 1959 60
{vas 0. 7 and 0.3 acre-foot respectively. “'° o

The number of ‘Funoff events, the améunt of run-'

off, or the maximum discharge of Conant Creek dur-

ing the period (1955-60) is not'known. However, | .
‘King, N. J., 1959, Hydrologic ‘data, Wlnd Rlver and” Flfteen

these data are available for Logan Draw and are
believed to be representative of Conant Creek basin
for reasons previously stated. These data show no
‘unusual storm events or high discharges, but they

‘do show a wide range in runoff during thé“peridds

between surveys.: For example, runoff during ‘the
period 1955-57 was 28.3 acre-feet per square mile
compared to 5.1 and 3.2 acre-feet peéer'square mile
“durinig’ the periods 1957-59 and 195960, respec- |
tively:t The data are 'adniittedly meager, but they

@
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suggest that runoff and the amount of sediment de-
posited in the reach shown on’ ﬁgure 15.1 are dlrectly
proportlonal : . ¢
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»~_16. _ v SOME EFF‘ECTS OF MICROCLIMATE ON SLOPE MORPHOLOGY AND DRAINAGE BASIN DEVELOPMENT
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N ortherly facmg slopes generally are steeper, less
dlssected and support a more luxur1ant growth of
vegetat1on than southerly facmg slopes, which often
are deeply rllled and nearly barren Because of these
differences in erosion there is a tendency for the
thalweg of the major stream channel in an east-west
oriented basin to be shifted to the south side of the
valley floor by the debris fans and alluvial aprons of
eroded material derived from the south-facing slopes.
This type of channel migration has caused an asym-
metrical - development of many drainage -basins
studied: by the wrlter in the High Plains, by Bass
(1929) in Kansas, Melton (1960) in southeastern
Wyomlng and southern Arizona, and Emery (1947 )"
in southern Cahfornla where geology and regional

3lchmatlc cohditions are distinctly different. An at-
. tempt is made here to state quantitatively the effects
on basin morphology and drainage development due
-to-direction of slope or. the exposure, or more pre-
. CISely, due to the microclimate.

-\ prellmmary study was made in the Cheyenne
,Rlver basin of east- central Wyoming in six small
drainage basins underlain by the Fort Union for-
mation of Paleocene age. The bedrock units are

_ virtually ﬂat -lying, thus m1n1m1z1ng the poss1b111ty

of dOWl‘ldlp m1gratlon of stream channels and asym- 1

By RICHARD F HADLEY Denver, Colo

0

"metrical basm development that mlght be caused by
'foldlng ’ '

Slope gradients aré' compared w1th exposure on
figuré 16.1 for an area of one- -half’ square mile that
includes part of the’ drainage areas of the six basins
in which the other measurements were made. The
slope of the land surface and direction of exposure
were measured at 50 points equally spaced in a grid.
The diagram shows that the steepest slopes face
north; northeast, and northwest, whereas the gen-
tlest slopes face south, southeast and south-south-
west.

.Vegetation counts made on several slopes using

‘line-intercept transects show that the plant cover on -

southerly-facing slopes is only 28 percent of that
occurring on northerly-facing slopes. The sparse
vegetation cover on southerly-facing slopes is prob-
ably caused by moisture deficiency due to rapid
evaporation and melting of snow cover on the slopes

"that receive more direct solar radiation. Vegetation

protects the slope from sheet erosion and rilling.
Drainage density, expressed as miles of channel
per square mile of drainage area, was determined
separately for both the north and south sides of the
six drainage basins. The basins were divided into
two sides by a line virtually parallel to the axial
channel in each basin. Results of these computations,

~a
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NORTH

WEST EAST

SOUTH

FIGURL 16.1.—Diagram showing relation between exposure
and degree of slope at 50 localities.

tabulated below, show that the drainage density on
the south-facing sides of the basins is more than
twice that on the north-facing sides.
Ino
Drainage density, in miles per square mile, for six basins in
cast-central Wyoming

[ L. . . o

Drainage density
Drainage basin Aren
(fig. 16.2) (sq miles) North-facing South-facing
side side

) 0.16 5.0 15.1
2. .10 3.3 12.1
T, .09 6.2 | 17.0
b 4 TUeT2 P!
L .76 5.0 8.5
6. 23 5.6 6.7

Average.....|............ 5.2 11.3

ta o
W " LR

Drainage basm asymmetry has been expressed as
the difference in slope angles on the north- and

south-facing slopes within a single basin (Emery,

1947; Melton, 1960). In the six drainage basins
considered here, asymmetry is simply a measure of

the deviation of the main channel from a position |
along the central axis of the basin. Several measure-‘

ments were made. of the distance from the main
channel to both north and south drainage divides in
each of the basins in figure 16.2 (p. B-34). The lines
of measurement were perpendicular to the axis of
the channel. The ratio of the mean value of all
measurements . from the channel to .the northern
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divide to the mearj value of all measurements to. the
southern divide irr each basin is termed thé index
of symmetry Anlindex of 1.0 denotes perfect sym-
metry. The indexes of symmetry range from 1.22
to 1.97 for the six basins indicating that the main
channel in each of these basins has been displaced
appreciably to the [south by erosional debris derived
from south-facing slopes.

A reconnaissance has been made of basins having
a wider range of bedrock and climate to determine
the relative importance of the several variables
being considered. A group of drainage basins was
selected along a traverse nearly parallel to the 15-

| irich rainfall line in. the ‘western part of the High
- | Plains from central Texas to . northwestern Ne-
‘braska. - Thﬂ‘s ~the variable parameter of mean an-

nual ramfall as it might affect slope erosion and

'plant life, was minimized and the differences caused
" 1. by mean annual temperature, particularly the fre-

quency of freezing and thawing, were accentuated.
The basins in the southern part of the High Plains
were underlain by the Ogallala formation of Pliocene
age and the basins in northwestern Nebraska were
underlain by the Brule and Chadron formations of
Oligocene age. Measurernents included degree and
direction of slope and basin symmetry. These data
are summarized as follows:

' Number of S Avérage' } Mean slope (percent)
basins Location of basins index of
symmetry

North-facing South-facing

» .
4o Lat 32° N.; near 1.38 20 19

Big Spring, Tex.
4.0 Lat 41° N.; near 0.92 24 23
. . Cheyenne, Wyo.|. .

2.0 Lat 43° N.; near 1.37 23 16
' 4 Ha.rnson Nebr.

The indexes of symmetry for the basins near
Cheyenne, Wyo. are contradictory to the indexes for
the other basins studied, but this may be due to
differences in the re51stance to erosion of gravel in
the Ogallala formatlon whlch underhes the basms _

I vor
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FIGURE 16.2.—Maps of drainage network in six basins. I is index of symmetry.
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17. HYDROLOGIC SIGNIFICANCE OF BURIED VALLEYS IN GLACIAL DRIFT

By STANLEY E. NoOgRRIS and GEORGE W. WHITE, Columbus, Ohio

Work done in cooperation with the Ohio Department of Natural Resources, Division of Water

Bedrock valleys containing permeable outwash
deposits are recognized as important sources of
ground-water supply in glaciated regions. Com-
monly, in water-resources investigations of drift-
covered areas, contour maps are made of the bed-
rock surface, and the buried valley systems are
described and interpreted. These studies have pro-
vided data of considerable value, not only about
ground-water resources, but also about the sequence
and chronology of Pleistocene events. Similarly,
buried valleys cut in till, rather than in bedrock,

have been discovered in northeastern Ohio, in the
course of current investigations on the hydrology
of the glacial deposits. Such valleys have been ob-
served in deep cuts for highways and strip mines,
and recognized elsewhere by analysis of subsurface
and hydrologic data. For example, near Ashland,
Ohio, during construction of Interstate Route 71 in
November 1958, a spring with a discharge of ap-
proximately 165 gallons per minute was opened by
the power shovel when a deep cut was made in thick
till. The water flowed from an interbedded deposit

<



SHORT PAPERS IN THE GEOLOGIC AND HYDROLOGIC SCIENCES, ARTICLES 1-146

of silt and sand containing a minor amount of
coarse gravel which, at the orifice, occurs in a shal-
low valley in a gray unnamed till at what is now
known to be a disconformity between this till and an
overlying till recently named the Millbrook (White,
written communication, 1961). The relatively large

discharge of the spring strikingly demonstrates that

large quantities of water can be transmitted through
glacial materials of generally low permeability.
Permeable deposits in till-enclosed valleys consti-
tute zones of relatively high permeability in the
till, and are highly important in ground-water cir-
culatory systems in areas of glacial terrane. They
function much as do open joints and solution cavi-
ties in limestone in conducting water through an
otherwise poorly permeable medium. The deposits

they contain are typically referred to by well drill-

ers as ‘“‘gravel pockets” or ‘“gravel stringers” in the
till. Locally, the deposits are sources of water to
farm and suburban wells; however, their signifi-
cance as aquifers has been generally overlooked.
These buried deposits are important as potentiaI
sources of water in many so-called ‘“water-short”
areas in northeastern Ohio, where thick till gener-
ally overlies relatively impermeable bedrock.

Some of the buried valleys in till appear to have
been cut by streams in interglacial or interstadial
times and filled during these times, as illustrated in
figure 17.1. Others, as in the example in figure 17.2,
appear to have been cut by meltwater streams from
‘nearby ice and filled by ice readvance before any
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FIGURE 17.1.—Sketch of cut made for superhighway, NE-
NW1, sec. 33, Perry Township, Morrow County, Ohio,
showing buried valley in till. 1, Till, very dark gray,
calcareous; 2, till, yellow-brown or olive-brown, calcare-
ous; 3, till, yellow-brown, noncalcareous; 4, sand, fine,
calcareous, water-bearing; 5, silt, sandy, upper part non-
calcareous; 6, clay, very dark gray; 7, silt and colluvium,
highly weathered; 8, till, dark-brown, calcareous; 9, soil
and weathered dark-brown till. '
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FIGURE 17.2.—Sketch of cut made for superhighway, center of
sec. 27, Perry Township, Richland County, Ohio, showing
buried shallow valley in lowest of three tills. 1, Till, dark
drab gray, calcareous; 2, till, olive-brown, calcareous; 3,
silt, yellow; 4, gravel and coarse sand, calcareous, water-

- bearing; spring in each of 3 units; 5, till, bluish-gray,
calcareous; 6, till, yellow-brown, calcareous; 7, till, dark-
brown, calcareous below 4 feet; depth of leaching shown
by dashed line.

weathering of the deposits could take place. The
examples illustrated are typical of many that have
been found. Some, as in figure 17.1, are.completely
preserved beneath a later till cover; ot}iers, as in
figure 17.2, have had part of their fillings (and
probably part of their upper valley wall§"as- well)
removed by erosion before or during later till
deposition. These may be similar, in part, to buried
meltwater channels in Minnesota described by
Schneider and Rodis (1959), at least some of which
may have been cut in glacial drift rather than
bedrock. ‘

These buried valleys are unconformities and oc-
cur at the contact between two tills. Individual tills
in northeastern Ohio have been distinguished and
mapped (White, 1960, and Art 176) on the basis
of variations in their mineralogy, petrology, tex-
ture, color, and mechanical properties. Identifica-
tion of till contacts in the subsurface provides clues
to the location of buried valleys that may contain

. permeable sand and gravel deposits.
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: 18 " PLAN TO SALVAGE EVAPOTRANSPIRATION LOSSES IN THE CENTRAL SEVIER VALLEY, UTAH

e
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By RICHARD A YOUNG and CARL H CARPENTER RlChﬁeld, Utah

Work done-in coo})eration with the Utah State Engineer 4:’,_’ . L .

U

The Sevier River, as a source of irrigation water,
is one of the most highly developed streams in the
United States. - At four points-along its course in
the.central Sevier Valley .the stream .is-completely
diverted intoirrigation systems, but return- flow

and ground-water dlscharge replenish the flow for

downstream users: Severe ‘drought condltlons ex-
tenswe invasion by phreatophytes of low economlc
value poor drainage practices, and outmoded irri-
gatlon systems have combined .in the past decade to
dlmmlsh the irrigation supply. A ground-water in-
vestigation, begun in 1956 and completed in 1960,
has resulted in a greater knowledge of the hydrology
of this highly complex river system. 2

The central Sevier Valley (fig. 18.1) occupies a
syncline modified by :a graben (fig. 18.2).7The initial
syncline was formied in late Jurassic time, and fold-
ing continued throughout”Cretaceous and Tertiary
times.: The:faulting that formed the graben’ may
have started-after Miocene time because it involves
voleanic rocks of Oligocene or iMioceiie age. Re-
newed faulting took place in Pleistocene and Recent
time and:cut -the Sevier. River: formation of late
Pliocene or early Pleistocene age. The graben-was
subsequently filled ‘with alluvium from the side
slopes and with poorly sorted valley fill deposited by
the ancestral Sevier River.. Faulting, lava flows,

and: salt-dome intrusions have resulted in constric-

tions across the valley that form basins ‘which con-
tain large supplies of ground, water. Largest ‘of
these basins are Circle Valley, the Sevier-Sigurd
area, and the Gunnison-Sevier Bridge area.

The ground water in these basins is in. approxi-
mate dynamic equilibrium; that is, ground-water

inflow essentially equals ground-water outflow. The .

basins are filled to capacity and the ground water
is under artesian pressure throeughout much of the
valley. The Sevier River acquires the overflow or
natural ground-water discharge from each basin;
this flow is diverted at some- downstream pomt to
satisfy irrigation demands.

It-has long been considered: 1mposs1b1e to utilize
ground water to stabilize or increase the irrigation
supply without interference with established water
rights. Results of this investigation verify this

premlse but-also suggest that some water now wasted
by low-value vegetation’ may, | be salvaged. The con-
fining materlals that cover the artesian basins in
the central Sevier Valley are permeable "Thus the
artesian pressure from undérneath, together with
saturation by irrigation from above, - faises the
water table to a level within reach of phieatophytes.

. Dense growths of ‘low-value phreatophytes' cover

much_ of -the. land surface: overlying::the-artesian
areas, and an estimated 60,000 to 70,000 acre-feet of
ground water is lost by evapotranspiration annually
from the three ‘main. basins. Much of the phreato-
phyte growth occurs along river banks, creek chan-
nels dramS, and 1rr1gat10n canals. A ‘coordinated
program of phreatophyte eradlcatlon improved ir-
rigation management, and lowering of the high water
table by improved drainage practices and by pump-
ing of ‘wells could salvdage as much-as 50 percent of
the water. .annually lost to evapotransplratlon by
low-value plants. e mi. P

It is difficult to estimate to what extent pumping

may be utilized to salvage evapotranspiration losses

without interference with established water rights,
but careful development should minimize that inter-
ference. The following table gives a breakdown of
estimated annual ground-water dlscharge from the
three main basins: :

: l;I;Jstinnsi'ted v Other artificial and natural
loss by discharge from the ground-
Basin . low-value water basins.- Includes springs,
: phreatophytes drains, flowing wells, and
(acre feet) . numped wells (acre feet)
Circle Valley. ............ - 10,000 .- : 5,000
Sevier—Sigw'd. e 30,000 .. .. 37,000
Gunnison-Sevier Bridge. ... 30,000 o © 18,000
T Total. ..., ...~ 70,000 _ 60,000

Th1s table 1nd1cates that more water is lost by
low-value phreatophytes than.is, used. from all pres-
ent ground-water sources. If half the. water now
lost to low-value phreatophytes could be salvaged by
pumping without seriously affecting the present
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. TIGURE 18.1.—Map of central Sevier Valley, Utah, showing areas of ground-water storage.
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FIGURE 18.2.—Geologic section across Sevier Valley.

rights, an additional 30,000 to 35,000 acre-feet might
be made available in the central Sevier Valley.

A water-budget study was made in the Sevier-
Sigurd area to estimate the annual yield that might
be obtained by pumping. This study indicated that
evapotranspiration amounted to about 55,000 -acre-
feet of water in 1957 and about 65,000 acre-feet in
1958—about half of it consumptive waste. The
water-budget study also-indicated that, for a decline
of one foot in average ground-water level, about
20,000 acre-feet of ground-water was discharged.
The artesian head of the .wells and springs in the

Sevier-Sigurd area ranges from 1 to 7 feet above |

land surface. If large wells were spaced and con-
structed properly, the Sevier-Sigurd basin might
yield an additional 15,000 acre-feet of water to wells
annually without seriously affecting present flowing
wells and springs. Similarly, in Circle Valley and
in the Gunnison-Sevier Bridge area an additional
5,000 and 15,000 acre-feet respectively might be de-
veloped, for a total of about 35,000 acre-feet in the
central Sevier Valley.
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19. RELATION BETWEEN STORAGE CHANGES AT THE WATER TABLE AND OBSERVED WATER- LEVEL
CHANGES

By R. W. STALLMAN, Denver, Colo.

Meinzer (1923, p. 28) defined specific yield as the
ratio of (a) the water removed by gravity drainage
from a saturated rock to (b) the volume of the rock.
Specific yield, both as a concept and as a characteri-
zation of the hydraulic properties' of water-bearing
materials, plays a useful role in hydrologic studies.
However, in many situations the variables affecting
the ground-water flow system are not interrelated
adequately by the basic assumptions inherent in the
specific yield concept. Specific yield may be deﬁned
algebraically as

dh
vdt (1)

where ¢ is the rate of increase of water storage in
the saturated zone (expressed as a length per unit
time), S, is the specific yield, and dh/dt is the slope
of the curve water-table height (k) versus time (¢).
Equation (1) was adopted as the basis for the “trans-
piration-well method” by White (1932), was applied
by Gatewood and others (1950) for measurihg
ground-water use by vegetation, and is still in use
(Stallman, Art..20).

If the position of the water table changes in
response to changes in flow in the saturated zone,
. equation (1) may be considered an abbreviation of a
differential equation which defines the relationship
among head, storage, and aquifer-conductivity with

q=3_S

respect to water movement. Two-dimensional flow:

through a homogeneous unconfined aquifer may be
exp_ressed approximately as

oh | o*h ok

T [ar- T ay +W =387 (2)

in which T is the aquifer transmissibility, and W is

the rate of recharge to the saturated zone expressed
as a length per unit time.

Flow in the saturated zone as deﬁned by equation
(2) is illustrated in figure 19.1. The first term on
the left side of equation (2) is an expression of the
rate of change of storage due to variations in flow

in the z-y plane. The accretion rate W also accounts

for a part of the total rate of change of storage and
is either added to or subtracted from the flow through
the aquifer. Thus, the rate W, as defined, represents
the rate of interchange of liquid between the sat-
urated and unsaturated zones.

Land surface

Unsaturated — g 21
zone } Yef
—— e /”
w
j }—s, 5.
2~
230
- L%
__________ B
Saturated T 9%h *—,'
zone T 3y
el $s
< ax ———q/

FIGURE 19.1.—Flow relations in the saturated zone.

| In equation (1), ¢ generally is assumed to be the
rate at which water is removed from the saturated
zone by evapotranspiration. This presumes that
qg = W, and that the first term in equation (2) is
negligible compared with W. Though this might be
considered a reasonable presumption, there has been
little, if any, evidence developed to support it. From
data for one small group of wells (Stallman, 1956, p.
454) it was determined that lateral flow changes,
given by the first term in equation (2), accounted
for more than one-third of the calculated W during
a short period of observation. One set of water-level
altitudes showed W to be a positive quantity while
Oh/dt was negative according to analysis by equa-
tion (2). Thus, equation (1) would have indicated a
water loss from the zone of saturation even though
recharge occurred, as demonstrated by the analysis
using equation (2). This one example suggesting
analytical inadequacy in equation. (1) cannot be con-
sidered conelusive evidence that equation (2) must
always be used for calculating W ; it emphasizes the
need for a more cautious approach in assigning
physical significance to g as calculated by means of
equation (1).
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In the derivation of equations (1) and (2) it was
assumed that flow in the unsaturated zone does not

affect ‘the storage changes in the saturated zone.

This assumption is inherent in the definition of
specific yield. However, the saturated and unsatu-
rated zones form one continuous hydraullc system.
Thus, even though the hydraulic characterlstlcs of

be evident from the fundamental concepts of hydrau-

lics that any change of either head or velocity in |

the unsaturated zone will be reflected to some degree
as a change of head everywheére in the saturated

zone. Therefore, the water table will move in re-
sponse to the distribution of flow in both contiguous.

zones, and it does not appear reasonableito relate
the position of the water table solely to flow in the

saturated zone as has been done in the derivation:

of equations (1) and (2).

The relation between discharge from the saturated |

zone and its effect on the position of the water table
is shown schematically-in figure 19.2. The column
shown represents a flow tube which extends from
some distant point where head-is controlled by say,

surface-water stages, through the aquiferu to a-point’
Flow through the saturated:

on the land surface.
zone discharges into the: unsaturated. zone, from
which it is discharged into the atmosphere by evapo-
transpiration, At a particular discharge rate 4, a

given head distribution will be established in the’|

‘system commensurate with all the hydraulic bound-
ary conditions imposed on the aquifer. The resulting
water‘table position'is at a. If-the discharge through.
thé:surfacé 'is indreased to ‘rate ‘B; the head' at"all
points ini the system will be decreased to accommo-
date: the inciease int veloc1ty “at all’ po‘lnts in the
systém. Thus, with dlscharge at rate ‘B’ the ‘position
of the watei’ table is b."For a glven value of A/B
the’ d1ffe’rence ‘between ‘the altltudes of @ and b is

chleﬂy dependent on the ratlo of the hydraullc con- |

duct1v1t1Jes of. the saturated and unsaturated zones
“to steadysstate sﬁow and therefore.;s not,: necessar1ly
dlrectly related to a change of storage 1n,the;system'
. Klow ‘through the unsaturatéd zonei:is- chiefly
Verti;cal;{ Thus,the: exteritsto which: the water-table
position’is .dependent’ on !flow. :in*thé .unsaturated
Zonethight  be: determiried f‘rom'lstu"dy‘ of*vertical
flow components intthe Vicinity” of thie” Water tahlé

1s not practxcable by the techmques how avallable
but’ recent ‘work (Mosettl 1960+ Suziki, 1960 and
Staliman?
measur‘mg very small ground-water veloc1t1es by
analysls 'of the underground temperature dlstr1bu-

)

1960) has lrldlcated the feasﬂolllty of . .

S
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FIGURE 19.2.—Change' of the »vater-table position due “to
"changes in rate of ‘discharge from the saturated zone.

tion. From such data, it'should be possible to make
a-direct evaluation of the: adequacy of equations (1)
and: (2), and to document the' significance of the
concept 1llustrated by ﬁgure 19.2.. a
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20.

By R. W. STALLMAN, Denver, Colo.

Most algebraic equations used for analyzing pump- |

ing tests (see Theis, 1935; Wenzel, 1942; Ferris,
1949; Jacob, 1950; and Brown, 1953, for example)
have been derived using the assumption that flow
to wells occurs only in horizontal planes as shown
schematically on figure 20.1A. However, where the
upper surface of the ground-water body is uncon-
fined and free to move as head in the aquifer changes,

paths of flow originate at the unconfined or free sur-
face and terminate at the well. as shown schemati-
cally on figure 20.1B. Downward flow from the free
surface is most pronounced durmg the initial period
of pumping. The water table is lowered most rapidly
near the pumped well, and in that region the effects
of downward movement on flow become progres-
sively less ‘'significant as pumping continues. Thus,
it is generally recognized-that flow conditions ‘be-
come essentially like those found in artesian aquifers
only after long periods of pumping in unconfined
aquifers. Nevertheless, it is common practice to
utilize the equations defining artesian conditions to
determine the characteristics of unconfined aquifers
from pumping tests lasting only a few hours. Valid-
ity of such practice has been supported more by
wishful thinking than by real evidence that the
assumption of purely horizontal flow leads to a
satisfactory analysis. Furthermore, there are as yet
no quantitative data to indicate how long a period
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level
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THE SIGNIFICANCE OF VERTICAL FLOW COMPONENTS IN THE VICINITY OF PUMPING WELLS IN,
UNCONFINED AQUIFERS" S o

PR

[
ST T S
of . pumpmg ds required beforer‘ﬁow may bé :satis-
factorily defined by the.assumptions made -in de-
riving.analytical expressions like the Theis equation.

‘Boulton: (1954): ‘and- Kirkham (1959) have de-
veloped methods. for" analyzing unconfined .flow to
wells, taking account of the vertical flow components
at theiwater. table.. However, these. methods are
founded on other restrictive assumptlons, and pro-
vide little or no direct evaluatlon of the effects of
vertical flow components on rad1a1 ‘low relations.
Without such* an' evaluation the need for more
lengthy analytical methods is ‘open to question.

The relative effects of vertical ﬁow components on
changes in head at the water table might be ascer-
tained by a form of Boulton’s (1954 p. 568) differ-
ential equation defining the free surface. For an
amsotroplc formatxon Boulton s equatlon is

S, 08 (08 "

P = (&) + [ ]—
in which S, 1s the spemﬁc yleld s.is the decline of
the water table, 7 is the dlstance from the center of
the well to the point where the decline is observed, z
is the distance upward from the confining bed to the
point where the decline is observed, t is time, and

P, and P, are the permeabilities for radlal and verti-
cal ﬂow of water, respectlvely JIf the value of the

n\':
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left side of equation (1) is nearly equal to (2,/9,)%
the effects of vertical flow components on the rate
of water-table decline are negligible and the flow is
essentially horizontal.

Pumping-test data collected near Grand Island,
Nebr., by Wenzel (1942, p. 117-122) afford an op-
portunity for demonstrating, by means of equation
(1), the effects of vertical flow components. The
aquifer at the test site is composed of unsorted
sands and gravels and is about 100 feet thick. The
pumped well was 24 inches in diameter and was
drilled to a depth of about 37 feet below the water
table. Drawdowns were observed in 80 nearby ob-
* servation wells. According to Wenzel’'s (1942, p.
125) analysis of the field data, S, = 0.2 and P, = 140
ft. per day, approximately. However, laboratory
tests indicated (Wenzel, 1942, p. 118) that the value
of P, at the water table may be much less, say as low
as 65 ft. per day.

Graphs of s versus r and s versus ¢ are shown on
figure 20.2 to illustrate the finite-difference method
used for computing s/t and 3s/2r from test ob-
servations. This procedure was applied also to draw-
downs observed at other times after pumping began.
Values of 9s/2t and 9s/9r computed for selected
times are given in table 1.

TABLE 1.—Drawdown 7rates and water-table gradients at
r = 50 feet for Wenzel’'s (1942) Grand Island, Nebr.,
pumping test

28 2
e | & | s | s | ()
(min) | (ft/day) or Pr ot P, 5t 4

50....... 1.0 2.7X 10~ 1.6X10-2 3.4x10-2 7.3X 104
100....... 7.2 2.5X10-2 1.0X 102 2.2X 102 6.2X 10
300....... 2.9 2.9% 102 4.1X1073 8.9%10-% 8.4X 107!
700....... 1.0 2.4X1072 1.4X103 3.1X10-3 5.8%X 164
2,000....... .45 2.4X 1072 6.4X10~4 1.4X10-3 5.8X 104

1 Letting Sy/Pr = 0.2/140 day per ft from Wenzel’s (1942, p. 125) pump-
ing-test analysis.
2 Letting Sy/Pr = 0.2/65 day per ft from Wenzel’s (1942, p. 118) labora-
tory value of Pr near the water table.
It is evident from table 1 that the radial low com-
ponents were not the chief influence on the rate of
water-table decline, even after about a day and a

half of pumping. This can be seen by comparing

Sy 98 _
P, ot

10—, using P, from laboratory tests. Probably the
value of P, determined in the laboratory is more
nearly correct than the value obtained from Wenzel’s
analysis of radial flow through the entire depth of
the aquifer.

The coefficient S,, the specific yield, is generally
considered a constant in the equations used for

the value of 1.4 X 10-% with <as>2 = 5.8 X

or

or— 1 | T l
.E’\_S& & = __10. 8 =
' dr ar 20 0.029
Q1 1
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[
=
—
g
S
B .-
a
3 (o | 1 1 I
20 40 60 80
RADIUS, IN FEET
Time equals 300 minutes
0 1 T T 1
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FIGURE 20.2.—Drawdown changes with respect to distance and
time (after Wenzel, 1942, p. 117-122).

pumping-test analysis, and this was also assumed
to be the case in table 1. However, pore drainage
above the water table varies with time, and S, is
small during the first few minutes of pumping, grad-
ually increasing to a value of 0.2 after a long period
of pumping. A three-dimensional electric analog
study of the drawdowns observed during the first ten
minutes of pumping indicated that S, probably did
not exceed 0.01 during that interval. Such a low value
of S, in the early part of the test would materially de-
S, os . .

crease the value of—F‘r St bringing it more nearly
equal to (9s/9r)* than indicated in table 1.

£
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It can be shown that, at any time

Q L o0 [AS
S.—” =27 }, o <—A_t)r 7 AT

(2)

in which @ is the rate of pumping, and 7, is the
radius of the pumped well. According to equation
(2), S, = 0.11 at ¢t = 50 minutes in the Grand. Island
test. The error in the latter analysis is believed to
be less than 20 percent. Thus, the conclusion drawn
from table 1, that vertical low components at this
site are significant for at least 114 days of pumping,
is not affected appreciably by changes in S, with
respect to time.

The aquifer tested is not unique in thickness, spe-
cific yield, or permeability; therefore, vertical -flow
components may be important in most unconfined
aquifers during the initial period of pumping. Equa-
tions based on the assumption that flow is essentially
horizontal thus are likely to yield erroneous values
of both P and §,, and additional error due to as-
suming S, conztant may be expected if the duration
of the test is only a few hours.
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21. METHODS FOR STUDY OF EVAPOTRANSPIRATION

By O. E. LEPPANEN, Phoenix, Ariz.

The evaporation processes of nature are the larg-
est item in the water balance of the United States.
The 17 Western States receive 2,000 maf (million
acre-feet) of precipitation of which MacKichan
(1957) estimated that only 5 maf is used directly
by man. C. H. Hardison (written communication
Feb. 21, 1952) calculated the runoff from these states
to be 440 maf-—about 22 percent of the precipitation.
J. S. Meyers (written communication, 1960) esti-
mates that evaporation from free-water surfaces is
24 maf. Thus, most of the precipitation in the West
returns to the atmosphere by evapotranspiration
from vegetation and land surfaces.

Most quantitative estimates.of evapotranspiration
are made by considering long-term averages of rain-
fall and runoff in a basin, or by analysis of irriga-
tion records. These methods are not suitable for
estimating short-term water demands or for assign-
ing relative water-use indices to various vegetation-
covered surfaces. More sensitive methods are de-

sirable not only for direct practical application—
but also for development of a better understanding
of the physical mechanism involved, so that waste-
ful evapotranspiration can be controlled.

The most direct method of measuring evapotrans-
piration is a water budget: first, the inflow (precipi-
tation, irrigation) and outflow (seepage, runoff) are
measured, then after accounting for changes in soil-
moisture storage, the net loss is attributed to evapo-
transpiration. This method fails, except under very
special circumstances, because of difficulties in
measurement.

Another method is the energy budget. Directly
analogous to the water budget, the energy budget
accounts for inflow, outflow, and storage of heat.
The singular advantage of this method lies in the
fact that the term that describes evapotranspiration
is large numerically, having been weighted by the
energy necessary for change-of-phase. Measurement
errors in water flow become less significant. The
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energy budgét has been applied successfully to the
measurement of evaporation from lakes and there is
no theoretlcal reason why it could not be appl1ed also
to measurement of evapotranspiration. ;.1 -

Experiments have been made in an area in eastern
Nebraska to test the application of the energy budget.
A site near Fairmont, Nebr., was carefully chosen
in a loess plain with soil formed on Peorian loess.
Below the Peorian, at a depth of about 5 meters, lies
the Loveland loess. Nearby wells indicated ground
water to be at depths exceeding 30 meters. The sur-
face has a slope of about 1:750, and no runoff was
anticipated or observed. The area had been seeded
with alfalfa late in the previous season. The alfalfa
grew slowly in' April, rapidly' in May, matured in
June, and was mowed on Juné 30. A second crop then
grew, but’somewhat less vigorously.

A water budget was first computed using the rec-
ords from a local raingage and soil mmsture _data
that were obtained from six sets of soil samples taken
durmg the study Information from a neutron-scat-
tering s011 moisture meter, which was used several

times weekly, allowed interpolation between samp-.

lings. Deep seepage, or percolation, was considered
to be zero because of the existence at a depth of 5.2
meters of a buried soil that apparently was very
impervious to soil-moisture movement. '

The results of the water budget are shown in
table 1.

- . P
LoF . ¢ PR

TABLE 1.—FEvapotranspiration computed  from the . water |

budget for the experimental site at Fairmont,
Nebr., for selected periods, in centimeters of water

" Period, 1958

ML M : Change in P ¢+ Evapo-
) soil-moisture Precipitation transplranon
From . . To storage w
. IR I
May 13............ + 1.9 S| 5.2
... June 9. . =23.0 e 0 ey ':2,?/"‘0
Lo July 15.. + 9.3 T15.2 ) 5.9
...| August 5 L= 2.7 9.5, 12.2
.| September 2. . —13.2 5.6 18.8
bememberZQ....,..-, + 6.4 4.2 VR
............................................... PN A PRI

- i . .. trooyud SFIN

Measurement" of items+in the energy budgetire-
quirediiexténsive instrumentation:.’ A netiexehignge
radiometer measured thermal radiation,sthermiajor
energyisource. Changes in ‘heat storage in‘the soil,
although.small, swere measured. Heat broughtyin by
rain was. accounted for:oiHeat conducted fromcthe
surface of vegetation'as Sensible'heat was cofhiputed
using the ‘ratio devéloped by 1§0wen (1926)‘ The

'*\“——"—'h Kid ) BN
. lBecausc a prachcal ﬁe]d ingtrument to, ,measure the conducted heat. is
not )let available, the Bowen ratio, ' which relates heat lost by conduction

MR

‘to heat lost by evaporation, has been‘widely used to compute conducted heat. ;

evapotranspiration energy - budget..
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temperature and humidity gradients abové the sur-
face were determined by measurements in the vege-
tation and at levels of 1%, 1, 2, and 8 meters above
the vegetation. Anemometers were also installed at
these levels. - About. 1.4 'million-observations'of tem-
peratures and humldltles ‘'were - analyzed using an
electromc computer '

Evapotransplratlon calculated from the water
budget durlng a 168-day season, was 0.46 cm per day.
Evapotransplratlon calculated from the energy
budget ranged.from 0.57 cm to 0.92 cm per day,
depending on the levels above the surface that were
used in selecting the meteorological data needed to
calculate:'the Bowen . ratio. These results suggest
that the Bowen ratio,:as calculated' in this ex-
periment, is nét -applicable to evapotransp1rat10n
measurement.’ T

To 1nvest1gate the data for seasonal blas, and to
observe the effect of changmg the length of the
observation’ period, evapotransplratlon was calcu-
lated for six periods of about a month each. Results
are listed in table 2. The levels above the vegetation
used in calculating the Bowen ratio are 14 and 1

' ‘meter.

TABLE 2.—Comparison of water-budget and energy-budget

evapotranspiration rates for intervals throughout
the season, in centimeters of - water per day

Period, 1958
Water-budget Energy-budget
evapotranspiration evapotranspiration
. From To . . a :
0.18 ° 0.41
1.00 . i .79
16 ’ .58
58 A . .55
.67 - .58 7
.29 i N .42
redan

The results for the shorter perlods show no better
agreement with' the water budget than ‘do the sea-
sonal figires. 1°8° 'f ' !

Comparlson W1th data from lakes 1nd1cates that
the. conducted,_pn,ergy term is a large item .in ‘the
evapotranspiration energy budget but.is .a, small
item in a lake-evaporation energy budget.. ‘The rea-
son is .that water absorbs and stores most .of the
radiant energy.falling upon it, but vegetation con-
verts radiant energy to a combination of conducted
and-latent heat. Thus, the theory and. method of
calculating the Bowen .ratio” becomes critical in the
The: energy-
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budget method is, however, theoretically correct, and
further analyses of the data from this and similar
experiments 'in detelmmmg the conducted energy
should resolve discrepancies in results from the
water-budget and energy-budget methods. V "

By R. F. MILLER and K. w. RATZLAFF, Denver, Colo.

- Divalent caleium and magnesium both have greater
replacing ability than monovalent 'sodium in ion ex-
change reactions with soil colloids- (Kelley, 1948, p.
57).
ceed the sodium in water moving through the soil,
the proportion-of calcium and magnesium in solution
- should decrease in the direction of water movement
as a result of adsorpticn to ion exchange surfaces;

and'the proportion of sodium should increase in the'

direction of water movement ‘as a result of its dis-.
placement from ion. exchange surfaces (Rlble and
Davis, -1955). , o

Because of this relation, the direction and pattern.
of moisture movement: in soils can be interpreted
from soil chemistry. The depths to which untilled
smls in arid and semiarid climates are most fre-
quently wetted also are reflected by the relative con-
centrations of soluble ions in the. s011 proﬁles

The greater solubility of sodium salts also permits
sodium to move farther through the soil in the direc-
tion of water movement than calc1um or magnesium,
This is especially true when the ions in solution are
concentrated by the processes of evaporatlon and
the use of water by plants—a condition that causes
precipitation of the less soluble salts (Gardner and
others, 1957).

The relations between water movement and ion
distribution in two soils with different internal drain-
age characteristics have been studied by the writers.
The relative proportions of soluble calcium plus mag-
nesium and sodium in consecutive vertical portions
of the two soil profiles are expressed as differences
in soluble sodium percentage (SSP).

Soluble Na
SSP = Soluble Na + (Ca 4 Mg)

X 100

Therefore, when calcium and magnesium ex-
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22, WATER MOVEMENT AND ION DISTRIBUTION IN SOILS

’.

‘A residual coarse-silt loam soil near Palo Alto,

" Calif., (table 1 and fig. 22.1) is characteristic of:soils

with unimpeded internal drainage. Winter rainfall
frequently provides enough moisture to wet the:base
of the soil profile. The soluble sodium percentage in-
creases with depth, das a result of progressive adsorp-
tionf of calcium and magnesium from soil water onto
thetion' exchange surfaces, whereas sodium is dis-

-pLaced from ion exchange surfaces into the water

moving down through the soil profile. A gradual
decrease in total salts in the soil with depth reflects
the loss of ions from solution to ion exchange: sur-
faces and frequent flushing of the soil. A higher
concentration of both-calcium plus magnesium and
sodium in the, top. five inches of soil; as compared
with the next layer below,»indicates that precipita-
tion of salts occurs as they -are concentrated by
evaporatlon

An “alluvial medium-silt loam soil near Fort
Apache, Ariz., (table 1 and fig. 22.1) is characteris-
tic of deep. permeable soils that commonly do not
receive enough moisture to become wet throughout
the profile. The A horizon. is m01stened by summer
showers, . but the B horlzon is moxstened to ﬁeld ca-
pac1ty prlmarlly by snowmelt Mmsture apparently
moves down into the .C hOI‘lZOl’l only .in response to
temperature and moisture tension gradients. Ap-
parently the buried B horizon impedes capillary
movement of water downward.

The increase in soluble sodium percentage from
the 2A horizon into the 1A horizon reflects capillary
rise of water as the surface soil dries. The decrease
in calcium plus magnesium and the increase in
sodium indicate that ion exchange is primarily re-
sponsible for the increase. The gradual increases in
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[ SOLUBLE SODIUM PERCENTAGE
0 10 20 30 40 50

TABLE 1.—Distribution of ions with depth in soils

INCHES BELOW SURFACE

80 U U N NN N S S S

FIGURE 22.1.—Changes in soluble sodium percentage (SSP)
with depth through a residual coarse-silt loam soil near
Palo Alto, Calif. (curve A), and an alluvial medium-silt
loam soil near Fort Apache, Ariz. (curve B). Numbers
and letters to left of curves designate soil horizons.

soluble sodium percentage to the base of the B
horizon and the little corresponding increase in total
ion concentration reflect downward movement of
water and frequent flushing. The increases in soluble
sodium percentage are attributed primarily to ion
exchange. The slight accumulation of calcium plus
magnesium at the base of the B horizon reflects some

Alluvial medium-sitt loam
soil near Fort Apache, Ariz.

Residual coarse-silt loam
soil near Palo Alto, Calif.

Extract from saturated Extract from saturated
Depth soil paste Depth - soil paste
below soil (Milli-equivalents per liter) below soil (Milli-equivalents per liter)
surface surface
(Inches) (Inches)
Na Total Ca+ Mg Na Total
0.97 7.66 4.00 0.31 4.31
78 4.68 4.88 .30 5.18
97 4.13 4.40 .30 4.70
97 3.27 5.20 .38 5.58
1.19 3.36 4.20 .46 4.66
1.23 3.06 4.00 .46 4.46
1.37 2.91 4.88 .85 5.73
4.08 1.25 5.33
5.52 2.54 8.06
5.60 3.81 9.41
8.00 7.55 15.55
12.12 11.10 [ 23.22
17.60 17.10 | 34.70

accumulation of moisture above the more porous cal-
careous C horizon; but there is no evidence of capil-
lary rise from this zone of possible moisture accumu-
lation. The top of the C horizon is apparently the
depth to which water frequently penetrates and is
retained at or near the field storage capacity.
Movement of some moisture down through the C
horizon by capillarity is reflected by the sharper
increase in soluble sodium percentage with depth.
This sharper increase indicates precipitation of cal-
cium from solution and is apparently the result of

Jboth ion exchange and salt solubility. The increase

in soluble sodium percentage in both directions from
the top of the B horizon reflects capillary rise from
accumulated moisture above the impeding B., hori-
zon and some movement of water down through the
impeding B., horizon. The accumulation of salts but

‘no increase in soluble sodium percentage reflect the

entrapment and evaporation of accumulated water
at the impeding zone.
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23. COMPRESSION OF ELASTIC ARTESIAN AQUIFERS

By S. W. LoHMAN, Denver, Colo.

The concepts of the occurrence of water in artesian
aquifers have changed considerably in the last 35
years. Artesian aquifers formerly were considered
to have only the properties of conduits for conduct-
ing water from the recharge areas to the points of
discharge (such as wells) and to have no property of
storage, as now known. Confining beds were re-
garded as impermeable, whereas we now know that
an artesian aquifer may be confined by a relatively
impermeable stratum or simply by a stratum having
permeability lower than that of the aquifer. Only
wells that flowed at or above the land surface were
considered artesian by many earlier workers. Now
artesian wells are considered by most authorities to
be those in which the water is confined under pres-
sure beneath a relatively impermeable stratum or
a stratum of lower permeability than the aquifer,
and in which the water rises above the point at which
it is first found in drilling.

Meinzer and Hard (1925, p. 90-93) were the first
to recognize that an artesian aquifer does not per-
form like a rigid system, but as one having volume
elasticity and hence variations in storage capacity
with changes in the internal buoyant force due to
changes in artesian head. The evidence that a large
part of the water discharged from artesian wells
came from storage by compression of the aquifers
with loss of artesian head led to Meinzer’s classic
theory of the compressibility and elasticity of arte-
sian aquifers (1928).

It has long been recognized that two types of com-
pression are involved: elastic compression of elastic
media, such as a clean sand or sandstone; and plas-
tic deformation of bodies, lenses, or beds of clay in
or adjacent to the aquifer. The amount of elastic
compression, with which the remainder of this paper
is chiefly concerned, is small but nevertheless signifi-
cant. The amount of plastic deformation of clay
bodies may be rather large, and has caused sub-
sidence of the land surface of from a few feet to
several tens of feet where artesian water or oil has
been withdrawn in large quantities. (See Gilluly
and Grant, 1949; Winslow and Doyel, 1954; Poland
and Davis, 1956 ; and the report of the Inter-Agency
Committee on Land Subsidence in the San Joaquin
Valley (1958); see also papers in this volume by
Poland, Art. 25; Lofgren, Art. 24; Miller, Art. 26),

The next important step in our understanding of
the manner in which artesian aquifers release water
from storage was the development by Theis (1935),
through analogy with the mathematical theory of
heat conduction, of an equation for the non-steady-
state flow of ground water through permeable media
to a discharging well, which is

_Q [~
§= 4,,—1'/ r2g (e/u)du (1)

4Tt

in which s is the drawdown in water level at dis-
tance r from a well discharging at constant rate @
from an extensive homogeneous and isotropic acqui-
fer having a coefficient of transmissibility T (perme-
ability times thickness) and a coefficient of storage S
after a period of discharge t. This important equa-
tion, which for the first time introduced the elements
of time (¢) and coefficient of storage (S), has be-
come the foundation of quantitative ground-water
hydrology. The coefficient of storage (S), which is
a dimensionless constant, was defined by Theis
(1938, p. 894) as “ * * * the volume of water, meas-
ured in cubic feet, released from storage in each
column of the aquifer having a base 1 foot square
and a height equal to the thickness of the aquifer,
when the water table or other piezometric surface is
lowered 1 foot.” Thus, if in an artesian aquifer
having a coeflicient of storage of 2 X 10~ (0.0002)
the head is lowered 400 feet in an area of one square
mile (about 2.79 X 107 ft*), more than 2.23 X 106 ft?
of water is released from artesian storage.

Jacob (1940, p. 575, 576) pointed out that the
release of water from artesian storage involves not
only compression of the aquifer but also elastic ex-
pansion of the contained water, and that the com-
ponents of the coefficient of storage may be defined
by

S = Jom [EL+§%_] (2)
in which S is the coefficient of storage; y is the
specific weight of water (62.4 1b ft#/144 in® ft2
= 0.434 1b in~2 ft—1) ; ¢ is the porosity of the aquifer;
m is the thickness of the aquifer, in feet; F, is the
bulk modulus of elasticity of water (83X 103 1b in-?) ;
b is the effective part of unit area of the aquifer that
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responds elastically '; and E, is the bulk modulus of

elasticity of the aqulfer. It 1s,conyen1ent;.to..use the.;_‘

reciprocal g8 in place of E‘i’

3.3 X 10 in? Ib-. '

By combining Hooke’s Law of elasticity with equa-
tion (2), I'shall propose an equation for determining
the amount of elastic subsidence or- compression from
other known factors.; Hooke’s Law states that, within
the elastic 11m1t strain is.proportional to. stress In
notation, convenient, to the problem, Hooke’s. Law
may be, ,wrltten S

- P
- BRI

am = %Ap/ | (3)
in which A is the change ‘(reduction) in thickness
of the aquifer (amount.of elastic subsidence), in
feet m-and E, are as deﬁned for equation (2); and
Ap is the’ change (reductlon) in; artes1an pressure,
in 1b ft-2.

D1v1d1ng both SIdes of equatlon (2) by Ys: assum-
mg b to be umty, Asubstltutmg the rec1proca1 ,8 for

El, .and- expandlng,tequatlon (2) becomes
L yEm /’+E L@
Equatlon (3) may be wrltten ‘
' D r ,‘. ; i .
el e b M Am ; s
i D Y ¢« .)f
Combmmg equatlons (4) and (5) and solvmg for.am
glves the -degired equatlon ; . A
' Am == Ap (S/y—Omﬁ) R (6)

Thus in.an elastlc or reasonably elastlc artes1an
aqulfer for whlch S 1s known from a. pumpmg
(Thels, 1953) or flow . (Jacob and Lohman 1951)
test, 6 is known from core or -sample. tests, m s
known from a dr1ller s log or electr1c log, it.is pos-
sible to compute from equatlon (6) the amount of
elastic subS1dence of the land surface (compress1on
of aqulfer) L\m for a glven regional dechne in arte-
sian pressure Ap ‘For example, although studies of
the Denver artesian ‘basin are mnot yet completed,
preliminary information (George H. Chase, U.S.
Geological Suryey, written communication, Jan. 23,
1961) indicated that average values for wells in the
basal sandstone and conglomerate of the Arapahoe
format1on (Upper Cretaceous) in the Denver metro-

. 11In.an aquifer composed of: uncemented granular- material the value of
b js unity. In a SOlld aquifer, ag-a limestone having, tubular channels,- b is
apparently equal to the porosity. The value of b for a sandstone doubtless
ranges between these limits, but in the development that follows a value/ of
umty has been assumed . . N ) T |

the value of g being
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politan area are about: S = 5 X 10+, 6 = 0.33,
m = 209 ft, and ap = 260 lb in-* (600 ft decline in

'head) Usmg equatlon (6) 2

Am = 2.6 % 10 1b in-? [(2 31 ft b in?) (5 X 10-)
— (0.33) (2 102 ft) (3.3 X 10-% in? lb-’)]
=26 X 10° b in T

. .
Sa e g STy

[11 555 1074 £t Ib-1 in2 — 2 X160 £t bt in? ]

'_“lll"f -

_O 25 ft L3
Usmg thé above value of Am and other known

factors, equat10ns"(3) or (5) may be solved for Et,i

wh1ch is found to be' about 2! 1 X 107 Tb in~® —a rea-‘

sonable value for a sandstone or conglomerate
" The’ studles now in progress by Mr. iChase w1ll
1nclude a comparlson of the total computed elastlc

compress1on of this and overlymg and- underlymg .

drtesian’ aqulfers w1th the total sub51dence of the
land as‘lndlcated by'old and new levellng by the U S
Coast ‘and Geodetic Survey .
"It should again be stressed that equatlon (6)
glves ‘only the ‘elastic compressmn or subs1dence,‘
and that the greater subs1dence that has occurred
any areas is due to’ plastw deformat)on of asso-
c1ated clay , . ‘ f...“f N
A N A A & ST K
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21t is convenient to use the’ reclprocal of v (0. 434 Ib in-2 ft-1), which
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24, MEASUREMENT OF" COMPACTION OF AQUIFER SYSTEMS IN- AREAS OF LAND SUBSIDENCE' -

. . SO o

vy . . Sihe s oo

e : EY SR RS

ka dowe in cooper atwn wzth the\ Catzfm niaq Depwrtment of Water Resources,

a f, "

Land subsxdence affects an, area of more than 2 500
square miles in the San Joaquin Valley, Calif., and
is the result of compactlon of unconsolidated alluv1a]
and lacustrme .deposits. as ground water levels are
lowered by. heavy pumping. The subsidence, occurs
in areas where the aquifers are confined or semicon-
fined. Twenty specially designed compaction re-

b T,

corders have been installed in the areas of maximum_

subsidence. Two to 5 years of records show that
compaction measured by recorders is directly related
to changes in water level, and is approximately equal
to the surveyed subsidence of the land surface."

In areas of maximum subsidence, ground-water o

levels show a general downward trend, and -sub-
sidence rates range from 0.4 to 1.5 feet per year. In
these areas, 1 foot of subsiderice has been observed
for each 10 to 25 feet of water-level decline. Com-

paction of the unconsolidated deposits takes place .

as the artesian pressure decreases, thus transferrmg

more of the overburden load to grain-to-grain con- .|

tacts of the aquifer. The compaction is due chiefly -
to a nonelastic.. rearrangement of the grains of the
deposn; and results in a permanent decrease in

volume, A small part of the compaction is;elastic;

and samples tested in the laboratory for consolida-
tion show minor rebound when unloaded. However,
rebound or expansion of the:aquifer system has not
been observed in the ﬁeld measurements

) EQUIPMENT

A special type-of recorder is being used to measure.

the rate and .magmtude. of compaction occurring at.
depth. As shéwn in figure 24.1, the assembly con-

sists of a heavy weight emplaced in the formation

below the bottom.of a well casing, with an attached:.
cable str‘et;chedl upwa}rd,in,i‘.the casing and counter-

Y

9y By BEN E. LOFGREN Sacramento, Cahf ' L

B-49

‘Winslow, A.: G., and Doyel, W. W., 1954, Land-surface:;sub-
sidence and its relation to the withdrawal of ground

., water. in the Houston-Galveston, reglon, Texas ‘Econ.
_ Geology, v. 49, p. 413—422
; ‘o .3" < v
i L4 ‘
PR . . L F.,[ .
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N
e , . S
v f Ve Y s i aey N
Pl Sheaves Recorder ™ 371
I 4 /N I NENT VoL
. o Metal table on

L / d f concrete platform

. o
A RO

Cable clamp

Cribbed pit L Well casing
- Plastic —coated
, 1cable. Y%-inch,
_ .|| stranded i ™
U _
i ) N
S N " Anchor weight } H Open hole :

X 200 to 300 lbs 2 B
. . A ‘:v. . \* . .h‘ ‘ " s, '.
FIGURE 24.1.—Diagram of compactipn-recorder installation.

‘jw‘e'i‘_ghted at the land surface to maintain constant
‘tension... A monthly recorder mounted .over the open

casing is used to measure directly the amount of
cable that appears above the casing as subsidence
occurs. At the land surface it appears as if the
bottom-hole weight is rising; actually, the land sur-
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face is settling with respect to the bottom-hole
weight.

The success of this method and equipment de-
pends largely on the elastic characteristics of the
cable under tension. After considerable experi-
mentation, a specially manufactured 14-inch, stain-
less steel, 7 X 7 stranded, plastic-coated cable was
selected, and seems to meet the rigorous require-
ments very well. Ball-bearing sheaves are used to
reduce the frictional drag of the system.

Compaction recorders have been installed in un-
used irrigation wells and in specially drilled wells.
At most sites, the bottom weight is placed in an
open hole 15 to 25 feet below the bottom of the well
casing so that measurements of vertical shortening
are independent of the casing.

At several locations in the San Joaquin Valley,
compaction recorders have been installed in two or
more closely spaced wells. Bottom-hole weights in
these wells are placed at different depths so that the
compaction occurring at different depth intervals
can be computed. Water-level recorders are also

generally installed in or near the compaction-re-
corder well to record fluctuations and trends of
ground-water levels as compaction continues.

RESULTS

A compaction recorder of the type shown in figure
24.1 installed in well 19/17-35N1 has been measuring
the rate of compaction in the upper 2,000 feet of
unconsolidated alluvial deposits near Huron, Cali-
fornia. Subsidence of nearby bench mark B 889
has been determined by periodic leveling traverses
of the U. S. Coast and Geodetic Survey. In addition,
the changes in hydraulic support in the underlying
artesian aquifer system have been determined by
frequent water-level measurements in well 19/18-
27M1. . .

The correlation between subsidence of the surface
bench mark, vertical compaction, and water-level
fluctuation is shown in figure 24.2. The water level
in well 19/18-27M1 fluctuates 50 feet or more each
year in response to heavy pumping in the area, and
has declined about 40 feet during the 4.8-year period

358

356

/@

/

.Land subsidence

\ -at bench mark B889 ’ ’ .
354

\-—\_ 352

BENCH-MARK ALTITUDE, IN FEET

Compaction in
19/17-35 N1

COMPACTION, IN FEET
o .

w

wy‘\

N

N A\

.400

AN / |
ARAVIAY.\VW/ R WASEAW,
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Hydrograph

DEPTH TO WATER, IN FEET

420
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of well \ /
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FIGURE 24.2.—Graph showing measured subsidence, compaction, and water-level change near Huron, Calif.
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shown on the graph. This water-level decline has
resulted in a measured compaction of 3.8 feet within
the 2,000-foot depth interval of the compaction re-
corder, and a total subsidence of the land surface
of 4.6 feet. Thus, subsidence near Huron is con-
tinuing at a rate of 0.96 foot per year, and 1 foot of
subsidence has occurred for each 10 feet of water-
level decline. The compaction that occurred in the
upper 2,000 feet of deposits during the 4.8-year
period represented 82 percent of the total subsidence,
suggesting that 18 percent, or 0.84 foot of compac-
tion, occurred in the deposits below 2,000 feet. This
assumption is reasonable, because nearby wells with-
draw water from below 2,000 feet.

COMPACTION RECORDERS
16H3  16H4  16H2

|
R/ /AR SIS

0 INNTSUSUS

X
)

200 (—

400 F
Tulare formation

[
[¥¥)
w
[V
z
=. 600 — Upper confined aquiter
=
a
w
=}
800
Lower confined aquifer
1000 — 1

Approximate base of aquifer

A. RELATION OF MULTIPLE RECORDERS TO
THE HYDROLOGIC UNITS

Inspection of figure 24.2 shows that each major
change in hydraulic support, as indicated by the
hydrograph of well 19/18-27M1, is reflected in the
compaction graph. During periods of rapid water-
level decline, compaction occurs at a maximum rate.
Conversely, during periods of rising water levels,
the compaction rate declines. No expansion has
been detected by the compaction recorder during
periods of water-level rise.

Figure 24.3 A is a diagrammatic cross section
through an area of active subsidence near Oro Loma,
Calif. The relative positions of the depth anchors
of the three compaction recorders operating at this
site are shown in relation to the principal hydrologic

COMPACTION RATE, ft x 10™%tt/yr

2 3 4 5 6 7
I T T I | T

o
—

——

Nov. 1, 1958, to Nov. 1, 1959

Nov. 1, 1959, to Nov. 1, 1960

\

=

16H3

—————

16H4

XYY Y Y Y R YY) t—

16H2

0

B. MEASURED COMPACTION RATE OF DEPOSITS
IN THREE DEPTH ZONES

FIGURE 24.3.—Compaction rates near Oro Loma, Calif., as measured by three compaction recorders. A, Relation of multiple
recorders to hydrologic units; B, measured compaction rate of deposits in three depth zones.
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units: -Recorder 16H3 measures the total compac-
tion occurring between the.surface and the anchor
at 350-foot ‘depth. . Similarly, recorders 16H4 and
16H2 measure the' compaction occurring between
the surface and their respectlve ‘500-foot and 1, 000-
foot anchor depths. By ‘comparing the record of
ahy two recorders, the magmtude and rate of com-
pactlon occurring in each depth zone are obtamed

Flgure 24.3 B shows the rate of compactlon that
occurred in each of three depth zones for two perlods
of recording.. For comparison, these rates have been
converted to unit values and represent the average
.amount of vertical shortening that occurred in each
foot of thickness each year. The compaction rate in

| the 350- to 500-foot depth zone decreased greatly

during the second year of record.
From November 1, 1959, to November 1, 1960
0.014 foot of compaction occurred in the 0- to 350-

| foot depth zone (0.40 X10-* ft/ft/yr), 0.016 foot of

compaction occurred. in the 350- to 500-foot depth
zone (1.07 X 10-* ft/ft/yr), and 0.292 foot of com-
paction occurred in the 500- to 1,000-foot depth zone
(5.84 X 10 ft/ft/yr). Tke total 0.322 foot of com-

paction measured by the 1,000 foot recorder-approxi-

mately equaled the amount of subsidence of a nearby
Coast :and Geodetic Survey bench mark. . These
measurements suggest that during this 1-year period,
little or no compaction was oceurring within the
unconsolidated deposits below 1,000 feet.

R

25. THE COEFFICIENT OF STORAGE IN A REGION OF MAJOR SUBSIDENCE CAUSED BY COMPACTION OF
: s AN AQUIFER SYSTEM _ ' .

Meinzer (Meinzer and Hard, 1925) .was the first
to conclude that the water discharged by wells tap-
ping an artesian aquifer (the Dakota sandstone)
had been derived largely from storage. He reai"s':oned
that water withdrawn from storage was released by
compression of the aquifer. Subsequently” Meinzer
(1928) considered release from storage by expansion
of the water, described evidence for the compressi-
bility and elasticity of artesian aquifers, and stated
(p. 289) that “* * * artesian aquifers are apparently
all more’ or less compressible and elastic though
they. differ. widely in the degree and relative im-
portance’of these properties.”

Following development in 1935 of Thels equatlon
for non-steady-state flow of water to a discharging
well, Theis (1938, p. 894) defined the coefficient of
storage as “ * * * the volume of water, measured in

cubic feet, released from storage in each column of-

the aquifer having a base 1 foot square and a height
equal to the thickness of the aquifer when the water
table or other piezometric surface is lowered 1 foot.”

Shortly thereafter Jacob (1940) postulated that |

when water is removed from and pressure is de-
creased in &n elastic artesmn aquifer, stored water
is derived from three sources: (a) expansion of the
confined water, (b) compression of the aquifer, and

(c) compressron of' the adjacent and 1noluded clay |

By J. F. POL;AND, Sacramento, Calif. i

i
)

beds. He concluded that the third source is probably
the chief one in the usual case. He stated (p. 574)
“ * * * that because of the low permeability of the
clays (or shales) there is a time-lag between the low-
ering of pressure within the aquifer and the appear-
ance of that part of the water which is derived from
storage in those clays (or shales).” To avoid mathe-
matical complications, however, he assumed that
release of stored water from the clay beds is in-
stantaneous. He defined the coefficient of storage in
terms of the three sources of water, as

S =m [EL+0%+EL:] M

In this equation S is the coefficient of storage ;v is
the specific weight of water (0.434 1b/in%/ft); 6 is
the porosity of the aquifer; m is the thickness of the
acquifer, in feet; £, is the bulk modulus of elasticity
of the water (3 X 10% b/ m-) b is the proportion of
the plane of contact between the aquifer and the con-
fining layer over which the hydrostatic pressure is
effective (unity for an aquifer composed of un-
cemented granular material) ; E, is the bulk modulus
of elasticity of the aquifer matrix; E, is the modulus
of compression of Clay beds; and ¢ is a dimensionless

1B, the reciprocal of E,, i5.3.3 X 100 in? Ib-1,

-
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quantity that depends largely on the thickness, con-
figuration, and dlstrlbutlon ‘of the mtercalated clay
beds.

Elsewhere in this volume Lohman (Art. 23) briefly
reviews the development of the concepts of the oc-
currence. of water in artesian aquifers beginning
with Meinzer’s classic work, and derives an equa-
tion for determining the amount of elastic compres-
sion of artesian aquifers from known declines in

artesian. pressure and known hydrologic properties:

of the aquifers. Lohman’s equation (Art. 23, this
volume) is expressed mf the form

L. AM = Ap (S/y — 0m[3), (2)

in which am is the reductlon in thlckness of the
aquifer : (amount. of elastic compression), in feet,
and'Ap-is the reduction in artesian pressure in lbs/ft>.
The'other terms are s defined for equation (1). Loh-
man’s equation (2) “affords 4 means of evaluating
the second component of equation (1), ymb/E,, when
E, is not known.

In areas where intensive ground-water develop-.
ment has drawn down the artesian head substantially |

(a hundred to several hundred feet) in highly com-
pressible confined aquifer systems containing many
clay interbeds, major subsidence of the land surface
has occurred. For example, land subsidence from
this cause has reached 2 to more than 20 feet in
parts of the San Joaquin Valley (see Art. 24 by
Lofgren and Art. 26 by Miller) and 9 feet in the
Santa Clara Valley, both in California, and several
feet in the Houston-Galveston area in Texas (Wins-
low and"Wood, 1959).' The subsidence probably is
caused almost wholly by compaction of the .inter-

calated and confining beds of clay, silty clay, and -

clayey Ssilt, both by "plastic deformation and me-
chanical rearrangement of grains,'and to that ex-
tent is inelastic and permanent. In such aquifer
systems the water taken frorriAstorage as defined by
the coefﬁcient of storage derived from short-term
pumping tests may..represent a very small part of
the water actually removed from storage.:

APPLICATION TO THE LOS BANOS- KETTLEMAN CITY
AREA

Subsidence in the Los :BanosiKettleman City area
on the central west side;of the San Joaquin Valley
(for location see map in Art. 26 by Miller) extends
over 1,100 square miles and ranges from 1 to.22 feet.
In most of this area, about all the subsidence is
known to be caused by compaction of the.confined
aquifer system (see Art. 24 by Lofgren).
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We can compute approximate values for the com-
ponents of the'coefficient of storage in equation (1)
for an example in the Los Banos-Kettleman City
area. Average values used for the confined aquifer
system- are .as follows: coefficient of storage from
short-term pumping tests about 1 X 107, = 0.4, m
= 700 feet (aquifer thickness, excluding for this
example the clayey interbeds aggregating about 300
feet in thickness), and Ap = 130 lb in-? (300 feet
decline in head).

The first element of equatlon ( 1) the component'
of S due to elastic expansion of the water ( 1dent1ﬁed
here as S;) is yomg.

— (0.434 Ib in* ft‘lj (0 4) (700 ft) (3.3 , :
><10"1n~lb‘1)—4><10* '

The elastic compression of the aquifer (elastic
subsidence. of the land .surface) can be computed

from equation (2), using the S obtained from short-

term pumping tests, as follows:
Anz=;1301bsin*’[(1><10*)/(04341bin-2ft4)——
(0.4) (700 ft) (3.3 X 10-¢%in? lb"l)] = 0.18 ft

Thus, the second component of S in equation (1),

identified here as S, is the elastic compression di- "

vided by the artesian-head decline or 0.18 ft/300 ft
= 6. 10™. .

The component of storage derived from compac-
tion of the clayey interbeds and confining beds (S;)
can be estimated approximately from the gross sub-
sidence of the land surface. In this'area, the ratio
of subsidence to"head decline ranges about from
1/10 to 1/25. If ‘we use 4 ratio of 1/20° (subs1dence
= 15 feet for 300 feet of head dechne), then the
component of storage derlved from compactlon (both
elastlc and melastlc) of the ‘clayey sedlments ls

15 ft - 0.18 ft
300 ft

Summmg the three ‘components, S, + S) + S,
gives'a long-term unit storage yleld of 0. 051 Thus,
S, the stored water released by compressmn or com-
paction of the clayey beds is about 50 times as great
as the;water released by elastic expansion -of the
water and elastic compression of the aquifer (com-
ponents S, and S ) .In other words, in thls example,
the coefficient of storage derived from a short term
pumping test gives a volume only about one-fiftieth
that of the long-term (15 to 25 years) yleld from
storage. PR ,

= 0.05 or’5 X 10~
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This is an extreme example because it is computed
for one of the most compressible aquifer systems for
which data are now available. However, it serves
to emphasize that the storage derived from compac-
tion of the clayey interbeds and confining beds may
be many times as great as that derived from elastic
expansion of the water and elastic compression of
the aquifer.

Moreover, this component, S, is a variable. The
stored water yielded by the clayey beds would be
large only during the first decline of artesian pres-
sure. If the pressure subsequently recovered to (or
near to) the initial conditions, and then was drawn
down again through the same interval, the com-
pression of the clayey beds, if mostly preconsolidated
during the first drawdown phase, would be only a
small fraction of that in the first phase of pressure
decline, probably less than 10 percent.
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26. COMPACTION OF AN AQUIFER SYSTEM COMPUTED FROM CONSOLIDATION TESTS AND DECLINE IN
ARTESIAN HEAD

By R. E. MILLER, Sacramento, Calif.

In the parts of the San Joaquin Valley shown on
figure 26.1, the land surface has been subsiding at
rates up to 1.5 ft/yr owing to large withdrawals of
artesian water from poorly consolidated late Ceno-
zoic sediments. By refining a method outlined by
Gibbs (1960), the compaction in the confined aquifers
is being computed at selected core-hole sites in the
San Joaquin Valley. The method of computation is
based upon Terzaghi’s theory of consolidation (1943,
p. 266-267), using the results of one-dimensional
consolidation tests made upon core samples of the
aquifer system, and the decline in artesian head that
has occurred. An extension of this technique can be
used to predict future subsidence.

COMPUTATION OF AQUIFER COMPACTION

The computation of aquifer compaction at core
hole 12/12-16H1 in the Los Banos-Kettleman City
area in the western part of the San Joaquin Valley
(fig. 26.1) is a typical example of the method being
used in the present studies. In this area there has
been no decline in the water table, but intensive

pumping from the confined aquifer system has

caused a substantial drawdown of artesian head.

The procedure for making the computations was

as follows:

1. The upper and lower limits of the confined
aquifers were determined from the electric
logs of nearby wells. '

2. Then, as shown in figure 26.2, the aquifer and
overburden is divided into sufficient segments
so that each segment could be represented by
a single consolidation test typical for that
segment.

3. The artesian head of the confined aquifers was
determined from the static levels in nearby
wells and converted into pounds per square
inch. The decline in aquifer pressures was
estimated for the aquifer system for the period
1937-59 using the static-level records of the
wells for previous years.

4. The overburden load on the aquifers in pounds
per square inch was computed from the wet
unit weight of the core samples. There has

&
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100 MILES

FIGURE 26.1.—Areas of land subsidence in the San Joaquin

Valley, Calif.

been no decline in the water table in this area
between 1937 and 1959. This means that no
compaction occurred in segments 1, 2, and 3
during this period and that there was no de-
crease in overburden load on the confined
aquifers owing to dewatering of the sediments
above the water table.

5. The effective load on the top segments of the

confined aquifers was computed for the periods
for which the aquifer pressures had been de-
termined by subtracting the aquifer pressure
from the bulk weight of the aquifer overbur-
den. The maximum load that could occur would
be when the artesian pressure is zero and the
full weight of the overburden bears on the
aquifer.

6. One-dimensional consolidation tests were made

on the core samples of the aquifer system for
the maximum load range that could occur in
the aquifers. These tests were made in the
Earth Laboratory of the Bureau of Reclama-
tion at Denver, Colo. An increase in loading
results in a decrease in the void ratio of the

sample tested. Clays tend to consolidate more

under load than sands, but not as rapidly.

7. The compaction occurring in each segment of an
aquifer system can be computed for any speci-
fied aquifer pressure decline if the effective
load change on the segment can be determined.
In determining the effective load on the seg-
ment, the buoyant weight of any overlying
aquifer segments is added to the effective
weight of the overburden load. The aquifer
pressures at the core-hole site are shown in
figure 26.2 and the effective loading on each
aquifer segment is listed in table 1.

As illustrated in figure 26.2, two confined
aquifers are present in this area. The prin-
cipal aquifer is the lower one. Pumping from
this aquifer was locally decreased shortly after
1953, owing to the availability of surface water
from a nearby canal. Consequently the static
levels of wells perforated in the lower aquifer
were lowest in 1953 and have shown a slight
amount of recovery since that time. The great-
est effective load on the lower aquifer was in
1953, therefore, and the load at that time was
used as a maximum for computing compaction
in the lower aquifer. In the upper aquifer,
which is tapped by only a few domestic wells,
there has been a small but steady decline in
static level between 1937 and 1959.

8. The compaction due to the load change on each
segment of the aquifer system was computed
from the void-ratio change which was deter-
mined graphically from the extension of the
straight-line part of the one-dimensional con-
solidation curves. Compaction was computed
by the equation

e — e,

Ah = 1-|——e,h
in which Ak = compaction, in feet; ¢, = initial
void ratio; e. = void ratio after loading, and

h = thickness of aquifer segment, in feet.

The ultimate compaction determined for
the confined aquifers as a result of the change
in artesian pressure from 1937 to 1959, and
the part of that compaction computed to have
occurred by 1959 are shown in table 1.

9. A complicating factor that must be considered
is the time lag of compaction. In segments
of the aquifer that have very low permeability,
years or even decades might be required before
enough water is displaced so that all of the
computed compaction can occur. The time re-
quired for the computed compaction to be
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TABLE 1.—E ffective loading and compaction at core hole 12/12-16H1 computed for the period 1987-59

Fffective load Ultimate Compaction completed by 1959 Amount of .
Segment Effective _— - compaction ? . residual -
number Thickness load 1937 s (feet) . . compaction
(See fig, 26.2) (Teet) (psi) ! Lower uquxfer 1953 ;| Upper aquifer, 1959 Percent, Feet as of 1959
: (psid ! (psi) (feet)

[ Z A, 48 231 113 89 1.00 0.13
{1 P b 45 247 ) 100. 56 .00
T 20 265 .52 100 .52 .00
8. . 25 272 .16 100 .16 .00
9. i 87 284 .76 26 .20 .56
10.0.......... 24 323 .12 100 12 .00
1 38 334 .35 63 .22 13
12000000 24 384 .28 100 .28 .00
13,0000, 52 395 .34 100 .34 .00
4.0 0. 32 419 .31 100 .31 .00
15,000 71 433 1.08 100 1.08 .00
6.0, 69 465 .75 100 .75 .00
7. ... 160 495 1.74 100 1.74 .00
Total, ...\ ...ooo ... N U N 8.10 |...... .. ... 7.28 0.82

1 Pounds per square inch.

2 Compaction estimated to occur as result of artesian-head change, 1937-59.

-completed can be estimated from the consoli-
dation coefficient which is determined as part
of the one-dimensional consolidation test. The
equation given by Terzaghi and Peck (1948,
p. 241) for computing the compaction time is
Th*
in which ¢t = compaction time, in years; T =
time factor; h = thickness of aquifer segment,
in feet; and C, = consolidation coefficient, in
ft2/year.
CIf dramage can take place from both top dnd
bottom of the aquifer segment, (h/2)* is used
in place of 4A*. The time required for various
percentages of compaction to be completed is
not a linear relation, for the time depends
upon T, which is a pure number nonlinearly
related to the percent of compaction completed.
Thus T = 1.0 for about 93 percent compaction,
T = 0.2 for 50 percent compaction, and T =
0.0076 for 10-percent compaction. '
Compaction of the upper confining clay oc-
curs by drainage into the underlying aquifer
as a result of the downward pressure differen-
tial. The time required for “this compactiorj
to be nearly completed (about 93 percent) can
be estimated from the preceding equation,

using the values T = 1, h = 86 feet, and C, -

= 0.92 ft*/yr for the load range of 200 psi to
400 psi.

1 X 86

—0.95 — — about 8,000 years

b=

¢Similarly, half of the compaction would be
completed in about 1,600 years, but 10 percent
of the compaction would be completed in only
about 60 years.  This would indicate that only
a small amount of compaction has occurred in
‘this confining clay segment during the rela-
tively short period between 1937 and 1959.

By this method the percent of compactlon
“completed in each segment of the aquifer at
core, hole 12/12-16H1 was computed and is
. shown in table 1. Secondary consolidation ef-
fects have not been -considered in these ap-
proximate computations of compacti,on.- oo

COMPARISON OF COMPUTED SUBSIDENCE TO
. MEASURED SUBSIDENCE

Re]evelmg of bench marks by the U. S. Coast and
‘Geodsétic Survey indicatéed that 7.8 feet of larid-
surface subsidence occurred in'the v1cm1ty of core

1 hole 12/12 16H1 between 1937 and 1959. The total

ultimate computed compactlon of the aqulfers due
to pressure declme between 1937 and 1959 is 8, 1
feet. The part of this ultlmate compactlon computed
to have occurred by 1959 for segments 5 through.17
(fig. 26.2) is 7.28 feet. In addition, the rate of com-
pzictio'n ‘of the.upper confining clay (segment 4) has
been calculated as approximately 0.01 foot per.year.
Thus, the total compaction.computed .to. have “oc-
curred in segments 4 through 17 from 1937 to 1959
is 7.5 feet, compared ‘to a measured™” land-surface
subsidence'-of 7.8 féet.v The Tresidial compaction
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estimated to occur after 1959 as a result of the de-
cline in artesian pressure from 1937 to 1959 is 0.8
foot in segments 5 through 17. Additional compac-
tion in the upper confining clay (segment 4) is esti-
mated to continue at a rate of roughly 0.01 foot a
year unless the artesian pressure in the upper arte-
sian aquifer recovers appreciably.
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27. DEVELOPMENT OF AN ULTRASONIC METHOD FOR MEASURING STREAM VELOCITIES

By H. O. WiREs, Columbus, Ohio

Work done in coperation with the U.S. Army Corps of Engineers and the California Department of Water Resources

Continuous records of streamflow in tidal or back-

water reaches are difficult to obtain by conventional-

methods because the velocity of flow is not a simple
function of water-surface elevation. The number of
such reaches in which flow records are needed is in-
creasing as more streams are controlled by reser-
voirs and as the flow in tidal reaches becomes in-
creasingly important in the total development of
water resources. Continuous records of velocity
would allow computation of flow at any time, and
efforts have been directed toward development of
instrumentation for that purpose.

A system has been devised that utilizes the differ-
ence in velocity of propagation of sound in the up-
stream and downstream directions to measure the
velocity of streamflow. In this system transducers
are installed near each streambank at an angle 9 with
the direction of flow as shown on figure 27.1. Ultra-
sonic waves are generated and received at both in-
stallations. The difference in travel time of the wave
in the upstream and downstream direction is re-
lated to the velocity of streamflow and this relation
can be derived mathematically.

A continuous wave transmission system using re-
ceived-wave displacement as a measure of the dif-
ference in travel time was first designed and con-
structed under contract by Raytheon Manufacturing
Company. After testing the system at several loca-
tions and under many separate conditions it was
concluded that phase stability requirements could

not be achieved. The extreme fluctuations of phase

and amplitude encountered could be ascribed to

multipath interference phenomena due to such causes
as thermal and energy gradients and boundary
reflections.

A second system has been devised, which elimi-
nates the defects of the continuous wave transmis-
sion system. The basic characteristics of the new
system, which is known as the pulse repetition fre-
quency (PRF) method, are: .

1. Upstream and downstream sound velocities are
measured simultaneously over a single acoustic
path.

2. A transmitted pulse with a sharp leading edge is
used to eliminate multipath effects. The first

7///////1/1/////4217/./4
I

e 7

<
T

Flow *

N

FIGURE 27.1.—Installation of transducers in a stream channel.
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arrived signal is used and any immediately fol-
- lowing signals are gated out.

3. Flow velocity is related to the mean of the dif-
ferences between the downstream and  up-
stream propagation velocities.

A system having these characteristics is shown-

diagrammatically on figure 27.2. A 135- acoustic
pulse is transmitted from the upstream transducer
and received at the downstream transducer. The
energy from this pulse activates a keying circuit
and another 135- pulse is transmitted from the up-
stream transducer. The 85- electro-acoustic circuit
operates simultaneously with, and in the same man-
ner as, but in the opposite direction from the 135-
circuit. The two-pulse repetition frequencies (PRF)
are fed into a computing circuit, the output of which
is proportional to the difference frequency.

It is easily shown that the difference frequency is
proportional to the velocity of streamflow.

Let: v = velocity of moving medium

B-59

¢ = velocity of sound with no flow
d = length of acoustic path
6 = angle between downstream acoustic path

and downstream flow path

Then: Velocity of sound propagation downstream
Cis =¢ -+ v cos b
Velocity of sound propagation upstream
C;; == C — v cos b
The times of travel are
d d d
b ¢ ¢ + v cos 0and b1 T %m ¢ —wcos 8

The pulse repetition frequencies, f,, and f.;, are
given by the reciprocals of these equations and the
velocity of the streamflow is

d
Y= S cos 0(f12

— fa1)

The computing circuits consist of two PRF multi-
pliers, two motor-driven amplifiers, a synchro-differ-

L
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FIGURE 27.2.—Diagram of the PRF system.
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ential, and a synchro-generator. The multipliers are

~ used to bring the pulse repetition frequencies close -

to 60 per second. The synchro-differential subtracts
the two frequencies, and the output of the synchro-
generator -is proportional to this difference fre-
quency. The generator output is fed into a circuit
which multiplies this signal by the constant d/ (2 cos
8). This product voltage appears on a meter and is
recorded on a 10-inch strip chart. :

The velocity of flow equation shows that, in addi-
tion to the two pulse-repetition frequencies, it is
necessary only to determine d and 4 to compute the
river velocity. These two quantities are easily and
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accurately measured. As the upstream and down-
stream transmissions are sent simultaneously the
effects of any fluctuations caused by changes in the
acoustic properties of the water are eliminated.

The PRF system has been installed on the Sacra-

"mento River at Sacramento, Calif. Several problems

in the original design and operation of the equip- .
ment, such as selection of proper cable for adequate
transmission, determination of automatic gain con-
trol requirements, and prevention of extensive rec-
ord blanking from occasional missed pulses, have
been resolved, and a record is now being obtained
to be used for analysis of the method.

R

28. PRELIMINARY DESIGN OF AN ELECTRIC ANALOG OF LIQUID FLOW IN THE UNSATURATED ZONE

By R. W. STALLMAN, Denver, Colo.

The solution of hydrologic problems, in which the
details of liquid flow through the unsaturated zone
are significant, has been hampered by a lack of
simple means for computing the relation between
time, flow, moisture content, and space.

Normally flow in the unsaturated zone is one-
dimensional, nonsteady, and occurs approximately
vertically. The differential equation relating the
variables of liquid flow for this condition may be

stated as . |

ki [ ok ] —p 99

o T1]T% 30
in which k, is the co_ndlictivity to liquid flow, h, is the
liquid head at point z above an arbitrarily.established
horizontal reference plane, ® is the porosity, 6, is
the liquid content expressed as a fraction. of the
porosity, and ¢ is time. The conciuctivity k, is a non-
linear function of the liquid content of 6,; conse-
quently it-is very difficult to find mathematical solu-
tions satisfying both equation (1) and the highly

o*h
az?’ +

k

variable field boundary conditions at the upper and -

lower limits of the unsaturated zone. Philip ( 1955)
devised an efficient iteration process for finding a
solution to a form of equation (1) for continuous
infiltration from the land surface. Subsequently

| Youngs (1957), by laboratory studies, demonstrated

that Philip’s method gave accurate forecasts of flow
ensuing from infiltration. Nelson (1960) recently
determined nonsteady liquid drainage from initially
saturated sediments by solving the differential equa-
tions of flow using digital computing equipment.
Youngs (1960) applied the capillary-tube hypothesis
of unsaturated flow to calculate drainage from satu-
rated media as a function of time.

Use of Philip’s iteration process is limited to a -
hydraulically homogeneous profile and increasing
water content during infiltration from the land sur-
face. Although digital computing equipment -is
capable of solving the problem regardless of com-
plicating nonhomogeneities and variable ‘boundary
conditions, experience has indicated :that the costs
of such solutions are generally higher than can be
afforded in ordinary hydrologic investigations. In
an effort to obtain a versatile and low-cost computing
system for the study of liquid flow through the un-
saturated zone, electric analog techniques for solving
equation . (1) were considered. The following de-
scribes preliminary plans for an electric analog
system believed capable of solving problems in one-
dimensional vertical flow through nonhomogeneous
profiles under a variety of boundary conditions.
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FIGURE 28.1.—Hydraulic characteristics of unsaturated porous
media.

For electrical simulation, equation (1) may be
more conveniently written in .the following form:

*h 0 log ki [ oM ol
]+ 2% 22 Loz V1] 7P =0 (2
. . & 29 C ey qs . .
in which D, = —m , the liquid diffusivity of the
! l .

unsaturated porous media. Neglecting hysteresis,
the curve of D, versus 6, may be obtained directly
from curves of k, versus 6, and h, versus 6, charac-
terizing the porous media. An example of a set of
these curves is given in figure 28.1.

Consider equation (2) as comprising three sep-
arate terms, each defining a single component of
flow accumulation at a point, 2. The first gives the
rate of change of storage for a hydraulically homo-
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FIGURE 28.2.—Electrical currents analogous to terms in
equation of flow.
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FIGURE 28.3.—Schematic diagram of analog and bias circuits.
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geneous element, the second identifies variations due
to hydraulic heterogeneity and gravity, and the third
accounts for changes as a function of time and
storage capacity. The electrical counterparts of these
terms are currents (/) added to a point in a resistive
element, with a constant resistance (R) per unit
length, as shown in figure 28.2. The continuous
resistance element must be viewed as a series of
finite elements because it does not appear practical
to model I, and I, at each point along its length.
Accordingly, a finite-difference approximation to
equation (2) is represented by the electrical model
shown in figure 28.3. A voltage divider at the right
in figure 28.3 serves as a reference for static head
conditions in the profile and for dynamic evaluation
of k, and D, as the analysis proceeds.

As can be shown by finite-difference techniques,
I, to any node » in the model is simply the resultant
of current flow from pointsn 4+ 1 and n — 1. Simu-
lation of I, is much more difficult. A schematic of a
proposed circuit for calculating I, is given in figure

28.4. The output may be fed directly to node n. How-
ever, to effect a solution, only the e versus I, con-
verter (the last element in the circuit of figure 28.4)
need be constructed at each node. By adding memory
to this converter, it will be possible to switch the
circuit of figure 28.4 continuously over the network
of nodes, changing the value of I, at each pass. Use
of such-a switching arrangement would permit
solving problems of one-dimensional flow with only
one set of the equipment shown in figure 28.4. The
third term of equation (2) may be simulated at each
node by an electronic element whose capacity changes
as a function of voltage at the node. The latter ele-
ment is to be designed so that the capacity versus
node-voltage curve is congruent with an appropriate
curve of D, versus h, such as the one shown in
figure 28.1. Varying boundary conditions, in terms
of either liquid head or flow rates, may be applied
to both or only one end of the resistor elements and
bias control. ;

Analog construction is underway with the objec-
tive of solving for drainage from homogeneous pro-

-
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‘ files; computed results will be compared with labora-

tory data already available in the U. S. Geological
Survey Hydrologic Laboratory, Denver, Colo. Once
these initial phases are completed, studies will be
made of drainage from nonhomogeneous profiles. It
seems that the basic analog plan described here can
more easily be modified to account for nonhomo-
geneities than other analytical techniques thus far
considered. Nevertheless, the search for a more
efficient analog system is being continued while de-
velopment work on the above electric analog
continues.
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29. DIRECT-READING CONDUCTIVITY BRIDGE

By I. S. MCQUEEN and C. R. DAuM, Denver, Colo.

One measurement that has been useful in selecting
desirable water sources and in identifying the
aquifer supplying a given well is specific conduc-
tance, which is an indicator of the total dissolved
solids in water. Laboratory analyses of water
samples usually include this measurement. A con-
ductivity bridge that could be used in the field would
permit more rapid selection and identification of
water sources, and would guide in the choice of
sources for which more complete chemical analyses
should be made. Available conductivity measuring
equipment did not appear to be suitable for field
use because of inconvenient operation, lack of sen-
sitivity, or instability.

Preliminary requirements for a suitable instru-
ment include the following: (a) a range of 0 to 10
millimhos, (b) provision for temperature measure-
ment and temperature compensation, (¢) provision
for use of a conductivity cell with a cell constant of
2 and for a limited range of adjustment for- varia-
tions between cells, (d) portability, (e) low power
consumption, and (f) simplicity of use. _

The newly designed instrument described here
fulfilled all these requirements and several that were
subsequently proposed. The circuit diagram for the
completed bridge is shown in figure 29.1.

A transistorized oscillator supplies a 1,000-cycles-
per-second signal for excitation and a small high
impedance earphone is used to detect the null or
balance point. The bridge measures either the re-
sistance of a thermistor directly in ohms or the
specific conductance of a water sample in millimhos
by using a precision 10-turn variable resistor for the
measuring arm and selected resistors for the ratio
arms.

The resistance of the measuring arm, using a 0- to
5,000-ohm variable resistor and a 10-turn microm-

—l’OozLDohms, in which D is the dial

reading (0.00 to 10.00). Then, with the operation
selector switch S,;, in position 2 and the bridge in
balance, the following relationship holds: '

eter dial, is

1,000 D 600
2 Ra 1,200
1,000 D = Ry, (1)

means that when measuring resistance the dial
in which R;; is the resistance of the thermistor. This
reads directly from 0 to 10,000 ohms to the nearest
10 ohms.

A thermistor with a nominal resistance of 2,000
ohms at 25°C is used to measure the temperature of
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FIGURE 29.1.—Conductivity bridge circuit.

solutions. A calibration curve for this thermistor
was obtained by laboratory measurements, so that
the temperature of a solution can be obtained from

thls curve and the resistance readings. The tem- -

perature-compensatlon dial on the brldge is set for
thls teriperature, and the bridge then measures the
conductivity adJusted to a standard temperature of
25°C. Temperature compensatlon was calibrated ac-
cordmg to data of U. S Salinity Laboratory 1.

~ With the operatlon selector switch in posmon 3
"and the bridge in balance, the following relatlon
‘holds :

1,000 D 900 + R..
2(600 + Ri) R, L
in whlch R,. is the resistance of the temperature
correction resistor, R,. is the resistance of the cell
constant compensating resistor, and R, is the re-
_sistance of the conductivity cell in an unknown
solution. By definition B, = K/FEC, in which K is

the cell constant and EC is the specific conductance

‘of the solution. By substituting in the above for-
mula we obtain: _ ,

1,000 D K/2 = EC (600 + R,.) (900 4+ R,) (2)
With a cell constant of 2 and a temperature of 25°C,
R,. = 400 ohms and R.. = 100 ohms. Substituting

11,000 f, = 600 4 R,, where f, = temperature factors from table 15,
p. 90, Agricultural Handbook No. 60, U.S. Dept. of Agriculture, and Rito
is the resistance of the temperature-correction resistor.

these values in equation 2 and simplifying we find
that:

EC = D/1,000

Therefore, the dial reads directly inn millimhos. - The
cell-constant compensation resistor was calibrated
to keep the aﬂ‘io've equation in balance for cell con-
stants of 1.8 to 2.2=

" Position 1 on the operations selector switch (S,)

' was added to permit the use of a microdip. cell with

a cell constant of 0.1. The balance relation for this
position is:
, 1,000 D K/2 = EC (600 4+ R;;) 50

When the cell constant is' 0.1 the bridge reads di-
rectly in millimhos.’

A sensitive balance was difficult to obtain on

samples with high conductivity when using a micro-
dip cell; therefore, a small transistorized amplifier
(not shown in fig. 29.1) was built as a separate unit
to sharpen the null point. A capacitor placed in
parallel with the 600-ohm ratio arm of the bridge
also sharpens the null point. The use of the micro-
dip cell had been hmlted to the laboratory in the
past.

A series of 17 samples was measured in the field
with this bridge. Repeat measurements were made

= 900 + Rcc. When K = 1.8, Rce = 0, and when K =
2.2, R¢e = 200 ohms.

2 1,000 K
2

,f‘
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using a standard conductivity bridge. The measure-
ments agree within about 2 percent. The standard
deviation of the. differences is 9.3 micromhos and
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students “t” for the paired data is 0.438 which in-
dicates that there is no significant difference be-
tween the pairs of analyses.

R
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30. AGE OF THE “RIBBON ROCK” OF AROOSTOOK COUNTY, MAINE

By Louis PAVLIDES, ROBERT B. NEUMAN, and WILLIAM B. N. BERRY, Beltsville, Md., Washington, D. C;,
and Berkeley, Calif.

Discovery of Middle Ordovician graptolites estab-
lishes the age of at least part of the “ribbon rock”
in eastern Aroostook County, Maine. The “ribbon
rock” (originally the ribbon limestone) was as-
signed as a member of the Aroostook limestone in
and north of the Presque Isle area (fig. 30.1) and
classed as Middle Silurian in age (White, 1948, p.
129). Earlier, Twenhofel (1941, p. 169) suggested
that these rocks might be of Late Ordovician age
and possibly equivalent to similar rocks, such as the
Whitehead formation of the Gaspé Peninsula in
Quebec. Twenhofel’s suggested Ordovician age as-
signment was followed by Boucot and others (1960)
in a recent compilation of the geology of northern
Maine. “Ribbon rock’ in the Bridgewater area (fig.
30.1) is reassigned as a member of a new formation
in a forthcoming report (Pavlides, in press).

“Ribbon rock” underlies large parts of eastern

Aroostook County (fig. 30.1) corresponding closely:

with the fertile potato-growing regions. The unit
congists of beds of medium-gray to bluish-gray lime-
- stone several inches to several feet thick, separated
by somewhat thinner layers of gray calcareous to
greenish-gray noncalcareous slate. Limestone beds
range in composition from relatively pure carbonate
layers to argillaceous limestone and to calecareous
siltstone. Some layers that are complexly deformed
are found in sequence with beds having more regular
stratification. Interbeds of graywacke, and lenses of
graywacke and slate and of slate, are also included
in the unit. Stratigraphic boundaries of the “ribbon
rock” are poorly defined and little studied over broad
areas; in parts of the Bridgewater area, however,
the “ribbon rock” is underlain by graywacke and

slate, and overlain, at places gradationally, by more
argillaceous rock. ,

The “ribbon rock” is highly deformed. Tightly
compressed folds plunge steeply, some are nearly
vertical, and a few are inverted. Thus, most beds are
steeply inclined or vertical, and some are overturned.
Steep to vertical slaty cleavage is common, especially
south of Mars Hill, where a steep lineation results
from the intersection of bedding and cleavage.

Graptolites that for the first time permit reliable
age determination of the “ribbon rock” were found .
in 1960 at a roadside exposure 2 miles east of Colby
(locality 3 of fig. 30.1) by W. H. Forbes, amateur
paleontologist of Washburn, Maine, who has made
several other valuable fossil discoveries in this area
(Berry, 1960a). The fossils occur through several
feet of calecareous siltstone. They are, on the wh{ole,
poorly preserved, most having been stretched or
compressed. Many, however, are preserved in re-
lief, and some that are preserved as molds yielded
latex peels that afford good material for study.

W. B. N. Berry examined the collection and identi-
fied the following forms:

Amplexograptus sp.

Amplexograptus cf. A. perexcavatus (Lapworth)

Climacograptus cf. C. typicalis mut. posterus Ruedemann

Diplograptus? spp. (two distinct kinds of this form are
represented; one is long and slender, the other shorter
and wider)

Orthograptus aff. O. truncatus (Lapworth)

Orthograptus truncatus cf. var. intermedius (Elles and
‘Wood) '

Other orthograptids of the O. truncatus type

Some of the orthograptids of the O. truncatus type
are probably new. Their poor preservation, how-
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ever, and that of the questionable Diplograptus, pro-
hibits more certain identification.

The assemblage of many orthograptids of the
truncatus group (especially the presence of O. trun-
catus cf. var. intermedius), other large diplograptids,
and the Climacograptus of the C. typicalis group,
is probably representative of the zone of Ortho-
graptus truncatus var. intermedius. Closely similar
assemblages have been recognized by Berry (1960b,
p. 38) from the Snake Hill and Canajoharie shales
in New York, and the Magog shale in Quebec. Berry
(1960b, p. 38-39) discussed correlation of the zone
with the standard New York Ordovician stages, and
concluded that it was equivalent to the Trenton.

Other fossils that have been found in the “ribbon
rock” include elongate aggregates of ovoid pellets
that were found about 13/, miles southeast of Bridge-
water (locality 1 of fig. 30.1). These aggregates
are about 5 cm long, and 1 cm in cross section. The
individual pellets are closely packed and arranged
parallel to the borders of the aggregates. They are
2 to 3 mm long and slightly more than 145 mm in
diameter. Dr. Walter Hintzschel of the Geologisches
Staatsinstitut, Hamburg, examined these pellets in
1958 and he suggested they were the work of mud-
ingesting worms, perhaps worms that had been
given the generic name Tomaculum by Groom
(1902). Such pellets were originally found in Ordo-
vician rocks in England, and they have also been
found in Ordovician rocks of France, Germany, and
Czechoslovakia (Pénau, 1941). It is noteworthy that
Dr. Hintzschel’s identification preceded Forbes’ dis-
covery of the graptolites, and came at a time when
many still considered these rocks to be of Silurian

.age.

Minute fossils, none larger than 3 mm and mostly
fragmentary, have been found in thin sandstone
layers about 5 miles southwest of Bridgewater (lo-
cality 2 of fig. 30.1).. The fossils include smooth
ostracodes, fragments of bryozoan zoaria, and
brachiopods, but the material is inadequate for spe-
cific identification. Brachiopods, represented by an
orthoid, a rhynchonellid, and a leptellid, do not con-
tradict the age assignment indicated by the grapto-
lites. )

Rocks like those of “ribbon rock” are present to
the east in New Brunswick, and the northeast along
highways between Grand Falls, N. B.,, and Mata-
pedia, Quebec, at the southwestern end of the Gaspé
Peninsula. They extend, also, from Matapedia
(Crickmay, 1932; Béland, 1958, 1960) across the
Gaspé Peninsula to Percé (McGerrigle, 1953), the
type locality of the Upper Ordovician Whitehead for-
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mation. Although the Whitehead has an unusual
shelly fauna (Schuchert and Cooper, 1930; Cooper
and Kindle, 1936), its lithologic similarity to the
“ribbon rock’” suggests that within this belt rocks of
this kind span a considerable segment of Ordovician
time.
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31. RATIO OF THORIUM TO URANIUM IN SOME PLUTONIC ROCKS OF THE WHITE MOUNTAIN PLUTONIC-
VOLCANIC SERIES, NEW HAMPSHIRE

By ARTHUR P. BUTLER, JR., Denver, Colo.

Work done in cooperation with the U.S. Atomic Energy Commission

Plutonic rocks of the White Mountain plutonic-
volcanic series, in New Hampshire, are slightly al-
kalic and somewhat more radioactive than calc-
alkalic rocks of other igneous suites in New Hamp-
shire (Billings and Keevil, 1946). Some additional

study of the distribution of uranium and thorium in

rocks of this series is being carried on as one aspect
of the Geological Survey’s investigation of uranium
and thorium in selected suites of igneous rocks.
Preliminary summary of analyses for uranium has
shown that felsic rocks of this series are 2 to 3 times
as rich in uranium as their counterparts among
calc-alkalic rocks (Larsen and others, 1956, p. 70—
72). Thorium analyses were not available when the
summary of uranium analyses was reported. The
amounts of thorium and uranium and the thorium-

uranium ratios in 24 samples of these rocks are
summarized here.!

Work toward the results reported here began in
part under the leadership of the late E. S. Larsen,
Jr., and has benefited materially from consulation
with E. S..Larsen, 3d, and David Gottfried on many
problems.

The plutonic rocks of the series range in com-
position from gabbro to granite. As shown. by
analyses (Chapman and Williams, 1935, table 1),
most of the rocks (but particularly the felsic rocks)
are slightly richer in sodium and potassium and
poorer in calcium than corresponding types of calc-
alkalic rocks. The bulk of the rocks cropping out

1 Lyons (Art. 82) presents somewhat similar data for rocks of three
older plutonic series in New Hampshire.
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‘are granite, quartz syenite, and syenite (Billings

and Keevil, 1946, table 1). Biotite granite occupies
about 55 percent of the area of outcrop of the series.

The plutonic rocks are intruded in many separate
masses, some simple and some composite. The main
mass, also called the White Mountain batholith (Bil-
lings, 1956, p. 70), is a composite group of intrusions.
It is about 33 miles long east-to-west and about 25
miles wide. Granites of this mass were sampled
fairly systematically in order to obtain nearly rep-
resentative data for the largest mass of rock. Con-
sequently, the data reported here are probably more
nearly representative of the bulk of the granite in
the batholith than are the data for other types of
rock-and for granites from other locations.

Samples analyzed for thorium were chosen from
a much larger number of samples analyzed for
uraniﬁm (Larsen and others, 1956, p. 72; Butler,
1956). The samples so chosen represent the range
of uranium contents and of the rock types sampled.
They include samples of gabbro, biotite-quartz mon-
zonite, biotite and pyroxene-amphibole syenites,
fayalite-amphibole quartz syenite, amphibole gran-
ite, and biotite granite (Conway).

Analyses for uranium and thorium were made in
the Washington laboratory of the Geological Survey
by the methods described by Grimaldi and others
(1952) and Levine and Grimaldi (1958), respec-
tlvely A summary of the results of those analyses
and of the thorium-uranium ratios is given in table 1.

The average uranium and thorium contents in
biotite granite and some amphibole granite of the
White Mountain plutonic series are somewhat
. greater than the average contents of these elements
in granites of the Oliverian -and New -Hampshire
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plutonic series, two of the older calc-alkalic plutonic
series in New Hampshire (tables 2 and 4, Art. 32,
this volume). However, the average values of the
thorium-uranium ratio in biotite granite and amphi-
bole granite of the White Mountain series is 3.8 to
4.3, which falls within the range of the ratios 3.3
to 4.3 reported by Lyons (Art. 32, this volume) in
the two nearby older granites, and within the range
3.7 to 4.7 reported by Larsen and Gottfried (1960)
in granites and quartz monzonites from three west-
ern batholiths. In other rocks of the White Moun-
tain plutonic-volcanic series, rather scattered data
suggest somewhat larger values for the thorium-
uranium ratio in amphibole granite of outlying
masses and in some syenites than in biotite granite
and amphibole granite of the main mass.

Among the granite masses of the White Mountain
plutonic-volcanic series the rocks of the main batho-
lithic mass are slightly richer in both uranium and
thorium than their counterparts in the outlying
masses. Also among the felsic rocks those with lesser

‘uranium contents tend to have higher Th/U ratios

than the rocks richer in uranium. This relation,
decrease in Th/U ratio with increase of uranium, is
even more distinct if the samples of felsic rocks are

“grouped by intervals -of uranium content without

regard to petrographic type or geographic position
as shown on page B-69.

The biotite.granite (Conway granite) is the only
rock type for. which there are enough samples to
make a similar comparison among samples of one
rock type. In 5 samples of this granite containing
10 ppm or more uranium the value of the Th/U ratio
is 3.1 whereas in 5 samples containing less than 10
ppm uranium it is 5.6. No petrographic features of

TABLE 1.—Thorium and uranium contents and Th/U ratios in some igneous rocks of the thte Mountain plutonic-volcanic
, series, New Hampshire

[Analysts, A. B. Caemmerer, E. Y. Campbell, L. B. Jenkins, and Roosevelt Moore]

Numb ’ Uraniugrlll. 'l‘horium". ! i
Rock type and general location u::;_ o (parte por million) (parts per mi mn)' . /
. .| samples
Range Average Range Average Range Average !

Gabbro, Belknap Mountains................... 1 [ 0.9 |.............. 0.9 |l 1.0
Biotite quartz monzonite, Merrymeeting stock. . . R S (R 3.5 .. 18.7 |.... .. . 5.3
Pyroxene syenite, Pilot range. . ................ L 1.2 |.o.o 10.2 .. ... ... 8.5
Pyroxene syenite, main mass................. . L 2.5 | 9.5 ... 4.5
Amphlbo]e-bxotlte syenite, Belknap Mountains. . . 2 6.9 - 8.0 7.5 25.0 - 33.5 29.3 3.1-4.9 3.9
. Quartz syenite, north side Pilot Range mass. . . .. 1 | 4.1 ... 27.0 ... 6.6
Amphibole granite, Pilot range mass............ 2 2.4- 3.5 2.9 | 14.0 - 21.0 17.5 5.8-6.0 . 5.9

Amphibole granite (Mount Osceola type), .
MMAIN MASS. ... oo 3 3.6 - 9.9 7.4 |25.0-40.5 30.5. 3.4-6.9 | 4.3
‘Biotite granite, smaller masses. . ... ... e 3 4.3 - 14.2 9.7 |30.0-44.0 35.3 23-7.0 3.8
Biotite granite, mainmass..................... 9 52-25.5 13.0- {33.0-77.0 49 4 2.0-8.2 3.8

1 The average Th/U ratio is the ratio of the means of the Th and U contents.

T
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Uranium Number Uranium Thorium
(range, in of (average, in (average, in Th/U
parts per million) *| samples parts per million) parts per million)
10-25.5....... 7 15.9 51.6 3.3
5-10.......... 8 7.6 36.0 4.7
1.2-5.0....... 8 3.2 19.4 6.3

the samples have been observed which might explain
the differences in uranium contents from sample to
sample or the difference in Th/U ratios between the
group of samples richer in uranium and that leaner
in uranium. At present, an explanation for this
difference is lacking.

REFERENCES

Billings, M. F., 1956, The geology of New Hampshire, Pt. II,
Bedrock gealogy: New Hampshire State Planning and
Devel. Comm., Concord.

Billings, M. P., and Keevil, N. B., 1946, Petrography and
radioactivity of four Paleozoic magma series in New
Hampshire: Geol. Soc. America Bull, v. 57, no. 9, p.
797-828.

Butler, A. P., Jr., 1956, White Mountain plutonic series, New
Hampshire, in Geologic investigations of radioactive de-
posits—Semiannual progress report for June 1 to Nov.
30, 1956: U.S. Geol. Survey TEI-640, issued by U.S.
Atomic Energy Comm. Tech. Inf. Serv. Ext. Oak Ridge,
Tenn. ‘

Chapman, R. W., and Williams, C. R., 1935, Evolution of the
White Mountain magma series: Am. Mineralogist v. 20,
no. 7, p. 502-530.

Grimaldi, F. S., May, Irving, and Fletcher, M. H., 1952, U.S.
Geological Survey fluorimetric methods of uranium an-
alysis: U.S. Geol. Survey Cire. 199, 20 p.

Larsen, E. S., Jr., Phair, George, Gottfried, David, and Smith,
W. L., 1956, Uranium in magmatic differentiation, n
Contributions to the geology of uranium and thorium by

».the United States' Geological Survey and Atomic Energy
Commission of the United Nations International Confer-
ence on Peaceful Uses of Atomic Energy, Geneva, Swit-
“zerland, 1955: U.S. Geol. Survey Prof. Paper 300, p.
65-74.

Larsen, E. S., 3d, and Gottfried, David, 1960, Uranium and
thorium in selected suites of igneous rocks: Am. Jour.
Sci., Bradley volume, v..258-A, p. 151-169.

Levine, Harry, and Grimaldi, F. S., 1958, Determination of
thorium in the parts per-million range in rocks: Geochim.
et Cosmochim. Acta, v. 14, p. 93-97.

R

32. - URANIUM AND THORIUM IN THE OLDER PLUTONIC ROCKS OF NEW HAMPSHIRE 4

By JouN B. Lyons, Hanover, N. H.

Work done in cooperation with the U.S. Atomic Energy Commission

Field studies in New Hampshire (Billings, 1937)
have established the existence of four Paleozoic plu-
tonic series, one of Taconic age (the Highlandcroft
series), two of Acadian age (the Oliverian and New
Hampshire series), and one of post-Devonian age
(the White Mountain series). Chemical and spectro-
chemical data relating to the distribution of uranium
and thorium in the three older series are summarized
in this report *. The analytical work was done in the
Geological Survey laboratories by Marian Schnepfe,
Alice Caemmerer, Roosevelt Moore, E. Y. Campbell
and L. B. Jenkins.

1 A paper by Butler (Art. 81, this volume) presents somewhat similar .

data for rocks of the younger White Mountain plutonic-volcanic series.

HIGHLANDCROFT PLUTONIC SERIES

All intrusives of this series have been metamor-
phosed to the- greenschist facies. The' rocks ‘orig-
inally were quartz diorites, granodiorites, or quartz
monzonites, and consist now of varying amounts of
albite, microcline, epidote, quartz, chlorite, horn-
blende, sphene, zircon, apatite, and opaque minerals.
Uranium and thorium analyses-for some rocks of
this series are, hsted on table 1.

Sphene (586 ppm), zircon (342 ppm), apatite (30
ppm), and epidote (5 ppm) are the most uramferous
minerals. The sphene and epldote account for ap-
prox1mate1y 42 'percent of all the uranium in the
rock. ST
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TABLE 1.—Chemical analyses for uranium and thorium in
rocks of the Highlandcroft plutonic series

Number | Uranium (ppm) | Number | Thorium (ppm)
of o Mean
Rock type samples samples Th: U
analyzed | Mean | Range cnalyzed | Mean Range ratio
Quartz monzonite.. . 6 3.7 2.7-5.0 3| 12.6 | 10.6-14.8 | 3.4
Granodiorite. . ... 1| 3.0] ... 1] 1.8 ..., 3.9
Sodaclase-tonalite.. . 1 3| 1 3. 3.6

OLIVERIAN PLUTONIC SERIES

Domal plutons of the Oliverian series consist of
the following petrographic types (Billings and
Keevil, 1946,"p. 816): quartz diorite, 10 percent;
granodiorite, 30 percent; quartz monzonite, 30 per-
cent; granite, 17 percent; and syenite, 13 percent.
These rocks are at grade with the surrounding epi-
dote amphibolite and amphibolite facies rocks, and
consist of varying quantities of quartz, microcline,
oligoclase-andesine, hornblende, biotite, epidote,
muscovite, apatite, sphene, and opaque minerals.

Uranium and thorium analytical data for rocks in
the Oliverian series are presented on table 2.

Uranium contents of minerals concentrated from
5 samples of the Oliverian series are shown on table
3. There is a consistent relation between the uranium
content of each mineral and the kind of rock
from which the mineral was extracted; the more
felsic the rock, the higher the uranium content of
each of its minerals.

Approximately 70 percent (59 percent to 78 per-
cent) of the total uranium in any rock of the Oli-
verian series is tied up in sphene and epidote—both
of which are of metamorphic origin.

NEW HAMPSHIRE PLUTONIC SERIES

Stocks and sheetlike plutons of this series consist
of the following rock types (Billings and Keevil,
1946, p. 812) : diorite, 1 percent; amphibolite, 1 per-
cent; quartz diorite to granodiorite, 23 percent;
Bethlehem gneiss (granodiorite- to quartz monzo-
nite), 14 percent; Kinsman quartz monzonite, 26

TABLE 2.—Chemical analyses for uranium and thorium in rocks
of the Oliverian plutonic series

TABLE 3.—Uranium contents of minerals of the Oliverian
plutonic series

[In parts per million]

Number of i

Mineral determinations Range Mean
Quartz.............. 5 0.25- 1.45 0.77
Potassium feldspar.. .. 5 .25- 1.45 .72
Plagioclase. ... ...... 5 .25- 2.3 .97
Hornblende.......... 1 .84 .84
Biotite and chlorite. . . 4 1.11-24.6 9.9
Epidote. ............ 4 11.7 -204 85.
Sphene.............. 5 220-411 308.
Apatite. ............ 4 11.1 -26.3 19.1
Zircon.............. 5 466-2770 1317.

percent; and Concord (and other) granite, 29 per-
cent. These rocks are surrounded by amphibolite-
and granulite-facies metamorphic rocks, with which
they are at grade. Minerals include quartz, micro-
cline, oligoclase-andesine, biotite, muscovite, garnet,
hornblende, monazite, xenotime, allanite, zircon, and
opaque minerals.

Uranium and thorium contents of the major rock
types of this series are listed on table 4.

Minerals have been separated from 4 samples of
the New Hampshire series and analyzed for uranium
(table 5). Abnormally high uranium concentrations
recorded for some of the minerals in these samples
are the result of the inclusion of a pegmatite sample;
its minerals cause the abnormality.

Rocks of the New Hampshire series have between
50 percent and 90 percent of their total uranium
distributed among the major rock-forming silicates.

CONCLUSIONS

At least three deductions or conclusions can be
drawn from the analyses: (a) Uranium and thorium

TABLE 4.—Chemical analyses for uranium and thorium in
rocks of the New Hampshire plutonic series

Number | Uranium (ppm) | Number [ Thorium (ppm)
©oof of Mean
Rock type samples samples Th: U
analyzed | Mean | Range analyzed | Mean Range ratio
Granite........... 13 5.8( 1.8-13.0 10 19.3] 7.5-32 3.3
Quartz monzonite. . 8 3.1 1.1-5.3 5 12.1 6.2-21 3.9
Granodiorite. ...... 15 2.5 | 0.85.0 5| 14.6 | 6.5-38 5.8
Quartz diorite. ... .. 15 1.9| 0.83.6 6 7.1 2.9-14.8 | 3.7
Pegmatite. .. 3 9.1 1.3-13.7 2 4.2 3.6-4.7 |0.45
Aplite....... . 3 9.3 2.1-15.9 3] 39.2| 5.5-57 4.2
Wallrocks and
inclusions. .. .... 6 1.3 0.6-1.8 | ifen e,

Number | Uranium (ppm) | Number | Thorium (ppm)
of of Mean
Rock type samples samples Th:.U
analyzed | Mean | Range analyzed | Mean Range ratio
Granite........... 7 4.3 | 2.8-5.8 51 18.3]10.7-28.5 | 4.3
Quartz onit,
(chiefly Kinsman) 15 3.3 1.5-6.3 6| 157 9.1-19.4 | 4.8
Quartz monzonite
to granodiorite
(Bethlehem
gneiss).......... 28 3.6 | 2.2-5.2 10| 14.9 | 11.7-18.6 | 4.1
Quartz diorite. .. ... 2 3.1 2.9-3.4 1] 122 ... 3.9
Pegmatite......... 3| 16.7| 4.7-39 3 3.9 2.8-5.0 0.23
Aplite............. 3 7.2 3.3-14.2 2| 28.6 | 4.3-52 4.0
Wallrocks and
inclusions.,...... 5 3.3| 0.8-5.0 i 16.0 |.:o.ovinis, 4.9

X
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. TABLE b.—Uranium contents of minerals of the New Hamp-

shire plutonic series
[In parts per million]

Number of

Mineral determinations Range Mean
Quartz. ............. 4 0.10- 2.5 0.92
Potassium feldspar.. .. 4 .10- 1.8 .67
Plagioclase. . ........ 4 .30- 6.6 2.34
Biotite. ............. 3 .53~ 2.6 1.71
Muscovite........... 4 1.4 -3.1 2.20
Garnet.............. 2 0.88- 5.5 3.14
Magnetite. .......... 4 2.0 -39.5 23.2
Ilmenite............. 3 2.0 -32.7 17.0
Pyrite............... 2 116.7 =373 195.
Apatite. .. ...... 4 1.3 -16.4 13.8
Monazite........ 3 624-2570 1516
Xenotime. . 1 798 798
Zircon.............. 3 500-20,000 6700

analyses confirm the earlier work of Billings and
Keevil (1946), based on alpha counts, both as to the

general level of radioactivity, and the increase in
radioactivity in the more felsic rocks of these series;
(b) the thorium :uranium ratios for these rocks lie
within expectable ranges for calc-alkaline plutons.
Much lower ratios for pegmatites compared to aplites
(table 4) indicate that the two rock types belong to
different fractions of the parent magma; (c) neo-
crystallization during metamorphism apparently
causes a redistribution of uranium and thorium.

"Sphene and epidote formed during recrystallization

serve as traps for radioactive elements.
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33. DISTANCE BETWEEN BASINS VERSUS CORRELATION COEFFICIENT FOR ANNUAL PEAK DISCHARGE
OF STREAMS IN NEW ENGLAND

By JacoB DAVIDIAN and M. A. BENSON, Iowa City, Iowa, and Washington, D. C.

One interesting sidelight of a recent investigation
of flood-frequency relations in New England was a
study of the coefficient of correlation between annual
peak discharges for different pairs of streams in
that area. Floods at many of the gaging stations in
the area result from a few major storms that are
widespread and affect many streams at the same
time, rather than from scattered storms of small
areal extent. It was of interest to determine a
median coefficient of correlation of annual peak dis-
charges between gaging stations in New England
in order to determine the interdependence of the
peak-flood data.

To avoid the prohibitive amount of work of com-
puting the 13,366 possible individual correlations
between the 164 gaging stations used in the investi-
gation, an estimate was made by correlating data
for pairs of stations selected at random. The 164
stations were numbered consecutively from 1 to 164.
Then, a table of random numbers was used from
which groups of three digits were selected. The

first 400 numbers of magnitude less than 165 were
listed; adjacent numbers were paired. Thus, 200
pairs of numbers of magnitudes 1 to 164, represent-
ing the stations with those numbers, were available
and their selection was shown by a statistical test
(chi-square) to be truly random.

. The airline distance between the geographic cen-
ters of the drainage basins of each pair of stations
was then measured. The distribution of these dis-
tances for the 200 pairs of stations indicated that
the median distance was about 94 miles, with a range
from 8 to 403 miles.

The range of distances from 8 to 403 miles was
subdivided into increments of about 20 miles, and
a random sampling of the pairs of stations in each
increment was made to cut down further the amount
of work of computing correlations between stations.
Within the group of stations 75 to 110 miles apart,
all of the available pairs in the list of 200 were tested
to obtain a better value of the correlation coefficient
for the median distance of 94 miles. A total of 54
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FIGURE 33.1.—Relation between correlation. coefficient of
annual peak discharges and distances between basins.

pairs was used. The annual peak discharges for the
selected pairs were listed for concurrent periods and
were ranked in order of magnitude. For each pair,
the Spearman rank coefficient of correlation was de-
termined. Of the 54 pairs, 8 had negative correla-
tion coefficients.

In figure 33.1 the coefficient of correlation between
stations (arithmetic scale) is plotted against dis-
tance between stations (logarithmic scale). A coef-
ficient of correlation of about’ 0.26 corresponds to
the median distance of 94 miles, and is taken to be
the median correlation coefficient for the 164 New

England stations that were.considered in the original .

study. The curve has been drawn so-that the ex-
tremes would be asymptotic to 1.0 and 0.0.' Thé curve
shows. an increasingly good correlation - with de-
. creasing distance separating the ‘basins.” : - b ¢

’ The 27 pairs of stations between 75 and 1‘10‘rn_iles

apart were studied- more thoroughly-to test the sig-

nificance of the scatter within the band.- These ‘27
pairs have an average of 17.3 years of 'concurrent
records.
sample correlation coefficient of 0.26' and the sample

size of 17.3 ranges between —0.25-and 4-0. 64: This

means that although 4 median value of 0. 26 is indi-

- cated onh the illustration, pure’ chance alone leads
to a'scatter between —-0. 25 and +0 64 for 95 percent )
" of-the observations. These hmlts are somewhat ap- |

proxxmate because thé perlods of record have been

The 95-percent confidence - belt for the .
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averaged. For these 95-percent confidence limits,
1.35 points would be expected outside the limits;
actually there are 4 points, which is a significant
difference statistically and which suggests the pos-
sibility of unknown factors causing more scatter
than could be expected by chance alone. Negative
coefficients of correlation are to be expected by
chance for stations having relatively short concur-
rent records. Had the average length of concurrent
record between . pairs. of stations been about 45
years instead of 17.3 years, the 95-percent confidence
limits for a median correlation coefficient of 0.30
would have been 0.0 to 4 0.55.

It is generally considered that stations with like
characteristics will have a higher degree of correla-
tion than stations with unlike characteristics. There-
fore, an attempt was made to relate the departures
of correlation coefficient from the median curve of
the graph shown with (a).'difference in drainage
area size, (b) ratios of drainage area size, (c) num-
ber of years of concurrent record, (d) difference in
an ‘“orographic factor” evaluated in the New Eng-
land flood-frequency study, and (e) difference in
average winter temperatures (a measure of the dif-
ference in the types of flood peaks). None of these
seemed to relate to the departures in the degree of
correlatlon

It might be expected that a correlation between
two small drainage areas, for example 100 miles
apart, would be less than the correlation between
two large areas the same distance apart. Any such
differences cannot be detected in this set of data,
possibly because the. differences. are much smaller
than the var1at1ons due to.chance. Apart from dis-
tance between. statlons, present hydrologic knowl-
edge cannot aid us in predicting which pairs of sta-
tlons would correlate well or which would correlate
poorly Even though two drainage basins were. sep-
arated by a hlgh mountain barrier transverse to the
storm winds, the annual peak discharges for each,
though far different in magnitude, might be pro-
portlonal _

This study mdlcates that a hlgh coeﬁic1ent of
correlat1on between the annual peak. discharges of
two streams plcked at random may be due to chance.
In estimating peak discharge for years of no record,
a. statxon that appears, to correlate best may not give
better results than one of the other stations. Addi-
tional research on the use of correlative estimates of
ﬁood peaks 1s needed. :
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34. PLEISTOCENE STRATIGRAPHY OF BOSTON,

B-73

MASSACHUSETTS

By C. A. KAYE, Boston, Mass.

An excavation in 1960 for a large underground
garage in the lower slopes of Beacon Hill, at the
western edge of the Boston Common, proved to be a
key exposure for the unraveling of the Pleistocene
stratigraphy of the area. Evidence for 4—and prob-
ably 5—ice advances and 3 marine transgresswns
oceur in, or under, the garage and the §urround1ng
lowland. Study of many hundreds of deep borings
in the Boston basin, and soil-mechanics test data on
compaction of materials, support these conclusions.

Preglacial surface.—Bedrock beneath the garage
(fig. 84.1) consists of argillite of the Cambridge
slate. The argillite is altered to a soft white kaolinitic
saprolite under the southeastern part, “of the site,
where it is buried by about 85 feet of Pleistocene
deposits. Similar saprolite has been found in deep
borings in at least six other places. in. the Boston
basin. In one of the garage borings, weathered ar-
gillite was found to be overlain by 10 feet of fairly
coarse quartz sand in a white clay matrix. This re-
sembles kaolinitic quartz sands of Late Cretaceous
age (Raritan(?) formation) on Martha’s Vineyard,
Block Island, Long Island, and New Jersey. Patchy
remnants of Coastal Plain sediments may therefore
occur in the Boston basin.

" Drift I.—In 9 borings at the garage site, as much
as 30 feet of very compact till was found at the base
of the Pleistocene section (fig. 34.1). It is prevail-
ingly a pebble till, poor in cobbles and boulders, and
somewhat variegated in color. The high degree of
compaction of the till is shown by standard penetra-
tion tests (Terzaghi and Peck, 1948, p. 265) which
average more than 100 blows per foot. This thin
dense till has been found in many deep borings in
the Boston basin but has not been recogmzed on the
surface.

Clay I.—As much as 25 feet of fairly soft to com-
pact olive-gray unoxidized clay, sandy clay, and very
fine sand was found between Drifts I and II in five
garage borings. The clay is identical in appearance
to certain clays along the New England seaboard
that are recognized from sparse fossils to be of ma-
rine origin. Standard penetration fests ranged from
5 to 40 blows per foot. Clay I has not been recog-
nized in surface exposures, and borings in the
Boston area indicate that it has been preserved in
only a few places.

Drift 1I.—This consists mostly of thick outwash,
but some underlying till is associated with it in
several of the garage borings (fig. 34.1). Outwash
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X .
N(,)RTH Quttine of
30" excavation

204

@
Y
. SOUTH
30’
18th century shorelme\ Qutline of gx(_:ava:ioml (

(high tide)

Drift 11l
SEA LEVELA

|
l
I
l
L_ ________

I 20"‘ :
]

60"

Orift 1l

Cambridge slate

Showing location of} ¢} .50
Common garage -
excavation and
line of section

[SEA LEVEL
—_— - 200

F a0

- 60

\_—_— L 8o
Ciay |
. Drift | 100"
100 FEET 2 SEZIRS
0

’: 120",
i

‘FIGURE 34.1.—North-south geologic cross section, lower Boston Common, at site of underground garage.
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of Drift II was well exposed in the garage excava-
tion and crops out at the surface quite widely in the
~ Boston area. It is characteristically a brown, well-
oxidized coarse gravel interbedded with somewhat
lesser amounts of fine gravel and sand and relatively
sparse layers of compact yellow silt. Outwash under
the garage is about 65 feet in maximum thickness
and it is oxidized throughout. Sparse samples and
drillers’ logs are inconclusive as to whether the
underlying associated till is oxidized. Pebbles of
schist and argillite in the outwash show varying de-
grees of decomposition, but, in general, most granitic
rocks and feldspars appear fresh. At the garage
the gravel has been folded into a series of three
anticlines (fig. 34.1), presumably by the action of
the ice that deposited Drift III.

Clay I1.—Another clay having the physical charac-
teristics of marine clays overlies Drift II at the
garage excavation (fig. 34.1). It is unoxidized (blue
gray to slightly greenish gray) except where close
to the present surface. Clay II was deformed with
Drift II. This is evident from numerous small faults
in the gravel, formed during the folding, which ex-
tend up into the clay. Stratification of the clay—

FIGURE 34.2.—Contact of Drift III (above) and Clay II (be-
low), showing scant signs of disturbance. East wall of
excavation, underground garage, Boston Common.
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marked by alternating lighter and darker laminae—
is well marked in some zones. The contact of the
clay and the overlying till is generally quite sharp;
in places the bedding of the clay shows no disturb-
ance whatever at the contact (fig. 34.2), in others
gross bedding disturbances in the clay are evident
to a depth of 3 or 4 feet below the contact. In several
places in the excavation the contact is deformed into
fairly large waves (fig. 34.1).

Drift I1I1.—At the garage excavation more than
30 feet of till overlies Clay II. It appears to be the
major component of Beacon Hill drumlin and prob-
ably the other drumlins of the Boston area. It is
very well graded but has sparse boulders up to 10
feet in diameter. Cobbles and stones are predomi-
nantly of Cambridge slate and are generally con-
spicuously striated. A fabric study of the pebbles
shows a preferred orientation of axial planes parallel
to the long axis of Beacon Hill and adjacent drumlins
(approximately S. 70° E.). The maximum depth of
oxidation seen in the till at the garage excavation
was 25 feet, although deep borings in Beacon Hill
show the till there to be oxidized to a maximum
depth of 65 feet. Differences in depth of oxidation
are probably due mainly to differential erosion of
the oxidized zone by the ice responsible for Drift
IV. Fragments of shells—mostly very thick shelled
Mercenaria mercenaria—oceur in the till of Beacon
Hill and other drumlins. These are possibly derived
from Clay II.

Clay I11.—This clay forms the bulk of the marine
clay in the Boston basin and attains a thickness of
180 feet in a few places. In physical appearance it
resembles the two older clays. It crops out as a
patch over Drift III in the northeast corner of the
garage excavation at about 15 to 25 feet altitude.
Many borings in the Boston area show that it over-
lies drumlin till (Drift III) ; therefore, there can be
no doubt that it is separate from, and younger than,
Clay II. Borings indicate that where overlain by
Drift IV, Clay III is oxidized to a depth of about 3
feet. Where exposed at the surface it is oxidized
to a maximum depth of 10 feet.