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WATER RESOURCES OF THE DELAWARE RIVER BASIN

By GARALD G. PARKER, A. G. HELY, W. B. KEIGHTON, F. H. OLMSTED, and OTHERS

ABSTRACT

The Delaware River basin, including areas tributary to Dela­ 
ware Bay, contains 12,765 square miles. This area occupies 
major parts of Delaware, New Jersey, Pennsylvania, and New 
York, plus an 8-square mile area in Maryland. In 1950 about 
6 million people lived within the basin and about 14 million 
lived in the New York metropolitan area, which now obtains 
part of its water supply from the Delaware River basin. The 
population of these areas doubled between 1900 and 1950 and is 
still increasing rapidly (1958).

Requirements for water are increasing even more rapidly than 
the population, chiefly because of the rapid expansion of industry 
and irrigation. Many serious local water problems which had 
developed by 1955 may be expected to increase, because the 
estimated water requirements in 1975 are approximately double 
those of 1955.

The basin and adjoining areas occupy parts of two major 
physiographic divisions separated by the Fall Line, which extends 
northeastward across the region through Wilmington, Del., and 
New York, N.Y.

The Coastal Plain lies southeast of the Fall Line and is under­ 
lain by a seaward-thickening wedge of deposits that attains a 
thickness of more than 6,000 feet beneath the mouth of Delaware 
Bay. These deposits consist of a sequence of alternating sandy 
or gravelly aquifers and clayey or silty aquicludes and contain 
enormous quantities of water. Most of the aquifers yield 
moderate to large amounts of water to wells and help to maintain 
streamflow at relatively high levels during fair-weather periods. 
The aquicludes are of value chiefly and importantly in help­ 
ing to prevent salt-water encroachment from upper contaminated 
zones to underlying fresh-water aquifers.

Northwest of the Fall Line is the Appalachian Highlands 
division. This division occupies the upper three-fourths of the 
basin and is characterized by rolling uplands, ridges, valleys, and 
plateaus; it is underlain predominantly by consolidated rocks of 
complex composition and structure. The consolidated-rock 
aquifers include three major types: (1) crystalline rocks, such 
as granite, gneiss, and basalt; (2) carbonate rocks, such as lime­ 
stone and dolomite; and (3) clastic rocks, such as shale, sand­ 
stone, and conglomerate.

Consolidated-rock aquifers ordinarily store and transmit much 
less water than the unconsolidated granular aquifers of the 
Coastal Plain, and in most places only small or moderate indi­ 
vidual ground-water supplies can be developed from consolidated 
rocks.

Aquifers of large yield occur, however, in the glacial outwash 
which underlies many, valleys throughout both the northern 
glaciated part of the region and the southern part, beyond the 
limits of the continental ice sheets of the Pleistocene epoch. 
Because of the smaller natural storage capacity of rocks in the 
Appalachian Highlands, the streams generally have higher flood- 
flows and lower fair-weather flows than those of the Coastal 
Plain.

The average annual water budget of the basin, based on the 
standard period 1921-50, is:

Precipitation (P)=44 inches (30 million acre-ft, or 9.8
trillion gal). 

Water loss (L)=23 inches (16 million acre-ft, or 5.1 trillion
gal).

Runoff (R) = 21 inches (14 million acre-ft, or 4.7 trillion gal). 
The runoff of 4.7 tgy (trillion gallons per year) represents 

approximately the ultimate, though practically unattainable, 
"water crop"; it is the only part of the hydrologic cycle that is 
manageable, to any considerable extent, for human needs. This 
figure of 4.7 tgy represents much more than the quantity that is 
harvestable, however, because part of R is flood runoff that can­ 
not be economically stored. Also, part of R must be reserved 
for the dilution of wastes, to flush salt water from the estuary, 
and for other nonwithdrawal purposes.

Increased use of the/natural storage capacity of aquifers and 
of surface storage reservoirs will capture a much larger part of 
the potential supply and make it available for use. For instance, 
if storage capacity equivalent to 50 million gallons per square 
mile of drainage area were made available above each of the four 
following locations, the approximate increase in allowable draft 
rate would be:

Station Mgd

East Branch Delaware River at Fishs Eddy, N.Y___ 350 
West Branch Delaware River at Hale Eddy, N.Y  250 
Neversink River at Oakland Valley, N.Y __________ 100
Lehigh River at Bethlehem, Pa_   __________     560

Total                        1, 260

Thus, even moderate development of surface storage in strategic 
locations would augment low flows and provide abundant water 
to meet much larger demands than those predicted for 1975, 
at which time the maximum consumptive use may reach about 
610 mgd (million gallons per day).

Large expansions of ground-water developments can be made 
both in the Appalachian Highlands and in the Coastal Plain. 
It should be understood however, that if any such developments 
are made they will be done chiefly, although not entirely, at the 
expense of streamflow.

In the Appalachian Highlands part of the basin, an area of 
about 9,700 square miles, the estimated annual ground-water 
recharge (potential ground-water crop) is about 0.75 mgd per 
sq mi. This is about 7.3 bgd (billion gallons per day), or 2.65 
tgy. Current pumpage is only about 130 mgd, or about 2 
percent of the annual ground-water recharge. Greatly increased 
pumpage could be obtained, especially from the glacial outwash 
deposits where wells yielding as much as 1,000 gpm (gallons per 
minute) have been constructed.

In the Coastal Plain, ground-water sources are annually 
recharged by about 1.1 mgd per sq mi. At this rate the 2,750

1
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square miles within the Delaware River basin receive an annual 
recharge of about 3.0 bgd or 1.1 tgy. By comparison, this 
is equivalent to about 40 percent of the average flow of the 
Delaware River at Trenton, N.J., which is 7.6 bgd. Water 
pumped from the Coastal Plain aquifers within the basin is 
estimated to be about 210 mgd; thus, only about 7 percent of the 
annual ground-water recharge in the Coastal Plain is being 
pumped. The principal controls governing additional develop­ 
ment are a variety of hydrologic, economic, engineering, legal, 
and political factors.

An adequate water supply must be satisfactory in quality 
as well as in quantity. The quality determines the usefulness 
of a water supply and, because of pollution loads, may also 
determine the minimum flow that can be tolerated in principal 
streams. The chemical quality is closely related to such 
factors as magnitude of streamflow, geology of the drainage area, 
salt-water encroachment, and disposal of municipal and in­ 
dustrial wastes.

Information on the quality of ground water in the Delaware 
River basin is scarce. From the data available we conclude that, in 
general, the ground-water supplies of the basin are satisfactory 
for most uses and that they will remain so provided that the 
aquifers do not become contaminated with saline water or with 
wastes.

Most of the surface water in the basin is of good quality, but 
serious local problems have developed, particularly in the 
Schuylkill River basin and along the Delaware estuary. A large 
part of the water withdrawn for use in the Delaware River basin 
is obtained from the Delaware estuary. The quality of the water 
at Trenton, N.J. (the upper limit of tidewater) is good. How­ 
ever, large quantities of wastes are discharged to the estuary at, 
and especially below, Trenton; also, the fresh river water mixes 
with sea water, principally below "Chester, Pa., and at times 
significant salinity extends upstream as far as Philadelphia.

Salt-water encroachment and pollution, or contamination, by 
industrial and municipal wastes are the two principal causes of 
deterioration of water quality. Salt-water encroachment results 
chiefly from a slowly rising sea level that causes saline water 
(defined herein as water in which the concentration of dissolved 
solids is greater than 1,000 parts per million) to move upstream, 
or inland, beyond normal limits. Pollution increases with 
growth of population and expansion of industry. Augmentation 
of low flows increases the dilution of wastes and helps to prevent 
the upstream movement of saline water.

Drainage from mines in the area above Reading, Pa., on the 
Schuylkill River, is acid and has an unusually high concentration 
of dissolved solids. The mine drainage makes the Schuylkill 
River acid to a point near Reading, Pa., where alkaline water 
enters the river and neutralizes the acid. Organic matter in 
acid water tends to remain unchanged for long periods. Con­ 
sequently, if a reservoir were built where the stream is acid, 
sewage wastes might accumulate and create serious health 
hazards and esthetic nusiances.

Sediment in streams of the Delaware River basin creates 
difficult problems even though sediment concentrations are 
commonly lower than in streams of the arid or semiarid western 
United States. These problems are concerned with water 
treatment, maintenance of harbors and shipping channels, 
sedimentation of reservoirs, recreation, fish and wildlife, and 
other aspects of water-resources development.

The available sediment data are not sufficient to provide a 
suitable basis for estimating the useful life of reservoirs. How­ 
ever, many small reservoirs built 50 or more years ago have been 
completely filled with sediment.

The most serious sediment problem in the basin was created 
by uncontrolled dumping of mine waste which contaminated 
the Schuylkill River throughout its length and the Delaware 
River near its confluence with the Schuylkill. An extensive 
restoration project and State control of such waste disposal have 
virtually corrected this situation. Land-conservation measures 
practices in the Brandywine Creek valley appear to have reduced 
significantly the amount of sediment carried by the stream.

Demands for water are increasing rapidly, both within the 
basin and in the metropolitan areas of New York City and north­ 
eastern New Jersey; further, these demands are expected to 
continue to increase. The use of water tends to increase more 
rapidly than the population, largely because of the rapid growth 
of industry in which uses are much greater than the combined 
uses of water for domestic, commercial, and public purposes. 
In 1955, total per capita use of water in the Delaware River basin 
was between 1,000 and 1,100 gpd (gallons per day), based on 
an average withdrawal of 6.1 bgd and an estimated population 
of between 5.7 and 6 million. Per capita use of municipal 
supplies was between 60 and 220 gpd.

The greater part of the per capita use of more than 1,000 gpd 
in the Delaware River basin was by large water-using industries, 
such as steel, petroleum, and chemicals. About 87 percent of 
the water used in the basin was self-supplied by industry. Of 
this industrial withdrawal, which amounted in 1955 to about 
5,280 mgd, about 5,100 mgd was from streams and 180 mgd 
was from wells.

Irrigation of farm crops by the sprinkler system is used widely 
in this region. As about 90 to 95 percent of the water so applied 
is used consumptively, it is a particularly important use. 
Furthermore, acreage under irrigation is increasing rapidly, 
especially in the Coastal Plain. The U.S. Census Bureau re­ 
ported 32,500 acres in 5 New Jersey counties and 4,300 acres 
in 2 Delaware counties under irrigation in 1954. These had 
increased, respectively, 110 percent and 1,000 percent since 
1949.

Water withdrawals (use) in 1955 in the Delaware River basin 
was about 6.1 bgd or 2.23 tgy. About 95 percent of this comes 
from surface water and the remainder from ground water, and 
about 98 percent of it is used for municipal and industrial pur­ 
poses. Additionally, about 1.6 bgd, totaling about 0.6 tgy, is 
used for generation of hydroelectric power.

Almost all water withdrawn for use within the basin is returned 
to the streams after use; therefore, the withdrawal use figures 
include a substantial amount of reuse. About 70 percent of all 
water use in the basin occurs in the 11 counties bordering the 
Delaware estuary between Trenton, N.J., and Wilmington 
Del.

Because water may be used over again and again, a com­ 
parison of withdrawal use and total potential supply (R) would 
be meaningless or highly misleading. On the other hand, com­ 
parison with consumptive use of water may be of value. In 
1955, consumptive use of Delaware River basin water, including 
38 mgd to New Jersey (through the Delaware and Raritan Canal) 
and 350 mgd to New York City (equivalent to consumptive 
use in the Delaware basin as it is no longer available for reuse 
there) amounted to 600 mgd. This use is about 2.19 bgy (billion 
gallons per year), or a little less than 5 percent of R (4.7 tgy). 
These consumptive-use figures refer to annual averages. Con­ 
siderably larger water uses, however, are made during dry seasons 
or droughts. For example, maximum water use per day by 
municipalities may be three times greater than the average daily use. 
Maximum use per day for the Delaware River basin in 1955 is 
estimated to be about 670 mgd, which is only about 11.6 percent
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larger than the average use per day. It might seem, therefore, 
that water use could be greatly expanded without increased 
storage.

Another, and better, means of comparison exists. This is a 
comparison of the maximum daily rate of consumptive use to 
low flows of the Delaware River. In making such a comparison, 
diversions to other basins are included in the consumptive use 
if they deplete low flows (as the New Jersey diversion via Dela­ 
ware and Raritan Canal) but are excluded if they do not deplete 
low flows (as the New York City diversions). New York City's 
water management operations related to diversions actually 
increase the usable supply in the basin during times of low flow. 
This is accomplished by releasing water stored during times of 
high flow water that would otherwise have wasted to the sea.

In 1955 the maximum daily rate of consumptive use within the 
basin was about 280 mgd and diversions to New Jersey were 
38 mgd, for a total of about 320 mgd. The minimum 7-day 
flow that can be expected once in 20 years from the entire Dela­ 
ware River basin drainage is about 1,700 mgd. This is more 
than five times the maximum rate of consumptive use in 1955. 
Thus, we conclude that there is ample water to meet current 
rates of consumptive use and to allow for some expansion. 
We still do not know, however, how much water will be required 
for waste dilution, navigation, and similar needs and for flushing 
salt water from the estuary. The existence of serious local 
problems now indicates that future increases in water demand 
must be met by increasing available supplies.

The amount of water available for use can be increased 
principally by utilization of storage, both of surface and ground- 
water sources. Because of the great geologic and topographic 
differences of the two major divisions of the basin, development 
of water supplies will be accomplished in the Coastal Plain 
largely by utilization of aquifers and in the Appalachian High­ 
lands largely by utilization of surface reservoirs. However, 
aquifers in the Appalachian Highlands and surface reservoirs in 
the Coastal Plain may provide many small supplies that con­ 
tribute significantly to the total.

The quantity of water obtainable from aquifers hydraulically 
connected with streams and lakes may be augmented by induced 
recharge from those bodies. For example, by pumping from 
wells adjacent to the estuary below Trenton, N.J., where the 
river water is fresh, induced recharge of about 100 mgd may be 
obtained by well-planned development. Artificial recharge with 
excess streamftow may be used both to prevent contamination 
and to augment ground-water supplies. Augmenting ground- 
water supplies with surface water does not increase the total 
supply, but it does increase its availability; the water stored 
would otherwise have wasted to the sea.

Water supplies of the Coastal Plain are, in general, more than 
adequate to meet the foreseeable future needs for irrigation. 
Additionally, parts of the area east of the basin are a potential 
source for diversion of water to the Camden, N.J., area and to 
coastal resorts, such as Atlantic City, N.J. It may be practical 
to obtain 500 mgd or more chiefly from aquifers of the Pine 
Barrens, an area of about 2,000 square miles in south-central 
New Jersey.

Conversion of brackish water from the Delaware and Hudson 
estuaries may eventually become locally competitive with 
fresh-water supplies, thus helping to relieve the struggle for 
additional water. There seems to be scant hope of increasing 
the Delaware Basin supply by weather-modification practices.

Conservation measures, such as more and better treatment of 
wastes, reuse of water that is now discharged to the ocean or 
other unusable water body, and recycling of water in industrial

plants, could become highly important in meeting the water 
requirements for the future.

Development of the water resources of the basin is limited 
more by economic and human factors, such as costs and water 
rights, than by the magnitude of the potential supply of water 
of good quality.

INTRODUCTION

Unusually large and increasing demands are made of 
the water resources of the Delaware River basin because 
of its proximity to great urban and industrial centers. 
The basin covers major parts of four States; conse­ 
quently, large-scale development of water resources 
in any one State may seriously affect the rights of the 
others. Such development has begun and additional 
development probably will be required in the next few 
years to provide enough water to meet the increasing 
demands.

Development of water supplies to meet the needs 
of all parts of the basin, and other areas that are partly 
dependent on it, requires an appraisal of the water 
resources of the entire basin. Present and future 
demands also must be considered. Although many 
reports have been written on various phases of the 
water resources of parts of the basin, no previous 
attempts have been made to describe the water resources 
of the basin as an entity and to show the effects of the 
natural environment and of man's activities on the 
available water supply. This report is primarily a 
summary and analysis of hyrologic data and water- 
use data for the basin, but it includes some discussions 
on part or all of eastern New Jersey. Additionally, 
the report discusses the gross supply and water avail­ 
able for use by man, the variations in both quantity 
and quality of the supply and the factors affecting 
these variations, and the interrelations between the
factors.
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THE DELAWARE RIVER REGION AND ITS WATER 
PROBLEMS

THE BOLE OF WATER RESOURCES IN THE MODERN 
COMMUNITY

The available water supply has long been recognized 
as a principal limiting factor in the development of the 
drylands (arid and semiarid regions) of the western 
United States. The humid eastern States, by con­ 
trast, have been almost free of this limitation; but even 
so, the relative abundance of water in some areas and 
scarcity in others is important in establishing the pat­ 
tern of regional development. Today, many densely 
populated areas are faced with serious water problems, 
and some eastern cities import water from distant 
sources to augment local supplies.

The very life of a community depends on the avail­ 
ability of adequate supplies of water suitable for the 
many domestic, commercial, public, and industrial 
uses. Many industries require vast quantities of water. 
In the Philadelphia metropolitan area, for example, the 
use of water by industry is many times, greater than the 
total domestic, commercial, and public use. Future 
growth of population and industry depends on the 
availability of additional supplies or better utilization 
of existing supplies.

Recreational areas with streams and lakes suitable 
for fish and wildlife, swimming, boating, camping, and 
other outdoor activities become more important as the 
population increases, but usually are more difficult to

maintain because of pollution of streams and decreases 
in low flows.

The supply of water available without extensive 
development differs from place to place. The demand 
for water also varies greatly, and maximum demand 
generally occurs at times of minimum streamflow and 
low ground-water levels. Consequently, as population 
increases and industrial growth proceeds, serious water 
problems arise unless planning and development of the 
water supply keep pace with, or ahead of, the ever- 
increasing demand.

Low-lying lands along many large rivers and in 
mountain valleys make attractive sites for urban, in­ 
dustrial, and agricultural development for many reasons, 
including readily available water supply, water or rail 
transportation, relatively flat terrain, and superior soils; 
however, such advantages generally are accompanied by 
flood hazards, and flood protection must be provided if 
serious damage and loss of life are to be avoided or 
minimized.

THE DELAWARE RIVER BASIN AND ITS 
ENVIRONMENT

Large-scale diversion of water from the Delaware 
River basin has already begun, and by 1951 some water 
was already being imported into the Delaware basin 
from the Susquehanna. Consequently, the problems of 
the basin cannot be completely separated from those of 
the adjacent regions. A discussion of some of the perti­ 
nent features of the basin and the region of which it is a 
part will help to clarify some of the specific water prob­ 
lems of the area.

GENERAL, DESCRIPTION

The Delaware River and its tributaries are of unusual 
importance not because of the volume of flow or the 
size of the drainage areas, but because they serve the 
Nation's most densely populated and intensively 
industrialized area, which includes the New York City 
and Philadelphia metropolitan areas and several smaller 
ones (pi. 1). The river and the streams tributary to 
Delaware Bay drain an area of 12,765 square miles. 
This area is divided among five States as follows:

State
Area 

(sq mi)

New York__-__-_______--_-_  __     ---   - 2, 362
Pennsylvania______-_____-_________-----_- 6, 422
New Jersey___________________-_-___---_--- 2, 969
Delaware_----___-------------------------- 1, 004
Maryland- __________________-___--__------- 8

The Delaware River basin is bounded on the north 
and west by the drainage basin of the Susquehanna 
River in New York, Pennsylvania, and Maryland; on 
the east by the lower part of the Hudson River basin in 
New York and New Jersey and by the Passaic and 
Raritan River basins and many smaller basins in New
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FIGURE 1. Physiographic block diagram of the region.

Jersey; and on the south by small basins in Delaware 
and Maryland.

The Fall Line, which passes through Baltimore, Md., 
Wilmington, Del., Trenton, N.J., and New York, N.Y. 
(fig. 1), divides this region into two parts with markedly 
different topographic, geologic, and hydrologic charac­ 
teristics. The Appalachian Highlands lie northwest 
of the Fall Line. Much of this region is forested and 
is characterized by ridges and valleys, plateaus and 
mountains. Bedrock in most places is hard and dense 
and is relatively close to the surface. In general, the 
rock formations are geologically old and, having under­ 
gone a long and involved history, are structurally 
complex. Some of the rocks contain numerous cracks 
and solution channels caused by earth movements 
and weathering; other rocks are almost impervious to 
water.

During the Pleistocene epoch, or Great Ice Age, 
continental glaciers occupied the northern part of the

region several times (pi. 7). The most important 
effects of the ice sheets were the scouring of soil from 
the upland and the deposition of glacial debris in many 
areas. Most of these deposits are more permeable 
than the underlying materials and are of considerable 
importance in the development of local water supplies 
that may, in favorable places, be of considerable 
magnitude.

The Coastal Plain, an area of low relief lying south­ 
east of the Fall Line, consists of deposits of unconsoli­ 
dated clay, silt, sand, and gravel overlying the bedrock. 
The bedrock surface dips southeast at a rate of about 
76 feet per mile, and ranges from a few feet below the 
land surface near the Fall Line to more than 6,000 feet 
below the mouth of Delaware Bay. Huge quantities 
of water are stored in the unconsolidated sediments of 
the Coastal Plain, and they assume great importance 
in the general circulation and future use of water in 
the area.
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In the Appalachian Highlands most streams have 
moderate to steep slopes. In the Coastal Plain, stream 
slopes are very flat, and at many places tidewater 
extends inland for long distances. The Delaware 
River crosses the Fall Line at Trenton, N.J., and flows 
along it from there to Wilmington, Del. The river is 
tidal below Trenton. Fresh water of the river mixes 
with saline water in the lower reaches, the upper limit 
of saline water generally being near Marcus Hook, Pa., 
at the Pennsylvania-Delaware State line. Water is 
usually considered saline (salty) when the dissolved- 
solids content (salts) is 1,000 ppm (parts per million) 
or more. The salt content increases gradually between 
Marcus Hook and the head of Delaware Bay.

The great concentrations of population and industry 
are along the Fall Line and in the lower parts of the 
Lehigh and Schuylkill River valleys. The total popu­ 
lation of the Delaware River service area (fig. 5) in 
1955 was more than 21 million. More than 4 million 
of these people were in the Philadelphia metropolitan 
area and more than 14 million were in the New York 
metropolitan area east of the basin. Both these areas 
contain major seaports and industrial, financial, and 
commercial centers. Ocean-going vessels navigate the 
Delaware River up to Trenton, N.J.

North and west of the major urban areas, the basin 
is occupied by a rural population with many small 
towns and cities. The northern part of the area, 
including the Catskill and Pocono Mountains, is famous 
as a resort area conveniently located to serve the huge 
population in the urban centers. The west-central 
part (headwater areas of Lehigh and Schuylkill Rivers) 
is also mountainous but is noted chiefly as a coal­ 
mining region which includes some of the largest 
anthracite deposits in the nation. Agriculture and 
dairying predominate in the lower parts of the Appa­ 
lachian Highlands and in some of the mountain valleys.

In the Coastal Plain, southeast of the urban centers, 
agricultural and dairying industries are concentrated 
in the Delaware River basin and east of it. However, 
a large area in this region, the Pine Barrens, is covered 
by a forest of scrub trees having little economic value. 
Much of the Atlantic coast in New Jersey is a thickly 
populated resort area.

The New York metropolitan area now depends on 
the Delaware River basin for a large part of its water 
supply. Other areas in New Jersey and Delaware, 
east and south of the basin, obtain some water from 
the basin and are expected to obtain more in the future. 
Th eregion east of the Delaware River basin, including 
the New York metropolitan area and parts of Delaware 
(totaling about 17,000 square miles), is included in the 
Delaware River service area, but not all this service 
area, is dependent on the Delaware River basin for

supplemental supplies. For example, the Pine Barrens 
is a possible source of water for diversion both to the 
Camden-Gloucester, N.J., area and to nearby seashore 
communities.

Another major source for possible future diversion 
to parts of the Delaware River service area is the 
Susquehanna River basin. Although this basin con­ 
tains many cities and towns, the concentrations of 
population and industry do not approach those in the 
Delaware River service area. Water is already being 
diverted from the Susquehanna River basin to supply 
the city of Chester, Pa.

THE CLIMATE!

Most of the region has a continental climate, because 
the prevailing direction of air movement is from west 
to east at this latitude. Consequently, winters are 
rather cold and summers generally are warm or hot; 
however, a strip along the coast and around Delaware 
Bay is influenced considerably by the moderating 
effect of the sea and therefore might be said to have 
a modified continental climate.

The effects of elevation, combined with those of 
latitude, make the central and northern parts of the 
Delaware River basin considerably colder than the 
southern part and the Coastal Plain.

Temperature characteristics of the region are sum­ 
marized in plate 2 a map showing areal variations 
in the average annual air temperature and in figure 
2 a graph showing average monthly temperatures 
for three typical weather stations. The map shows 
a range in average annual temperature from 44° F in 
the mountains of the northern part to 56° F in the 
southern lowlands. The pattern of equal temperature 
lines is controlled largely by ground elevation and 
latitude. The graph of monthly temperatures indicates 
that the pattern of seasonal variation is remarkably 
similar throughout the area.

The precipitation is generally abundant and rather 
evenly distributed throughout the year, but marked 
variations do occur; these are discussed in a later section. 
Though the region has no distinct wet or dry season, 
there is a pronounced difference in the winter and 
summer precipitation. Winter is characterized by 
more cloudy and rainy days than summer, which is 
characterized by thundershowers that often are sharply 
localized; thus, the winter precipitation is usually more 
widespread and less intense than the summer precipi­ 
tation.

Floods may occur at any season; some of the most 
damaging have been associated with hurricanes, which 
have been relatively rare in this region. Droughts 
also may ofccur at any season, including winter. Winter 
droughts, however, often escape public notice and are
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FIGURE 2. Average monthly temperature at Dover, Del., Allentown, Pa., and 
Eoxbury, N.Y.

frequently not of immediate concern because their 
effects do not become apparent until the following 
growing season.

The inadequacy of climatic descriptions or classi­ 
fication based on yearly average data alone was force­ 
fully demonstrated by Thornthwaite (1948, p. 55-94). 
He pointed out that climates differ greatly, depending 
largely on the distribution of the annual precipitation 
over the year. For example, three separate regions 
might have the same average annual precipitation and 
temperature, but one might be characterized by even 
distribution with resulting luxuriant plant growth, 
the second by cold wet winters and hot dry summers, 
and the third by cold dry winters and hot humid 
summers.

If enough water is available to supply the needs of 
plants and to maintain soil moisture, the combined 
evaporation from the soil and transpiration through 
the plants (evapotranspiration) proceeds at a maximum 
rate, which is called potential evapotranspiration. 
Thornthwaite developed an empirical formula for com­ 
puting potential evapotranspiration from temperature 
and length of daylight. Average monthly potential 
evapotranspiration is compared with average monthly 
precipitation at Delhi, N.Y., and Philadelphia, Pa., in 
figure 3.

At Delhi the average potential evapotranspiration 
slightly exceeds the average precipitation for only a

short period, whereas at Philadelphia the difference is 
much greater because of the higher temperature.

The actual evapotranspiration is somewhat less than 
the potential when the soil surface is not wet or when 
the root zone has less moisture than the plants could 
withdraw if it were available. Moisture withdrawn 
from the soil makes up at least a part of the difference 
between potential evapotranspiration and precipitation. 
In a humid climate the graph of actual evapotranspira­ 
tion is very similar to that of potential evapotranspira-

PHILADELPHIA, PA

EXAMPLE: In June 
Potential evapotronspirotior = 5.2 
inches 

Precipitation = 3.35 inches

Precipitation

LI-

FIGURE 3. Average monthly potential evapotranspiration and precipitation at 
Delhi, N.Y., and Philadelphia, Pa.
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tion. The increased evapotranspiration in summer is 
the principal cause of lower streamflow during that 
season.

WATER PROBLEMS OF THE DELAWARE RIVER BASIN

NATURAL VARIATIONS EN SUPPLY

Although the region is one of almost uniform precipi­ 
tation and runoff, variations are great enough to cause 
distress at times even in areas where demands on the 
water supply are not great. At Philadelphia, Pa., for 
example, the monthly precipitation has ranged from 
less than 0.1 inch to more than 15 inches. Conse-

FIGUKE 4. Geologic materials of contrasting hydrologic properties: above, outcrop 
of Marcellus shale of Devonian age in Stroudsburg, Pa.; below, kame-terrace 
deposit at Hawley, Pa.

quently, crops are damaged from drought or from 
flood. Similarly, the monthly runoff of Lehigh River 
at Bethlehem, Pa., has ranged from less than 0.3 inch 
to more than 10 inches. The low flows of many 
unregulated streams are insufficient to meet require­ 
ments for water supply and dilution of wastes.

Although most current and past water problems in 
the basin are concerned with shortages of good water, 
excessively high storm runoff causes considerable 
damage. The flood problem was considered to be 
minor until the floods of August 1955 caused unprece­ 
dented loss of life and damage and created an urgent
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_ POPULATION CURVES BASED ON PUBLISHED DATA 
OF U.S. CENSUS BUREAU, 1870-1950, AND 
STATE AND SPECIAL CENSUS DATA, 1950-55.

"METROPOLITAN AREAS ARE THOSE IDENTIFIED 
BY THE U. S.CENSUS BUREAU.

NEW YORK METROPOLITAN SUPPLEMENT 
CONSISTS OF PUTNAM,ORANGE, AND
DUCHESS COUNTIES, N.Y..FAIRFIELD 
COUNTY, CONN., AND MONMOUTH COUNTY.N.Jj

FIGUEE 5. Population curves for the Delaware River service area, 1870-1966.
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demand for protection from such floods. There is also 
an increasing interest in reducing the damages from 
more frequent, but less spectacular, floods.

Yields of wells in the region range from less than a 
few gallons per minute to several thousand gallons per 
minute, depending on the geology. The variations in 
geology, as they affect the occurrence, movement, and 
chemical character of water, are so complex in most of 
the region, particularly in the Appalachian Highlands, 
that evaluation of the quantity and quality of the 
recoverable ground water can be made only after 
detailed, local geologic investigation. Figure 4 illus­ 
trates geologic materials of contrasting hydrologic 
properties.

The chemical quality of natural waters also differs, 
depending on the kinds of rock with which the water 
comes into contact and the length of time that contact 
is maintained. Thus, ground-water supplies generally 
contain more dissolved solids than fresh surface water, 
and the concentrations of dissolved solids in surface 
water are highest during times of low flow. Treatment 
of some supplies to remove or alter the dissolved solids 
is desirable or necessary for many purposes.

All these variations are considered in greater detail 
in later sections.

QROWTH OF POPULATION AND INDUSTRY

The population of the Delaware River service area 
more than doubled between 1900 and 1950. The 
increases since 1870 for the service area and for three 
metropolitan areas are shown in figure 5.

Coupled with the population growth is a tremendous 
expansion in industry. For this report the principal 
interest in industry is in the water requirements. 
Figures on use of water by industry are available only 
for recent years, and such use is summarized in a later 
section on water use (p. 160-169).

Even if the increases in population and industry were 
uniformly distributed over a large area, problems would 
arise from the steadily increasing demand. The 
increases, however, are not evenly distributed but are 
largely concentrated in a few metropolitan areas. The 
resulting concentration of demand greatly magnifies the 
water problems. The change from predominantly rural 
to predominantly urban population between 1790 and 
and 1950 is shown by figure 6.

The continued growth of population and industry will 
require extensive and integrated development of water 
resources of the entire Delaware River basin to make a 
much larger part of the water supply available for use.
INCREASINQ AGRICULTURAL AND RECREATIONAL USES

Irrigation of farm crops, which requires water when 
water supplies are scarcest, is profitable under certain 
circumstances, and since 1950 has increased rapidly.

POPULATION, IN THOUSANDS POPULATION, IN PERCENT 

©PENNSYLVANIA

EXPLANATION

DIAGONALLY HATCHED PART OF 
I960 BARS IS PART OF POPULA­ 
TION COUNTED URBAN UNDER 
CENSUS BUREAU'S NEW DEFINI­ 
TION OF URBAN AREAS

FIGURE 6. Urban and rural population of Delaware River basin States, 1790-1950.

The practice of irrigation is likely to increase regardless 
of population trends. Use of water for irrigation is of 
particular importance, because in this region it is es­ 
timated that about 90 to 95 percent of the water applied 
(usually by sprinkler systems) becomes a part of the 
crop or is lost by evapotranspiration. Such water 
is thus used consumptively and is not available for any 
additional use. Only a small percentage of the water 
withdrawn for most other purposes is used consump­ 
tively. The remainder, if returned to a stream or 
aquifer at a favorable location, is available for reuse.

The people of the region are fortunate in having 
recreational areas conveniently located near the large 
population centers. The Catskill and Pocono Moun­ 
tains in New York and Pennsylvania and parts of the 
Pine Barrens and the Appalachian Highlands in New 
Jersey are well suited for recreational purposes, because 
they are upstream from the areas of intensive water use. 
Use of such recreational areas is increasing rapidly 
and doubtless will continue to increase in the future. 
Outdoors recreation, especially camping, boating, and 
hiking, is rapidly becoming a principal leisure pastime of 
of the people of this region.

713-196 O 64   2
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INCREASING PER CAPITA USE

Demands for water are increasing more rapidly than 
the population, principally because of rapidly increasing 
use by industry and for irrigation. Higher living 
standards for larger numbers of people tend to increase 
per capita use for domestic purposes. Furthermore, 
the stimulus to industry which such living standards 
provide causes an even greater increase in water use. 
On the other hand, increasing costs of water and 
metering of formerly unmetered supplies tend to reduce 
waste of water and consequently to reduce per capita 
use.

Statistics on per capita use of water vary greatly and 
may be misleading unless a full description of water 
included and water excluded is made. For example, 
most municipalities and water companies furnish all 
the water for domestic and public requirements but 
supply only a part of the water for iudustrial require­ 
ments. Use of water in an arid region with extensive 
irrigation might be several thousand gallons per capita 
per day, and that in a predominantly residential and 
business area in a humid region might be less than 100 
gpcd (gallons per capita per day).

According to figures collected by the U.S. Geological 
Survey on water withdrawn for use in the Delaware 
River basin in 1955 (excluding water for hydroelectric 
power development), 6,100 mgd is used by about 5.8 
million people. This water is withdrawn at a rate of 
more than 1,000 gpcd, a rate above the average for 
eastern United States and caused by the large with­ 
drawals of water for industrial use. It is less than the 
national average (about 1,600 gpcd), which is strongly 
influenced by use of very large quantities of water for 
irrigation in the arid West.

POLLUTION OF STREAMS AND AQUIFERS

Disposal of wastes from municipalities and industry 
in densely populated areas is a particularly vexing 
problem. It has received considerable attention in 
this region in the past and doubtless will receive even 
more in the future. Wastes are commonly discharged 
to streams, either before or after treatment. Many 
streams at times have become too polluted for some 
uses and some have been, or are, obnoxious.

Organic wastes discharged to flowing streams are 
decomposed by aerobic bacteria where sufficient dis­ 
solved oxygen is present. The streams thus tend to 
purify themselves, though the self-purification capacity 
of a stream is limited and excessive amounts of organic 
matter cause serious pollution problems. Treatment 
of some wastes before discharge and State control of 
other waste discharge have done much to alleviate the 
problem.

Many of the industrial.wastes reaching streams are 
inorganic and remain practically unaltered throughout

the stream courses. Water in the Schuylkill River 
above Reading, Pa., is acid during periods of low flow 
because of the drainage from mines in the area. The 
normal purification processes do not occur in the acid 
environment, and no fish live in it. Alkaline waters 
entering the river near Reading neutralize the acid and 
restore normal conditions.

Although disposal of large amounts of waste is usually 
accomplished by dumping in streams, considerable 
quantities in some places reach aquifers, generally the 
shallow ones. Poorly located and poorly constructed 
wells in shallow aquifers are easily polluted from local 
sources, such as barnyards and privies. About 50 
years ago such pollution was so common that many 
people considered all shallow aquifers to be polluted, 
and to this day this erroneous idea is widely held. 
Pollution of deep aquifers is less common but sometimes 
does occur, particularly in limestones where large 
solution channels exist.

During periods of high runoff streams in the region 
generally become muddy or turbid, and for many uses 
the suspended sediment must be removed from the 
water. Although the problem is less acute in this 
region than in many others, it is one of considerable 
magnitude.

In addition to making the water temporarily unsuit­ 
able for use, suspended sediment settles out and builds 
deposits in reservoirs, lakes, bays, and navigation 
channels. During periods of high runoff, movement of 
coarse sediment along streambeds adds to the fine­ 
grained deposit. Many small reservoirs in the region 
have been filled with sediment, and repeated dredging 
is required to keep ship channels and harbors open.

Some erosion-derived sediment is present in most 
streams, at least during high stages, regardless of man's 
activities. However, cultivation of soils or removal of 
protective vegetation accelerates erosion.

An especially serious sediment problem arose in the 
Schuylkill River as a result of uncontrolled dumping 
and erosion of coal-mine wastes. The river became 
notorious throughout the nation as an extreme example 
of deterioration. This situation has been corrected to 
a great extent by an intensive restoration project and 
the controlling of waste disposal.

SALT-WATER ENCROACHMENT

A problem confronting all areas near salt-water bodies 
is the contamination of fresh-water supplies by salt 
water. The large metropolitan areas of the region are 
near salt water, and the problem has become a major 
one.

Encroachment by salt water may occur either in 
streams or aquifers, commonly in both. Prolonged 
periods of low flow in the Delaware River result in the
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encroachment of salt water into the reach of the estu­ 
ary between Wilmington, Del., and Philadelphia, Pa. 
During such periods, salt water may also encroach into 
aquifers along the river, most noticeably as a result of 
large-scale pumping, which induces a flow from the 
river into the adjacent aquifers. However, simply 
because it is heavier and denser than fresh water, salt 
water seeps out of stream channels to contaminate 
areas normally containing fresh water whether pumping 
occurs or not, if the hydraulic head in the aquifers is 
not sufficiently high to prevent the seeping.

The rising sea level is another factor in the salt-water 
problem. Marmer (1949, p. 203) has shown that the 
sea level along the entire Atlantic coast rose in relation 
to the land surface at the rate of 0.02 foot (6 mm) per 
year between 1930 and 1947. Although this rate seems 
negligible, the total rise of sea level would amount to 
2 feet per 100 years if the rate were maintained. An 
increase in salinity of the Delaware estuary, probably 
due to this recent rise in sea level, caused Chester, Pa., 
to abandon its local supply in 1951 and to obtain a 
safe supply inland from the Susquehanna River basin. 
If the sea level continues to rise, streams and aquifers 
all along the coast will be vitally affected and water 
supplies now seemingly safe (as those of Philadelphia 
and Camden) will be ruined by salt-water encroachment.

According to Barghoorn (1953), the long-term rate 
of submergence by the sea at Boston, Mass., was about 
6 inches per century in the 4,500 years prior to 1620, 
and at Saugus, Mass., the submergence was 2}£-3 feet 
in the period 1650-1952.

Under natural conditions, fresh ground water extends 
below sea level in many areas close to the shore. Heavy 
pumping of wells near the salt water causes it to move 
toward and sometimes into the wells. Contamination 
of this kind has occurred along much of the coast of 
New Jersey and southern Delaware and along the shore 
of Delaware Bay.

HYDROLOGIC EFFECTS OF URBANIZATION

The growth of urban areas is one of the greatest 
forces affecting water supplies. It brings many changes 
which have local and even regional effects on the occur­ 
rence and use of water. The net effect is difficult to 
evaluate and undoubtedly varies a great deal both in 
place and in time. Some of the results of the change 
from native or rural conditions to urban are listed:

1. Water use increases sharply, except in areas formerly 
irrigated.

2. Scattered small ground-water supplies are replaced 
largely by a single public surface-water supply, or 
ground-water withdrawals may be multiplied by 
numerous privately or municipally owned wells.

3. Large areas are covered by roofs and pavements 
which intercept precipitation and thus tend to 
increase runoff, especially in the form of sudden, 
concentrated discharge; this change in runoff 
characteristics tends to reduce ground-water 
recharge.

4. Storm-drainage systems provide rapid runoff and 
decrease recharge, except as noted in item 6.

5. The increased use of water tends to cause lower flows 
in drought periods, and the more rapid runoff 
tends to cause higher flood flows in streams.

6. Sewers often develop leaks. If sewers are below the 
water-table, ground water is drained away and 
the water table falls. If sewers are above the 
water table, leaking sewerage adds to recharge and 
pollutes affected aquifers.

7. Large numbers of septic tanks in some suburban 
areas tend to pollute shallow aquifers, and where 
these areas are served by public water supplies, 
the "imported" water discharged through the 
septic tanks recharges the local aquifers and raises 
water levels.

8. Municipal and industrial waste disposal tends to 
increase pollution of streams and aquifers.

9. Urban developments often encroach on stream flood 
plains, which are natural waterways and an in­ 
tegral part of the river's discharge system. The 
encroachment on the flood plain impedes flood 
flows and increases flood hazards to life and 
property.

INTERBASIN DIVERSIONS

Diversion of water from the Delaware River basin to 
areas east of the basin has become a factor of consider­ 
able importance, and diversions to the Delaware River 
basin are being made and probably will increase.

In 1955 a diversion of 365 mgd was made to the New 
York metropolitan area from the headwaters of the 
Delaware River in the Catskill Mountains. The U.S. 
Supreme Court has granted permission for an increase 
to 800 mgd after completion of the Cannonsville Reser­ 
voir. These diversions are compensated, at least in 
part, by release of water from storage to augment low 
flows of the river. Although the total water supply *»t 
points below the diversion has been reduced, a larger 
part of the remaining supply has been made available 
for users downstream. The reduction in total supply 
would be detrimental to users downstream only if a 
very large proportion of the total water resources of 
the entire basin were developed and used.

The U.S. Supreme Court has granted New Jersey 
permission to divert 100 mgd from the basin without 
compensating releases from storage. The present diver­ 
sion (1958) amounts to about 40 mgd through the 
Delaware and Raritan Canal.
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On the estuary, where salt-water encroachment and 
pollution are serious problems, the city of Chester, Pa., 
abandoned its Delaware River supply in 1951 and 
began diverting water from Octoraro Creek in the 
Susquehanna River basin. The diversion system is 
designed to yield 30 mgd; this amount can be increased 
to 75 mgd when needed. Present (1958) diversion is 
about 13 mgd.

Diversions from a basin are equivalent to consumptive 
use, because none of the water returns to the streams or 
aquifers of the basin from which the diversion occurs.

ECONOMIC AND LEQAL ASPECTS OF WATER DEVELOPMENT

Development of new supplies of satisfactory quality 
becomes more difficult and costly as demands increase 
because (1) the most suitable reservoir sites may be 
already developed, (2) distant sources require costly 
aqueducts to transport the water to the place of use, 
(3) competition for supplies increases, (4) sites suitable 
for reservoirs and well fields commonly may be occupied 
by urban and industrial developments and are very 
expensive to acquire for water developments, (5) pollu­ 
tion and water-purification problems tend to increase.

Costs of water in this region are very low in relation 
to costs of most other raw materials used in industry. 
If necessary, the economy of the region could absorb a 
comparatively large increase in water costs. Neverthe­ 
less, costs of water are important and often are a 
determining factor in the location of an industry and in 
the ability of some industries to compete with similar 
industries in other localities.

In arid regions the existence of organized human 
activities depends on the appropriation and use of most 
or all of the water supply. The water law of many 
arid regions, consequently, is based largely on the prin­ 
ciple of prior appropriation. In regions with abundant 
supplies and low demands there is no need for such 
laws, thus in such regions the doctrine of riparian 
rights has become the principal basis of water law. 
This doctrine permits use of streams by landowners 
whose property adjoins a stream or lake, provided 
there is no undue interference with the stream or lake. 
Increasing use of the water supplies in humid regions 
has farced many departures from a strictly riparian 
principle. Water law varies considerably between 
States, and many of the principles upon which laws 
are based are scientifically unsound. For example, 
ground water is often regarded as a part of the land so 
far as legal rights are concerned. This view disregards 
the fact that ground water is not static like the land, 
but crosses property lines and political boundaries as 
it moves from points of recharge to points of discharge. 
A well field on a single property might lower the water 
table for many miles in all directions and at the same

time reduce streamflow. For example, the pumping 
of some wells in Camden, N.J., affects ground-water 
levels in Philadelphia, Pa., and vice versa, that is, the 
effects of withdrawal extend beneath the Delaware 
River and across State boundaries.

SUMMARY OF WATER LAW BY STATES

Use of water by one State, which affects the rights 
of another State, is governed by Federal law, and 
several U.S. Supreme Court decisions have been made 
for the Delaware River basin. Some of these decisions 
are discussed in the preceding section on interbasin 
diversions. Others are discussed later under "River 
Master of the Delaware River." Navigable waters 
and interstate commerce is also under control of the 
Federal Government. Short descriptions of water laws 
as they have been enacted and interpreted in the 
several States of the basin follow.

Delaware. The riparian doctrine applies to natural 
water courses in Delaware, and some versions of the 
English common law hold with respect to absolute 
ownership of percolating ground water. The right to 
unlimited consumptive use of ground water seems 
much more secure than that to use of surface water, 
especially the water from smaller streams. But the 
water law in Delaware, as a whole, is not defined 
clearly, either in the statutes or in the court decisions.

New Jersey. Basically, the riparian doctrine holds 
in New Jersey, but it is modified by court decisions to 
a doctrine of reasonable use for ground water and 
beneficial use for surface water. There is no State 
control over either consumptive or nonconsumptive 
private use of surface water. Riparian law does not 
apply to public water supplies sold for use off the prop­ 
erty on which the supply is developed. This use is 
controlled by the State on the principle that all waters 
of the State belong to the public and shall be allocated 
in the public interest. Such State control of surface 
water was enacted in 1907 and of ground water in 1910. 
Encroachment of buildings on flood plains, even if the 
flood plain is on private property, may be controlled 
below high-level flood line by application of riparian 
law. In this sense, buildings or developments that 
impede flood flows or increase flood hazards may be 
declared against the public interest, and court action 
may be brought to force their removal.

New York. Water rights are generally considered as 
property rights in New York. They are not absolute; 
they are usufructuary and subject to many controls and 
limitations by the State. Domestic use has a consti­ 
tuted priority over all other uses. Except for statutory 
control over public water supplies, navigable waters, 
canal waters, Long Island ground water (in part), and 
pollution of water, the laws are a part of the common law.
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Pennsylvania. The riparian doctrine generally pre­ 
vails in Pennsylvania, and several Commonwealth 
agencies have control over different aspects of water 
law. The Water and Power Resources Board allo­ 
cates water to "public water-supply agencies" and 
"surface water" only; thus, less than 10 percent of 
surface water in Pennsylvania is under this control. 
The board must also determine whether to grant or 
reject applications for charters by water companies. 
Well drillers must be licensed by the Commonwealth 
and are required to supply the Pennsylvania Topo­ 
graphic and Geologic Survey with certain information 
regarding each well.

DEFICIENCIES OP DATA

Solutions for the long-term water problems of the 
region depend in large measure on detailed knowledge 
of the occurrence of water and its circulation through 
the hydrologic cycle (described at the beginning of the 
next section). Information concerning this circulation 
in the Delaware River basin is incomplete and will 
require considerable time, effort, and money to obtain.

Precipitation has been measured at a few places for 
more than 100 years, but a reasonably adequate net­ 
work of gaging stations has been in operation for only a 
few years, and some areas, particularly in the moun­ 
tains, still are not adequately covered.

The longest streamflow records cover about 50 years, 
but satisfactory areal coverage was achieved only very 
recently. Records are too short to provide an adequate 
basis for determining frequencies of occurrence of 
large floods or severe droughts. Information about 
the runoff from large parts of the Coastal Plain and 
from areas of less than about 10 square miles is very 
inadequate.

The occurrence and movement of ground water have 
been investigated intensively in only a few small areas. 
Data on well yields are generally very sparse. Reported 
well yields may often represent pumping rates that are 
less than the actual water-yielding capacity of the 
aquifers or they may represent short-period pumping 
rates that are greater than the long-term capacity.

Much detailed geologic and hydrologic information 
is needed to aid in evaluation of ground-water supplies 
and their relation to surface water.

The chemical quality of water supplies has been 
investigated intensively in only a few areas and for a 
period of less than 15 years (beginning about 1943.). 
Most of the investigations have been limited to surface 
waters.

In the Delaware River basin the areal changes in 
ground-water quality and the changes in quality with 
increased pumping rates are very poorly understood. 
The variations in chemical quality of surface water are

due to the geologic environment, changes in rate of flow, 
sea-water encroachment, and pollution from agricul­ 
tural, municipal, and industrial sources. The quanti­ 
tative effects of these variations are not yet understood.

Data on sediment loads of streams are very scanty. 
It is impossible to make accurate forecasts of the reduc­ 
tion in storage capacity caused by deposits in reservoirs. 
Satisfactory methods of measuring the total sediment 
load, especially of the heavy materials transported along 
the bottom of the streams, do not yet exist.

Evaporation from water surfaces has been measured 
by evaporation pans at a few widely scattered localities 
for a number of years, but interpretation of the results 
is complicated by energy storage in deep water and 
methods of computing evaporation loss are still in the 
developmental stage. Evapotranspiration can be meas­ 
ured accurately only on a laboratory scale. In practice 
it is usually approximated by subtracting runoff from 
precipitation. This method gives no clue to the time 
variations in evapotranspiration.

Detailed analyses of the elements of the hydrologic 
cycle require a knowledge of changes in soil moisture. 
Measurements of soil moisture have been made for only 
a few areas. Techniques are being developed to 
remedy this situation.

Most hydrologic data apply only to specific points. 
For example, a precipitation record shows the amount 
of water falling at a specific location, a streamflow record 
shows the flow past a gaging station, and a chemical- 
quality record shows the water quality at the station. 
Until the present, very little has been done to construct 
a regional picture with the various hydrologic data or 
to relate them to such relevant factors as topography, 
geology, and land use.

The water problems, classified here for convenience of 
discussion, are closely interrelated. Developments 
designed primarily for one purpose commonly have 
either beneficial or adverse effects on many other prob­ 
lems as well. This discussion presents a general view 
of the problems for the basin. Most of these are 
considered in greater detail in later sections.

THE WATER SUPPLY 

THE HYDROLOQIC CYCLE AND WATER BUDGETS

Water is not a static resource but a changing one. 
The quantity and quality of water at a particular 
place may vary greatly from time to time. The 
changes may be rapid or very slow; they may occur 
on the land surface, underground, or in the atmosphere, 
and they may involve all forms of water solid, 
liquid, and vapor. Optimum development and- use of 
water depend in large part on adequate understanding 
of the complex pattern of circulation (from ocean to
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atmosphere to land and, by various processes, back to 
ocean or atmosphere) known as the hydrologic cycle.

The hydrologic cycle is described in qualitative terms 
in most hydrology textbooks and in many water- 
resources reports. However, quantitative information 
is needed for the evaluation of the water resources of a 
region, and such information is available for only a few 
of the many phases of this complex cycle. For large 
areas, measurements of the quantities involved are 
limited to precipitation, streamflow, and evaporation 
from water surfaces. Therefore, except for a few 
small experimental areas, the quantitative relations of 
the components of the cycle can be expressed only in 
a rather simplified form, usually called a water budget.

For a particular area and interval of time, the inflow 
of water is equal to the outflow (solid, liquid, and vapor) 
plus or minus the change in storage. Water in storage 
includes that in surface-water bodies, in ground-water 
bodies, and as soil moisture in the soil and subsoil 
above the zone of saturation. It is seldom possible to 
evaluate the storage change for large areas, such as the 
Delaware River basin, but if the time interval selected 
is sufficiently long (usually several years), the net 
change in storage is negligible in comparison with the 
total inflow or outflow. The relation then reduces to: 
inflow equals outflow.

The boundaries of many budget areas are chosen 
to coincide with topographic divides. For such areas 
the inflow under natural conditions is usually the 
precipitation on the area. The most accurate estimate 
of precipitation on large areas would be obtained from 
an isohyetal map for the budget period. When the 
network of precipitation stations is adequate, satis­ 
factory estimates may often be made without con­ 
structing an isohyetal map. If the boundaries of the 
budget area do not coincide with topographic divides, 
inflow includes both streamflow and ground-water 
inflow. In some areas, however, there is some ground- 
water inflow even where the area boundaries coincide 
with the topographic divides. Streamflow and ground- 
water inflow must be estimated from streamflow 
records and the hydrogeology of possible inflow sites.

Outflow may occur by evaporation from water 
surfaces or moist ground surfaces, by transpiration 
from plants, by streamflow, or by ground-water flow. 
The streamflow and ground-water outflow are measured 
or estimated from streamflow and ground-water records 
and the geology of possible outflow sites. Measure­ 
ments of the vapor discharge are limited to evaporation 
from water surfaces, which generally is only a small 
part of the total vapor discharge. Consequently, the 
evaporation and transpiration measurements are usually 
combined in a single term, "evapotranspiration." 
When the total inflow is the precipitation and the total

liquid outflow is the runoff (the natural, or unregulated, 
streamflow), the difference between precipitation and 
runoff is a good estimate of evapotranspiration. How­ 
ever, because the calculated difference includes all the 
errors in records of precipitation and runoff, and all 
unknown amounts of ground-water outflow, a more 
general term, "water loss," is commonly used. The 
relation of water loss to evapotranspiration depends 
on the accuracy of the precipitation and runoff data 
and on the net amount of ground-water flow into, or 
out of, the area. Those who plan development of 
additional supplies of water regard most of the evapo­ 
transpiration as a loss because it cannot be recaptured 
for use. However, agronomists, foresters, and con- 
servationists interested chiefly in increasing soil moisture 
and reducing direct runoff regard the runoff, rather than 
the evapotranspiration, as a loss.

In its simplest form the long-term water budget is 
expressed as: 

P=L+R,
in which

P= precipitation on the area,
L= water loss, P R,
R= runoff from the area.

Activities of man have marked influences on the 
hydrologic cycle and water budgets. Interbasin di­ 
version introduces additional inflow or outflow. De­ 
forestation may decrease evapotranspiration and in­ 
crease runoff. In some drylands regions, runoff has 
been nearly eliminated by diversion and consumptive 
use of streamflow and by the increased use of ground 
water. This decrease in runoff is accompanied by a 
corresponding increase in total evapotranspiration. In 
an area where the water table has been lowering for 
many years, a water budget would have to include the 
change in ground-water storage.

Average annual values of P, L, and R for the Dela­ 
ware River basin were compiled and mapped for the 
30-year period, 1921-50, and may be used instead of 
total values in the simplified budget. Thus, for the 
Delaware River basin:

P=L+R, or

44 inches=23 inches +21 inches.

By converting these figures from inches (measured as 
depth of water over the entire area) to other units of 
annual volume, we obtain:

P=44 inches (30 million acre-feet, or 9.8 trillion
gal) 

L=23 inches (16 million acre-feet, or 5.1 trillion
gal)

#=21 inches (14 million acre-feet, or 4.7 trillion 
gal).
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How much of this water can be used? There is no 
simple answer to this question. Part of R is derived 
from floods of infrequent occurrence and cannot be 
stored economically. A minimum flow must be main­ 
tained in many streams for nonwithdrawal uses, such 
as dilution of wastes, and a part of R must be reserved 
for these purposes. A part of L may be recoverable by 
development of ground-water supplies (or by drainage), 
which lowers the water table and consequently de­ 
creases the evapotranspiration loss from ground water, 
or by changing to land-use practices that result in less 
evapotranspiration. The total effect of ground-water 
developments probably would be small in the Appa­ 
lachian Highlands but might be of considerable impor­ 
tance in the Coastal Plain, if large quantities of water 
were withdrawn.

Withdrawal of water for use does not remove the 
water from the hydrologic cycle. Some of it may be 
returned to streams or ground-water storage and the 
remainder is evaporated or transpired. In some 
drylands regions, the precipitation is approximately 
equal to evapotranspiration, because all streamflow, 
except that from rare floods, has been eliminated.

Better concepts of the water available for use can be 
formulated after studying the separate parts of the 
budget and their variations.

THE GROSS SUPPLY PRECIPITATION

The source of all the water that enters the Delaware 
River region, except for ocean water in bays and es­ 
tuaries, is the precipitation.

CAUSES AND FORMS OF PRECIPITATION

Precipitation occurs when moisture in the atmosphere 
condenses around condensation nuclei to form drops or 
snow crystals that become large enough to fall to earth. 
This process may be modified by ascending and de­ 
scending air currents that cause freezing (or "super­ 
cooling") and result in raindrops or snowflakes, of 
different sizes or in hailstones.

Whatever the nature of the precipitation in the region, 
the primary causes are the movement of moist air 
masses into or over the region, the ascent and cooling 
of the moist air and the formation of clouds, and the 
subsequent condensation. Three processes can cause 
precipitation, according to Blair (1942).

Cyclonic precipitation, the first of these processes, is 
the result of the meeting of masses of air of different 
temperature and moisture content. If cold air moves 
into the basin and forces moist warm air upward, 
precipitation occurs. Such cold masses move into the 
region frequently in wintertime from the northwest or 
west. They meet the warm air which has moved up 
from the Atlantic Ocean or the Gulf of Mexico and

cause rainfall or snow over large areas. In summer, 
the movement of the cold air southward is less pro­ 
nounced, but rainfall may result from warm moist air 
that is moving in from the south or southwest and 
that is being forced upward over a stationary mass of 
cooler air. In this situation too, rainfall can occur over 
extensive areas.

Most of the summer rains, however, are caused by 
a second process, different in origin and much more 
local in character: The surface air, differentially 
heated during periods of hot sunny weather, rises and 
cools, and results in thunderstorms and sometimes 
hailstorms. These storms are often of very high 
intensity and local flooding may follow.

Orographic precipitation, brought about by the third 
process in Blair's classification, follows when moisture- 
laden air is forced upward because of mountain barriers. 
In the mountainous northern part of the basin this 
type of precipitation is of considerable significance, 
but in the southern part of the basin it is of only slight 
significance because of the relatively flat terrain. 
However, even in the Coastal Plain the areas of 
higher elevation generally receive more precipitation 
than the lower adjacent areas; and over the whole 
region rainfall increases on the windward side of the 
higher hills and mountains and decreases on the leeward 
side.

No discussion of the precipitation in the Delaware 
River region can be complete without mentioning the 
effect of hurricanes. Hurricanes Connie and Diane, 
which occurred within a 5-day period in August 1955, 
demonstrated dramatically the flooding that can result 
from the deluge that tropical storms can unload. 
Historically most tropical storms bypass this region, 
but when such storms do reach the area, they usually 
are accompained by very heavy rains.

VARIATIONS IN PRECIPITATION

VARIATIONS IN PLACE

The areal variations in average annual precipitation 
for the period 1921-50 are shown by the isohyetal map 
(pi. 3). The isohyets (lines of equal average precipi­ 
tation) are based on records from 266 stations and on 
the correlation of precipitation with such topographic 
parameters as elevation, distance from a mountain 
barrier, and orientation to prevailing-wind direction. 
The method used is described by Nordenson (Hely, 
Nordenson, and others, 1960). By this method the 
isohyets in mountainous regions can be defined with 
much greater accuracy than was formerly possible. 
Prior to compilation of plate 3, it was not possible to 
make satisfactory estimates of precipitation on drain­ 
age areas in the Catskill Mountains region.
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On plate 3 thin black lines indicate percentage of the 
total annual precipitation falling in the 5-month period, 
May through September the summer or growing 
season. Although the average precipitation varies 
little from month to month, the U.S. Weather Bureau 
discovered a slight but significant increase in percentage 
of summer precipitation from the coast toward the 
interior. Above the Fall Line the growing-season 
precipitation is 47-50 percent of the annual precipi­ 
tation, but below the Fall Line it drops off rather 
steadily and reaches a low of 43 percent in southeastern 
New Jersey.

Although the differences may appear slight, the 
average difference of about 3 inches of summer rain 
between the low and the high percentages is significant.

VARIATIONS IN TIME 

LONG-TERM RECORDS

Average values have a limited usefulness and may 
even be misleading unless additional information about 
the range and distribution of the individual values is 
available. Graphs of annual precipitation and the 
5-year moving averages for long-term records at 
Philadelphia, Pa., and for the average of a group of 
three stations, Albany and New York, N.Y., and 
Philadelphia, Pa., are shown on figure 7. The records 
in this group, obtained from the "Climatic Summaries" 
of the U.S. Weather Bureau, have been checked for 
consistency by double-mass plotting, a correlation 
technique explained in the discussion of runoff records 
(p. 103). On the basis of the double-mass analysis, 
Albany records prior to 1874 were adjusted by a factor 
of 0.857; records for New York City and Philadelphia 
were considered satisfactory. (Records for Baltimore, 
Md., go back to 1817 but comparison with records for 
nearby localities indicates the probability of serious 
errors in parts of the Baltimore record prior to 1871.)

The Philadelphia records show that the annual totals 
of precipitation range from less than 30 to more than 
60 inches and have an overall average of 42.4 inches. 
Periods of wet and dry weather stand out very clearly. 
For example, in the period from 1860 to 1875 the pre­ 
cipitation was well above average, but during the period 
from 1880 to 1895 rainfall was below average for 13 
years and above average for only 3. Sudden changes 
also occur frequently, as shown by the years 1920 and 
1921, with 46 and 36 inches, respectively, and 1953 and 
1954 with 48 and 37 inches.

The graph of the averages of the three stations shows 
less pronounced extremes because the wet periods at 
one station may be accompanied by dry periods at 
another.

Figure 8 shows by means of vertical bars the number 
of years when the annual precipitation at Philadelphia

and the group average were within indicated limits. 
If the occurrence of weather events were entirely a 
matter of chance and if a very large number of years of 
record were available, these bars should follow rather 
closely the normal (Gaussian) distribution indicated by 
the smooth probability curve. It is well known that 
precipitation data, especially for periods shorter than 
a year, are not distributed normally. In this region, 
however, the distribution of annual precipitation is not 
very different from the normal. Consequently, the 
following statistical parameters are approximate meas­ 
ures of dispersion or variation of annual precipitation 
in northeastern United States.

In drylands regions the differences between the actual 
and normal distributions are greater, and these param­ 
eters are not valid as measures of dispersion, although 
they may be of some use as a means of comparing varia­ 
bility of annual precipitation in different regions.

COEFFICIENT OF VARIATION OF ANNUAL PRECIPITATION

The coefficient of variation is derived from a more 
basic statistical parameter, the standard deviation. 
The standard deviation is the most commonly accepted 
and useful measure of dispersion about a mean (average) 
and is defined by the formula

but is usually computed by the more convenient but 
equivalent formula

in which
S= standard deviation
S=summation
^T=an individual value of the variable
n= number of individual values summed
x=an individual deviation, X M 

M=mean value, 2X/n.
If the distribution of the variable is normal, as just 
described, about 68 percent of the values will fall be­ 
tween the limits M S and M+S and about 95 percent 
will fall between M 2S and M+2S. At this point 
the question may be raised concerning the validity of 
using parameters based on the normal distribution, 
when the distribution of annual precipitation may not 
be normal. Many controversial statements have been 
made on the basis of statistical analyses. Nearly all 
these analyses have been made to determine the signifi­ 
cance or nonsignificance of certain events, such as 
rainfall resulting from cloud seeding, usually without 
adequate data for the analyses. The present analysis 
is not concerned with such significance but merely 
attempts to summarize briefly a large mass of statistical 
data and to point to general probabilities of the 
precipitation pattern.
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PHILADELPHIA. PA.

136-year average (1820-1955), 42.4inches

EXAMPLE^ ANNUAL PRECIPITATION 
FOR 1920 WAS 46.6 INCHES. (POINT A)

30 5-YEAR MOVING AVERAGE FOR 1920 
IS 40.9 INCHES, THE AVERAGE FOR THE 
5 YEARS 1916-20 (POINT B)

52

48

AVERAGE FOR THREE STATIONS'

ALBANY AND NEW YORK, N.Y., 
AND PHILADELPHIA,PA.

130-year average (1826-1955), 39.8 inches 

30-year average (1921-50), 39.0inches

        5- year moving average

1820 1840 I860 1880 1900 

CALENDAR YEARS

1920 1940 I960

FIGTJEE 7. Long-term records of annual precipitation in and near Delaware River basin.
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PHILADELPHIA. PA 
Calendar years 1820-1955 

136-year average 42 4 inches

ANNUAL PRECIPITATION, IN INCHES

AVERAGE FOR 3 STATIONS
ALBANY AND NEW YORK, N Y

AND PHILADELPHIA. PA
Calendar years 1826-1955

130-year average 40 5 inches
Standard deviation, 4 65 inches

ANNUAL PRECIPITATION, IN INCHES

FIGUBE 8. Actual and normal distributions of annual precipitation.

The standard deviation tends to vary as the mean 
varies, consequently, it is not satisfactory for comparing 
groups of data with greatly differing means. Relative 
variation is measured by the coefficient of variation 
(£7) which is the standard deviation expressed in 
percentage of the mean: (7=100 S/M. This coefficient 
is useful in studying variations in rainfall and runoff 
independently of the areal variations of-the means. C 
is dimensionless and therefore independent of units 
used. If M and C are known, S can be computed in 
the same units as M. For example, a station with 
mean annual precipitation (M) of 60 inches and stand­ 
ard deviation (S) of 6 inches has a coefficient of variation 
(C) of 10. A station with M=15 inches and #=3 
inches has (7=20. The second station has half as 
much absolute variation as the first, but twice as much 
relative variation.

A study of coefficients of variation of annual precipi­ 
tation at 19 stations in or near the area covered by this 
report was made and the results are summarized in 
table 1. The coefficient (C) was computed for different 
periods depending upon length of record available. 
Records for a 29-year period within the 30-year stand­ 
ard period (1921-50) were considered equivalent to the 
30-year record for this purpose. The values for the

longer periods provide an estimate of the long-term 
value of C.

No areal pattern in the values of C is evident. The 
average coefficient for the 30-year period is 14.7 and the 
range is 11.6 to 19.5. Estimates of C for past periods 
of 50 years or less might be made on the basis of values 
shown for stations nearest the point where a value is 
desired. If the coefficient is 16, about 68 percent of 
the annual amounts can be expected to range from 84 
to 116 percent of mean, and about 95 percent of the 
annual amounts can be expected to range from 68 to 
132 percent of mean. If the coefficient is 20, the limits 
become 80 to 120 percent and 60 to 140 percent, respec­ 
tively. However, because the actual distribution of 
annual precipitation differs somewhat from the normal, 
the error involved in a range of M 2S to M-\-2S is 
much greater than that for M S to M-\-S.

All the foregoing discussion refers to the coefficient 
of variation for a single station. Average precipitation 
over a large area is less variable than precipitation at a 
point. The average of the coefficients for the three 
individual long-term records shown in figure 9 is 14.8, 
but the coefficient for the group average of the same

TABLE 1. Coefficients of variation of annual precipitation at sta­ 
tions in and near Delaware River basin

Station

Albany, N.Y.....   .-      

New York, N.Y  -   .   .. 

Philadelphia, Pa--   -   ... ...

Baltimore, Md...... ....... ....

Port Jervis, N.Y.         

Roxburv, N.Y-__-_-_ __ _ .....

Indian Mills, N.J- -   . ...... 

New Milford, N.J        ..
Plainfleld, N.J_ _._.__. .........

Trenton, N.J.. ___---_-______ _ .

Dover, Del . ._ . _ ... _ .
Wilmington, Del  __ .... -

Period

1921-50
1901-50 
1876-1950 
1851-1950 
1826-1955 
1921-50
1901-50 
1876-1950 
1854-1953 
1921-50
1901-50 
1876-1950 
1851-1950 
1826-1955 
1921-50
1901-50 
1876-1950 
1851-1950 
1820-1955 
1921-50
1901-50 
1876-1950 
1921-49
1895-1949 
1921-50
1890-1950 
1921-50
1922-50
1921-50
1890-1950 
1921-50
1894-1950 
1921-50
1901-50 
1921-50
1921-50
1890-1917 
1919-50 
1921-50
1899-1950 
1921-50
1900-50 
1921-50
1891-1950 
1921-49
1921-49
1894-1949

Years

30
50 
75 

100 
130 
30
50 
75 

100 
30
50 
75 

100 
130 
30
50 
75 

100 
136 
30
50 
75 
29
55 
30
61 
30
29
30
61 
30
57 
30
50 
30
30

} 60 
30
52 
30
51 
30
60 
29
29
56

Mean 
(niches)

33.78
33.23 
34.47 
34.33 
34.74 
42.10
42.96 
41.70 
41.10 
42.02
41.93 
42.80 
42.89 
42.20 
41. S4
42.17 
41.07 
42.42 
42.43 
42.58
42.40 
42.89 
37.66
38.22 
42.14
43.82 
42.53
41.23
40.02
40.97 
47.38
47.22 
45.88
46.75 
43.42
47.68
48.43 
43.39
42.91 
44.46
44.44 
43.24
43.50 
44.81
44.03
44.19

Standard 
deviation 
(inches)

4.31
4.30 
4.91 
5.02 
4.89 
4.94
7.25 
7.26 
6.85 
6.50
5.88 
6.07 
6.27 
6.42 
5.63
5.60 
5.75 
6.36 
6.38 
7.01
6.54 
6.63 
4.69
5.52 
6.57
6.77 
4.92
6.63
5.67
5.83 
7.04
6.94 
6.18
6.16 
5.59
6.34

5.85 
7.50
7.63 
6.56
7.18 
8.41
7.67 
7.99
6.46
6.86

Coeffi­ 
cient of 

variation

12.8
12.9 
14.2 
14.6 
14.1 
11.7
16.9 
17.4 
16.7 
15.5
14.0 
14.2 
14.6 
15.2 
13.7
13.3 
14.0 
15.0 
15.0 
16.5
15.4 
15.5 
12.5
14.4 
15.6
15.4 
11.6
16.1
14.2
14.2 
14.9
14.7 
13.5
13.2 
12.9
13.3
12.1 
17.3
17.8 
14.8
16.2 
19.5
17.6 
17.8
14.7
15.5
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three is 10.8. This may be considered an indication of 
the order of magnitude of the difference between the 
coefficient for an area of several thousand square miles 
and the coefficient for a locality within that area.

MONTHLY PRECIPITATION

The previous discussion has shown that there is 
considerable variation in annual precipitation from 
year to year. The differences for a given month can be 
even larger. A striking example is the difference in 
monthly totals of August 1955 and August 1957. At 
Scranton, Pa., for example, 12.11 inches fell in August 
1955, the larger part of which was due to hurricanes 
Connie and Diane. In August 1957 a total rainfall of 
only 1.38 inches was recorded, as compared with a 
20-year average of 4.08 inches. At Allentown, Pa., 
12.10 inches fell in August 1955 as compared with 1.39 
inches in August 1957 and with a long-term mean of 
4.49 inches. Similarly, the record for Newton, N.J., 
was, respectively, 15.19, 1.30, and 4.66 inches.

Diagrams of maximum, mean, and minimum monthly 
precipitation (fig. 9) illustrate the magnitude of the 
variations that occurred during the standard period 
September 1920 to October 1950, which is used for 
most compilations of runoff data in this report. These 
diagrams also show the relatively uniform distribution 
of mean monthly precipitation throughout the year. 
Summer precipitation is, on the average, slightly 
greater than winter precipitation. Extreme values, 
either high or low, are most likely to occur in the 
summer or fall the seasons of thunderstorms and 
hurricanes. Greater monthly precipitation occurred 
during August 1955 at three of these stations:

Station

Plainfield, N.J.--  -  _--     

Period

1915-1955 
1888-1955 
1870-1955

Precipitation, 
August 1955

Inches

11.59 
15.64 
14.85

Percent of 
average 
annual

27.2 
32.8 
37.3

DROUGHT

Although there is no adequate definition of drought, 
the effects are well known: soils dry out and plants 
wither, small springs and streams cease flowing or are 
reduced to a mere trickle, and major streams decline to 
unusually low flows. Where severe drought continues 
long enough or covers a large enough area, whole 
populations are affected as people leave their drought- 
stricken homelands to seek, a living in other areas the 
vast migration in the 1930's from the "dust bowl" in 
the Great Plains is a recent, well-known example.

Communities, industries, and the native vegetation 
all tend to adapt themselves to the generally prevailing 
or normal conditions of their environment. Thus, any 
extended period with precipitation sufficiently below 
normal to affect the life and culture of an area may be 
considered a drought, even though a similar amount of 
precipitation might be considered abundant moisture 
in a more arid region.

In the Delaware River region, water shortages re­ 
sulting from drought usually occur in summer or early 
fall, because streamflow and ground-water levels are 
normally lowest and the demand for water is highest 
then. However, drought effects that become apparent 
during the growing season may develop from lack of 
precipitation many months earlier; these are the so- 
called "delayed" or "hidden" droughts. Although 
spring and summer rains may be adequate for the 
needs of growing crops, they may provide little or no 
contribution either to streamflow or to ground water. 
For example, in 1930 New York State had 65 munici­ 
palities that were seriously affected by the low stream- 
flow, but crop yields were above normal (Hoyt, 1936, 
p. 35-36); farmers would not recognize such a period 
as being a time of drought, but water-supply operators 
would.

Municipal and industrial water shortages, especially, 
have often occurred because water-supply facilities did 
not keep pace with the needs of growing communities; 
such was the situation in New York City in 1948-49. 
Such water shortages should be carefully distinguished 
from those resulting from droughts.

The low flows of streams in the Delaware River basin 
and southern New Jersey and the frequency of the low 
flows are discussed on page 128. Because of large 
aquifer storage, ground-water supplies from deep wells 
in major aquifers may be unaffected even by lengthy 
droughts, but shallow wells or wells in less extensive 
aquifers having very limited storage may be affected 
adversely by several weeks or months of subnormal 
precipitation.

HYDROMETEOROLOGY OF FLOODS IN DELAWARE RIVER BASIN

By W. W. SWAYNE and C. S. OILMAN (U.S. Weather Bureau) 

Basinwide rain of greater intensity and of more 
critical distribution of time and space than any during 
the meteorological history of the Delaware River basin 
(including the record-breaking August 1955 occurrence) 
may reasonably be expected to occur at some time in 
the future. This occurrence must be considered in 
planning and design. A brief summary of some char­ 
acteristics of basinwide flood situations, considered 
in relation to the factors that control rainfall intensity, 
will provide some insight into the reasons for this 
viewpoint.
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FIGURE 9. Maximum, mean, and minimum monthly precipitation at typical stations.

The water that falls as rain over the Delaware River 
basin is transported into the region by currents of 
moist air blowing perhaps 40 miles per hour from the 
southeast and south and at elevations as high as about 
5,000 feet. The winds pick up their load of moisture 
by evaporation from the south Atlantic Ocean or the 
Caribbean Sea. To fall as precipitation, this moisture 
must undergo intensive lifting with consequent ex­ 
pansion and cooling of the air. The lifting is most 
often associated with situations in which potential

energy is being converted to the kinetic energy of the 
winds. Such a conversion may result when warm air 
rises and cold air nearby sinks or when the air aloft 

very cold relative to that at the surface. Theis
first situation is illustrated by the storms, popularly 
called "northeasters," that form off the Atlantic coast, 
and the second by hurricanes and other tropical storms. 

The hurricanes that deliver heavy rainfall to the 
basin usually form over the Atlantic Ocean between 
the Antilles and the Cape Verde Islands. They first
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move westward, then turn northward, and strike 
the Delaware River basin from the south. One hur­ 
ricane may follow another within a few days. For 
example, the rainfall from hurricane Connie occurred 
on August 14-15, 1955, and was followed by rainfall 
from hurricane Diane on August 18. It is possible 
that the time interval could be even shorter. The rain­ 
fall from the second storm could also occur farther 
downstream than that from the first, and thus make 
a more critical hydrologic sequence.

The rainfall connected with a hurricane is not 
necessarily associated with any one part of the storm. 
The rainfall of a young storm in a more tropical lo­ 
cation is commonly located close to the path. If the 
storm moves into more temperate latitudes and weak­ 
ens, the rainfall may spread out well ahead of the storm 
and to the right of the storm's path. However, 
even here there may be two general areas of rainfall, 
one well ahead of the storm and one near the center. 
These areas of rainfall may change from tune to time 
during the life of the storm. Thus, even within a 
single storm, it would be possible to have a heavy- 
rainfall sequence in which one burst would occur up­ 
stream on the rivers and then again farther downstream 
within the same day. This situation is illustrated to 
some extent by hurricane Diane which delivered rain 
over New York and northeastern Pennsylvania on 
August 17, and early on August 18 but over east- 
central Pennsylvania, farther south, later on August 18.

The intensity of rainfall associated with winter and 
spring floods is completely overshadowed by the tropical 
storms in summer. The most noteworthy spring occur­ 
rence was a storm in March 1936 which delivered rain­ 
fall for 36 hours (amounting to less than one-third of 
that associated with hurricane Connie, August 12-16, 
1955) on a snowpack in the basin. Another noteworthy 
occurrence was that of March 1904, when ice jams pro­ 
duced the highest water levels of record at several points 
on the Delaware River, a situation in which a pro­ 
nounced warm spell after many weeks of unusually cold 
weather, rather than any excess of precipitation, caused 
the flooding.

Hydrologic factors, particularly infiltration rate and 
water-equivalent of snow on the ground, are of consid­ 
erable significance in affecting flood intensity. Though 
the volume of rain ranks among the top five for the 
basin as a whole, the floods on the Delaware River asso­ 
ciated with hurricane Connie were inconsequential, 
largely because a long drought preceded the rain. The 
rains associated with Diane about 4 days later were only 
slightly more intense, but they resulted in the record- 
shattering floods of August 19-20.

Plainly, the occurrence of high rates of rainfall in a 
basin are not solely dependent on either the position of 
the storm tracks with respect to the basin nor on the 
original location of the storm circulation.

DISPOSITION OF PRECIPITATION

The precipitation that reaches the ground within a 
particular region leaves as streamflow, ground-water 
outflow, evaporation, transpiration, or diversion to an­ 
other region. A large part of the total streamflow may 
occur within brief periods after storms or snowmelt, or 
the streamflow may be well sustained even through long 
dry periods. The mode of outflow, the streamflow 
characteristics, and the availability of water in the soil 
and aquifers all depend on weather and on climatic, 
physical, and cultural characteristics of the region.

Prevailing temperatures may determine the type of 
precipitation (rain or snow), cause snow to melt, influ­ 
ence evapotranspiration, decrease absorptive capacity 
(infiltration capacity) of the soil by freezing, increase 
infiltration capacity by alternate freezing and thawing, 
and influence water use. The intensity and duration 
of rainfall may be such that the infiltration capacity of 
the soil, the drainage capacity of the subsoil, or the 
storage capacity of shallow aquifers is exceeded and the 
excess must run off as overland flow. Steep slopes 
cause rapid runoff. Unfilled permeable aquifers pro­ 
vide storage space to absorb precipitation, and aquifer 
discharge sustains fair-weather flow of streams. Land 
use influences infiltration capacity and evapotranspira­ 
tion. Urban and industrial development affect infiltra­ 
tion capacity of parts of the region and influence water 
use and diversion. There can be no simple relation 
between precipitation and the various modes of outflow, 
except possibly on a basis of long-term averages.

NATURAL WATER LOSS EVAPO TRANSPIRATION

Evapotranspiration, the discharge of vapor to the 
atmosphere, continues as long as moist surfaces are 
exposed to the atmosphere or moisture is available to 
living plant roots. The rate depends chiefly on the 
following factors (not arranged in any order of impor­ 
tance): (1) exposed area of moist surfaces and water 
surfaces, (2) vegetational cover, (3) relative availability 
of moisture to plant roots, (4) humidity, (5) tempera­ 
ture, (6) winds, and (7) duration and intensity of 
sunshine.

The section on climate (p. 6-8) includes a discussion 
of air temperature and its variations and indicates the 
amount of seasonal variation in potential evapotranspi­ 
ration. Quantitative measurements of evapotranspira­ 
tion from large areas, such as the Delaware River basin, 
are not possible. Consequently, the best estimates are 
usually obtained by computing average annual water 
loss (L in the simplified water budget, p. 13-15) and by
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making allowances, if necessary, for effects of ground- 
water inflow and outflow.

Although ground-water divides may occur very close 
to, or coincide with, topographic divides, particularly in 
hilly and mountainous areas such as most of the Appala­ 
chian Highlands, in some places the two divides may be 
a considerable distance apart. In the flat terrain of the 
Coastal Plain an intense local rain might cause a 
temporary shift of several miles in the ground-water 
divide. Figure 10 presents some examples of situations 
where the topographic and ground-water divides do not 
coincide and where ground-water outflow might bypass 
a stream-gaging station.

TOPOGRAPHIC AND SURFACE-WATER DIVIDE

NOTE'
NOT TO SCALt
ARMWS NOT QUANTITATIVE

GROUND-WATER DIVIDE

'////" l^^^Seo lever

' . <     / V//

OROUND-WATER DIVIDE, ARTESIAN AQUIFER (B)  

TOPOGRAPHIC AND SURFACE-WATER DIVIDE  
NOTE
NOT TO SCALE
ARROWS NOT QUANTITATIVE

FIGURE 10. Examples of situations where topographic and ground-water divides 
do not coincide.

Average annual water loss for the standard period, 
1921-50, was computed for the Delaware River basin 
and all New Jersey; the results are presented on plate 4 
and in table 23. The isograms on this map are based on 
computed losses from the area above each gaging 
station and between gaging stations on the same stream 
and are adjusted where advisable to be compatible with 
the data from the precipitation map (pi. 3) and the run­ 
off map (pi. 12). Comparison of the water-loss map 
with the precipitation and runoff maps shows that the 
pattern of isograms on the precipitation and runoff 
maps are similar, but the pattern of equal-loss lines is 
strikingly different.

The water losses range from 18 inches over the higher 
part of the Catskill Mountains to 30 inches west of the 
Delaware Bay. One area of low losses (20 inches or 
less) lies mostly in Passaic County, N.J., but extends 
into Orange County, N.Y. From this low-loss area 
northwestward there is a steep increase to 25 inches in a 
long narrow strip extending through the Pequest Kiver 
basin in Sussex County, N.J., and then into New 
York beyond Middletown. Another area of high loss 
(27 inches) centers around Allentown and Bethlehem, 
Pa., in the Great Valley.

Some of the water-loss differences can be explained 
easily. The steep hills and mountains of the Appa­ 
lachian Plateaus, with their shallow soils, absorb and 
hold little water; a large part of the precipitation runs 
off rapidly, and there is therefore comparatively little 
opportunity for evapotranspiration. The high losses 
around Allentown and Bethlehem and also those in the 
strip in Sussex County, N.J., probably are caused by 
the limestone aquifers and deep residual limestone soils 
that absorb water readily, cause increases in evapo­ 
transpiration, and permit significant amounts of ground- 
water outflow.

Generally thin soils overlie gneissic bedrock in the 
area of low water loss in Passaic County and cause 
rapid runoff (Rogers and others, 1951). The higher 
losses along the coastal areas and around Delaware Bay, 
on the other hand, are the result of higher temperatures, 
greater water-holding capacity of the soil, flatter 
terrain, and probably of ground-water outflow.

In general, the water losses indicated for areas within 
the Appalachian Highlands are approximately equal to 
the evapotranspiration from those areas, except for a 
few limestone valleys where considerable ground-water 
outflow may be included in the loss and some areas in 
northeastern New Jersey where large withdrawals of 
ground water influence the computed loss.

In the Coastal Plain ground-water outflow from most 
areas is probably appreciable. Losses are believed to 
exceed evapotranspiration by about 2 inches on the 
average, but in some areas the difference is much 
greater.

The average annual water loss in the Delaware River 
basin is about 15.6 million acre-feet, or 5.1 trillion 
gallons.

EVAPORATION FROM FREE WATER SURFACES

Evaporation from standard class-A pans has been 
measured by the U.S. Weather.Bureau for many years. 
The measurements multiplied by a coefficient (usually 
about 0.70) were commonly accepted as good estimates 
of the evaporation from all water surfaces. Recent and 
current investigations, however, have added much to 
the understanding of evaporation, and it is now known
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that the simple procedure just described is not adequate 
except for shallow-water bodies or for averages of a year 
or several years.

Temperature of the water surface is one of the factors 
controlling evaporation rates. When the water surface 
is cooler than the air, some of the incoming heat energy 
is absorbed through evaporation and some warms the 
water and is temporarily stored there. When the 
water surface is warmer than the air, the water cools 
and releases some of the stored energy to supplement 
incoming energy in causing evaporation.

The heat-storage capacity of water in evaporation 
pans is negligible because of their small size. The 
storage effect of most shallow-water bodies is con­ 
siderably greater, but the daily (or monthly) tempera­ 
ture of such bodies tends to be about equal to the 
corresponding air temperature. Deep-water bodies 
change temperature much more slowly and to not 
reach the extremes that air temperature does. Conse­ 
quently, heat storage in deep-water bodies is important 
in calculating monthly and seasonal evaporation rates. 
During the annual cycle of temperature change the 
heat energy released by the water tends to balance the 
heat absorbed; thus the annual evaporation from deep 
water is about the same as from shallow water.

Investigations at Lake Hefner, Oklahoma City, 
Okla. (Kohler, 1954, p. 136-137) resulted in the develop­ 
ment of a formula which makes it possible to compute 
evaporation from meteorological factors observed at 
first-order weather stations. Data from cooperative 
weather stations may be used in conjunction with those 
from first-order stations to supplement the network. 
This method was used by the U.S. Weather Bureau to 
compute evaporation at 72 stations in the Delaware 
River basin and in New Jersey, including 12 first-order 
stations and also including those where pan evaporation 
was observed. The agreement between computed and 
observed evaporation was satisfactory at all stations.

The results of these computations are shown on the 
map of mean annual evaporation (fig. 11). The indi­ 
cated evaporation for most areas is probably within 
10 percent of actual evaporation, although some 
generalization or smoothing of the isograms was 
necessary.

The map shows a general decrease in evaporation 
ranging from 37 inches in the south to 28 inches over 
the Appalachian Plateaus. No correlation is apparent 
between the pattern of isograms and the detailed topog­ 
raphy of the area, but the general decrease toward 
the north is undoubtedly due to lower temperatures 
resulting from the combination of higher elevation and 
more northern latitude.

The lines of equal evaporation" from lakes differ con­ 
siderably from the lines of equal water loss, not only

because they were drawn from data based on different 
principles, but also because the loss from land areas is 
affected by a greater number of influences than the 
evaporation from open water.

Nonetheless, in general, there is only a slight range in 
the difference between annual water loss and evapora­ 
tion from free water surfaces. This difference is about 
9 inches in the hills and mountains north of Blue 
Mountain and Kittatinny Mountains, is just south of 
the 30-inch line on figure 11, and averages 8 inches 
along the 34-inch evaporation line.

Figure 11 also shows the percentage of the annual 
evaporation from shallow-water bodies that takes 
place during the growing season (May through Sep­ 
tember). It ranges rather uniformly from 65 percent 
in the southern part to 73 percent in the northern part. 
The smaller percentage of winter evaporation in the 
northern part of the area is a result of the prevalence 
of lower temperatures and ice cover.

The heat storage in deep-water bodies causes the 
actual evaporation from such bodies to be less than 
that indicated by the map for the growing season and 
larger than that indicated for the nongrowing season.

As a part of the Geological Survey's Delaware River 
basin hydrologic investigation, J. Stuart Meyers made 
a detailed study to determine the mean annual volume 
of evaporation in the basin and in New Jersey east of 
the basin. Meyers used the latest topographic maps 
to determine the surface areas of fresh-water bodies 
and of permanently wet swamps. The accuracy was 
limited, however, for several reasons:

1. Some areas were mapped only on 15-minute quad­ 
rangles at 1:62,500 scale, and the maps are not 
up to present standards of accuracy. Such maps 
may not show swamp areas adequately. For ex­ 
ample, on the map available to Meyers, Manantico 
Creek basin in New Jersey is shown with 0.15 
square mile of swamp, but on the map issued since 
Meyers' study was made the area shown as swamp 
is 1.7 square miles. Doubtless there are nu­ 
merous other situations where similar errors may 
have occurred.

2. Areas of lakes, ponds, and reservoirs were taken di­ 
rectly from maps; no adjustment was made to 
obtain average pool areas.

3. Areas in cranberry bogs are included in total swamp 
areas.

4. Lengths and widths of permanent streams could not 
always be determined accurately, especially on 
the 1:62,500 quadrangle maps. For larger 
streams, average widths were carefully measured 
on the maps; for many small streams it was com-
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monly necessary to estimate width on basis of 
tributary drainage area, flow regimen, and general 
knowledge of the geographic setting of the streams 
under consideration.

Evaporation rates used are shown in figure 11. 
Meyers' study indicates that lakes, reservoirs, and 

ponds cover only 53,000 acres of the approximately 
8,170,000 acres in the Delaware River basin. This 
area amounts to about 0.6 percent of the area of the 
basin from which an average of 135,000 acre-feet of 
water evaporates annually. Swamps cover about 
94,000 acres in the basin, which is approximately 1.2 
percent of the area; the average annual evaporation 
from these swamps is 251,000 acre-feet. Perennial 
streams have a total surface area in the basin of about 
41,000 acres, or 0.5 percent. From the surface of these 
streams the computed annual average evaporation is 
107,000 acre-feet. The total area of fresh-water surface 
in the basin is about 188,000 acres, or 2.3 percent 
and the average annual evaporation is 493,000 acre- 
feet, or about 3.2 percent of the water loss. The total 
fresh-water area in New Jersey east of the basin is 
about 217,000 acres, or 7 percent of the total land area, 
and the average annual evaporation is 618,000 acre-feet. 

The parts of these losses that occur during the growing 
season can be estimated from figure 11 if consideration 
is given to the extent of deep-water bodies and to heat 
storage.

The quantity of water lost by evaporation from ex­ 
posed-water surfaces in the Delaware River basin is less 
than 2 percent of the total precipitation in the basin and 
less than 4 percent of the total runoff. Losses by evap­ 
oration from water surfaces alone are relatively insig­ 
nificant in comparison to the total of the water resources 
of the basin. Nevertheless, the loss from individual res­ 
ervoirs may be a serious problem to the users.

Results of this study are summarized in greater detail 
in table 2, pages 26-30.

TRANSPIRATION

Transpiration is the method by which moisture from 
living cells of plants and animals is returned to the 
atmosphere. However, transpiration by animals 
(vapor discharge by perspiration and respiration) is 
such a small fraction of the total that it is usually 
neglected in water budgets, and only plant transpira­ 
tion is usually considered.

In a sense each plant is a water pump. Actuated by 
the sun's energy, plants withdraw water from the ground 
through their roots and discharge the excess water 
chiefly through their leaves. Consequently, trans­ 
piration occurs during the daylight hours. Transpira­ 
tion also fluctuates seasonally; it is lowest in the winter 
when plants are dormant or dead and highest during 
the growing season when plant activity is at its greatest.

Direct measurement of transpiration over large areas 
is not possible; indeed, measurement of transpiration 
even on small controlled plots is difficult. Moreover, 
evaporation from land and water surfaces and trans­ 
piration from the associated plant assemblages are not 
easily separated; therefore, in the study of vapor dis­ 
charge from land areas it is usually evapotranspiration 
rather than transpiration that is measured.

In some field studies the evapotranspiration loss from 
shallow aquifers can be estimated from an analysis of 
continuous water-level records of wells tapping these 
aquifers, and in some places, especially in the drylands, 
the effects of evapotranspiration on streamflow can 
be determined by analysis of meteorological and 
hydrologic data. In the Delaware River basin it 
has not been possible to make such estimates.

RUNOFF AND THE WATER CROP

"Runoff," the third term in the simplified water 
budget mentioned on page 14, is discussed in consider­ 
able detail on pages 103-121. From such a simple budg­ 
et it is commonly inferred that average annual runoff 
represents the potentially usable yearly water supply, 
or the theoretical annual water crop. Certainly, R 
is the only potentially manageable part of the water 
cycle, and it is from this that all man's water needs 
must be met.

The term "water crop" is commonly used for either 
total stream discharge or water yield, which includes 
net ground-water outflow. Such a concept, however, 
is oversimplified for it does not take into account the 
fact that part of the discharge (R) may not be recovera­ 
ble for use and that part of the natural evapotranspira­ 
tion may be recoverable. Nevertheless, the water 
crop is most useful as an aid in estimating the safe 
water development of a basin.

The term "water crop" is here defined as the water 
from streams and aquifers that annually may be used 
by man, provided that long-term withdrawals do not 
exceed long-term replenishment. Floodwaters that are 
not stored for future use are wasted and therefore are 
not a recoverable part of the water crop. In addition 
to natural limitations, man places his own limitations on 
the water that can be used. Usually a large part of 
the water withdrawn returns to streams or aquifers after 
use and may be withdrawn again. Water diverted to 
another basin does not return to the basin of its origin 
and is therefore equivalent to water used consump­ 
tively, at least so far as the basin of origin is concerned.

The quantity of water available for withdrawal de­ 
pends on many variable and partly interrelated factors 
among which are: (1) weather and climate; (2) physical, 
characteristics of the drainage basins involved; and

713-196
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TABLE 2. Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Delaware, New Jersey, Pennsyl­ 
vania, and southeastern New York for water years 1921-50

TABLE COMPILED BY J. STUART METERS
[Areas of salt marshes, bays, and portions of streams that are subject to tidal influence have not been included; thus, Delaware estuary is excluded. Figures are obtained by 

measurement and computation to nearest acre and acre-foot. They should be rounded to not more than 2 significant figures for small areas and 3 significant areas for large 
areas]

Index 
No. 

(pl.10; 
table 
22)

4

8 

10

31

78 

79

80 
81

82 

83

84

85

Drainage area subdivision 1 
(stream and place)

Walkill River above Pellets

New Jersey coastal area tribu­ 
tary to Hudson River.. . ...

Total Walkill River and 
New Jersey coastal area 
above Hackensack-Pas-

Hackensack River above New 
Milford, N.J... __.__.__    .

Hackensack River, New Mil- 
ford to mouth... _ .........

Total Hackensack River.. 
Passaic River above Chatham,

N.J...........................
Passaic River, Chatham to

Total Passaic River 
above Pompton River.. 

Ramapo River above Pequan-

Pequannock River above Ram-

Pompton River, below Ramapo 
and Pequannock Rivers .... 

Total, Pompton River 
above Passaic River .... 

Total Pompton and Pas­ 
saic Rivers at their

Passaic River below Pompton 
River and above Paterson, 

N.J............... ..........
Total, Passaic River

Passaic River, Paterson to

New Jersey coastal area be­ 
tween Hackensack-Passaic

South Branch Raritan River 
above North Branch Raritan. 

North Branch Raritan River 
above South Branch Raritan.. 

Raritan River below North and 
South Branches and above

Raritan River, Bound Brook

New Jersey coastal area   Rari­ 
tan River to Asbnry Park .... 

New Jersey coastal area   As- 
bury Park to Seaside Park. ... 

New Jersey coastal area  Sea­ 
side Park to Atlantic City .... 

New Jersey coastal area- 
Atlantic City to Cape May.. . 

Total New Jersey coast   
Raritan River to Cape

Total for State of New 
Jersey exclusive of area 
draining to Delaware 
River and Delaware Bay. 

East Branch Delaware River 
above Margaretville, N.Y. ... 

Plattekill above Dunraven, 
N.Y.... ......

Mill Brook above Arena, N.Y.. 
Tremper Kill above Shaver- 

town, N.Y...................
Terry Clove Kill above Pepac- 

ton, N.Y.....................
Fall Clove Kill above Pepac- 

ton, N.Y..... ................
Coles .Clove Kill above Pepac- 

ton, N.Y.....................
East Branch Delaware River 

below 78-84 and above 
Downsville, N.Y .............

ware River above 
Downsville . _ .

Evap. 2 
rate 

(in. per
yr)

31.6 

34.2

33.9 

34.1

33.1 

33

33.1 

32.5 

33.2

33.5 

33.8

34 

32 

32.4

34 

34.2

34.7 

35 

35.3 

35.6

29

28.6 
29

28.3

28 

28.2 

28.2

28.5

Water surface areas * (acres)

Lakes

3,513 

38

3,551 

1,402 

60

138

3,801

3,939 

2,391 

7,869 

184

10, 444 

14,383 

325

14,708 

362
    15,070

434

504 

306

605 

952

551 

1,008 

3,549 

1,798

6,906

29, 790 

63

2
0

4 

0 

11 

0

52

132

Swamps

7,656 

362

8,018 

2,927 

555

5,820 

12, 596

18, 416 

3,248 

2,105 

1,097

6,450 

24, 866 

817

25,683 

1,750

991 

168 

655

2,407 

3,820

812 

10,988 

37,023 

23,280

72, 103

119, 077 

32

0 
2

5. 

9 

0 

0

0

48

Streams

955 

7

962 

148 

48

266 

744

1,010 

254 

318 

138

710 

1,720 

285

2,005 

944

156 

651 

463

818 

737

182 

661 

1,138

548

2,529

9,461 

185

41 
24

22 

9 

11 

5

430

727

Total

12, 124

407

12,531

4,477 

663

6,224 

17, 141

23, 365 

5,893 

10, 292 

1,419

17,604 

40,969 

1,427

42, 396 

3,056

1,581 

1,323

1,424

3,830 

5,509

1,545 

12, 657 

41, 710 

25, 626

81,538

158, 328 

280

43
26

31

18 

22 

5

482

907

Volume of water evaporated (acre-ft per yr)

Lakes

9,250 

108

9,358 

3,960 

171
A 191

380 

10, 455

10,835 

6,600 

21,330 

509

28, 439 

39, 274 

908

40, 182 

1,020

1,230 

1,344 

826

1,715 

2,715

1,594 

2,940 

10, 440 

5,332

20, 3 06

82,827 

152

5 
0

9

0 

26 

0

124

316

Swamps

20, 180 

1,032

21, 212

8,265 

1,578

16, 060 

34, 610

50,670 

8,960 

5,700 

3,033

17,693 

68,363 

2,281

70,644 

4,930
7H C74

2,810 

448 

1,770

6,825

10,885 
     19,928

2,348 

32, 070 

108,850 

69, 070

212, 338

341, 705

77

0
5

12 

21

0 

0

0

115

Streams

2,515 

20

2,535 

418

136
'(f/i

734

2,046

2,780 

701 

861 

382

1,944 

4,724 

796

5,520

2,659
8 170

442 

1,737 

1,250

2,320

2,100 
    7,407

526 

1,930 

3,348 

1,626

7,430

26,547 

447

98
58

52 

21 

26 

12

1,022

1,736

Total

31,945 

1,160

33, 105 

12, 643

1,885 
     14, 528

17, 174 

47, 111

64,285 

16, 261 

27, 891 

3,924

48,076 

112,361 

3,985

116, 346

8,609 
1°1 955

4,482 

3,529 

3,846

10,860

15, 700 
33,935

4,468 

36, 940 

122, 638 

76,028

240, 074

451, 079 

676

103 
63

73

42 

52 

12

1,146

2,167

See footnotes at end of table.



THE WATER SUPPLY 27

TABLE 2. Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Delaware, New Jersey, Pennsyl­ 
vania, and southeastern New York for water years 1921-50 Continued

Index 
No. 

(pl. 10; 
table 
22)

86 

87

89

91 

92

93

95 

96

97

100 

102 

103

104

106

107

109

110 

111

112

Drainage area subdi vision 1 
(stream and place)

East Branch Delaware River 
below Downsville and above 
Harvard, N.Y. .......... .....

Total East Branch Dela­ 
ware River above Har-

Beaver Kill above Turnwood, 
N.Y..........................

Beaver Kill below Turnwood 
and above Craipie Clair, N.Y. 

Willowemoc Creek above De- 
Bruce, N.Y........ ..........

Willowemoc Creek below De- 
Bruce and above Livingston

Little Beaver Kill above Liv-

Beaver Kill below upper pages 
and above Cooks Falls, N.Y.. 

Total Beaver Kill above

East Branch Delaware River 
below upper gages and above
Fishs Eddy, N.Y.............

Total East Branch Dela­ 
ware River above Fishs 
Eddy......... ..........

East Branch Delaware River 
below Fishs Eddy and above 
junction with West Branch 
Delaware at Hancock, N.Y.. 

Total East Branch Dela­ 
ware above junction 
with West Branch......

West Branch Delaware River 
above Delhi, N.Y...    ...

Little Delaware River above 
Delhi, N.Y..... ..............

West Branch Delaware River 
below 95 and 96 and above 
Walton, N.Y.. .......- 

Total West Branch Dela­ 
ware River above Wal-

Trout Creek above Cannons- 
ville, N.Y. ...................

Cold Spring Brook above 
China, N.Y.         

Oquaga Creek above Deposit, 
N.Y..........................

West Branch Delaware River 
below upper gages and above 
Hale Eddy, N.Y. ............

Total West Branch Dela­ 
ware River above Hale

West Branch Delaware River 
below Hale Eddy and above 
junction with East Branch 
Delaware River... ...........

ware above junction 
with East Branch. . .... 

Total East and West 
Branches Delaware 
River..-..-.-- __ .....

Delaware River below Branches 
and above Callicoon Creek.. 

Callicoon Creek above Calli­ 
coon, N.Y ....................

Callicoon Creek, Callicoon to

Tenmile Creek above Tusten, 
N.Y             

Delaware River below upper 
points and above Barryville, 
N.Y. . . .    .   

Delaware River below Barry­ 
ville and above Lackawaxen 
River.... __________ ...

Total Delaware River 
above Lackawaxen 
River..................

West Branch Lackawaxen 
River above Prompton, Pa. 

Dyberry Creek above Dyberry, 
Pa__... .... --...     -.._

Lackawaxen River below 110- 
111 and above Honesdale, Pa 

Total Lackawaxen River 
above Honesdale.

Evap. 2 
rate 

in. per
yr)

28

29.2 

28.7 

29.3

29 

29.2 

28.6

28

27.5

28 

28.2

27.5

27 

27 

27

27 

27.5

28 

28.8 

28.5 

29

28.6 

29.2

27.8 

28 

28.2

Water surface areas 3 (acres)

Lakes

10

142 

165

78 

277

130 

204 

201

1,055 

229

1,426 

45

1,471 

113 

89

9

211 

11

0 

106

179

507 

434

941

2,412 

1,103 

356 

0 

300

1,121

5,292 

308

5,600 

652 

374

755

1,781

Swamps

0

48 

29 

14 

167

130 

61 

212

613

58

719 

45

764 

45 

6

22

73

5 

5 

6

138

227 

227

454

1,218 

663 

880 

0 

848

1,887

5,496 

100

5,596 

304 

514

558

1,376

Streams

342

1,069

54 

85 

64

48 

18 

187

456 

458

1,983 

465

2,448 

224 

66

386

676 

66 

1 

76

1,072

1,891 

391

2,282

4,730 

1,594 

110 

9

68

1,210

7,721 

152

7,873 

109 

85 

134

328

Total

352

1,259 

248 

177 

508

308 

283 

600

2,124 

745

4,128 

555

4,683 

382 

161

417

960

82 

6 

188

1,389

2,625 

1,052

3,677

8,360 

3,360 

1,346 

9 

1,216

4,218

18,509 

560

19, 069 

1,065 

973

1,447

3,485

Volume of water evaporated (acre-ft per yr)

Lakes

23

339 

402 

187 

676

314 

496 

479

2,554 

535

3,428 

103

3,531 

264 

209

21

494 

25 

0 

239

403

1,161 

995

2,156

5,687 

2,575 

854 

0 

725

2,672

12, 513

750

13, 263 

1,511

873 

1,775

4,159

Swamps

0

115 

71 

33 

408

314 

148 

505

1,479 

135

1,729 

103

1,832 

105 

14

50

169 

11 

11 

14

311

516 

520

1,036

2,868 

1,547 

2,112 

0 

2,049

4,497

13, 073 

243

13, 316 

704 

1,199 

1,311

3,214

Streams

798

2,534 

131 

203 

156

116 

44 

446

1,096 

1,069

4,699 

1,066

5,765 

523 

155

885

1,563 

148 

2 

171

2,413

4,297 

896

5,193

10,958 

3,719 

264 

21 

164

2,883

18,009 

370

18, 379 

252 

198 

315

765

Total

821

2,988 

604 

423 

1,240

744 

688 

1,430

5,129 

1,739

9,856 

1,272

11,128 

892 

378

956

2,226 

184 

13 

424

3,127

5,974 

2,411

8,385

19, 513 

7,841 

3,230 

21 

2,938

10, 052

43,595 

1,363

44,958 

2,467 

2,270 

3,401

8,138

See footnotes at end of table.
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TABLE 2. Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Delaware, New Jersey, Pennsyl­ 
vania, and southeastern New York for water years 1921-50 Continued

Index 
No. 

(pl. 10; 
table 

22)

114

116

120

121 

124

128

130 

132 

133

135

140 

143

145 

145

148

149 

150 

152

Drainage area subdivision 1 
(stream and place)

Middle Creek above Hawley, 
Pa-...  --------------- .

Lackawaxen River below upper 
gages and above Hawley, Pa. 

Wallenpaunack Creek above 
Wilson ville, Pa... . .   .   ..

Lackawaxen River below upner 
gages and above junction 
with Delaware River. - - -   - 

Total Lackawaxen River. 
Mongaup River above Mon-

Delaware River below upper 
points and above Port Jervis, 
N.Y.    --.-       

Total Delaware River

Neversink River above Halls 
Mills, N.Y.---------- .--.

Neversink River below Halls 
Mills and above Neversink. 
N.Y..              

Neversink River below Never­ 
sink and above Woodbourne. 
N.Y-.---    -------------

Neversink River below Wood- 
bourne and above Oakland
Valley, N.Y.-   ----------

Neversink River below Oak­ 
land Valley and above Go- 
deffroy, N.Y _ __-      

Total, Neversink River

Delaware River below upper 
gages and above Tri-State 
Rock.---------.---------  

Total Delaware River 
above Tri-State Rock... 

Delaware River below Tri- 
State Rock and above Mon­ 
tague, N.J.. ------------ __--

Total Delaware River

Bush Kill above Shoemakers, 
Pa_-. --------------------

Flat Brook above Flatbrook- 
ville, N..T.-   -  .__ .---

Delaware River and Flat Brook 
below upper gages and above 
their junction at Wallpack 
Bend.- ----------------------

Total Delaware River 
above Wallpack Bend 

McMichaels Creek above

Brodhead Creek below 135 and 
above Minisink Hills, Pa _ - 

Delaware River below upper 
points and above Delaware 
Water Gap.--               

Total Delaware River 
above Delaware Water 
Gap   -.   .      

Paulins Kill above Blairstown, 
N.J_-_ _ --       .--

Pequest River above Hunts- 
ville, N.J.    __    .     

Pequest River below 140 and 
143 and above Pequest, N. J. 

Beaver Brook above Belvidere, 
N.J-.                 

- Delaware River below upper 
points and above Belvidere, 
N.J- ___---__   .   _- ...

Total Delaware River 
above Belvidere----   

~ Delaware River below Belvi­ 
dere and above Lehigh River 

Total Delaware River 
above Lehigh River. . - 

Lehigh River above Stoddarts- 
ville, Pa.--.--.- --. -----

Lehigh River below Stoddarts- 
ville and above Tannery, Pa 

Total Lehigh River above

Dilldown Creek above Long 
Pond, Pa.-   ..    __ ..

Wild Creek above Hatchery, 
Pa....  ....................

Pohopoco Creek below 152 and 
above Parry ville. Pa.... ....

Evap. z 
rate 

in. per
yr)

28.3

28.5 

28.6

29 

29.5 

29.5

29.8 

29.5 

29.8 

30.1 

30.7

30.6

30.2

29.6 

30.5

30

30 

29.6

30.2

30.8 

31.3 

31.2 

30.8

30.6 

30.7

28.9 

29.2

29.6 

29.9 

30

Water surface areas > (acres)

Lakes

558 

164 

8,106

549
    11, 158 

2,385

2,079

21,222 

20

5 

2 

1,717 

632 .

2,376 

370

23,968 

99

24, 067 

1,508 

237

1,262

27, 074 

196 

659

369

28,298 

2,167 

399 

253 

129

426

31, 672 

144

31,816 

956 

2,044

3,000 

0 

2 

9

Swamps

1,224 

352 

4,395

1,229

2,278 

6,009

22,459 

0

0 

65

62 

72

199 

154

22,812 

697

23,509 

4,097 

458

3,981

32,045 

5 

1,397

401

33,848 

2,786 

474 

2,186 

584

506

40,384 

243

40,627 

3,211 

6,521

9,732 

0 

37 

13

Streams

107 

173 

251

408

371

1,458

10,969 

98

80 

65 

317 

154

714

269

11, 952 

387

12,339

178 

140

1,265

13,922 

130 

339

966

15, 357 

212 

28 

151

55

1,104

16,907 

1,068

17, 975 

12 

460

587 

1 

12 

138

Total

1,889 

689 

12, 752

2,186

5,034 

9,546

54,650 

118

85 

132 

2,096 

858

3,289 

793

58,732 

1,183

59, 915 

5,783 

835

6,508

73,041 

331 

2,395

1,736

77,503 

5,165 

901 

2,590 

768

2,036

88,963 

1,455

90,418 

4,294 

9,025

13, 319

1 

51 

160

Volume of water evaporated (acre-ft per yr)

Lakes

1,316 

390 

19, 315

1,327

5,865 

5,110

50,745 

49

12 

5 

4,305 

1,616

5,987 

944

57,676 

249

57,925 

3,720 

603

3,155

65,403 

490 

1,625

929

68,447 

5,560 

1,041 

658 

331

1,087

77,124 

369

77, 493 

2,304 

4,975

7,279 

0 

5 

22

Swamps

2,886 

836 

10,480

2,969 
, on ^fti

5,600 

14,780

54,081 

0

0 

162

156 

184

502 

392

54,975 

1,755

56,730 

10, 110 

1,165

9,960

77,965 

13 

3,445

1,009

82,432 

7,155 

1,237

,5,684 

1,500

1,291

99,299 

621

99,920 

7,736 

15, 870

23,606 

0 

92 

32

Streams

252 

410

598

986 
    3,011

912 

3,583

25,885 

243

197 

162 

795 

394

1,791 

686

28,362 

974

29,336 

439 

356

3,160

33,291 

325

836

2,432

36,884 

544 

73 

392 

141

2,817

40,851 

2,732

43,583 

306 

1,120

1,426 

3 

30 

345

Total

4,454 

1,636 

30,393

5,282
AC\ <w\q

12,377 

23,473

130, 711 

292

209 

329 

5,256 

2,194

8,280 

2,022

141, 013

2,978

143,991 

14, 269 

2,124

16, 275

176, 659 

828 

5.906

4,370

187, 763 

13, 259 

2,351 

6,734 

1,972

5,195

217,274 

3,722

220, 996 

10, 346 

21,965

32, 311 

3 

127 

399

See footnotes at end of table.
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TABLE 2. Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Delaware, New Jersey, Pennsyl­ 
vania, and southeastern New York for water years 1921-50 Continued

Index 
No. 

(pl. 10; 
table 
22)

154

155 

157 

158 

159

160 

161

162

165

169

173

174

181

182 

183 

185

189

196

200 

203

Drainage area subdivision 1 
(stream and place)

Aquashicola Creek above Pal-

Lehigh River below upper gages 
and above Walnutj: ort, Pa... 

Total Lehigh River above 
Walnutport. . . ........

Little Lehigh Creek above

Jordan Creek above Allentown. 
Pa    -._.. .-..    .-

Monocacy Creek above Beth-

Lehigh River below upper gages

Total Lehigh River above Beth­ 
lehem.. _ ___ . ______

Saucon Creek above Lanark, 
Pa.  ........................

South Branch Saucon Creek

Saucon Creek below 161-162 and

Lehigh River below upper gages 
and above junction with Dela­ 
ware River..    . ...... _ _-

Total Lehigh and Dela-

Delaware River below Lehigh 
River and above Musconet-

Musconetcong River above 
outlet from Lake Hopatcong.- 

Musconetcong River below 
Lake Hopatcong and above

Musconetcong River below 
Hackettstown and above

Musconetcong River, Blooms- 
bury to junction with Dela­ 
ware River..    ...     -  

Total Musconetcong

Total Musconetcong and 
Delaware Rivers above 
their junction at Rie-

Delaware River below Mus­ 
conetcong River and above

Tohickon Creek above Pipers- 
ville, Pa _. .   -  

Tohickon Creek below Pipers- 
ville and above junction with 
Delaware River at Point 
Pleasant, Pa..- ___ ... .  ..

Total Tohickon Creek- ... 
Delaware River below Point 

Pleasant and above Trenton, 
N.J  ..    - .... ....

Total Delaware River 
above tidewater at

Assunpink Creek above Tren­ 
ton, N.J-   . ___-_ - 

Crosswicks Creek above Exton- 
ville N J

Neshaminy River above Rush-

Neshaminy River below Rush- 
land and above Langhorne, 
Pa   .   .    

North Branch Ran cocas Creek

Delaware River below upper 
gages and above Schuylkill 
River-.--..    -   .    .-.

Total Delaware River 
above Schuylkill River 

Schuylkill River above Potts- 
ville, Pa_.   .-.    ._-

Schuylkill River below Potts- 
ville and above Landinpville, 
Pa.  .......................

Little Schuylkill River above 
Tamaqua, Pa.... ...........

Schuylkill River below upper 
gages and above Berne, Pa.. 

Total Schuylkill River 
above Berne  __ ..--.

Evap. 2 
rate 

(in. per
yr)

30.3 

30.1

31.4 

30.9 

30.8 

30.7

31.5 

31.6 

31.4

31.2

31.2 

32

31.7 

31.5 

31.5

31.8 

32

32.4 

33

34.1 

34.6 

32.9

33.5 

34.9

34.4

30.9

31.3 

30.5 

31

Water surface areas 3 (acres)

Lakes

20

655

3,686 

46 

9 

37 

100

3,878 

6 

1 

14

16

35, 731

50 

2,565

964 

84 

1

3,614

39, 395

47 

26

0

112

39,580 

82 

90 

32

193

536

2,583

43,096 

504

194

408 

205

1.311

Swamps

13 

1,012

10,807 

0 

0 

0 

0

10,807 

19 

0 

19

14

51,486

0

474

191 

12 

0

677

52,163

0

128

0
     128 

17

52,308 

1,606 

2,661 

2

1 

5,383

8,374

70, 335

4

1

30 

1

36

Streams

91 

1,127

1,956 

98 

70 

52 

908

3,084 

10 

9 

5

407

21,490

747 

13

62 

272 

112

459

22,696

1,584

177

54

2,224

26, 735 

184 

118 

233

242 

172

2,894

30, 578 

96

182 

56 

608

942

Total

124

2,794

16, 449 

144 

79 

89 

1,008

17, 769 

35 

10

38

437

108, 707

797 

3,052

1,217 

368 

113

4,750

114, 254

1,631 

331

54

2,353

118, 623 

1,872 

2,869 

267

436 

6,091

13, 851

144, 009 

604

377 

494 

814

2,289

Volume of water evaporated (acre-ft per yr)

Lakes

50 

1,643

8,999 

120 

23 

95 

256

9,493 

16 

3 

37

41

87,083

130

6,840

2,548 

220 

3

9,611

96, 824

124

69

0

308

97, 325 

233 

260

88

539 

1,560

7,410

107, 415 

1,298

506 

1,037 

530

3,371

Swamps

33 

2,539

26, 302 

0 

0 

0 

0

26,302 

50 

0 

50

36

126, 358

0 

1,265

505 

31 

0

1,801

128, 159

0 

342

0
     342

47

128, 548 

4,564 

7,674 

6

3 

15,650

24, 000

180, 445 

-10

3

76 

3

92

Streams

230

2,829

4,863 

257 

180 

134 

2,324

7,758 

26 

23 

13

1,058

52, 461

1,943 

35

164 

714 

294

1,207

55, 611

4,197 

472

146

6,120

66,546 

523 

340 

639

676 

500

8,300

77, 524 

247

475 

142 

1,570

2,434

Total

313

7,011

40, 164 

377 

203 

229 

2,580

43, 553 

92 

26 

100

1, 135

265, 902

2,073 

8,140

3,217 

965 

297

12, 619

280, 594

4,321 

883

146 
1 020

6.475

292, 419 

5,320 

8,274 

733

1,218 

17, 710

39, 710

365, 384 

1,555

984 

1,255 

2,103

5,897

See footnotes at end of table.
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TABLE 2. Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Delaware, New Jersey, Pennsyl­ 
vania, and southeastern New York for water years 1921-50 Continued

Index
No. 

(pl. 10; 
table 
22)

204 

205 

207

209

215 

217 

219 

220 

222

223 

225

227 

228

232

77

74 

75

Drainage area subdivision ' 
(stream and place)

Tulpehocken Creek above 
Eeading, Pa.. ________ ..

Schuylkill River below upper 
gages and above Reading .... 

Total Schuylkill River

Schuylkill River below Read­ 
ing and above Pottstown, Pa. 

Perkion.en Creek above Fred-

Perkiomen Creek below Fred­ 
erick and above Graterford, 
Pa... .    .-   

Schuylkill River below upper 
gages and above Norristown, 
Pa     ..   -

Wissahickon Creek above junc­ 
tion with Schuylkill River  

Schuylkill River below upper 
points and above Philadel­ 
phia, Pa ___________

Schuylkill River, Philadelphia 
to junction with Delaware 
River _______ . ____ .

Mantua Creek above Pitman, 
N.J.   ....  ........ ... 

Crum Creek above Woodlyn, 
Pa........  .. ...............

Ridley Creek above Moylan, 
Pa.........  .......... ......

Chester Creek above Chester, 
Pa............................

Oldmans Creek above Woods-

Delaware River below upper 
points and above Christina 
River.     .. __ .... ___ .

Total Delaware River be 
tween Schuylkill River 
and Christina River ...... 

Christina River above Coochs

White Clay Creek above New-

Red Clay Creek above Wood-

West Branch Brandywine 
Creek above Coatesville, Pa. 

Brandywine Creek below 
Coatesville and above Chadds 
Ford, Pa        

Brandywine Creek below 
Chadds Ford and above Wil-

Christina River below upper 
gages... .....................

Total Christina River ... 
Salem Kiver above Woodstown 
N.J.      ... ... . .........

Loper Kun above Bridgeton, 
NJ..._._________._. .........

New Jersey tributaries to Dela­ 
ware Bay below 232 and 77 
and between Christina River

Maurice River above Norma, 
NJ......... .......... ....--

Manantico River above Mill- 
ville, N.J         ... ....

New Jersey tributaries to Dela­ 
ware Bay below 74 and 75 and 
between Natuxent Point and 
Cape May   __      ...

Total New Jersey area 
tributary to Delaware 
Bay between Christina 
River and Cape May- 

Area in State of Delaware tribu­ 
tary to Delaware Bay be­ 
tween Christina River and 
Cape Henlopen .. ....... 

Total Delaware River 
and Delaware Bay. ... 

Remaining part of State of 
Delaware exclusive of drain-

Evap. 2 
rate 

in. per
yr)

32.4 

31.5

32.3 

32

32.4 

33

33.5 

33.8 

34.2

34.9 

34.1 

34.1 

34.2 

34.9

34.5

34.8 

34.6 

34.4 

33.8

34

34.4

34.8

35 

35.4

35.2 

35.2 

35.6

35.8

36

37

Water surface areas » (acres)

Lakes

19 

81

1,411 

115 

90

12 

250

1,878 

48

226 

53
    2,205 

45 

429 

32 

111 

35

393

1,045 

5 

32 

241 

50

85

31 

162
    606 

71 

9

860

478 

42

1,704

3,164 

2,502

52, 618 

1,401

Swamps

0

65

101 

316 

0

0

2

419 

0

0 

9
     428 

39 

13 

3 

67 

70

4,663

4,855 

5 

11 

9 

0

211

7 

409
     652 

30 

0

3,343 

5,261 

40

3,802

12, 476 

5,584

94,330 

14,252

Streams

297 

792

2,031 

983 

395

151 

1,738

5,298 

170

832

5
     6,305 

4 

49 

52 

115 

17

1,018

1,255 

27 

186 

85 

88

610

208 

202
    1,406 

22 

1

480 

123

11

278

915 

571

41, 030 

835

Total

316 

938

3,543 

1,414

485

163 

1,990

7,595 

218

1,058 

67
     8,938 

88 

491 

87 

293 

122

6,074

7,155 

37 

229 

335 

138

906

246

773
     2,664 

123 

10

4,683 

5,862 

93

5,784

16, 555 

8,657

187, 978 

16,488

Volume of water evaporated (acre-ft per yr)

Lakes

51 

213

3,635 

310 

240

32

688

4,905 

134

636 

151
     5, 826 

131 

1,220 

91 

316 

102

1,131

2,991 

15 

92 

691 

141

241

289 

480
     1,739 

207 

27

2,524 

1,402 

125

5,082

9,367 

7,506

134, 844 

4.320

Swamps

0 

171

263 

851 

0

0

6

1,120 

0

0

25
     1,145 

114 

37 

9 

191 

204

13, 400

13, 955 

15 

32 

26 

0

598

220 

1,186

88 

0

9,810 

15, 430 

119

11, 345

36, 792 

16, 755

250, 969 

43, 960

Streams

802 

2,080

5,316 

2,646 

1,053

408

4,777

14, 200 

475

2,345 

14
_ . ,..,. j^ ( uj£

12 

139 

148 

328 

49

2,926

3,602 

78 

536 

244 

248

1,728

586

586 
     4, 016

64 

3

1,408 

361 

32

829

2,697 

1,713

106, 586 

2,573

Total

853 

2,464

9,214 

3,807 

1,293

440 

5,471

20, 225 

609

2,981 

190

257 

1,396 

248 

835 

355

17, 457

20, 548 

108 

660 

961 

389

2,567

705 

2,242
      7,632 

359 

30

13, 742 

17,193 

276

17, 256

48, 856 

25, 974

492, 399 

50,853

1 Areas are subdivided at river gaging stations and other convenient points. The 
index number (pl. 10 and table 22) of the gaging station is given in addition to the 
place name when the data as listed apply to the entire drainage area above the gage.

2 Average annual evaporation from figure 11. . 
a Areas under "lakes" include those of ponds and reservoirs. Areas obtained from 

U.S. Geological Survey topographic quadrangle maps available in March 1957.
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(3) economic, legal, and political aspects of water 
development. Important among the factors under (3) 
are the requirements for nonwithdrawal uses, such as 
hydroelectric power development, dilution of wastes, 
prevention of salt-water encroachment, navigation, 
maintenance of fish and wildlife, and recreational uses. 
The latter requirements are usually met by low or 
normal streamflow. Withdrawals may be made down­ 
stream from places of nonwithdrawal use, but usually 
some water is discharged to the ocean (or leaves the 
particular region) to meet some requirement for mainte­ 
nance of flow; such water is not a withdrawable part 
of the water crop.

The magnitude of the water crop varies from year to 
year and from place to place. The variations due to 
weather can be averaged over a period of years to 
obtain the perennial water crop. As man's needs 
increase, however, the development of ground-water 
supplies and surface-storage facilities results in an 
increase in the average quantity available for consump­ 
tive use.

For example, the water crop might be considered to 
be the water available from natural (unregulated) 
streamflow. The low flows of streams would then 
impose limitations on the withdrawal of water and 
might even be insufficient to meet requirements of 
nonwithdrawal uses. Provision of facilities for storing 
water during periods of high streamflow make it possible 
to augment low flows at points downstream and to 
withdraw a larger part of the total streamflow. If 
sufficient storage is available for regulation complete 
enough for uniform streamflow, and if no water is 
required for nonwithdrawal use, the water crop is equal 
to the runoff. Complete regulation, however, is seldom 
possible or practical in humid regions; also advantage, 
may be taken of the natural storage capacity in aquifers 
by withdrawing ground water. Extensive ground- 
water development may result in lowered water tables, 
decreased evapotranspiration from ground water, de­ 
creased ground-water outflow, and increased space in 
which flood waters may be stored. Thus, a part of the 
natural water loss might be salvaged and become a part 
of the water crop.

With the economic conditions that are likely to pre­ 
vail in the foreseeable future, the attainable perennial 
water crop in the Delaware River basin probably is 
considerably less than the runoff, which averages about 
4.7 tgy. Even though the harvestable water crop 
could be increased by water recovered from the natural 
water loss, there probably always will be a great deal of 
storm runoff that cannot be stored because of physical 
or economic reasons. Additionally, demands for non- 
withdrawal uses must be satisfied; for example, unless 
a salt-water barrier of some kind is constructed to pre­

vent ocean water from moving ever farther up the 
Delaware River, increasingly larger amounts of fresh 
water will be required to flush the salt water seaward as 
time goes on. This procedure will diminish the recover­ 
able water crop to the extent that fresh water is 
"wasted" to the sea in the flushing action.

The runoff (which is the principal budget item 
involved in the water crop) is conveniently divided 
into two major parts: (1) direct runoff, which reaches 
stream channels by overland flow quickly after rain or 
snowmelt or by lateral percolation through surface and 
subsurface layers of litter and shallow soil; and (2) base 
runoff (or base flow), which reaches stream channels 
after considerable delay usually as ground-water 
discharge or as release from natural surface storage (in 
swamps, lakes, and stream channels). The direct 
runoff is the principal contributor to storm and flood 
flows, and the base runoff maintains the fair-weather 
flow of streams.

FACTORS AFFECTING THE QUANTITY AND DISTRIBUTION 
OF THE WATER CROP

The three principal groups of factors that influence 
the water crop were mentioned on pages 14 and 24 and are 
used as the basis of the following discussion:

1. Weather and climate: Climate is one of the most 
important factors influencing the magnitude of 
the water crop and its variability in place; weather 
is the principal factor causing variability of the 
water crop in time. The most important ele­ 
ments of weather, precipitation and temperature, 
are discussed elsewhere in this report.

Snow, one of the forms of precipitation, deserves 
some special comment. The principal hydrologic 
effect of snow is temporary storage of water during 
cold weather and the release of the stored water 
with the advent of warm weather. Storage in 
snow is of great importance in parts of the western 
United States where the snow accumulation on 
the high mountains provides delayed runoff 
for use in the spring and summer. Snow is much 
less important to the Delaware River region, 
because the differences in elevation and climate 
are less extreme and because snowmelt runoff 
usually occurs in winter and early spring when 
runoff from rainfall is sufficient to meet most de­ 
mands. The effect on the regimen of streams in 
the northern part of the Delaware River basin is 
significant, however. Snow may also have several 
minor effects. For example, insulation of the 
ground from sudden changes in air temperature 
may prevent the ground from freezing and allow 
infiltration to continue; or the cover of snow on 
frozen ground may prevent the ground from thaw-
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ing and may increase direct runoff from snowmelt 
or rain. The snow cover may absorb considerable 
quantities of rain. If rain saturates the snow and 
continues to fall, large quantities of snowmelt, in 
addition to the rainfall, may be released in a flash 
flood.

2. Physical characteristics of the drainage basin: The 
storage capacity of a basin is determined by its 
physical characteristics, including the works of 
man. Temporary storage of water within a drain­ 
age basin generally has a stabilizing influence on 
streamflow and thus on the water crop. Storage 
is the most important of all the factors subject to 
human control and development; it is discussed in 
following sections on surface storage and ground- 
water storage.

The ability of the soil to absorb precipitation 
and transmit it to the aquifers is a closely related 
factor of great importance, which is discussed in 
the section on infiltration capacity. The prin­ 
cipal effects of land use or vegetational cover on 
the water crop are reflected in the infiltration 
capacity.

Topography also has important effects, some of 
which are related to storage. Areas of consider­ 
able relief commonly contain suitable sites for 
construction of artificial surface-storage facilities, 
but practically none are suitable for providing 
storage for all storm runoff from major floods. 
These areas are also deficient in natural storage 
capacity, both on the surface and underground. 
Areas of low relief in the basin have few suitable 
sites for any but very small surface reservoirs, 
but these areas commonly have large ground- 
water storage capacities. Steep land slopes favor 
direct runoff, and flat slopes allow more time for 
infiltration.

The topography has a controlling influence on 
land use and thus affects the water crop indirectly. 
For example, steep slopes may be suitable only for 
forest, and level lands near a stream may be 
suitable for agricultural, urban, or industrial 
development.

3. Economic, legal, and political aspects of water de­ 
velopment: Detailed analysis of specific projects 
is beyond the scope of this study, but the limita­ 
tions imposed by these projects are important in 
any evaluation of the water crop. For example, 
economic limitations probably would prevent the 
storage of all the water that it is physically possible 
to store. Legal and political considerations might 
impose additional restrictions. All the human 
factors are subject to change, and the overall 
limitations imposed will probably decrease as the

need for water increases, but at any particular place 
the limitations may increase appreciably. As 
water becomes more difficult to obtain, users will 
pay higher prices, and laws may be altered to meet 
new conditions.

The requirements for nonwithdrawal use also 
are dependent upon human factors, subject to 
change both in time and place. In drylands 
regions higher priority uses often take nearly all 
the available supply. In the Delaware River 
basin, however, an increase in nonwithdrawal 
uses is more likely to occur than a decrease because 
of the increasing needs for: (1) dilution of wastes; 
(2) control of salt-water encroachment; and (3) 
maintenance of navigation facilities.

SURFACE STORAGE

The natural surface-storage capacity of a basin 
includes the capacity of its lakes, ponds, swamps, and 
stream channels. During periods of storm runoff the 
inflow to these water bodies usually exceeds the outflow, 
consequently the water levels rise. The outflow rate 
is partly determined by the stage, or elevation of the 
water surface. When the inflow rate drops below the 
outflow rate, the stage begins to fall and the release of 
stored water sustains flow at downstream points. Thus, 
surface-water storage and ground-water storage to­ 
gether provide the fair-weather flow of streams, and 
increase the harvestable water crop by making more of 
the streamflow available for withdrawal.

Natural storage may be supplemented by artificial 
reservoirs with either controlled or uncontrolled outlets. 
When outlets are uncontrolled, the effects of the storage 
are similar to those of natural storage except that 
outflow rates are partly determined by design of the 
outlet structure. Such storage reduces flood peaks, 
unless the reservoir is full at the time of peak runoff, 
but has no effect on low flows occurring long after storm 
runoff has ceased.

Controlled storage may be classified as flood-control 
storage or as conservation storage. Flood-control 
storage is utilized to reduce flood peaks and thus to 
diminish damage at downstream points; but, because 
storage space must be emptied soon after each flood, 
flood-control storage has no effect on most low flows. 
Conservation storage is utilized to store excess runoff 
for later use during periods of low runoff. Storage 
for hydroelectric power is intermediate between these 
two types. Its purpose is to supply power when 
needed, regardless of streamflow conditions. In prac­ 
tice its effects are usually closer to those of conservation 
storage than to those of flood-control storage.

In the Delaware River basin the best storage sites are 
upstream from the Fall Line. In the Coastal Plain, 
surface-water storage sites are scarce, even for small
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reservoirs. However, in places where ground water is 
locally scanty and where the area is underlain by thick 
aquicludes, small serviceable surface reservoirs have 
been constructed, especially in some of the westward- 
flowing tributaries of the Delaware Eiver in New 
Jersey. Some sites for such small reservoirs still 
remain and may eventually be utilized if economically 
feasible.

The useful life that may be expected of these small 
reservoirs is unknown because the sediment-transport 
data for the small streams involved does not exist. 
Neither, for that matter, can we be certain of the 
expected life of large reservoirs, such as Pepacton or 
the one proposed at Tocks Island. The useful life of 
these large reservoirs probably will be about several 
hundred years; that of small reservoirs will be much less, 
probably less than a hundred years.

Surface-water storage and ground-water storage are 
closely related in some places. For example, the water 
level in swamps rises and falls with the connecting 
water table; leakage from reservoirs and ponds may 
become ground water; raising the level of water in a 
reservoir in permeable materials may cause a rise of the 
water table for considerable distances and increase the 
storage of water in the aquifers.

There is a widespread movement in the Delaware 
River basin to construct farm ponds. In the more 
rugged parts of the region these ponds are filled mostly 
by storm runoff in small wet-weather drainage courses. 
They are usually built on relatively impermeable ma­ 
terials, and the pond water is therefore insulated from, 
and commonly above, the water table. Such ponds 
have little or no effect on ground-water storage. 
Evaporation takes a heavy toll from such ponds during 
dry weather, but because the area of these ponds is not 
great, the total effect on the basin's water crop is small.

In the lower lands of the basin, especially where the 
soils and aquifers are thicker and more permeable, 
the ponds commonly connect with the water table, 
and the effects of ponds on ground water are greater. 
For example, Barksdale and Remson (1956, p. 524) 
report:

In August 1953 the floodgates were opened in a small dam 
near Seely, N.J. The level of the pond, which is about 2,000 
feet long, was lowered more than 4 feet. As a result, in the 
course of the next several weeks the water level in a well 500 
feet from the pond fell 1.5 feet. The specific yield of the aquifer 
is about 30 percent, so that obviously several million gallons of 
ground water was being drained from the aquifer in the area 
within a few hundred yards on either side of the pond. Thus, 
it can be appreciated that the impounding of this small surface- 
water body resulted in the storage of a substantial amount of 
ground water. In many and perhaps most areas this would be 
considered advantageous; in others, particularly areas of heavy 
precipitation, it might be better to allow the drainage of this soil

so that the storage space would be available to reduce overland 
flow and erosion. Where the aquifer materials have large specific 
yields, the judicious placement of small dams can result in sub­ 
stantial increases in local ground-water storage. On the other 
hand, in areas where the specific yield is low, relatively little 
water could be stored in the ground around such a pond.

GROUND-WATER STORAGE

Aquifers serve dually as natural reservoirs and 
conduits, and they have a pronounced effect on the 
time distribution and magnitude of the water crop. 
As in a surface reservoir, the quantity of water stored 
underground fluctuates in response to changing rates of 
inflow and outflow, although with considerable lag. 
The amount in storage increases during and after 
periods of precipitation, or water added to the soil in 
excess of field capacity percolates downward to the 
zone of saturation; in contrast, storage decreases 
during and after periods of drought. Recharge from 
equivalent amounts of precipitation is much less during 
the growing season than during the winter, because 
during the growing season more of the water is lost by 
evapotranspiration from the soil and vegetation and 
less water infiltrates to the water table. At the same 
time the discharge from the ground-water reservoir 
continues; hence, the amount of water in storage 
decreases. Limits within which the quantity of water 
stored underground fluctuates naturally are determined 
chiefly by the volume of pore space in the reservoir 
that can accept and transmit water and by the eleva­ 
tions of the discharge outlets.

The chief effect of ground-water storage on the water 
crop is to maintain streamflow during dry periods and 
to distribute the flow more evenly in time. In the 
Delaware River basin this regulatory effect is of great 
importance; it is estimated that about half the average 
annual runoff is derived from ground-water discharge, 
but marked variations in this proportion occur within 
the basin.

When a ground-water supply is developed, the 
ground-water storage has even more effect on the water 
crop than it has under natural conditions. When 
water is pumped from aquifers, more storage space is 
provided to accept recharge from precipitation, which 
otherwise might have run off directly. Pumping lowers 
the water table and reduces: (1) natural evapotrans­ 
piration; (2) underground outflow; and (3) ground- 
water discharge to streams or other surface-water 
bodies. The draft on storage is offset by additional 
recharge that is induced where the normal water-table 
slope toward a surface-water body is reversed.

Ground water can be withdrawn from storage at 
rates temporarily exceeding the rate of natural recharge 
(temporary overdraft), and the aquifers can be replen­ 
ished either naturally or artificially. When with-
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drawals exceed recharge mining of ground water occurs. 
In such instances mining the aquifer depletes the supply. 
In several parts of the United States, including parts 
of New Jersey, aquifers have been recharged artificially 
with excess local streamflow or with imported supplies 
(Barksdale and DeBuchananne, 1946, p. 726-737).

By use of these processes during the development of 
ground-water supplies, recharge and discharge of the 
aquifers are increased, and the fluctuations in ground- 
water storage may be greater than those under natural 
conditions. Except for the decrease in natural loss by 
evapotranspiration and ground-water outflow, the 
potential water crop in the basin is not thereby in­ 
creased; however, more of it is made available for use 
locally.

The part of the annual water crop that is available 
locally from ground water varies greatly, depending 
chiefly on the storage and transmissibility characteris­ 
tics of the aquifers. Thus, less ground water is availa­ 
ble in an area underlain by impermeable rocks or clay 
than in an area underlain by thick permeable sand. 
In the Delaware River basin ground water is most 
abundant in the Coastal Plain; in the Appalachian 
Highlands, where ground water is not so abundant, it 
occurs in greatest quantities in the deeper valleys that 
are underlain by coarse glacial deposits or limestone.

Ground-water supplies tend to differ from surface- 
water supplies in physical, chemical, and biological 
character, and ground-water supplies therefore may be 
more desirable than surface supplies for some purposes. 
For example, at Louisville, Ky., a plentiful supply of 
water is available from the Ohio River, but many 
industries prefer ground water for cooling in summer 
because of its lower temperature, greater clarity, and 
more uniform chemical characteristics. Accordingly, 
withdrawals from the aquifer in summer greatly exceed 
the natural recharge, and in winter cold river water 
is used to recharge the aquifer. Thus, aquifer storage 
is utilized to provide cold water when surface supplies 
are too warm.

INFILTRATION CAPACITY

The characteristics of the rocks and soils above the 
zone of saturation determine the rate at which water 
can be absorbed and transmitted to the underlying 
aquifers. Consequently, the rocks and soil largely 
determine the proportions of direct runoff and ground- 
water recharge. Permeable well-drained soils absorb 
water readily and continue to do so as long as storage 
space is available in the aquifer. Most soils absorb 
water more readily when nearly dry than when wet. 
A permeable soil over an impermeable subsoil quickly 
becomes saturated and infiltration decreases to the 
rate at which the subsoil transmits water downward.

The infiltration capacity of a soil may be changed by:

(1) freezing, which makes the surface less permeable;
(2) alternate freezing and thawing, which loosens the soil; 
and (3) changes in vegetational cover and methods of 
cultivation, which affect soil structure, organic matter, 
and plant and animal life in the soil. Furthermore, 
urbanization results in elimination of infiltration from 
large areas.

A virgin soil tends to be much more permeable than 
the same soil under cultivation or grazing. The effects 
of cultivation on infiltration capacity are illustrated by 
experience at Seabrook, N.J., where almost one billion 
gallons of cannery waste is disposed of annually by 
irrigation from large sprinkler nozzles in a wooded area 
of approximately 260 acres. In describing the experi­ 
ence at Seabrook, Thornthwaite (1951) states:

Any land that had been tilled would become saturated and 
soupy to plow depth after 2 inches of water had been applied. 
At the same time, adjacent pine-oak woodland which had not 
been plowed took 56 inches at the rate of 6.3 inches per hour 
without becoming saturated. This area received more than 150 
inches in 10 days with still no sign of being satisfied.

The infiltration rates observed at Seabrook could be 
maintained only where soils and subsoils are deep, 
permeable, and well drained.

Land use and management may affect the infiltration 
capacity to extents that vary in time and in place, 
depending upon local conditions. The effects of various 
types of land use and various methods of cultivation 
have been studied extensively by small-plot experiments, 
but evaluation of the effects in a large complex area, such 
as the Delaware River basin, is difficult.
FACTORS AFFECTINO THE QUALITY OF THE WATER CROP

A satisfactory water supply must be adequate in 
quality and quantity. Water passing through the 
atmosphere and over or through the soil and rocks 
acquires suspended and dissolved impurities. Some of 
these impurities may be of no consequence for a 
particular use, but may seriously impair the water for 
other uses. For example, water containing a small 
concentration of dissolved iron may be suitable for 
drinking but not satisfactory for the manufacture of 
plastics or rayon. Dissolved oxygen enhances the 
palatability of drinking water, is essential to the exist­ 
ence of some forms of aquatic life, and plays a part in the 
self-purification of natural waters. Dissolved oxygen 
also makes water corrosive to metal pipes, and for such 
uses as boiler-feed water its concentration should be 
below a certain level. Natural water is never chemically 
pure although much is biologically pure. We shall, 
therefore, consider the sources of the impurities and their 
effect on the uses of the water.

IMPURITIES DERIVED FROM THE ATMOSPHERE

Rainwater and snowmelt are the purest of natural 
waters. In some areas, rain falling on the rooftops is
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collected in cisterns and serves for domestic use without 
further treatment. Even this relatively pure water 
contains oxygen, nitrogen, and carbon dioxide dissolved 
from the atmosphere, but oxygen and carbon dioxide 
are found in greater proportions in the dissolved gases 
than in the air. The rain washes from the atmosphere 
other gases and such substances as ammonia, nitric 
acid, and sulfuric acid, as well as fine particles of dust 
and soot. The nature and proportion of the impurities 
in the rainwater are variable: mineral acids, for example, 
are common near cities or industrial centers, and ordi­ 
nary salt is common near the seacoast. Mineral im­ 
purities, however, are present in rainwater in extremely 
small quantities.

IMPURITIES DERIVED FROM ROCKS AND SOILS

Rain that falls on the earth's crust begins immediately 
to dissolve rock and soil. Clarke (1924, p. 116) esti­ 
mated that, in the region draining to the North Atlantic, 
130 tons of minerals per square mile of land is dissolved 
annually and carried off to the ocean. The nature and 
concentration of the dissolved matter in the water 
depend upon many conditions. Long contact between 
water and rock material favors solution, consequently, 
ground water is usually more mineralized than water 
which runs quickly over the surface to the streams. 
When the ground is frozen, or saturated by previous 
rainfall, little rain penetrates the ground and runoff 
to the streams is increased. In the early spring, rain 
accompanied by snowmelt results in heavy discharge 
to streams. In either situation, the stream waters are 
less mineralized than in periods of low flow when stream- 
flow is largely derived from ground water.

Water may react chemically directly with rock min­ 
erals, as it does with feldspars, or serve as a solvent of 
oxygen or carbon dioxide, which also react with earth 
materials. The direct action of water is referred to as 
"hydrolysis," the action of oxygen as "oxidation," and 
the action of carbon dioxide as "carbonation." 
Whether the action be hydrolysis, oxidation, or car­ 
bonation, the water leaches out and carries away in 
solution ions of sodium, potassium, calcium, magnesium, 
iron, manganese, chloride, sulfate, nitrate, bicarbonate, 
and colloidal or soluble silica, iron, and aluminum. 
Through hydrolysis the feldspars give up their potas­ 
sium, sodium, and calcium to the water. These ions 
are then replaced by hydrogen ions from the water. 
By this process the feldspars are converted to less 
soluble clay minerals, and as a result the solvent water 
becomes more alkaline and more mineralized. Silica 
minerals, which are very abundant in the Delaware 
River basin, are attacked more by acid ground water 
than by neutral or alkaline water.

Dry air contains about 0.03 percent carbon dioxide 
by volume, but rainwater may contain as much as

3 percent dissolved carbon dioxide (Rankama and 
Sahama, 1950, p. 312). Aerobic bacteria in the soil 
oxidize organic material to carbon dioxide which further 
enriches the soil water in carbon dioxide. Dissolved 
carbon dioxide forms carbonic acid which is very 
effective in dissolving such carbonate rocks as limestone 
or dolomite.

The concentration and proportions of dissolved mate­ 
rials depend chiefly upon the mineral constituents of 
the aquifer from which the water came. Compared to 
water from other sedimentary rocks, water flowing over 
or through limestone or dolomite will be rich in calcium 
and magnesium. On the other hand, water flowing 
from an acidic, igneous, rock terrane, such as an area 
underlain by granite, gneiss, or schist is low in dissolved 
solids but relatively high in silica, sodium, and 
potassium.

MUNICIPAL, INDUSTRIAL, AND AGRICULTURAL WASTES

Natural water contains some impurities, and use of 
the water for domestic, industrial, or agricultural pur­ 
poses usually adds more. Whether these additional 
impurities impair the usefulness of the water depends 
upon their nature, their concentration in the water, and 
what use is to be made of the water.

The quality of water may be impaired by some uses 
even when no impurities are added. For example, far 
more water is used for cooling than for all other indus­ 
trial purposes. The discharge of waste cooling water 
to a stream raises the stream temperature, especially 
where the stream water is reused several times, and it 
may become too warm for further use as a coolant. 
Fish and other aquatic life are affected by a rise in 
temperature because (1) warm water contains less 
dissolved oxygen than cooler water, and (2) fish are 
more active at the higher temperature and therefore 
consume more oxygen. Thus, an increase in water 
temperature may asphyxiate the fish by depleting the 
oxygen.

Some organic wastes, such as those in sewage, are 
oxidized by the dissolved oxygen in stream waters with 
the aid of certain kinds of bacteria. This natural 
purification process, too, proceeds faster at higher 
temperatures. Faster reaction may be an advantage 
if there is sufficient dissolved oxygen to consume all the 
organic waste material. However, the waste putrefies 
if the dissolved oxygen is not sufficient to oxidize it, 
for in the absence of oxygen the waste is destroyed by 
reactions producing gases of objectionable odor, such 
as hydrogen sulfide. Thus, information on the con­ 
centration of dissolved oxygen is useful in evaluating 
water quality; so also is the biochemical oxygen de­ 
mand, which is a measure of the oxygen required for 
the. destruction of organic matter by aerobic biochemi-
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cal action. If the dissolved oxygen is sufficient to 
satisfy the biochemical oxygen demand, the oxidizable 
wastes probably will be removed by natural purification 
in the stream.

Dissolved minerals, such as common salt (sodium 
chloride), do not disappear in this fashion. They may, 
however, be flushed away or be sufficiently diluted that 
they are not deleterious. The sewage of the city of 
Philadelphia adds about 100 tons of sodium chloride 
daily to that already in the Delaware River. With a 
fresh water flow of 12,000 cfs (cubic feet per second), 
for example, the 100 tons per day of sodium chloride 
constitutes only 3 to 4 ppm in the river water. This 
concentration is not objectionable and is insignificant 
compared to the amount of salt introduced from the 
ocean.

Industrial wastes are of many kinds. Wastes from 
breweries, dairies, and slaughter houses, for example, 
contain organic material which, like sewage waste, is 
subject to oxidation. Some contain toxic substances, 
such as the phenols from coke plants, the arsenic from 
weed-killers or insecticides, and the cyanides from elec­ 
troplating processes. Others include mineral acids 
from chemical manufacturing or salt brines from petro­ 
leum wells. Some wastes do not dissolve in the water. 
Oils and greases float or become emulsified; solid parti­ 
cles, such as paper fibers, sewage solids, or sediment 
may make the water turbid by remaining suspended; 
or may foul stream beds or reservoir bottoms by settling 
out there.

Radioactive substances from nuclear reactors and 
radioisotopes used in medical therapy or in industrial 
processes are potential contaminants of aquifers and 
streams. Although their disposal is restricted by 
various regulations, it is always possible that through 
accident, ignorance, carelessness, or sabotage radio­ 
active materials may reach ground- and surface-water 
bodies. The rate at which these materials give off 
radioactive radiation can neither be retarded nor 
accelerated. If ingested, some may become concen­ 
trated in lethal quantities in particular tissues of the 
body. Radioactive materials are also harmful to some 
industrial processes, such as the manufacture or 
processing of photographic film.

Drainage from farmlands is sometimes rich in am­ 
monia, nitrates, and phosphates, which stimulate the 
growth of algae. Algae are beneficial in that they 
produce oxygen and consume carbon dioxide and some 
are a food supply for fish and other aquatic life; but 
where algal growth is excessive the algae or their prod­ 
ucts can poison farm animals and impart undesirable 
taste and odor to domestic water. Algae are undesira­ 
ble in cooling water and in water used for laundry, 
photography, and the manufacture of paper and rayon.

When the streamflow is large compared to the volume 
of waste discharge, dilution may be sufficient to reduce 
the concentration of impurities to an unobjectionable 
level. The disposal of wastes by dilution, however, 
is not as simple as it may seem. Suppose an industry 
wishes to discard 500 gpd of a waste containing 20 ppm 
of cyanide by dumping it into a small stream having 
an average flow of 1 mgd (millions gallons per day), 
or 1.55 cfs. If the waste is uniformly mixed with the 
total daily flow of the stream, the resulting cyanide 
concentration in the stream will be only 0.01 ppm. 
But in dry seasons the stream discharge will be less 
than 1 mgd, and the resulting concentration of cyanide 
will be greater. If the batch of waste is all dumped 
within a half-hour period, the concentration of cyanide 
in the stream may be 0.5 ppm, which would be fatal to 
most fish. Again, the waste may not mix thoroughly 
with the stream water, and some of the water may con­ 
tain more than 0.5 ppm of the waste. The waste may 
concentrate on one side of the stream or, if denser than 
the stream water, on the bottom. Mixing is also 
affected by wind, river alinement, roughness of the 
channel, and tidal action.

Most polluted water can be made suitable for use by 
treatment, but the process may be too costly. For ex­ 
ample, several treatment methods are known for the 
conversion of sea water to fresh water, but as yet none 
of these methods produce fresh water at a cost low 
enough to compete in the Delaware River basin with 
naturally fresh water for irrigation, domestic, or 
industrial use.

Most wastes are introduced into the streams in areas 
of heavy population and industrial concentration, as 
the Alien town-Bethlehem area on the Lehigh River, 
the Easton, Trenton, and the Philadelphia metropolitan 
areas on the Delaware River, and on the Schuylkill 
River at and below Reading. Other important sources 
of pollution are in the headwater areas of the Schuylkill 
and Lehigh Rivers.

MUTE DRAINAGE

The anthracite coal mines of the Schuylkill and 
Lehigh River basins have a pronounced effect on the 
quality of the water in these streams and on some of 
their tributaries. Associated with the coal are shales 
containing pyrite, a sulfide of iron. When the coal is 
mined, the shales are exposed to attack by air and 
running water. As *vater saturated with air flows 
across these shales or through the pyrite-bearing refuse 
in or near the mines, iron and sulfur are dissolved in 
the water. The ferrous iron oxidizes to ferric iron and 
the sulfur to sulfate ion and free sulfuric acid.

The resulting dilute sulfuric acid readily dissolves 
additional rock materials so that in addition to the 
hydrogen, ferrous, and sulfate ions, these mine waters
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often contain high concentrations of calcium, magne­ 
sium, aluminum, and manganese as well. Owing to 
hydrolysis of salts of iron, manganese, and aluminum, 
the pH of acid mine drainage usually is low, about 3 
or 4. The composition of water from any particular 
mine is rather uniform, but the composition of water 
from different mines varies because of differences in 
length of contact of water with air and acid-forming 
minerals and because of the different mineral com­ 
position of the rock. In the streams, however, the 
mine drainage is diluted by overland runoff. Although 
there is little seasonal change in the concentration or 
composition of drainage from a given mine, the stream 
water generally has lowest concentrations of acid 
wastes from December to June and greatest concentra­ 
tion in September and October, because the volume of 
streamflow available for dilution is greatest in the 
former period and least in the latter.

The Schuylkill River rises in the coal regions, then 
cuts through shale and sandstone, limestone, diabase, 
and finally through the crystalline rocks of the Pied­ 
mont upland. The coal-mining region is upstream 
from Berne, Pa. The following data, based on the 4- 
year period October 1947 to September 1951, show that: 
(1) the water dissolves, per square mile of drainage 
area, 3.5 times as much material in the coal-mining re­ 
gion as in the rest of the drainage basin; and (2) that 
nearly as much material is dissolved above Berne" (19 
percent of total drainage area) as in the remainder of 
the Schuylkill River basin.

Location

Total..... ............................

Drainage 
area 

(sq mi)

355
1,638

1,893

Dissolved 
solids (tons 
per year)

229,000
283,000

512,000

Dissolved 
solids (tons 
per sq mt per 

year)

640
184

270

For many industrial uses, water of the Schuylkill 
River must be treated because of the dissolved im­ 
purities resulting from mine drainage. Iron and man­ 
ganese cause stains or discoloration on white porcelain, 
paint, enamel, and laundry; they create additional 
problems in the manufacture or processing of paper, 
rayon, plastics, textiles, and leather. Calcium and 
magnesium form scale in steam boilers which reduces 
their efficiency and increases maintenance costs. 
Mineral acids corrode metal and concrete and are 
injurious to fish and other forms of aquatic life.

Acid mine drainage may have a pronounced effect on 
natural purification processes in a stream, as has been 
shown by Chubb and Merkel (1946) for the Schuylkill 
River. Domestic sewage contains the organisms that 
promote its decay. When the sewage is diluted with

stream water containing dissolved oxygen, these orga­ 
nisms aid the oxidation of organic matter. If, however, 
the stream water is acid (as it is in the upper Schuylkill 
River), the sewage remains practically unchanged in 
the stream. The dissolved-oxygen concentration in­ 
creases in this reach of the stream, for little is consumed 
by the sewage. At or near Reading, tributaries 
draining a limestone region add their waters to the 
stream; these waters are alkaline enough to neutralize 
the water of the main stream. The inactive organisms 
then function again, the sewage is oxidized; and the 
dissolved-oxygen concentration decreases. If the dis­ 
solved oxygen is insufficient to oxidize the sewage when 
the acid stream is neutralized, nuisance conditions can 
be created, for in the absence of oxygen the sewage 
which accumulated in the acid reach of the stream is 
putrefied.

SEDIMENT

Sediment in streams is due to erosion and to municipal 
and industrial wastes. If a drainage basin is covered 
with protective vegetation, comparatively little erosion 
occurs; but if the ground is bare and exposed to rain­ 
drop impact and rapid runoff, soil erosion and stream 
loads are greater. Although industrial or municipal 
wastes may contribute sediment to the streams, most 
of these are treated before discharge; simple treatments 
are used to remove the settleable solids. Sediment may 
be sand, clay, silt, vegetation, or material of mining or 
other industrial origin. Perhaps the greatest sediment 
problems in the basin have been those associated with 
coal mining. At one time coal-cleaning operations and 
the erosion of culm piles were the source of sediment 
discharged principally into the Schuylkill River. Now 
coal washeries have settling ponds to remove the culm 
before the wash water is discharged to the streams, old 
deposits have been dredged from the Schuylkill River, 
and desilting basins have been provided to remove 
sediment that reaches the river.

Sediment interferes with natural purification in 
streams by reducing the penetration of sunlight and by 
its adverse effect on aquatic growth. Sediment in 
suspension clogs the gills of many fish and mollusks. 
Worms, protozoa, algae, insects, and Crustacea may be 
injured or destroyed. During settling, inorganic sed­ 
iment carries organic matter with it. The decay of the 
organic matter requires oxygen, and the sediment 
hinders access of oxygen to the organic matter.

The load that a stream can carry in suspension or 
move along its bed as bedload is largely a function of 
stream velocity. The faster a stream flows, other 
factors being equal, the more sediment the stream can 
transport. Stream velocity is not constant, either in 
place or time, and sediment load constantly changes. 
When velocity drops below the point at which a stream
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can carry fine gravel in suspension, it still may carry sand, 
silt, and clay particles. Given a lesser velocity, the 
sand may be dropped and only silt and clay still remain 
in suspension. Where streams enter reservoirs and 
velocity becomes negligible, only the very finest 
sediment remains in suspension, and even this, given 
enough time in quiet water, settles out.

Organic sediments may be deposited in a streambed 
or carried downstream in suspension, depending largely 
upon the stream velocity. In either situation, such 
sediments are slowly decomposed by bacterial action 
with the aid of dissolved oxygen. In a turbulent 
stream the oxygen consumed is replaced through aera­ 
tion, unless the organic matter is oxidized too rapidly.

Where an organic pollutant is released to a stream 
upgradient from a reservoir, two possibilities must be 
considered: (1) All the organic pollutant will be de­ 
posited in the streambed or be oxidized before it 
reaches the reservoir; or (2) some or all of the oxidizable 
matter will reach the reservoir.

In the first possibility, all the oxidation occurs in the 
turbulent stream above the reservoir, and the oxygen 
in the reservoir water is not depleted. In the second 
possibility, all or some of the organic material is trapped 
in the reservoir and undergoes decomposition there, 
resulting in depletion of the oxygen in the reservoir 
water. In the reservoir, as well as in the stream, the 
oxygen consumed is replaced to some extent through 
aeration. However, owing to depth and lack of 
turbulence, aeration occurs at a slower rate in the 
reservoir than in the stream. When no more dissolved 
oxygen is left, anaerobic decomposition may begin 
and produce odors. In a situation of this kind, a 
regulated release of water to the reservoir for the 
purpose of maintaining a specified minimum flow 
through it could be highly undesirable. At sufficiently 
low discharge rates, the organic solids would be oxidized 
before they reach the reservoir, but at the higher 
discharge rates provided by the regulated releases, 
they might be carried into the reservoir, there to 
undergo either oxidation or anaerobic decomposition.

Sediment is deposited in navigation channels in 
many places, and dredging becomes necessary. Sedi­ 
ment must be removed from water to be used in the 
manufacture of such products as ice, bottled beverages, 
food, paper, and rayon. Some suspended solids are 
abrasive and erode turbine blades in hydroelectric 
plants. Often the most expensive part of the purifica­ 
tion of domestic water is the removal of sediment.

SALT WATER IN THE DELAWARE ESTUARY

Below Trenton the Delaware River is tidal. Salt 
water from the ocean mixes with the fresh water of the 
river as far upstream as Philadelphia. In addition, 
large quantities of sanitary and industrial wastes are

discharged into this reach of the river. The salinity 
ranges from that of the river water at Trenton (40- 
120 ppm of dissolved solids) to that of ocean water 
(35,000 ppm). The salinity at intermediate points 
varies under the effects of changes in sea level, in fresh­ 
water discharge, wind, and other factors, that is, the 
usable supply of water at some places in this urban and 
industrial area varies greatly because of variations in 
water quality. The varying chemical quality of water 
in the tidal reach of the Delaware River is discussed 
on pages 149-156.

GROUND WATER ITS AVAILABILITY AND CHARACTER

GENERAL GROUND-WATER HYDROLOGY OP THE
BASIN

SOURCE OF GROUND WATER

All ground water in the Delaware River basin is 
derived from precipitation. When the capacity of 
the soil to retain water against gravity (the field 
capacity of the soil) is exceeded, the excess water 
percolates to the zone of saturation to become ground 
water. Throughout most of their courses the streams 
of the Delaware River basin act as drains rather than 
as sources of ground water. Seepage from streams 
contributes a significant amount of recharge to ground 
water only where pumping of wells reverses the natural 
direction of ground-water movement toward the 
streams. Under these circumstances, substantial 
quantities of recharge may be induced from the streams.

OCCURRENCE AND MOVEMENT

Ground water is water occurring in saturated open­ 
ings in earth materials; it provides water to wells, 
springs, and the fair-weather flow of streams. A bed 
or zone of such materials capable of yielding collectible 
quantities of water to wells or springs is called an aqui­ 
fer. Aquifers have two principal functions: (1) storage 
of water; and (2) transmittal of water.

Storage is perhaps the primary function of aquifers 
in which the water exists under unconfined, or water- 
table, conditions. The water table is the tap of the 
zone of saturation, below the capillary fringe, where 
pressures are atmospheric. Water-table conditions are 
most common in shallow permeable materials such as 
the coarse-grained deposits in large areas in the Coastal 
Plain and the thick mantle of weathered rock in many 
parts of the Piedmont physiographic province. Such 
aquifers are naturally recharged directly from precipita­ 
tion on their intake areas.

On the other hand, aquifers that contain water under 
confined, or artesian, conditions serve principally as 
conduits to transmit water from intake (recharge) areas 
to discharge areas, although they may store immense 
quantities of water. Artesian aquifers are enclosed by
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beds or zones of relatively impermeable materials 
(aquicludes) which, though they may be saturated, yield 
little water and act as barriers to water movement. 
The heights to which water will rise in cased wells pene­ 
trating an artesian aquifer define its piezometric surface. 
The best examples of aquicludes and artesian aquifers 
in the basin are, respectively, the extensive alternate 
layers of clay and sand in the Coastal Plain province.

Aquifers in the basin range widely in their capacity 
to store, transmit, and yield water. Their most sig­ 
nificant hydrologic parameters are their coefficients of 
storage, permeability, and transmissibility. Porosity, 
which is the ratio of pore space to total volume, is not 
so important, because not all (and in some materials, 
such as clay, very little) the water stored in the openings 
of a material will drain by gravity; hence, some of this 
storage capacity is not usable.

Coefficient oj storage. The coefficient of storage is the 
volume of water released from or taken into storage by 
an aquifer per unit surface area per unit change in the 
component of head (water pressure) perpendicular to 
that surface. In artesian aquifers, where the discharge 
is due to elastic adjustment to changes in head rather 
than to drainage of pores, the coefficient of storage is 
very small, commonly 0.00001-0.001; whereas in water- 
table aquifers, where the material is actually drained, 
the coefficient of storage commonly ranges from 0.05 
to 0.30.

Storage fluctuations. The storage fluctuations in an 
aquifer are caused by changing rates of recharge to, 
and discharge from, the aquifer. The changes in 
storage are reflected by fluctuations in the water table, 
or piezometric surface; the ratio of the volume of water 
released from or taken into storage to the total volume 
represented by the zone of fluctuation of the water 
table, or piezometric surface, is the coefficient of storage 
of the aquifer. For example, in a water-table aquifer 
having an average coefficient of storage of 0.1, a 10-foot 
decline in water table over a specified area represents 
a decline in storage equal to a 1-foot depth of water 
over the area.

In an artesian aquifer having a coefficient of storage 
of 0.0001, a 10-foot lowering of the piezometric surface 
represents a decline in storage of only 0.001 foot of 
water. In a water-table aquifer where part of the ma­ 
terial actually is drained as the water table declines, 
the coefficient of storage is practically equal to the 
specific yield; but in an artesian aquifer none of the 
material is drained, and the water released from storage 
is derived principally from a slight expansion of the 
water itself and a slight decrease in the volume of the 
aquifer and of adjacent silt and clay beds. An artesian 
aquifer, however, becomes a water-table aquifer when 
the water level is lowered beyond its upper confining

layer; the storage coefficient within the area of unwater­ 
ing then becomes practically equal to the specific yield.

Coefficient of permeability. The coefficient of per­ 
meability of a material, as used by the U.S. Geological 
Survey, is the rate of flow of water in gallons per day 
through a cross section of 1 square foot under a hydraulic 
gradient of 1 foot per foot, at a temperature of, 60° F. 
The field coefficient of permeability is the same, except 
that it is measured at the prevailing water temperature 
rather than at 60° F. Some of the deposits of coarse 
sand and gravel have permeability coefficients exceeding 
3,000 gpd per sq ft, whereas most beds of clay have 
permeability coefficients measured as a very small 
fraction of a gallon per day per square foot.

Coefficient oj transmissibility. The coefficient of 
transmissibility may be obtained by multiplying the 
coefficient of permeability of an aquifer by its thickness. 
It is expressed in gallons per day per foot, and it in­ 
dicates the capacity of the aquifer, as a unit, to transmit 
water at the prevailing temperature under any given 
hydraulic gradient. Transmissibility coefficients 
greater than 100,000 gpd per ft have been measured 
for sand aquifers in the Coastal Plain, but coefficients 
less than 1 gpd per foot have been estimated for ad­ 
jacent clay aquicludes.

Paths of movements . Ground water, like surface 
water, moves in the direction of decreasing hydraulic 
head. In water-table aquifers, the water moves in 
fairly direct paths from higher to lower areas in the 
outcrop; but in artesian aquifers, the water may follow 
long and sometimes rather circuitous paths. In the 
Delaware River basin, distances traveled from intake 
points to discharge points in water-table aquifers range 
from only a few feet to thousands of feet. In artesian 
aquifers, such as those of the Coastal Plain, distances 
traveled by some of the water from the recharge area 
at the outcrop to discharge points range from a few 
miles to tens of miles. Some artesian recharge is 
obtained from leakage through confining beds, and the 
water from such sources may move vertically only a 
few tens to several hundreds of feet. Times of transit 
also range widely from a few hours or days to tens 
and even hundreds of thousands of years.

DISCHARGE

Natural discharge of ground water takes place where 
the water table (or the overlying capillary fringe) is at 
or near the land surface. Some of this water returns 
to the atmosphere by evapotranspiration and thus may 
be considered as part of the natural water loss. The 
remainder enters streams or other bodies of surface 
water.

In addition to natural discharge, considerable quan­ 
tities of water are discharged artificially by pumped
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wells, mines, and quarries. New patterns of ground- 
water movement toward the pumped areas become 
established and discharge at natural outlets may di­ 
minish or cease.

Most natural ground-water discharge in the Delaware 
Kiver basin occurs at relatively low parts of the out­ 
crop of aquifers along streams, in wet or swampy 
areas, and into bays, estuaries, or the ocean. The 
total discharge, including evapotranspiration, is es­ 
timated to average about 10 bgd and it is estimated that 
about half the average annual streamflow in the basin 
is supplied from ground-water discharge.

TYPES OF AQUIFERS

Two major types of aquifers exist in the basin and 
adjacent areas: one consisting of unconsolidated sedi­ 
ments, or "soft" rocks, and the other consisting of 
consolidated, or "hard" rocks.

Unconsolidated sediments consist of loose granular 
materials, deposited by water, wind, or glacial ice; in 
such materials almost all the water-bearing openings 
are pores between the grains. For some sand samples 
from the Coastal Plain in New Jersey, the porosities as 
determined in the laboratory range from about 25 to 45 
percent (Barksdale and others, 1958), and some 
Recent clays have even higher porosities.

Not all the water stored in the pores will drain by 
gravity. The term "specific yield" is used to indicate 
the ratio of the volume of water that can drain by 
gravity from a saturated material to the total volume 
of the material. This ratio, like porosity, usually is 
expressed as a percentage. Where free drainage occurs, 
as under water-table (unconfined) conditions, the 
specific yield is practically equal to the coefficient of 
storage.

In many parts of the basin, the specific yield of sand 
and gravel exceeds 25 percent. In clay and silt, how­ 
ever, most of the water is retained in the tiny pores by 
molecular forces (capillary attraction), and the specific 
yield may approach zero.

Consolidated rocks are dense, coherent materials 
which, in their fresh, unweathered state, have little or 
no intergranular porosity. Instead, the water-bearing 
openings consist largely of fractures, some of which 
are enlarged by solution. Where weathered, such rocks 
may resemble unconsolidated sediments in having 
intergranular pores, and the distinction between the 
two types is not sharp.

The consolidated rocks in the Delaware River basin 
comprise three principal categories, each having dis­ 
tinct water-bearing properties: clastic, carbonate, and 
crystalline rocks.

Clastic rocks include shale, sandstone, conglomerate, 
and related rocks, all of which were deposited originally

as unconsolidated sediments. These materials have 
been hardened by cementation or compaction so that 
little remains of their original intergranular porosity; 
most of their water occurs in fractures. Some sand­ 
stone and conglomerate, however, contain significant 
amounts of water in their intergranular pores where 
the cementing material has been dissolved or was 
never deposited.

Carbonate rocks, also of sedimentary origin, include 
limestone (calcium carbonate), dolomite (calcium and 
magnesium carbonate), dolomitic limestone, and rocks 
gradational between the pure carbonate rocks and the 
clastic sedimentary rocks in which the carbonate con­ 
tent is substantial. Carbonate rocks differ from the 
rocks in other categories, chiefly by having solution 
channels or cavities in addition to the other types of 
openings. Although the aggregate volume of the solu­ 
tion openings usually is but a small percentage of the 
total volume of rock, their relatively large size and ex­ 
tent permits rapid movement of water, and the perme­ 
ability of some carbonate rocks in the basin area 
compares favorably with that of the coarse-grained 
unconsolidated sediments.

Crystalline rocks, which are composed of interlocking 
mineral grains (crystals) have virtually no intergranular 
porosity, except where altered by weathering. Frac­ 
tures in these rocks commonly contain small but sig­ 
nificant quantities of water; however, in the Delaware 
River basin few such openings extend deeper than 
about 300 feet, and most of the water is contained at 
much shallower depths. Considerable quantities of 
water occur in thick zones of weathered crystalline 
rocks such as are found in the Piedmont Upland (pi. 1).

The consolidated-rock aquifers, as a group, are 
markedly inferior to the aquifers composed of coarse­ 
grained unconsolidated sediments in their capacity to 
store, transmit, and yield water. Probably few con­ 
solidated rocks have a specific yield as great as 2 percent, 
in contrast to the specific yields of 20 percent or more 
common in sand and gravel. Coefficients of trans- 
missibility of 50,000-150,000 gpd per ft have been 
measured in several unconsolidated granular aquifers 
(tables 4 and 5), but, with the exception of some of the 
carbonate-rock aquifers and possibly some of the 
coarse-grained sandstone and conglomerate aquifers, 
probably few consolidated-rock aquifers have coeffi­ 
cients of transmissibility higher than 5,000 gpd per ft.

HYDRCWLOQIC PROVINCES

The Delaware River basin lies in two greatly different 
hydrologic provinces which correspond to two of the 
major physiographic divisions in Northeastern United 
States, as classified by Fenneman (1938): (1) the Atlan­ 
tic Plain occupying approximately the southern fourth
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of the basin; and (2) the Appalachian Highlands con­ 
stituting the northern three-fourths of the basin (pi. 1). 
The two provinces are separated by the Fall Line, 
which extends northeastward across the southern part 
of the basin and lies along the northwest side of the 
Delaware River between Wilmington, Del., and 
Trenton, N.J.

The Atlantic Plain, or Coastal Plain as its emerged 
part is designated, is underlain by a wedge of unconsoli- 
dated sediments having its northwest edge along the 
Fall Line. This great wedge thickens seaward, reaching 
a maximum thickness within the basin of about 6,000 
feet beneath the mouth of Delaware Bay (fig. 12). It 
consists of an alternating sequence of sheetlike and 
lenslike layers of sand, clay, and gravel. Enormous 
quantities of water are stored in this great mass of 
deposits, and the aquifers transmit water much more 
readily than most of the consolidated-rock aquifers of 
the Appalachian Highlands.

In contrast, the Appalachian Highlands are underlain 
predominatly by consolidated rocks. In general, the 
consolidated-rock aquifers store and transmit much less 
water than the unconsolidated granular aquifers of the 
Coastal Plain. Unconsolidated deposits of glacial origin 
discontinuously mantle the northern part of the 
Appalachian Highlands and occur also as valley fills of 
glacial outwash throughout both northern and southern 
parts. Although the aggregate amount of water stored 
in the outwash is small compared with that in the con­ 
solidated rocks, the supplies from these deposits are 
readily available to wells and, under favorable condi­ 
tions, may be augmented considerably by recharge 
induced from hydraulically connected streams and 
lakes; such wells may yield a thousand gallons per 
minute or more.

The Appalachian Highlands includes four physio­ 
graphic provinces each of which has distinctive land- 
forms resulting from the nature and structure of the 
underlying rocks and geologic history of the province. 
From the Fall Line northward these physiographic 
provinces, as classified by Fenneman (1938), are: 
(1) the Piedmont, (2) New England, (3) Valley and 
Ridge, and (4) Appalachian Plateaus (pi. 1). The 
characteristics of each province and its subdivisions are 
described briefly in the discussion of the Appalachian
Highlands.

THE COASTAL PLAIN
GENERAL, FEATURES

The Coastal Plain physiographic province is the 
emerged part of the Atlantic Plain (pi. 1), a gently 
sloping surface that extends 125-175 miles southeast­ 
ward from the Fall Line beyond the present coastline 
to the edge of the Continental Shelf. A net rise of sea 
level in the last 10,000 years since the shrinkage and

disappearance of the latest continental glaciers of the 
Ice Age (Wisconsin stage) has inundated the outer part 
of the Atlantic Plain and drowned the lower reaches of 
the streams; bays, estuaries, and tidal marshes have 
been formed near their mouths. Delaware Bay and 
the estuary of the Delaware River, which extend inland 
133 miles from the mouth of the bay to the Fall Line 
at Trenton, N.J., have been formed by this sea-level 
rise, which amounted to more than 150 feet according 
to Flint (1957, p. 262) and probably to more than 300 
feet according to Upson (1949).

The Coastal Plain occupies the southern half of New 
Jersey, most of Delaware, and a narrow strip in south­ 
eastern Pennsylvania along the northwest side of the 
Delaware River. Excluding tidal marshes and bays, 
the Coastal Plain includes an area of about 2,750 
square miles within the basin, about 2,150 square miles 
in coastal New Jersey outside the basin, and 480 square 
miles in coastal Delaware outside the basin. The 
Coastal Plain decreases in width toward the northeast 
from about 70 miles in Delaware to less than 20 miles at 
Raritan Bay in New Jersey.

Throughout most of New Jersey the Coastal Plain 
consists of an inner part which slopes gently northwest 
toward the Delaware and Raritan Rivers and an outer 
part which slopes even more gently southeast toward 
the ocean and, in the south end of the State, south and 
southwest toward Delaware Bay. In Delaware the 
plain slopes east toward the Delaware River and Bay.

The land surface is nearly flat over wide areas but is 
moderately hilly in places, particularly toward the 
northeast, in the vicinity of Raritan Bay. In that 
area a few hilltops rise to nearly 400 feet above sea 
level, but altitudes are generally not greater than 200 
feet, and more than half the plain is below an altitude 
of 100 feet.

The inner, northwestern part of the Coastal Plain in 
New Jersey is crossed by a sequence of approximately 
parallel belts, which are the beveled edges or outcrops 
of the geologic formations that dip gently toward the 
ocean (pis. 5 and 6). Where outcrops are not mantled 
by younger deposits of sand and gravel, each belt has 
a distinctive landform resulting from the different 
resistances to erosion of the underlying materials. 
Unusually resistant beds, such as sandstone or con­ 
glomerate (naturally cemented sand or gravel), form 
steep-sided hills and ridges; beds of clay tend to form 
broad interstream surfaces with steep streambanks; 
and beds of loose sand form gentle valley sides or, 
where wind action is strong and the sand is not held in 
place by vegetation, dunes and blowouts may be 
formed. In plan view, some of the outcrop belts are 
deeply frayed or indented where they are crossed by 
the small streams flowing toward the Delaware or

713-196 O 64



42 WATER RESOURCES OF THE DELAWARE RIVER BASIN

Raritan Rivers (pi. 5). Below the bend at Trenton, 
N.J., the Delaware River follows the innermost belt  
the largely concealed beveled edge of the basal unit 
consisting of nonmarine sediments of Cretaceous age. 
The relative weakness of these materials, and the 
resistance to erosion of the hard crystalline rocks 
immediately to the northwest across the Fall Line, 
have largely determined the course of this part of the 
river.

The outer margin of the Coastal Plain in New Jersey 
has very low relief and slopes gently toward the ocean 
on the east and southeast and toward the bay on the 
south. The topography in Delaware is similar, except 
that the prevailing slope and drainage is toward the 
east. For the most part, these areas are immediately 
underlain by permeable sand and gravel and are 
traversed by perennial streams of low gradient. In 
their shoreward reaches most of the streams are tidal 
and are bordered by marshes. The coast in central 
and southern New Jersey and in Delaware south of 
Cape Henlopen is characterized by a line of offshore 
sand bars, formed by longshore currents and wave 
action, behind which lie shallow bays and marshes. 
Atlantic City, N.J., is built on one of these bars.

The wedge-shaped mass of deposits underlying the 
Coastal Plain consists of an alternating sequence of 
relatively permeable beds of sand and gravel and 
relatively impermeable layers of clay and silt. The 
beds of coarse-material and the layers of clay and silt 
constitute, respectively, aquifers and aquicludes of 
variable thickness and extent. These aquifers and 
aquicludes correspond in a general way to the geologic 
formations that have been established on the basis of 
physical character and age. However, the boundaries 
of the aquifers and aquicludes are not everywhere the 
same as those of the formations for the following 
reasons: (1) The formations change in character from 
place to place a formation may be predominantly 
coarse grained and therefore classed as an aquifer at 
one place, but predominantly fine grained and classed 
as an aquiclude at another; (2) some of the formations 
are divided into several aquifers and aquicludes; (3) 
permeable parts of two adjacent formations may form 
a single hydrologic unit (aquifer).

The geologic formations that comprise the unconsoli- 
dated sediments of the Coastal Plain are listed in table 
3. The sequence lies on a platform of consolidated 
rocks of the same type as those exposed northwest 
of the Fall Line. This platform, which had been 
eroded to a surface of very low to moderate relief by 
the beginning of the Cretaceous period, about 125 
million years ago (table 3), now slopes southeastward 
toward the ocean from slightly above sea level at the 
Fall Line to about 6,000 feet below sea level at the

mouth of Delaware Bay. Figure 12 and plate 6 show 
the configuration of this surface in a very general way; 
not enough deep-well information and seismic geophys­ 
ical data are available to determine the buried topog­ 
raphy in detail, and the depths determined by the 
seismic method are somewhat inaccurate; the probable 
error in seismic depth determinations is less than 
10 percent (Ewing and others, 1939, p. 294).

Figures 14 to 20 show the configurations of the tops of 
several of the formations in the overlying wedge of 
deposits that constitute aquifers or groups of aquifers. 
Plate 6 shows the relations of the formations in three 
dimensions; the vertical scale is exaggerated 42 to 66 
times.

The contours of the top of each formation are based 
on well-log data rather widely scattered throughout 
most of the Coastal Plain, they necessarily are general­ 
ized and do not indicate details in the configurations of 
the surfaces represented. Accordingly, the maps and 
fence diagram are regarded as preliminary, and doubt­ 
less the interpretations will be refined from time to 
time as more subsurface data become available.

All the formations dip southeast in New Jersey and 
northern Delaware, but they dip east or slightly north 
of east in southern Delaware. The dips decrease from 
60 to 100 feet per mile (about %°-l°) near the base of 
the sequence to about 10 feet per mile near the top. 
This decrease is due to the fact that many of the forma­ 
tions thicken seaward (pi. 6); but they become finer 
grained and more difficult to differentiate in that 
direction.

Most of the sandy beds become thinner or finer 
grained southeast from their outcrops. Many beds of 
sand probably do not extend as far as the edge of the 
Continental Shelf, about 100 miles east of the present 
shoreline, and some sandy beds, such as those in the 
Englishtown, Red Bank, and Vincentown sands, either 
grade into finer materials or pinch out beneath parts of 
the Coastal Plain (pi. 6, figs. 17 and 19). Nevertheless, 
some of the sandy aquifers probably extend at least as 
much as 10 miles beyond the present shoreline. Some 
of these aquifers were deposited in the ocean and there­ 
fore were originally saturated with salt water. Now, 
however, they contain fresh water, which indicates that 
infiltrating precipitation has filled the inland recharge 
areas of the aquifers and flushed the original salt water 
out as it moved through them to discharge outlets far 
beyond the shore. This implied connection between 
sea and land through the aquifers has an important 
bearing on problems of salt-water encroachment along 
the coast.

OCCURRENCE OF GROUND WATER

Very large quantities of fresh water occur in the 
unconsolidated sediments underlying the Coastal Plain.
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75°00' 

.-7900 (estimated)

FIGURE 12. Configuration of bedrock beneatb Coastal Plain.
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TABLE 3. Stratigraphy of Delaware River basin
[Formations of Paleozoic age listed in this table occur in the Valley and Ridge and the New England provinces in eastern Pennsylvania; equivalent formations 

in other provinces are listed in plate 8. Formations or units separated by dashed lines are considered to be single hydrologic units]

Stratigraphic assignment or age

Era

CENOZOIC

System 
or 

period

1

1 
&

Tertiary

Absolute age 1 
(millions 
of years)

0-1

1-10

10-25

25-40

40-60

Series or 
epoch

Recent

Pleistocene

E

1

§

Oligo- 
cene

W

Paleocene

Group, stage, or 
age equivalent

Wisconsin stage

Illinoian and Kan- 
san stages.

Columbia group

Hiatus

Hiatus

Hiatus

Middle Miocene

Hiatus

Upper Eocene

Hiatus

Middle Eocene

Lower Eocene

Rancocas group

Formation or unit

Beach and dune sand »

Marsh and swamp deposits *

Alluvium «

Glacial outwash *

Stratified glacial drift of up­ 
lands.4

Glacial till *

Terminal and recessional 
moraines.4

Basin-rim sand

Early glacial drift

Talbot and Cape May for­ 
mation's. 6

Unclassified deposits  

Pensauken and Bridgeton 
formations.

Hiatus

Bryn Mawr and Beacon 
Hill gravels.

Hiatus

Cohansey sand

Hiatus

Kirkwood formation

Hiatus

Piney Point formation

Hiatus

Shark River marl

Manasquan marl

Vincentown sand

Hornerstown marl

Maximum
thickness 2 

(feet)

80

30

50±

400±

500±

350±

250+

30

150±

100+

70

Hiatus

20

Hiatus

265

Hiatus

700+

Hiatus

290

Hiatus

200

460

55

Physical properties

Well-sorted loose white and gray sand along beaches and off­ 
shore bars.

Dark clay, silt, and organic matter in marshes and swamps 
bordering streams, lakes, estuaries, and bays.

Unconsolidated stream deposits ranging from clay to coarse 
gravel. Not differentiated from glacial outwash where present.

Valley-fill deposits ranging from coarse gravel to silt and clay. 
Includes lake deposits and a few small masses of glacial till and 
morainal deposits. Not differentiated from stratified glacial 
drift of uplands on plate 7.

Deposits distinguished from glacial outwash chiefly by higher 
topographic position; occur as dissected outwash fills, river 
terraces, kame terraces, kames, eskers, and deltas.

Heterogeneous unsorted deposits ranging from clay to boulders. 
Forms a discontinuous, generally thin irregular blanket over 
glaciated northern part of basin.

Elongate sinuous ridges composed of heterogeneous unsorted 
materials deposited at margins of Wisconsin ice sheet.

Sandy, silty, and gravelly deposits forming small, generally 
elliptical basins throughout Coastal Plain.

Stratified and nonstratified glacial deposits, including Jerseyan 
drift; contains more clay and silt than Wisconsin deposits. 
Not differentiated from Wisconsin deposits except south of 
limit of Wisconsin glaciation (pi. 7).

Form a roughly wedge-shaped mass thinning inland and have 
tonguelike extensions up major valleys. Consist of relatively 
unweathered stream-deposited sand and gravel; toward coast 
in upper part, silt and clay is deposited in estuarine and marine 
environments.

In Delaware, deposits topographically higher, but older than 
Talbot formation and at least partly equivalent to Wicomico 
formation. In New Jersey, deposits (not shown on pi. 7) 
topographically and stratigraphically between Bridgeton or 
Pensauken formation and Cape May formation.

Complex sequence of streamlaid deposits consisting of lenticular 
beds of yellow, brown, or red gravel, sand, and silt. Remnant 
caps on Cohansey sand and older formations.

Semiconsolidated weathered gravelly deposits capping a few of 
the highest hills in the Coastal Plain (Beacon Hill gravel) and 
Piedmont (Bryn Mawr gravel).

Quartzose, somewhat micaceous sand, lenses of silt and clay as 
much as 40 ft thick, and some gravel. Probably deltaic and 
estuarine, possibly grading toward coast into marine deposits.

Quartzose micaceous sand and extensive beds of diatomaceous 
silt or clay. Shiloh marl member, a fossiliferous clayey or silty 
sand, at top of formation in southern New Jersey. Probably 
estuarine and marine.

Glauconitic sand and greenish-gray clay. Occurs only in sub­ 
surface within Delaware River basin. Fossiliferous; marine.

Mixture of glauconite and light silty clay. Marine.

Glauconite in lower part; very fine grained sand and greenish- 
white clay in upper part. Marine.

Limy sand, fossiliferous and somewhat consolidated, and quartz 
sand containing some glauconite. Beds of sand grade south­ 
eastward into beds richer in clay and glauconite. Marine.

Glauconite (greensand) and some sand and clay. Locally fossil­ 
iferous; marine.

See footnotes at end of table.
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TABLE 3. Stratigraphy of Delaware River basin Continued

Stratigraphic assignment or age

Era

MESOZOIC

PALEOZOIC

System 
or 

period

|

£ o

Jurassic

Triassic

Permian

Carboniferous

Pennsylvanian

Mississippian

Absolute age 1 
(millions 
of years)

60-125

125-150

150-180

180-205

205-255

Series or 
epoch

Upper Cretaceous

Lower 
Cretace­ 

ous

o

 c 

a

Group, stage, or 
age equivalent

Monmouth group

Matawan group

Hiatus

Potomac group

Hiatus

Newark group

Hiatus

Formation or unit

Red Bank sand

Navesink marl

Mount Laurel sand

Wenonah sand

Marshalltown formation

Englisbtown sand

Woodbury clay

Merchantville clay

Hiatus

Magothy formation

Raritan formation '

Patapsco formation

Patuxent formation

Hiatus

Diabase

Basalt

Brunswick formation 8

Lockatong formation 8

Stockton formation s

Hiatus

Allegheny formation

Pottsville formation

Mauch Chunk formation

Pocono formation

Maximum 
thickness 2 

(feet)

185

55

110

125

160

250+

Hiatus

5,000+

Hiatus

2,000±

900

7,000±

3,800±

5,000±

Hiatus

1,500±

1,500

3,000±

1,600±

Physical properties

Sand, some clay and glauconite to lower part. Missing to central 
and southern New Jersey. Ttoton sand member, at top of 
formation to Monmouth County, N.J., consists of glauconitic 
clayes sand. Marine.

Glauconitic, marly sand and clay and a basal bed of shells. In 
Delware, not distinguished from Mount Larel sand. Marine.

Glauconitic quartz sand; minor amount of clay, except in northern 
Delaware where not readily distinguishable from Navesink 
marl. Marine.

Micaceous, slightly glauconitic quartz sand; local beds of silt and 
clay. Marine.

Sandy clay and lenses of glauconitic sand. Not recognized to 
Delaware. Fossiliferous; marine.

Quartz sand, and clay and silt which increase to abundance down- 
dip and toward top of formation. Missing to Delaware and 
southernmost New Jersey. Lagoonal and marine.

Somewhat micaceous tough clay, not glauconitic; upper part 
slightly sandy and distinctly laminated. Not recognized to 
Delaware. Marine.

Glauconitic micaceous clay, generally greasy and massive; some 
silt and fine-grained sand, particularly in upper part. Marine.

A seaward-thickening wedge of nonmartoe deposits representing 
several environments: stream, marsh, lagoonal, estuartoe, and, 
to upper part, local near-shore marine environments. Deposits 
consist of lenitcular beds of sand, clay, silt, and a little gravel. 
Many-colored tough clay is characteristic, as is locally cross- 
bedded light sand. Lignite (brown coal) and pyrite (iron 
sulfide) occur locally, and a few thin beds containing shells are 
present in seaward part of unit.

Dark fine- to medium-grained crystalline rock consisting prin­ 
cipally of plagioclase and augite. Occurs as sills and dikes 
intruding Triassic and older rocks. Forms prominent ridges 
and hills.

Dark fine-grained crystalline rock consisting principally of 
plagioclase and augite. Occurs as flows interbedded with 
upper part of Newark Group, and locally as small dikes. Forms 
prominent crescent-shaped ridges, the Watchung Mountains, 
to northern New Jersey.

Soft red shale, some brownish-red siltstone and fine-grained 
sandstone, and green, yellow, gray, and purple shale and 
argillite. Along borders of area, includes discontinuous lenses 
of sandstone and conglomerate. Near diabase, altered to 
hornfels. Soft unaltered shale forms elongate lowlands between 
low ridges of more resistant rocks.

Chiefly thick-bedded dark argillite; some zones of thin-bedded 
dark shale, impure limestone, and limy argillite; to upper part, 
tongues of dark-red argillite and some red shale similar to that 
to Brunswick formation. Argillite forms prominent ridges 
where interbedded with softer shale, and plateaus where weaker 
zones are absent.

Gray or yellow arkose; smaller amounts of conglomerate, fine­ 
grained red or brown sandstone, and soft red shale. F toe- 
grained beds more abundant to upper part of formation than to 
lower part. Arkose and conglomerate form ridges; soft red 
sandstone and shale form intervening valleys.

Gray or brown shale and fine-grained sandstone; some anthracite 
coal, fire clay, black carbonaceous slate or shale, and scattered 
lenses of coarse-grained sandstone and conglomerate. In 
synclinal valleys surrounded by canoe-shaped ridges.

Hard quartzose conglomerate and coarse-grained sandstone; a few 
thin beds of coal and carbonaceous slate or shale. Becomes 
thinner and finer grained toward the northeast. Forms ridges 
enclosing synclinal coal basins underlain by Allegheny forma­ 
tion.

Alternating lenses of red shale and green sandstone; some lenses 
of conglomerate to upper part. Becomes thinner and finer 
grained toward the north. Forms valleys.

Hard quartzose sandstone and conglomerate; some thin beds of 
sandstone, shale, and coal. Becomes thinner and finer grained 
toward the north. Forms prominent ridges.

See footnotes at end of table.
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TABLE 3. Stratigraphy of Delaware River basin Continued

Stratigraphic assignment or age

Era

PALEOZOIC

System 
or 

period

Devonian

Silurian

Ordovician

Absolute age 1 
(millions 
of years)

255-315

315-350

350-430

Series or 
epoch

Upper Devonian

Middle Devonian

Lower or Middle Devonian

Lower Devonian

Upper Silurian

Upper Ordovician

Middle Ordovician

Lower Ordovician

Group, stage, or 
age equivalent

Portage group, as 
used in Penn­ 
sylvania.

Hamilton group

Helderberg group

Hiatus

Formation or unit

Catskill formation

Mahantango formation of 
Willard (1935).

Marcellus shale

Onondaga limestone

Esopus shale

Oriskany sandstone

Port Ewen limestone

Becraft limestone

New Scotland limestone

Stormville sandstone of 
Weller (1900)

Coeymans limestone

Manlius limestone

Rondout limestone

Decker limestone

Bossardsville limestone

Wills Creek shale »

Bloomsburg red beds

Shawangunk w conglomer­ 
ate.

Hiatus

Martinsburg shale "

Jacksonburg limestone

Beekmantown limestone

Maximum 
thickness 8 

(feet)

6,000±

1,500

1,600

900

250

375

175

190

20

160

10

75

35

40

90

100

200±

2,000

1,900+

Hiatus

4,000±

700

2,000

Physical properties

Somewhat lenticular beds of red, gray, or green sandstone, shale, 
and some conglomerate. Represents a vast nonmarine, pror> 
ably deltaic deposit; toward the west, lower part contains 
marine tongues equivalent to Portage and Hamilton groups. 
Underlies most of Appalachian Plateaus; forms low ridges and. 
valleys elsewhere.

Hard gray or greenish-gray sandstone interbedded with sandy 
shale and dark shale. Forms broad ridges having moderate 
relief.

Hard dark shale, thin-bedded sandstone and sandy shale, thin 
beds of limy shale, and, in upper part, a prominent bed of 
fossiliferous impure limestone known locally as the Centerfleld 
reef. Forms valleys and low ridges.

Dark shale, sandy shale, claystone, and siltstone; some slaty shale 
in lower part. Forms valleys and is covered by glacial outwash 
northeast of Stroudsburg, Pa.

Dark-gray cherty limestone, shaly limestone, and limy shale. 
Thins toward the southwest. Forms narrow low-lying belt.

Slaty dark sandy shale and limy shale; dark gritty sandstone. 
Coarsest and thickest in northwestern New Jersey. Forms 
ridges with extensive areas of bare rock.

Granular quartz sandstone and toe-grained conglomerate; some 
sandy fossiliferous limestone, chert, and shale. Sandy lime­ 
stone predominates in New Jersey. Forms narrow ridges.

In New Jersey and New York, poorly exposed shale; in Pennsyl­ 
vania, not known to be present.

Hard gray cherty limestone, fossiliferous.

Limy shale and hard cherty limestone.

Limy sandstone.

Pure to sandy limestone, highly fossiliferous.

Dark-blue to nearly black fossiliferous limestone.

Thinly laminated limestone; near top includes bed of silty dolo- 
mitic limestone.

In Pennsylvania, thick-bedded limy sandstone and some lime­ 
stone.

Banded toe-grained bluish-gray limestone and basal slaty lime­ 
stone, in places having columnar structure.

Unfossiliferous buff, green, and variegated beds of limy shale; 
hard bluish-gray fossiliferous crystalline limestone near base.

Red or green shale and sandstone; some conglomerate near base. 
Nonmarine, at least in part. Forms northwest slope of Blue 
Mountain ridge.

Hard quartzitic sandstone and conglomerate and a few thin beds 
of shale. Forms southernmost ridge in Valley and Ridge 
province.

Upper 500 ft, medium- to fine-grained arkosic sandstone or gray- 
wacke, and a few lenses of shale and conglomerate. Lower 
3,500 ft, banded bluish-gray shale and slate; some fine-grained 
limy sandstone and some red beds. Forms the higher, more 
dissected and hilly part of the Great Valley.

Dark shaly or slaty impure limestone and thin beds of limy shale 
which increase in abundance toward top of formation. Ex­ 
tensively quarried as "cement rock." Forms slopes at valley 
margins.

Gray to blue dolomite and dolomitic limestone; some siliceous 
and shaly beds. Forms valleys. Equivalent to the Cone- 
stoga limestone in Chester Valley of Pennsylvania. Overlies 
the Conococheague limestone in central southern Pennsyl­ 
vania, western Maryland and northwestern Virginia, which 
in turn overlies the Elbrook limestone.

See footnotes at end of table.
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TABLE 3. Stratigraphy of Delaware River basin Continued

Stratigraphic assignment or age

Era

PALEOZOIC

PRECAMBRIAN

System 
or 

period

j
6

Absolute age ' 
(millions 
of years)

430-510

510-4, 500±

Series or 
epoch

Upper Cambrian

Middle(?) Cambrian

Lower Cambrian

Group, stage, or 
age equivalent

Hiatus

Formation or unit

Allentown limestone of 
Wherry (1909).

Limeport limestone of 
Howell, Roberts, and 
and Willard (1960).

Leithsville formation

Tomstown dolomite

Hardyston quartzite

Hiatus

Franklin limestone

Gneiss 12 and related crystal­ 
line rocks.

Maximum 
thickness 2 

(feet)

500

900

900

1,000-

200±

Hiatus

Unknown

Indefinite

Physical properties

Alternating light and dark dolomitic limestone, abundantly 
fossiliferous in places. Forms lowlands.

Alternating light- and dark-gray dolomitic limestone and dolo­ 
mite, abundantly fossiliferous. Forms lowlands.

Thick-bedded dolomitic limestone and dolomite; many beds of 
finely micaceous shale. Grades upward into limeport Lime­ 
stone of Howell, Roberts, and Willard (1950). Forms lowlands 
and low hills.

Thin-bedded and locally clayey or shaly dolomite, sericitic shale, 
and thick-bedded dolomitic limestone. Equivalent to Ledger 
dolomite, Kinzers formation, and Vintage dolomite of the 
Piedmont province.

Consists of a variety of more or less quartzose rocks, including 
sandstone, conglomerate, quartzite, chert, hard shale, and 
micaceous quartz schist. Forms ridges or abrupt slopes at 
valley margins. Approximately equivalent to Antietam 
quartzite on pi. 6, Harpers schist, and Chickies quartzite of 
Piedmont province which are as much as 1,500 ft in total 
thickness.

Coarse- to fine-grained marble or dolomitic marble locally con­ 
taining graphite and other minerals. Small masses associated 
with gneiss of Precambrian age.

Mostly medium- to coarse-grained gneissose rocks ranging from 
light-colored rocks having abundant quartz and feldspar to 
dark rocks containing abundant iron- and magnesium-bearing 
minerals. Include rocks of metasedimentary, metaigneous, 
and igneous origin, and complex mixtures of these types. 
Comprise Pochuck gabbro gneiss, Losee diorite gneiss. Byram 
Sanite gneiss, Pickering and Baltimore gneisses, and several 

nds of unnamed gneiss.

1 Figures adopted by U.S. Geological Survey, Geologic Names Committee, 1958, 
except for age of Precambrian, which is based on an estimate by Harrison Brown 
(1957).

3 Maximum thickness in Delaware River basin or New Jersey.
3 Beach and dune sand, marsh and swamp deposits, and alluvium are contempo­ 

raneous, at least in part.
4 Glacial outwash, stratified glacial drift of uplands, terminal and recessional 

moraines, and glacial till are contemporaneous, at least in part.
s In vicinity of Trenton, N.J., Cape May formation has not been differentiated 

with certainty from glacial outwash.
6 Unclassified deposits may be equivalent in part to Pensauken and Bridgeton 

formations.

Nearly all the available water that is, the water that 
can be withdrawn by wells is in sheetlike layers of 
sand and lenslike beds of sand and gravel. These layers 
of sand and gravel the aquifers are interbedded with 
aquicludes composed of silt and clay which restrict the 
movement of water and confine the water in some of the 
aquifers under artesian pressure. Most of the aqui­ 
cludes increase in thickness and relative abundance 
toward the coast; this evidence suggests that the sedi­ 
ments near the present coast were deposited in deeper 
water than those farther inland.

Fresh water occurs, or occurred under native condi­ 
tions, in all the near-surface material in the Coastal 
Plain; however, salt water is contained in the lower, 
seaward part of the wedge largely in accordance with 
the Ghyben-Herzberg principle, which is discussed in 
the section on salt-water encroachment (p. 98).

The inland extent of the salty ground water is differ­ 
ent in each aquifer. In general, the salt water extends

' Raritan formation of New Jersey may include equivalents of Patapsco and Patux- 
ent formations of Delaware.

8 Brunswick, Lockatong, and Stockton formations considered as lithofacies, rather 
than distinct Stratigraphic units by McLaughlin (in Greemnan, 1955).

» Locally called Poxono Island shale (of White, 1882).
10 Equivalent to the Tuscarora sandstone and at least part of the Clinton formation 

west of the Delaware River basin (Gray and others, 1960).
11 Martinsburg shale has been called a formation or a group by some geologists 

who have worked in the area (pi. 8).
12 Radioactive-element age determinations indicate that the Baltimore gneiss and 

its equivalents were crystallized or recrystallized about 1-1.1 billion years ago (Tilton 
and others, 1958).

farthest inland in the lowest aquifers. The aquifers 
in the nonmarine sediments of Cretaceous age may 
contain salt water as far inland as 50 miles (fig. 15). 
At Atlantic City, N.J., the "800-foot" sand aquifer in 
the Kirkwood formation still contains fresh water, 
despite pumping which has lowered the fresh-water 
head in the aquifer by more than 100 feet (Barksdale, 
and others, 1958, p. 153), but the aquifers below the 
Kirkwood formation in this area are reported to contain 
only salty water. Salty water occurs in shallow aquifers 
of both the Cohansey sand and the Quaternary deposits 
at places along the coast (fig. 33), but this occurrence 
probably has resulted largely from pumping and to a 
lesser extent from dredging and draining activities; it 
is not a natural condition.

The outcrops of the aquifers or the areas where the 
aquifers are covered only by Quaternary deposits in 
the Coastal Plain are shown on plate 5 and figure 19. 
The Quaternary deposits (pi. 7), which blanket large
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areas of the older aquifers and cover practically all 
Delaware and much of southern New Jersey, contain 
unconfined to semiconfined water and function some­ 
what as a sponge to receive infiltration from precipita­ 
tion and transmit it to the underlying aquifers.

Figure 13 is an idealized cross section showing geologic 
and hydrologic conditions in a coastal-plain setting 
similar to that of New Jersey or Delaware. A capping 
layer of permeable sand and gravel of Quaternary age 
lies unconformably on the seaward-dipping pre-Quater- 
nary deposits that constitute a system of aquifers and 
aquicludes. The capping layer itself is largely an un­ 
confined aquifer; its water table is a subdued replica 
of the land surface, and water flows from high to low 
areas. The recharge that does not escape locally to 
surface-water bodies or to the atmosphere through 
evapo transpiration is available to underlying aquifers 
(designated A, B, and C in the diagram) through the 
so-called funnel effect, by which precipitation collected 
over a fairly extensive area of land surface is made 
available as recharge to smaller underlying permeable 
zones the subsurface intake areas of the older aquifers.

Figure 13 illustrates also how parts of an aquifer can 
be both artesian and nonartesian, although the situa­ 
tion depicted is necessarily greatly oversimplified.

Down the dip, toward the coast, water in the aquifers 
below the Cohansey sand is confined by the intervening 
aquicludes. Under natural conditions interchange of 
water through the aquicludes is extremely slow and 
probably minor in amount. Significant quantities of 
water, however, may move through an aquiclude where

NW.

.WATER TABLE

a large difference in hydraulic head between the ad­ 
jacent aquifers is created by pumping from one aquifer. 
As an example, assume the following conditions: Thick­ 
ness of aquiclude, 100 feet; average coefficient of perme­ 
ability of aquiclude, 0.01 gpd per sq ft; and difference in 
head between adjacent aquifers, 50 feet. Under these 
conditions, the quantities of water moving through a 
square-mile area of the aquiclude would be about 
140,000 gpd an amount sufficient to supply a town of 
1,000 people at an average rate of consumption of 140 
gallons per capita per day.

The physical and hydrologic properties and the chemi­ 
cal character of the ground-water supplies of the aqui­ 
fers and aquicludes of the Coastal Plain are described 
below from oldest to youngest; a more abbreviated 
description is provided in table 3. Later sections sum­ 
marize ground-water recharge and discharge, the move­ 
ment of ground water through the Coastal Plain de­ 
posits, and the importance of storage.

NONMARIWE SEDIMENTS OF CRETACEOUS AGE-THE MAJOR GROUP OF
AQUIFERS

The nonmarine sediments of Cretaceous age include 
in ascending order the Patuxent, Patapsco, Raritan, 
and Magothy formations (table 3). These formations 
are not treated separately herein, because together they 
constitute a major hydrologic unit in which the indi­ 
vidual aquifers and aquicludes are less extensive 
than most of the overlying aquifers and aquicludes. 
These formations, therefore, can be identified only in 
restricted areas.

SE.

WATER TABLE

PERMEABLE SAND AND GRAVEL 

QUATERNARY AGE

NONARTESIAN
PART

BASE OF

QUATERNARY

DEPOSITS

NOTE: Vertical scale greatly exaggerated, hence dip of aquifers and aquicludes is more nearly horizontal.
Paths of ground-water movement, indicated by arrows, likewise ore not to scale; vertical components of movement 

are greatly exaggerated,(components of movement perpendicular to diagram are not indicated)

FIGURE 13. Idealized cross section illustrating funnel effect in recharge to Coastal Plain aquifers.



GROUND WATER ITS AVAILABILITY AND CHARACTER 49

These nonmarine sediments the lowermost part of 
the unconsolidated sediments in the Coastal Plain  
form a wedge that thickens seaward and that lies 
on a surface of low relief cut on consolidated rocks 
similar to those wnich crop out northwest of the Fall 
Line (pi. 6 and fig. 12). The wedge thickens south­ 
eastward or southward from zero along the Fall Lane 
to more than 3,500 feet beneath the mouth of Delaware 
Bay and more than 5,000 feet beneath the southeast 
corner of Delaware (fig. 14). The beveled northwest 
edge of the nonmarine sediments, most of which is 
largely covered with Quaternary deposits (compare 
pis. 5 and 7), forms a lowland that extends from 
northern Delaware 100 miles to the lower Raritan 
River and Raritan Bay in northeastern New Jersey. 
Much of the Delaware estuary lies along this belt, as 
does the Raritan River and its southwestern tribu­ 
taries. Largely because of their location near the 
Fall Line where the large centers of population and 
industry are concentrated, the aquifers in the non- 
marine sediments are better developed and provide 
more water supplies than any other aquifers in the 
basin.

The sediments were deposited in several nonmarine 
environments stream, marsh, lagoonal, and es- 
tuarine and, in the upper part, there are thin tongues 
of marine deposits. The individual beds or layers, 
which are much less extensive than the beds in the 
overlying formations of marine origin, consist of 
sand, clay, silt, and a little gravel. Varicolored tough 
clay and light crossbedded fine- to coarse-grained sand 
are typical. Lignite and pyrite are common in some 
places. A few thin limy beds containing shells occur 
in the seaward part of the sequence.

The hydrologic properties of the nonmarine sedi­ 
ments vary greatly. Some of the layers of coarse­ 
grained sand are highly permeable, but many of the 
intervening layers of clay are nearly impermeable. 
Laboratory coefficients of permeability for samples 
from the Raritan formation in Middlesex County, 
N.J., ranged from 25 to 3,500 gpd per sq ft and had a 
weighted average of about 1,300 gpd per sq ft; the 
average coefficient for sands in the Magothy formation 
was about 400 gpd per sq ft (Barksdale and others, 
1943).

Aquifer tests in New Jersey indicated permeability 
coefficients that ranged from 240 to 2,500 gpd per 
sq ft and averaged about 1,200 gpd per sq ft, although 
the results of two tests in northern Delaware indicated 
lower permeabilities there (table 4).

Midpoint values of coefficients of transmissibility 
from 14 aquifer tests in New Jersey, Delaware, and 
Pennsylvania (table 4) ranged from 4,000 to 150,000 
gpd per ft and averaged 60,000 gpd per ft. None of

these values is based on a penetration of the entire 
thickness of the nonmarine sediments; the thickness 
of aquifers tapped ranges from 10 to 100 feet, and 
even the 100-foot thickness represents only partial 
penetration of the unit.

In contrast to the moderate to high permeability 
and transmissibility of the aquifers in the nonmarine 
sediments, the clay aquicludes generally have permea­ 
bility coefficients of less than 0.1 gpd per sq ft. One 
aquiclude in the vicinity of Camden, N.J., has an 
estimated coefficient of transmissibility of about 0.4 
gpd per ft (Barksdale and others, 1958, p. 41).

Midpoint values of coefficient of storage determined 
from the pumping tests given in table 4 ranged from 
0.000062 to 0.0016 indicative of confined to semi- 
confined conditions and averaged 0.0005.

In New Jersey most large wells in the Raritan for­ 
mation yield from 250 to 1,000 gpm, and yields exceed­ 
ing 1,000 gpm are not uncommon. In Delaware, 
yields are generally considerably less. Rasmussen, 
Groot, Martin, and others (1957, table 15) reported 
an average specific capacity (discharge of a pumping 
well divided by the drawdown of water level) of only 
2 gpm per foot of drawdown for 66 wells tapping the 
nonmarine sediments in northern Delaware. This value 
indicates an average coefficient of transmissibility of 
only 4,000-5,000 gpd per ft, which is roughly compa­ 
rable with the values of 2,500-12,000 gpd per ft derived 
from aquifer tests at two sites in the area (table 4).

Properly designed and constructed drilled wells, tap­ 
ping the full thickness of the nonmarine sediments, 
should yield between 100 and 1,000 gpm within the 
productive area shown on figure 15.

Although individual beds of sand and clay in the 
nonmarine sediments are lenticular, distinct water-yield­ 
ing zones have been recognized in the most intensively 
studied areas. These zones appear to be separated by 
layers of clay that are more extensive than those sep­ 
arating the individual sandy layers within each zone, 
and definite differences in artesian pressure and also 
in the chemical character of the contained water exist 
between the zones. In northern Delaware, Rasmussen, 
Groot, Martin, and others (1957) defined three zones 
which were called the lower, middle, and upper aquifers; 
in the Philadelphia-Camden area, two principal zones 
appear to be present. Graham (1950, p. 214-216; 
fig. 3) described the ground-water occurrence in the 
Philadelphia-Camden area and illustrated in a geologic 
section the nature of these two zones.

The uncontamina£ed waters from the nonmarine sed­ 
iments of Cretaceous age are relatively low in dissolved 
solids (30-200 ppm), soft, and generally of high quality 
(table 19). Near the intake areas where the recharge
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FIGURE 15. Map of the nonmarine sediments of Cretaceous age showing productive area and theoretical interface between fresh water and salt water.
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TABLE 4. Coefficients of transmissibility, permeability, and storage in nonmarine sediments of Cretaceous age

[Rounded to two significant figures]

Location

Riverton, NJ... ________________

Woodbridge, N J.                 

Qibbstown, NJ.   . ____________ .

Haddon Heights, N J._._. ...................

Parlin, NJ. (Hercules) ... ...................
Old Bridge, N.J.......   ........  ..  .
WestviUe, NJ                  
Philadelphia, Pa. (Navy Yard)...      

Delaware City, Del _______________

Coefficient of transmissi­ 
bility (gpd per ft)

Range

4, 000-14, 000 
23, 000-79, 000

53, 000-64, 000

50, 000-76, 000

17, 000-67, 000 
51, 000-68, 000 
51, 000-69, 000

2, 500- a 7, 500 
4, 700-12, 000

Mid­ 
point 

between 
extremes

'150,000

9,000 
51,000

47,000

120,000 
58,000 

i 62, 000 
63,000 

100,000 
42,000 
60,000 
60,000

35,000 
7,500

Thick­ 
ness of 
aquifer 

(ft)

'100

10-24 
19-i6

25±

70± 
45-50 

124 
85 
66

40-67 
54-63

Coefficient of permea­ 
bility (gpd per sq ft)

Range

240-660 
680-2,500

1, 100-1, 400

590-S90

1, 000-1, 400 
920-1, 200

Mid­ 
point 

between 
extremes

U,500

450 
1,600

1,500 

1,800
1,200 

12,600 
740 

1,500

1,200 
1,100

Coefficient of storage 
(dimensionless)

Range

0. 00004-0. 081 
.00017- .00056

.000072-. 000086

.000037-. 000086

.00058-. 0024 
.000090-. 00017 
.000080-. 00020

.00006 -.0015 

.0001 -.0003

Mid­ 
point 

between 
extremes

0.00015

2.0006 
.00037

.00015

.0010 

.000079 

.0012 

.000062 

.0016 
2.0015 

.0001 

.00014

2.0005 
.0002

Source of data

U.S. Oeol. Survey unpublished 
data. 

Do. 
U.S. Qeol. Survey; Leggette and 

Brashears (written communi­ 
cation). 

U.S. Oeol. Survey unpublished 
data. 

Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

J. B. Graham and J. C. Kam- 
inerer (written communica­ 
tion). 

Industrial consultant. 
Do.

1 Aquifer probably was not fully penetrated.
2 Assumed average.
3 Rational values estimated from map showing lines of equal coefficient of transmissibility.

consists chiefly of rainwater, the water is soft, slightly 
mineralized, slightly acid, and somewhat corrosive. 
As the water flows downgradient in the formation, it 
becomes more mineralized, slightly alkaline, and non- 
corrosive; it generally contains more iron, sometimes 
locally in objectionable quantities. The fluoride con­ 
centration is usually 0-0.1 ppm, but in the vicinity of 
Woodstown and Glassboro, N:J., it exceeds 1 ppm.

In several places the native waters are contaminated. 
The location of the hypothetical interface between fresh 
and salt water is shown on figures 15 and 16. Where 
withdrawals of water near the interface are large, there 
may be salt water encroachment, as has already oc­ 
curred in the vicinity of Salem and Woodstown, N.J. 
Near Camden and Philadelphia, the Delaware River 
flows over the outcrop of the Raritan and Magothy 
formations. Here, where large quantities of water are 
withdrawn, the aquifers are recharged with river water, 
and the quality of the well water approaches that of 
river water. Above Camden, the river water is no 
more mineralized than the native ground water, and 
river recharge has no adverse effects on, or may even 
improve, the quality of the well water. Downstream 
from Camden, however, the river water is more min­ 
eralized and (or) polluted, and wells near the river 
have been, and more of them may be, adversely 
affected by induced recharge of such water.

The highest concentrations of dissolved solids in the 
lower aquifers of the Raritan formation are within the 
city of Philadelphia. They come principally from three 
sources: (1) the disposal of wastes on dumps on the 
intake area of the aquifers; (2) seepage from leaky

sewers; and (3) wastes discarded into sanitary or dry 
wells.

MEKCHAHTVII1E AND WOODBURY CLAYS-A MAJOR AQUICLUDE

The Merchantville clay and the overlying Woodbury 
clay together form a widespread major aquiclude con­ 
fining the water in the nonmarine sediments. The 
combined unit crops out or is covered by thin Quater­ 
nary deposits in a belt }£-4 miles wide lying immediately 
southeast of the intake area of the nonmarine sedi­ 
ments. Southeast of its outcrop, the unit underlies all 
the Coastal Plain. The Woodbury clay has not been 
recognized in northern Delaware, but the Merchant­ 
ville clay there probably is equivalent to the combined 
Merchantville and Woodbury clays and possibly also 
to the Marshalltown formation of New Jersey (Ras- 
mussen, Groot, Martin, and others, 1957, p. 116). 
Near the outcrop, the Merchantville and Woodbury 
clays together range in thickness from about 100 to 
140 feet, but they thicken downdip and attain a maxi­ 
mum known thickness of more than 250 feet in the 
seaward part of Ocean County, N.J.

The Merchantville clay is a black or greenish-black 
glauconitic micaceous clay. Glauconite is a yellowish- 
to blackish-green amorphous mineral, which is com­ 
posed of hydrous iron, aluminum, magnesium, and 
potassium silicate. It has pronounced cation-exchange 
properties and is commercially open-pit mined in parts 
of New Jersey for use as a water-softening agent. The 
Merchantville clay is generally greasy and massive, 
although the upper part is somewhat sandy and in 
places, particularly in Delaware, is distinctly laminated.
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Low-level intake area of nonmarine sediments of 
Cretaceous age

High-level intake area of nonmarine sediments of 
Cretaceous age

conditions.
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The Woodbury clay, on the other hand, is not 
glauconitic; it consists of a black or bluish-black, 
somewhat micaceous tough clay. The Woodbury 
weathers light brown and breaks into distinctive blocks 
having curved or shell-shaped fracture.

The Merchantville and Woodbury clays, which 
form the most extensive and impermeable aquiclude 
in the Coastal Plain, are important chiefly in protecting 
the underlying aquifers in the nonmarine sediments 
from contamination or encroachment of salt water 
from above and in restricting the loss of water from 
those aquifers by upward leakage. Even though their 
permeability is very low, the Merchantville and Wood- 
bury clays are capable of transmitting significant 
quantities of water where sizable differences in head 
exist between the overlying and underlying aquifers.

A few wells tap the sandy phases of the Merchant­ 
ville clay, but the Woodbury clay is everywhere too 
impermeable to be a source of supply.

MINOR AQUIFERS AND AQUICLUDES ABOVE THE MERCHANTVILLE AND 
WOODBURY CLAYS

Between the aquiclude formed by the Merchantville 
and Woodbury clays and the Kirkwood formation is a 
sequence of aquifers and aquicludes ranging in thick­ 
ness from an average of about 400 feet in its north­ 
western part to perhaps 1,000 feet beneath the coast at 
Atlantic City, N.J. None of the aquifers in this 
sequence is now an important source of water supply 
within the Delaware River basin, although two of 
them the Englishtown sand and the Red Bank sand  
are important outside the basin in the northeastern 
part of the Coastal Plain, and the Wenonah and Mount 
Laurel sands yield moderate supplies at several places 
both inside and outside the basin. All the aquifers are 
capable of being used to a considerably greater extent 
than at present, should the need arise and economic 
conditions be favorable.

ENGLISHTOWN SAND

Overlying the aquiclude formed by the Merchant­ 
ville and Woodbury clays in the central and northern 
parts of the Coastal Plain is the Englishtown sand, a 
minor aquifer in the basin but a fairly important source 
of water supply northeast of the Coastal Plain part of 
the basin in Monmouth and Ocean Counties, N.J.

The Englishtown sand consists typically of fine to 
pebbly quartz sand and a few inextensive layers of 
silt and clay. The sand contains small amounts of 
mica and glauconite and, in places, some lignite. 
Locally, it is cemented by iron oxide. In outcrop the 
sand is white, yellow, or brown, but in subsurface it is 
light gray. Clay and silt, which are not generally 
abundant, occur mostly in the upper part of the 
formation.

The Englishtown sand becomes finer toward the 
south and east and generally thins southward and 
westward, although variations in thickness appear to 
be somewhat random throughout much of its extent 
(fig. 17). Its maximum thickness is about 160 feet, 
in coastal Ocean County, N. J., but within the Dela­ 
ware River basin its thickness at most places is 20-75 
feet. The Englishtown sand probably is absent in 
Delaware and in southernmost and westernmost New 
Jersey.

The sandy beds probably are moderately to highly 
permeable, whereas the few layers of silt and clay are 
relatively impermeable. No data on the hydraulic 
coefficients are available, nor have detailed data on 
productivity of wells been assembled. Because of the 
fairly wide range in thickness of the aquifer, its potential 
productivity probably varies greatly from place to 
place. Within the basin the maximum reported yield 
per well is 200 gpm, but more might be obtained in 
some places, particularly in the northeastern part of 
the Coastal Plain, outside the basin. Within the 
productive area shown on figure 17, yields ranging 
from about 50 to 500 gpm might be obtained from 
large drilled wells of modern design.

The Englishtown sand yields water that is soft to 
moderately hard (table 19). Normally the water is 
slightly alkaline and contains less than 200 ppm of 
dissolved minerals. It is suitable for most uses without 
treatment, although softening or the removal of iron 
is required in some places. The Englishtown sand is 
less subject to salt-water encroachment than are the 
other Coastal Plain aquifers.

MABSHALLTOWN FOBMATION

The Marshalltown formation is an imperfect aquiclude 
and, in a few places, a minor aquifer. It overlies the 
Englishtown sand in most of the Coastal Plain in New 
Jersey but overlies the Woodbury clay in much of 
Salem County, N.J. The Marshalltown has not been 
recognized in Delaware, but possibly equivalent beds 
there have been assigned to the Merchantville clay 
(Rasmussen, Groot, Martin, and others, 1957, p. 117).

The Marshalltown formation consists of greenish- 
black to black sandy clay and lenticular beds of glau­ 
conitic sand. Downdip to the southeast where the 
beds of sand become more abundant, the Marshalltown 
resembles the Englishtown sand and the Wenonah 
sand. Throughout most of its extent the Marshalltown 
formation ranges in thickness from about 20 to 60 
feet; the maximum known thickness is 125 feet, outside 
the basin in Ocean County, N.J.

Because the Marshalltown formation is thin and 
contains some slightly to moderately permeable beds, 
it constitutes a leaky aquiclude. Downdip, the Mar-
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FIGURE 17. Map of Englishtown sand showing its extent, subsurface configuration, and productive area.
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shalltown becomes more sandy and functions even less 
effectively as an aquiclude; water moves between the 
underlying Englishtown sand and the overlying Weno- 
nah sand where the required hydraulic gradients exist 
(Barksdale and others, 1958, p. 141). Domestic 
supplies of water may be obtained from the Marshall- 
town formation at many places, and the sandy parts 
yield as much as 40 gpm to drilled wells.

WENONAH AND MOUNT LAUREL SANDS

Throughout most of the Coastal Plain in New Jersey, 
the Wenonah sand and the overlying Mount Laurel 
sand together form a minor aquifer. In northern 
Delaware the Mount Laurel sand has been grouped, 
instead, with the overlying Navesink marl, which it 
resembles there (Rasmussen, Groot, Martin, and others, 
1957, p. 118).

The Wenonah sand is a slightly glauconitic, mica­ 
ceous quartz sand containing thin layers of silt and 
clay locally. The sand is mostly fine to medium sized 
and gray or black where unweathered, although its 
outcrop is generally white, yellow, brown, or red. In 
northern Delaware it grades downward into the 
Merchantville clay.

The overlying Mount Laurel sand contains more 
glauconite than the Wenonah sand, is salt-and-pepper 
colored, and is mostly medium to coarse, though in 
northern Delaware it is finer and contains considerable 
amounts of silt and clay. In places the Mount Laurel 
is cemented by iron oxide to form a brown sandstone.

The outcrop of the Wenonah and Mount Laurel 
sands forms an irregular belt }£-3 miles wide across the 
northwestern part of the Coastal Plain, about 8 miles 
southeast of the Delaware River (fig. 18). Like the 
other formations of the Coastal Plain wedge, the unit 
dips southeast, and its top is 2,150 feet-below sea level 
at Atlantic City, N.J. The top dips 33-42 feet per 
mile but steepens to as much as 62 feet per mile toward 
the coast near Atlantic City (fig. 18). In New Jersey 
the combined thickness of the Wenonah and Mount 
Laurel sands ranges from 35 to 110 feet; at most places 
the thickness is between 60 and 100 feet. Subsurface 
in Delaware the Wenonah sand generally has not been 
separated from the underlying Merchantville clay; 
hence, the thickness of the Wenonah sand there is not 
known at present.

For the most part, the beds of sand in the Wenonah 
and Mount Laurel sands are moderately permeable. 
Thompson (1930) reported laboratory coefficients of 
permeability of about 570 and 890 gpd per sq ft for 
sand samples from the upper and lower parts of the 
aquifer, respectively. An average coefficient of perme­ 
ability for the aquifer in New Jersey might be in the 
range of 500-700 gpd per sq ft (Barksdale and others,

1958, p. 142); hence, the coefficient of transmissibility 
of an average section, 70 feet thick, would be about 
35,000-50,000 gpd per ft. One pumping test at 
Bradley Beach, Monmouth County, N.J., gave a trans­ 
missibility coefficient of only about 7,000 gpd per ft 
(Lang, written communication, 1958). The storage 
coefficient for this test was 0.0001, which is indicative 
of confined conditions.

Few data are available on the productivity of wells 
in Wenonah and Mount Laurel sands. From the 
known properties of the aquifer, it may be inferred that 
properly constructed wells of large diameter penetrat­ 
ing the entire aquifer should yield from about 50 to 500 
gpm. The potentially productive area may extend 
farther southwest than the limit shown on figure 18, 
although the increasing depth and probably decreasing 
permeability of the aquifer in that direction favor 
instead the development of the overlying aquifers.

Water of good quality is obtained from the Wenonah 
and Mount Laurel sands (table 19). It is soft to mod­ 
erately hard and is fairly uniform in chemical composi­ 
tion. It is suitable for most uses without treatment, 
although excessive amounts of iron occur in some parts 
of the aquifer, and water from such parts must be 
treated to remove the iron!

NAVESINK MARL

Within the Delaware River basin the Navesink marl 
and the overlying formations, the Red Bank sand and 
especially the Hornerstown marl, form a leaky aqui­ 
clude overlying the aquifer formed by the Wenonah 
and Mount Laurel sands. The Red Bank sand sup­ 
plies only small amounts of water to wells within the 
basin and is absent in much of central and southern 
New Jersey; in that area the Navesink and Horners­ 
town marls form one aquiclude having generally 
similar characteristics. In Delaware the Navesink 
marl is similar to the underlying Mount Laurel sand, 
and together with that formation forms a poor aquifer 
south of the Chesapeake and Delaware Canal and an 
imperfect aquiclude north of the canal.

The Navesink marl consists of a green glauconitic 
limy clay and sand with a basal bed of shells. Clay is 
most abundant in the upper part of the formation. 
Its maximum thickness in New Jersey is about 55 feet, 
and it diminishes toward the south to 25 feet or less. 
In Delaware the maximum thickness may be greater, 
but there the difficulty in distinguishing the Navesink 
marl from the underlying Mount Laurel sand precludes 
a reliable estimate of thickness for either formation. 
In New Jersey the combined thickness of the Navesink 
and Hornerstown marls ranges from 35 to 70 feet.

Although the Navesink marl is generally regarded as 
an aquiclude, it has been developed to a small extent as
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a source of domestic supplies (1-5 gpm per well) in 
parts of Monmouth County, N.J., where the adjacent 
aquifers yield water containing objectionable amounts 
of iron (Jablonski, oral communication, 1958).

RED BANK SAND

The Red Bank sand is fairly coarse although it con­ 
tains clay and some glauconite in the lower part. In 
outcrop the sand is typically yellow or reddish brown, 
owing to oxidation of the iron-bearing minerals, but in 
subsurface the color is commonly dark gray. White 
micaceous sand and dark clay occur locally as do some 
beds cemented by iron oxide. In Monmouth County, 
N.J., an upper unit the Tinton sand member con­ 
sists of somewhat cemented glauconitic clayey sand.

The Red Bank sand, including the Tinton sand 
member, attains a thickness of 185 feet in coastal 
Ocean County, N.J., outside the basin, but generally 
it is much thinner; it is missing altogether in central 
and southern New Jersey, but occurs again in Delaware, 
where it is less than 20 feet thick.

Few hydrologic data are available for the Red 
Bank sand, but it is probably similar in physical prop­ 
erties to the Englishtown sand (Barksdale and others, 
1958, p. 145). Within the basin it is not thick enough 
to be developed for more than domestic supplies, but 
outside it yields considerable quantities of water to 
wells in Monmouth and northwestern Ocean Counties, 
N.J.

HOBNEBSTOWN MABL

The Hornerstown marl, lowest formation of Tertiary 
age in the Coastal Plain (table 3), is scarcely distin­ 
guishable from the Navesink marl, which underlies it 
in much of the area. In the northeastern part of the 
Coastal Plain in New Jersey and in Delaware, the two 
formations are separated by the Red Bank sand; but in 
central and southern New Jersey, the Hornerstown 
and Navesink marls together form an aquiclude 35-70 
feet thick. The maximum thickness of the Horners­ 
town is about 55 feet in Monmouth County, N.J., 
where it confines the water in the Red Bank sand  
an aquifer of some importance in that area.

The Hornerstown marl is not a true marl an un- 
consolidated sediment containing a considerable amount 
of carbonate, as the term is defined geologically but 
actually is a dark-green to greenish-black glauconite 
or greensand mixed with some glauconitic clay and 
nonglauconitic sand. Toward the southwest, sand and 
clay become more abundant, and in Delaware it is 
difficult to distinguish the Hornerstown marl from the 
overlying Vincentown sand. At some places, the 
sandy phases of the Hornerstown yield small supplies of 
water for domestic use.

VINCENTOWN SAND

The Vincentown sand gradationally overlies the 
Hornerstown marl and underlies nearly all the Coastal 
Plain southeast of the outcrop of the Hornerstown, 
except in southern Delaware (fig. 19). The outcrop 
of the Vincentown, itself, however, is missing in eastern 
Salem County, Gloucester County, and Camden County, 
N.J., where it is overlapped by the.Kirkwood formation 
(pi. 5 and fig. 19).

In and near its outcrop, the Vincentown sand con­ 
sists of a fossiliferous and somewhat consolidated limy 
sand and a sparsely glauconitic quartz sand. The 
limy sand is more abundant in the lower part of the 
formation and also is more abundant within the basin, 
whereas the quartz sand is more abundant in the upper 
part of the formation, especially northeast of the basin 
in Monmouth County, N. J.

Downdip, the sandy beds pinch out and are replaced 
by beds richer in clay and glauconite. This change, 
which occurs within 2 to 10 miles of the outcrop, 
greatly restricts the area in which the Vincentown is 
useful as an aquifer. The formation also thickens 
downdip toward the southeast from 10 to 130 feet in 
outcrop to more than 300 feet in parts of Salem County, 
N.J., and to about 460 feet at Atlantic City, N.J., 
(pi. 6 and fig. 19).

The top of the Vincentown sand dips from 15 to 35 
feet per mile to a depth of 200 feet below sea level; its 
dip there steepens seaward and is more than 40 feet 
per mile near Atlantic City, N.J. (fig. 19).

No data are available on the coefficients of perme­ 
ability, transmissibility, and storage of the Vincentown 
sand. The quartz sand, however, is at least moderately 
permeable, as may be inferred from the medium- to 
coarse-grain size and from well-yield information. 
The limy sand probably is less permeable because of 
cementation and somewhat smaller average size of 
grains.

Yields of wells in the Vincentown sand have a rather 
wide range owing in part to the variability in thickness 
and permeability of the formation from place to place. 
Well yields as much as 300 gpm are reported for the 
thicker parts of the aquifer in Monmouth County, N.J., 
and in the vicinity of Salem, N.J., but elsewhere, yields 
of 50-100 gpm are more common (Barksdale and others, 
1958, p. 148). Figure 19 indicates the area in which 
sandy beds in the Vincentown are believed to be 
sufficiently thick and permeable to yield 30-300 gpm 
of water to modern drilled wells of large diameter. 
The width of this productive area is less than that of 
the other Coastal Plain aquifers because of the abrupt 
southeastward pinch out of the sandy beds.
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FIGUEE 19. Map of Vincentown sand showing its extent, subsurface configuration, and productive area.
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The Vincentown sand yields water that is moderately 
hard and moderately high in dissolved solids (table 19). 
The water is mildly alkaline according to the pH scale 
and in places contains objectionable concentrations 
of iron. Near the Delaware River there is a possibility 
of salt-water encroachment, but a considerable thick­ 
ness of silt and clay in the river channel at the outcrop 
area probably retards the interchange of water between 
the Vincentown sand and the river (Barksdale and 
others, 1958, p. 149). Water from the Vincentown 
sand is used for farm and domestic supplies and as a 
supplementary municipal supply for Salem, N.J.

MANASQUAN AND SHARK RIVER MARLS

The Manasquan marl crops out in a discontinuous 
belt generally less than a mile wide from Clementon in 
eastern Camden County, N.J., to the vicinity of Long 
Branch in Monmouth County, N.J., (pi. 5). Overlap 
by the Kirkwood formation creates long gaps in this 
belt, and parts of the beveled edge of the Manasquan 
marl are covered by Quaternary deposits. The Manas­ 
quan marl is present beneath the surface in most of 
coastal New Jersey southeast of its outcrop but is miss­ 
ing in Delaware and probably in southwesternmost New 
Jersey. The Shark River marl overlies the Manasquan 
and is known only in Monmouth County, N.J. In out­ 
crop the maximum thickness of the Shark River marl 
is about 11 feet and of the Manasquan marl about 30 
feet. In subsurface the combined unit thickens south­ 
eastward to 200 feet at Atlantic City, N.J., (pi. 6).

The lower part of the Manasquan marl is composed 
chiefly of glauconite (greensand), whereas the upper 
part is composed of an ashy mixture of very fine sand and 
greenish-white clay. The Shark River marl consists of 
a mixture of greensand and light silty clay in which 
the uppermost 2-3 feet is cemented.

The Manasquan and Shark River marls form an 
aquiclude confining water in the Vincentown sand. 
Where the Vincentown is productive, the aquiclude is 
not more than 30 feet thick and contains beds having 
moderate permeability; the aquiclude therefore is prob­ 
ably not very effective.

PINEY POINT FORMATION

The Piney Point formation does not crop out within 
the basin and was not recognized as a distinct aquifer 
in the area until Marine and Rasmussen (1955) de­ 
scribed the formation in Delaware. Equivalent sedi­ 
ments were recognized somewhat earlier in New Jersey, 
where they were called Jackson by Richards (oral 
communication, 1958).

The Piney Point has been recognized only beneath 
the southern part of the Coastal Plain in Kent and 
Sussex Counties, Del., and in the southern parts of

Cumberland, Cape May, and Atlantic Counties, N.J., 
(fig. 20). It rests on a surface eroded across the Manas­ 
quan marl, Vincentown sand, and Hornerstown marl; 
it is overlain unconformably by the Kirkwood forma­ 
tion. The Piney Point formation ranges in thickness 
from zero, along its northern edge where it wedges out 
between the overlying and underlying formations, to 
290 feet at Atlantic City, N.J.

As determined from well .samples, the Piney Point 
formation consists of beds of coarse to fine glauconitic 
salt-and-pepper-colored sand and greenish-gray clay. 
Clay and silt predominate at Atlantic City where the 
formation is thickest. The Piney Point is subject to 
recharge only from adjacent beds, especially where 
they are relatively permeable, and all water in the 
formation is confined. To date (1958) the Piney Point 
formation has been developed only slightly for water 
supplies; consequently few data on its water-yielding 
character are available. A test well at Dover Air 
Force Base, Del., screened for a total length of 40 feet 
in the coarsest parts of the aquifer, yielded 211 gpm 
at a drawdown of 25.5 feet during a 12-hour pumping 
test (Rasmussen, Groot, and Depman, 1958, p. 5, 
30). Because considerably more than 25 feet of draw­ 
down is available throughout much of the known or 
inferred productive area of the Piney Point formation 
(fig. 20) and because the te'st well at the Dover Air 
Force Base was neither designed for large production 
nor pumped near its capacity, it may be possible to 
obtain yields substantially more than 200 gpm. Figure 
20 indicates the known or inferred productive area of 
the aquifer in Delaware. The range in yields of modern 
large drilled wells is estimated to be 50-500 gpm within 
that area.

In southern New Jersey, the Piney Point formation 
has not been tested as a source of water supplies, and 
its northern extent there is unknown. It may be 
potentially productive in parts of Cumberland County.

KIRKWOOD FORMATION-AN IMPORTANT GROUP OF AQUIFERS AND 
AQUICIUDES

The Kirkwood formation, which contains several 
important aquifers, underlies most of the outer part 
of the Coastal Plain in New Jersey and crops out in 
a northeast-trending belt seaward from the outcrops of 
the older formations (pi. 5). The Kirkwood does 
not crop out in Delaware but underlies the Quaternary 
deposits in approximately the southern two-thirds 
of the State (compare pis. 5 and 7). It extends seaward 
beneath the Cohansey sand and, where salt-water 
encroachment has not resulted from pumping of wells, 
contains fresh water beyond the present shoreline 
(fig. 32).
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FIGUEE 20.-Map of Piney Point formation showing its subsurface extent, configuration, and productive area.
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The Kirkwood formation lies on a buried surface of 
very low relief cut on formations ranging in downward 
order from the Piney Point formation to the Navesink 
marl (table 3). The lower part of the formation dips 
20-30 feet per mile to the southeast, whereas the upper 
part dips 8-12 feet per mile. The thickness ranges from 
zero along its northwest edge to probably more than 
700 feet beneath the mouth of Delaware Bay (pi. 6).

The outcrop of the Kirkwood formation consists 
chiefly of fine micaceous quartzose sand alternating 
with layers of silt and clay of variable thickness. 
Locally, beds of lignitic black clay are prominent. 
The Shiloh marl member, a highly fossiliferous clayey 
or silty sand, occurs at the top of the formation in 
southern New Jersey.

In subsurface the proportion of silt and clay increases 
down-dip toward the coast, but the beds of sand become 
coarser grained and more permeable (Barksdale and 
others, 1958, p. 150). Silt and clay are estimated to 
constitute at least four-fifths of the total thickness of 
the Kirkwood formation at Atlantic City.

Several conspicuous sandy zones in the Kirkwood 
have been designated as aquifers: the Cheswold aquifer 
in Delaware and its possible equivalent, the "800-foot" 
sand, at Atlantic City, N.J.; the Frederica aquifer in 
Delaware, separated from the underlying Cheswold 
aquifer by about 100 feet of silt and clay (.pi. 6); and 
some aquifers above the "800-foot" sand in coastal 
New Jersey, including the "upper aquifer" of Gill 
(1958) in Cape May County, the highest of which may 
be equivalent to the Shiloh marl member or to the 
Frederica aquifer.

Probably not all the aquifers in the Kirkwood 
formation are known because of the absence of wells 
penetrating the formation throughout much of its ex­ 
tent, particularly in southern New Jersey between the 
coast and the area of outcrop.

Field and laboratory tests to date nave indicated 
only moderate permeabilities for the aquifers in the 
Kirkwood formation. Laboratory-determined coeffi­ 
cients of permeability for several samples of the "800- 
foot" sand at Atlantic City averaged about 860 gpd 
per ft (Thompson, 1928). A pumping test made in 1952 
in the same area indicated nearly the same average 
coefficient, about 880 gpd per sq ft for an 80-foot thick­ 
ness of aquifer. Elsewhere, pumping tests and estimates 
based on yields of individual wells have indicated smaller 
values, ranging from 100 to 500 gpd per sq ft.

Coefficients of transmissibility derived in pumping 
tests range from 9,000 to 70,000 gpd per ft, and co­ 
efficients of storage determined so far are all about 
0.0003, except in one test at Ancora, N.J., which indi­ 
cated a value of 0.0004. The remarkably consistent 
values of storage coefficient may be due to the small

statistical sample. Coefficients of this magnitude indi­ 
cate confined conditions.

Large drilled wells of modern design probably will 
yield from 50 to 500 gpm from most aquifers in the 
Kirkwood formation, but yields of as much as 1,000 
gpm may be obtained from wells in some locations.

The Kirkwood formation yields soft to moderately 
hard water, generally of good quality, containing usually 
less than 250 ppm of dissolved solids (table 19). The 
iron concentration is generally less than 0.3 ppm, but 
occasionally it is higher; commonly the silica concentra­ 
tion is 30-50 ppm. The water from some parts of the 
Kirkwood is slightly acid. The water is usually used 
without treatment; sometimes it is softened or the pH 
adjusted before use. Salt water has encroached in the 
aquifers in a few places near the seacoast.

COHANSEY SAND AN AQUIFER OF GREAT POTENTIAL

The Cohansey sand, perhaps the most promising 
future source of ground-water supplies in the Coastal 
Plain in New Jersey and Delaware, occurs at or near the 
land surface throughout most of the outer part of the 
Coastal Plain in New Jersey and southernmost Delaware 
(pi. 5). In New Jersey much of the Cohansey sand 
is blanketed by Quaternary deposits, chiefly the 
Bridgeton and Cape May formations; in Delaware 
the Quaternary deposits entirely conceal the Cohansey. 
The Quaternary deposits generally are less than a 
few tens of feet thick but attain a thickness of as much 
as 200 feet in buried valleys and in places along the 
coast (Gill, 1958). In New Jersey the outcrop of the 
Cohansey is a gently seaward sloping plain of low relief 
characterized by extensive marshes along most of the 
streams.

The Cohansey sand lies on a buried surface of low 
relief eroded on the Kirkwood and older formations. 
At many places the Cohansey cannot readily be dis­ 
tinguished from the Kirkwood; the contact of the two 
formations shown on plate 6 is uncertain at most places. 
The dip of beds in the Cohansey sand averages about 
10 feet per mile to the southeast, and the formation 
extends seaward beyond the coast beneath Quaternary 
deposits (pi. 6). In New Jersey the maximum known 
thickness of the formation is about 265 feet at Atlantic 
City.

The Cohansey consists largely of light-colored 
quartzose, somewhat micaceous sand, but it also contains 
lenses of silt and clay, as much as 40 feet thick, and 
some gravel. The sediments probably were deposited 
in estuaries and deltas except toward the southeast, 
where they may have been deposited in the ocean. 
The average grain size of the materials decreases 
southeastward; beds of silt and clay become thicker, 
more numerous, and more extensive near the coast.
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The Cohansey sand is generally a highly permeable 
formation. The coefficient of permeability of the well- 
sorted medium to coarse sand probably is exceeded 
only by some of the sand and gravel in the glacial- 
outwash and channel-fill deposits of Pleistocene age. 
Coefficients of permeability for the Cohansey, deter­ 
mined from pumping tests made in Cumberland, 
Atlantic, and Cape May Counties, N.J., range from 
about 500 to more than 5,000 gpd per sq ft and average 
more than 1,000 gpd per sq ft (table 5).

The transmissibility ranges from moderate to high, 
depending, in part, on the thickness of the aquifer. 
Coefficients of transmissibility determined from the 
pumping tests cited in table 5 range from about 40,000 
to more than 200,000 gpd per ft. All these values are 
based on less than complete penetration of the Cohansey 
and, hence, are too low to be representative of the full 
thickness. Even so, they are comparable to trans­ 
missibility coefficients determined for the aquifers that 
at present are most productive those in the nonmarine 
sediments of Cretaceous age (table 4).

The coefficients of storage listed in table 5 range from 
0.00025 to 0.0025 values representative of confined to 
semiconfmed conditions rather than of unconfined con­ 
ditions. Such storage coefficients are not representa­ 
tive of the specific yield which might average about 0.25 
for the sandy beds. If pumping of the confined sands 
should proceed at any place to the point where the 
piezometric surface falls below the confining layers, 
then values of the coefficient of storage would approach 
or equal the specific yield.

Modern drilled wells in the Cohansey sand may 
reasonably be expected to yield from 100 to 1,000 gpm, 
and even higher yields may be obtained without exces­ 
sive drawdown in places where the thickness of the 
aquifer exceeds 100 feet.

The water from the Cohansey sand is generally the 
best obtained from the Coastal Plain aquifers (table 
19). It is only slightly mineralized and therefore is 
soft. Some samples, however, are moderately high in

iron. The water is generally slightly acid and tends 
therefore to be corrosive to iron pipes and fixtures. 
Soluble materials in or near the land surface may be 
dissolved by infiltrating precipitation and (or) irriga­ 
tion water; this condition affects the composition of 
the ground water locally. In this way the leaching of 
chemical and organic fertilizers yields nitrate concen­ 
trations that are above normal. Salt water has en­ 
croached into the Cohansey sand in a few places where 
extensive cones of depression have formed near salt­ 
water bodies (fig. 33). Few industrial plants in the 
area are underlain by Cohansey sand; therefore, the 
present (1958) industrial use of water from the Co­ 
hansey is not great; the water is used chiefly on a large 
scale for municipal supplies and for irrigation.

The Cohansey sand is potentially the most productive 
aquifer in the New Jersey part of the Coastal Plain, 
but it must be protected from contamination and salt­ 
water encroachment if it is to continue to produce a 
large quantity of high-quality water.

BEACON HILL ORAVEI-A REMNANT CAP

The Beacon Hill Gravel, and its probable equiva­ 
lent the Bryn Mawr Gravel in the Piedmont prov­ 
ince (Richards, 1956), occur at scattered places where 
they cap broad hills and ridges. The Beacon Hill occurs 
at only two places in the part of the Coastal Plain 
within the basin but caps about 25 hills outside the 
basin in Monmouth, Ocean, and Burlington Counties, 
N. J., (pi. 5). In the Piedmont province in southeastern 
Pennsylvania and northern Delaware, the Bryn Mawr 
gravel caps several broad interstream areas at altitudes 
of about 300 feet.

The Beacon Hill gravel consists of highly weathered 
deposits of sand, gravel, silt, and some clay which are, 
in places, cemented by iron oxide. Some of the pebbles 
are so weathered that they crumble to tripoli a friable 
or dustlike silica. The Pliocene (?) age given in table 3 
is uncertain because no fossils have been found in the 
formation.

TABLE 5. Coefficients of transmissibility, permeability, and storage in Cohansey sand 

[From unpublished data of U.S. Geological Survey. Values rounded to two significant figures]

Location

Rio Grande, N.J. Nov. 1957
Rio Grande, N.J. Oct. 1952.
Linwood, N.J....
Seabrook, N.J....

Pleasantville, N.J............... ............

Coefficient of transmissibil­ 
ity (gpd per ft)

Range

55,000-87,000 
41,000- 56,000 
92,000-100,000 
57,000-220,000

Midpoint 
between 
extremes

71,000 
48,000 
96,000 

  150,000 
» 180, 000 

73,000

Thickness 
of aquifer 

(ft)

45± 
45± 
120 
40±

70±

Coefficient of permeability 
(gpd per sq ft)

Range

1,200-1,800 
910-1,200 

770-880 
1,400-5,500

500-1,400

Midpoint 
between 
extremes

1,600 
1,100

>4,200 

1,000

Coefficient of storage 
(dimensionless)

Range

0.00058-0.0027 
.00081-. 0025 
.00048-. 00054 
.00025-. 00045

Midpoint 
between 
extremes

0.0016

.00051 

.00035

1 Average of tests in west part of area. 
J Average of tests in east part of area. 
'Average of tests in all the area.
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Because of,its position on hilltops above the water 
table, wells in the outcrop pass through the Beacon 
Hill gravel into saturated materials below. Therefore, 
its hydrologic significance lies in its function as a 
moderately to highly permeable intake material for the 
underlying formations (fig. 13).

QUATERNARY DEPOSITS-AN IMPORTANT GROUP OF AQUIFERS AND A 
PORTAL FOR GROUND-WATER RECHARGE AND DISCHARGE

In the Coastal Plain the unconsolidated sediments of 
Quaternary age are divided into several geologic forma­ 
tions and units that overlie the older formations as 
valley fills, thin blanketlike masses, and scattered caps 
on ridges and hills. With the exception of relatively 
thin deposits of Recent age along streams, marshes, and 
beaches, these deposits were laid down during the 
Pleistocene epoch. All the deposits are less than a 
million years old and are much younger than the under­ 
lying Cretaceous and Tertiary formations (table 3). 
The Quaternary deposits are shown on a separate 
geologic map (pi. 7), because they mask the Cretaceous 
and Tertiary formations so extensively hi some areas 
that then" relations could not be shown on the same 
map. The extent of some of the Quaternary formations 
has not been defined accurately in much of the region, 
partly because of the lack of detailed geologic study and 
partly because of the difficulty of distinguishing these 
formations at many places from the underlying forma­ 
tions of Cretaceous and Tertiary age. Recent soil 
mapping in New Jersey (Holman and others, 1957) and 
field reconnaissance studies by the writers indicate 
that in some areas the Quaternary deposits are even 
more extensive than shown on plate 7.

BRIDGETON AND PENSAUKEN FORMATIONS

The Bridgeton formation and the younger Pensauken 
formation are blanketlike deposits of quartzose gravel, 
sand, and silt in broad interstream areas in the Coastal 
Plain (pi. 7). The deposits of the Bridgeton are 
generally older, more highly weathered, and topograph­ 
ically higher than those of the Pensauken, although the 
two formations are difficult to differentiate at many 
places. MacClintock and Richards (1936, p. 295-299) 
believed that the two formations actually are a complex 
of deposits representing several episodes of deposition 
separated by periods of erosion and that they might 
therefore be considered either as one formation having 
many parts at different levels or as a series of many 
formations. Because of this reasoning and also because 
they are hydrologically similiar, the Bridgeton and 
Pensauken formations are herein considered to be one 
complex hydrologic unit and are not differentiated on 
plate 7.

The deposits, which lie at altitudes of as much as

150 feet in parts of central New Jersey, were laid down 
in broad valleys by the ancestral Delaware River and 
its tributaries. The maximum known thickness of the 
deposits is about 70 feet but at most places the thickness 
is less than 20 feet.

Although these deposits are extensive in many parts 
of the Coastal Plain (pi.-7), they are scarcely thick 
enough to provide large supplies of water to wells. 
Nonetheless, they are permeable and act as intake 
areas for ground-water recharge. Where they overlie 
permeable formations, such as the Cohansey sand and 
permeable beds in the nonmarine sediments of Creta­ 
ceous age, they constitute water-table aquifers in con­ 
junction with those formations, as shown in the sche­ 
matic diagram (fig. 13). Where they overlie aquicludes 
or less permeable beds, the Bridgeton and Pensauken 
probably are capable of yielding only small supplies 
sufficient for domestic or small-farm uses. In such 
situations the water they contain discharges naturally 
along a line of seeps or small springs near their base.

UNCLASSIFIED DEPOSITS OF PLEISTOCENE AGE

The unclassified deposits of Pleistocene age include 
a variety of materials that do not belong to the Bridge- 
ton, Pensauken, Cape May, or Talbot formations. 
In Delaware these deposits were assigned to the 
Wicomico formation in the U.S. Geological Survey 
Geologic Atlas Folios (Miller, 1906; Bascom and 
Miller, 1920). In New Jersey the unclassified deposits 
were described in the U.S. Geological Survey Folios 
as a discontinuous mantle of surface material whose 
age, in many places, is not determinable. Owing to 
then" thinness and uncertain extent, the unclassified 
deposits hi New Jersey are not shown on plate 7.

The Wicomico formation in Delaware is a broad 
blanketlike deposit of loam, sand, gravel, and scattered 
boulders that lies topographically above the adjacent 
younger Talbot formation (Miller, 1906). The Wicom­ 
ico, which is as much as 50 feet thick, is somewhat fine 
grained toward the top.

In New Jersey the unclassified deposits include a 
variety of materials ranging from silt and clay to coarse 
sand and gravel. The deposits generally are only a 
few feet thick, and at many places they closely resemble 
the weathered parts of the underlying formations of 
Cretaceous and Tertiary age.

The hydrologic properties of these unclassified de­ 
posits are not well known. Evidently they serve 
primarily as a moderately to highly permeable blanket 
through which recharge enters the underlying aquifers 
or through which ground water discharges. In Dela­ 

ware, buried valleys or channels filled by these deposits 
provide large yields to favorably situated wells.
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CAPE MAY AND TALBOT FOKMATIONS

The Cape May formation and its probable equivalent 
in Delaware, the Talbot formation, form a roughly 
wedge shaped mass thinning inland and having tongue- 
like extensions up the larger stream valleys. Both 
formations include broad, blanketlike deposits and 
channel-fill or valley-fill deposits which may be more 
than 100 feet thick in northern Delaware.

The relation of the Cape May formation to the 
glacial outwash to the north has not been worked out. 
The coarse gravelly deposits in the broad valley adja­ 
cent to the Delaware River near Trentbn, N.J., have 
been described both as outwash and as Cape May 
formation in earlier reports (compare Greenman, 1955; 
and Bascom, Darton, Kummel, and others, 1909). 
Richards (1956, p. 89) believes that no sharp line exists 
between the Cape May and the glacial outwash. 
Parts of the Cape May formation near the coast are of 
marine origin, and the upper part includes estuarine 
deposits of clay and silt.

Much of the material in the Cape May and Talbot 
formations consists of stream-deposited sand and 
gravel that are much less weathered than the materials 
of the Bridge ton and Pensauken formations. Where 
such deposits he in buried valleys more than 100 feet 
deep, large yields may be obtained from drilled wells. 
Rasmussen, Groot, Martin, and others (1957, p. 124) 
reported yields of as much as 1,000 gpm from drilled 
wells in these buried valleys in Delaware. At present, 
however, the location of the buried channels and valleys 
is known in a general way in northern Delaware and in 
southern Cape May County, N.J.

Toward the shore the estuarine deposits of clay and 
silt in the upper part of the Cape May formation con­ 
fine the water hi the underlying deposits of sand and 
gravel. The top of this silt-clay aquiclude is as much 
as 30 feet above sea level, but the underlying sand and 
gravel extend below sea level; the ground water of these 
deposits is therefore hydraulically continuous with sea 
water. Such conditions make salt-water encroach­ 
ment possible where pumping has lowered water levels 
below sea level. In some places encroachment already 
has occurred.

Together with the glacial outwash, the Cape May and 
Talbot formations constitute one of the most promising 
sources of ground-water supplies in the southern part 
of the Delaware River basin. Yields of several thou­ 
sand gallons per minute to individual wells are recorded 
in places, and such yields are permanent where recharge 
may be induced from adjacent streams and other 
fresh-water bodies.

BASIN-KIM SAND

Throughout the Coastal Plain are small, generally 
elliptical basins, the rims of which, as well as the inte­ 
riors in places, are formed by deposits called Basin-rim 
sand (Rasmussen, 1953). The upper part consists of 
fine sand and silt, whereas the lower part is a deposit of 
reddish-brown, poorly sorted, coarse sand and gravel.

The basins collect runoff and allow it to infiltrate to 
the underlying aquifer unless the aquifer is already 
filled. In this latter condition, the basin centers are 
sites for large evapotranspiration losses. Thus the 
basins function as portals for both recharge or discharge 
of ground water, or for both, at different times of the 
year.

GLACIAL OUTWASH AND ALLUVIUM

The glacial outwash was deposited by melt-water 
streams flowing from the continental glaciers that 
occupied the northern part of the basin and adjacent 
areas. The most extensive and permeable outwash 
deposits in the Coastal Plain are those of the Wisconsin 
glacial stage that occupy the broad valley adjacent to 
the Delaware River near Trenton. Older outwash 
deposits are grouped herein with the Pensauken forma­ 
tion and the Bridgeton formation. Thin alluvium of 
Recent age is grouped with the underlying outwash of 
Wisconsin age because of the difficulty in differentiating 
the two deposits either geologically or hydrologically, 
and because they are hydraulically connected. The 
glacial outwash appears to be mixed with the similar 
deposits of the Cape May formation downstream from 
Trenton, N.J. (pi. 7).

The glacial-outwash deposits, which are largely almost 
unweathered sand and gravel, are highly permeable and 
yield as much as 1,050 gpm to wells in southeastern 
Bucks County, Pa. (Greenman, 1955, p. 39). The 
outwash is similar in hydrologic properties to the coarse­ 
grained part of the Cape May formation.

MARSH AND SWAMP DEPOSITS

The marsh and swamp deposits occur along the 
streams and tidal estuaries and consist of dark silt and 
clay mixed with organic matter. They are covered by 
water most of the time and generally are in such a 
loose, fluocculent state that appreciable recharge and 
discharge may pass through them. Along bays and 
estuaries the marsh deposits may serve as portals for 
salt-water encroachment into underlying shallow aqui­ 
fers, in which the hydraulic head has been lowered 
below sea level by pumping or by drainage operations 
that materially reduce fresh-water head. In this con­ 
nection it is pertinent to recall that the costly salt-water 
encroachment problems of southeastern Florida were
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caused by swamp-drainage operations to reclaim the 
Everglades (Parker and others, 1955, p. 580-592). 
Under natural conditions the fresh-water marshes and 
swamps of the Delaware River basin area are probably 
the sites of great quantities of ground-water discharge.

BEACH AND DUNE SAND

The beach and dune sands consist of loose well-sorted 
sand along the beaches and offshore bars. The total 
thickness of these deposits probably does not exceed 30 
feet, except near Lewes, Del., where dunes areas much 
as 80 feet high. The beach and dune sands act as a 
permeable collector for recharge which in places may 
be transmitted to the underlying Cape May formation; 
they also locally provide supplies of fresh water for 
domestic use along the shore.

CHEMICAL CHARACTER OP, GROUND-WATER SUPPLIES IN 

QUATERNARY DEPOSITS

Some of the best ground water in the Coastal Plain 
is obtained from the aquifers of Quaternary age (mostly 
Pleistocene), which comprise the shallowest (or upper­ 
most) aquifers. The water is, for the most part, soft 
or only moderately hard. It contains relatively low 
concentrations of calcium and magnesium and is only 
moderately mineralized, the dissolved solids being us­ 
ually less than 200 ppm. The average hardness, as 
CaCO3 , determined from 41 analyses of water from 
Quaternary deposits in Delaware, was 51 ppm and 
ranged from 7 to 248 ppm (Marine and Rasmussen, 
1955, p. 85). The water from Quaternary deposits 
commonly contains excessive concentrations of iron. 
Occasional samples with high concentrations of nitrate, 
sulfate, hardness, or dissolved solids (table 19) usually 
represent contamination from surface sources. The 
native water is generally satisfactory for most uses 
without further treatment unless the removal of iron 
is required. The principal discharge of ground water 
to the streams of Delaware and much of the discharge 
to streams in parts of coastal New Jersey is from Qua­ 
ternary deposits; this is largely responsible for the good 
quality of water in many of the streams of the Coastal 
Plain.

RECHARGE AND DISCHARGE

Under natural conditions the aquifers of Cretaceous 
and Tertiary age in the Coastal Plain are recharged 
largely by infiltration of precipitation on their intake 
areas, which consist of either the outcrops themselves 
or the overlying blanket of Quaternary deposits (fig. 
13). Seepage from the headwater reaches of streams 
may contribute a small amount of additional recharge.

Some buried aquifers receive recharge from adjacent 
aquifers across the intervening aquicludes, but such

recharge does not constitute a net gain of water in the 
system.

The average rate of natural recharge to the Coastal 
Plain aquifers has not been determined directly. A 
2-year water budget, however, was made by Rasmussen 
and Andreasen (1959) for the drainage basin of Beaver- 
dam Creek, an area of 19.5 square miles in the Coastal 
Plain of Maryland about 50 miles southwest of the 
mouth of Delaware Bay. The physical and climatic 
conditions at Beaverdam Creek are fairly similar to 
those in much of the Coastal Plain in the Delaware 
River basin. Rasmussen and Andreasen found that 
the average rate of infiltration or recharge was a little 
more than a million gallons per day per square mile, 
which amounted to slightly more than half the average 
annual rate of precipitation.

A semi-independent check of the results of the 
Beaverdam Creek study is provided by an analysis of 
precipitation and runoff data for the Coastal Plain in 
the Delaware River basin (p. 67). Table 6 is a water 
budget summarizing the data derived from maps 
showing precipitation, water loss, and runoff (pis. 
3, 4, 12). The values of precipitation, water loss, and 
runoff are averages for the 30-year period, 1921-50, 
and thus are virtually unaffected by change in storage.

Total ground-water discharge, or recharge, may be 
calculated as the sum of the base flow of streams leaving 
the area, the discharge of ground water by evapotran- 
spiration, and the underground outflow (table 7).

The first item base flow of streams is estimated 
from base-flow recession curves and streamflow hydro- 
graphs described in the section Surface Water its 
variation and character. From the meager data avail­ 
able for Coastal Plain streams, both within the, Dela­ 
ware River basin and in adjacent New Jersey, it is 
estimated that, on the average, roughly two-thirds of 
the runoff of these streams is base flow (chiefly ground- 
water discharge). By comparison, the base flow of 
Beaverdam Creek was estimated to be about 72 percent 
of the runoff (Rasmussen and Andreasen, 1959).

The second item evapotranspiration of ground 
water is estimated to be about 40 percent of the total 
evapotranspiration on the basis of the Beaverdam Creek 
study (Rasmussen and Andreasen, 1959). The esti­ 
mated total evapotranspiration is less than the average 
loss in table 6 by the estimated amount of underground 
outflow.

The third item underground outflow is believed to 
be less than 0.20 mgd per sq mi, and the most likely 
value is estimated to be about 0.10 mgd per sq mi.

Because of the sizable uncertainty in the estimated 
average values of base flow, evapotranspiration from 
ground water, and underground outflow, an attempt 
was made to determine their probable range. The
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TABLE 6.   Water budget for Coastal Plain in Delaware River basin

Item

Approxi­ 
mate range 
within area 

(mgd per 
sq mi)

1. 9-2. 3 
1. 1-1. 4 
. 66-1. 1

Average 
(mgd per 

sq mi)

2.08 
1.25 
.83

Average 
percent of 
precipita­ 

tion

100 
60 
40

1 Largely evapotranspiration, but includes some underground flow.

TABLE 7. Ground-water budget for Coastal Plain in Delaware 
River basin

Item

Evapotranspiration from ground water-

Total ground-water recharge or 
discharge.

Estimated 
value (mgd 
per sq mi)

0.56
.46 

.10

1.12

Basis of estimate

40 percent of evapotranspira­ 
tion (0.40X1.15).

to 0.20 mgd per sq mi.

coefficients used in table 7 are the most likely values 
in a range of about 60-75 percent of runoff for base 
flow and about 30-50 percent of the total evapotran­ 
spiration for evapotranspiration from ground water; 
the range in underground outflow is believed to be 
0-0.20 mgd per sq mi.

Table 7 shows that the average ground-water re­ 
charge or discharge in the Coastal Plain is estimated 
to be about 1.1 mgd per sq mi slightly more than the 
value obtained in the Beaverdam Creek study. This 
value also is in approximate agreement with unpublished 
I^.S. Geological Survey data obtained from hydrologic 
studies at Brookhaven, Long Island, N.Y. The un­ 
certainties in the estimated average values of base 
flow, evapotranspiration from ground water, and under­ 
ground outflow being sizable, the lower and upper 
limits of average ground-water recharge or discharge 
in the Coastal Plain are probably about 0.9 and 1.3 
mgd per sq mi, respectively.

Sizable areal variations in the recharge or discharge, 
base flow, evapotranspiration from ground water, and 
underground outflow (table 7) are suggested by the 
ranges in values of precipitation, water loss, and runoff 
shown in table 6.

The area of the Coastal Plain in the Delaware River 
basin, excluding salt-water marshes, bays, and estuaries, 
is about 2,750 square miles. If the average recharge 
for this area is 1.1 mgd per sq mi, the average recharge 
to ground water in the Coastal Plain in the Delaware 
River basin is about 3,000 mgd. By comparison, this 
recharge is equivalent to about 40 percent of the flow 
of the Delaware River at Trenton, N.J., which is about 
7,600 mgd, and which represents the runoff from that

part of the basin above Trenton, about 6,780 square 
miles. As another comparison, discharge from pumped 
wells in the Coastal Plain of the basin was estimated to 
average about 210 mgd for 1956-57 (p. 163), which is 
7 percent of the estimated total natural ground-water 
recharge of 3,000 mgd. But because part of the water 
pumped returns to the aquifers, the net discharge of 
ground water by pumping is even less than 7 percent 
of the natural discharge.

Pumping of ground water has induced recharge from 
streams and other bodies of surface water where the 
pumping has reversed the natural hydraulic gradients 
toward the surface-water bodies. Where the surface- 
water bodies are fresh, the induced recharge augments 
the ground-water supply, but where the surface-water 
bodies are salty, this saline water replaces the pumped 
fresh water in the aquifers.

The largest amount of induced recharge occurs along 
the Delaware River estuary below Trenton, N.J., 
where in several well fields on both sides of the estuary 
large amounts of water are being withdrawn from the 
nonmarine sediments of Cretaceous age (fig. 15). The 
present (1958) amount of induced recharge is not known, 
but the potential amount under a planned system of 
development may be about 100 mgd (Barksdale and 
others, 1958, p. 131).

By far the greater part of total ground-water dis­ 
charge occurs at natural outlets stream channels, 
estuaries, bays, the ocean, springs and seeps, lakes and 
ponds, and in marshes and other lands where the water 
table is sufficiently near the land surface to allow 
discharge by evapotranspiration. Determination of the 
magnitude of the discharge through each of these 
outlets would require detailed and costly water-budget 
studies; such studies have only been attempted in a 
few places in this part of the country. However, the 
approximate magnitude of the total discharge to streams 
and the atmosphere was indicated in the preceding 
discussion and is believed to be sufficiently accurate 
that, except in unusual circumstances of local impor­ 
tance, such costly water-budget studies need not be 
made.

The amount of ground water that can be diverted 
from natural discharge outlets and used by man in 
other words, the part of the water crop that is available 
from ground-water sources probably is only a fraction 
of the estimated total of 3,000 mgd of ground-water 
discharge from the Coastal Plain. The recoverable 
amount is not a fixed quantity but depends on a variety 
of hydrologic, economic, engineering, legal, and political 
considerations. Under any rational developmental 
plan, the potential ground-water supply in the Coastal 
Plain is several times the average discharge from 
pumped wells of about 210 mgd for 1956-57.
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PATTERNS OF MOVEMENT

Where not affected by pumping, most ground water 
in the Coastal Plain moves from high parts to low 
parts of the outcrop areas of the aquifers; the quantity 
moving through the aquifers and aquicludes downdip 
from the intake areas is relatively small, even though 
the quantity in storage is very large.

In the intake areas the water either is unconfined or 
is semiconfined by inextensive layers of silt and clay. 
The configuration of the water table is somewhat like 
that of the land surface except that it is more subdued 
and regular. Hydraulic gradients are steep compared 
to those in confined parts of the aquifers; the gradients 
slope toward areas of discharge, which are near the 
exposed base of the aquifers or along stream channels 
and marshes.

In confined, or artesian, parts of the aquifers the 
much gentler gradients explain the smaller quantities 
of' water movement as compared with that in the 
intake areas.

Unfortunately, comprehensive regional water-level 
data are lacking for nearly all the aquifers in the 
Coastal Plain of New Jersey and Delaware. Almost 
all water-level data are for small areas in and near 
well fields, where the natural pattern of ground-water 
movement has been altered radically by pumping; it 
would be impossible now to reconstruct the original 
water tables and piezometric surfaces.

Some useful information is available, however, on 
the natural pattern of movement of water in the 
nonmarine sediments of Cretaceous age. Figure 16 
shows the theoretical original flow pattern in the artesian 
part of the nonmarine sediments (Raritan and Magothy 
formations), prior to changes caused by pumping, 
as postulated by Barksdale and others (1958, fig. 18). 
The theoretical natural flow pattern is based on several 
simplified assumptions and does not, therefore, indicate 
the original conditions in detail.

For example, the interface between fresh water and 
salt water is not a sharply defined vertical surface 
(as might be inferred from fig. 16). Instead, it is an 
inclined zone of considerable thickness and is more 
nearly horizontal than vertical. The position of the 
interface shown on figure 16 is an average for the entire 
wedge of nonmarine sediments and might correspond 
to the actual position near the middle of the unit. 
The interface probably is farther seaward in the upper 
aquifers and farther inland in the lower aquifers. 
Supporting evidence for this relation is afforded by 
electric logs of several test holes in Burlington and 
Ocean Counties, N.J., several miles seaward from the 
interface shown on figure 16, which indicate the presence 
of apparently fresh water hi the top 100-200 feet of 
the nonmarine sediments. The validity of the

theoretical original flow pattern is confirmed hi part 
by the earliest water-level data for wells penetrating 
the nonmarine sediments (Barksdale and others, 
1958, p. 112).

Most of the water that moved through the buried 
artesian part of the nonmarine sediments travelled 
curving paths from two relatively high intake areas  
one northeast of Trenton, N.J., the other in northern 
Delaware to discharge areas along the Delaware 
River estuary below Trenton and along Raritan Bay. 
A greater quantity of water moved in much shorter 
and more direct paths from high to low parts of the 
outcrop area and discharged into the Delaware and 
Raritan Rivers and then* tributary streams.

Less is known about original patterns of movement 
in the other aquifers having outcrop or intake areas 
along the inner, northwest part of the Coastal Plain. 
In general, however, the aquicludes separating these 
aquifers are neither as thick nor as impermeable as 
aquiclude composed of the Merchantville and Wood- 
bury clays which overlies the nonmarine sediments of 
Cretaceous age. Substantial amounts of water prob­ 
ably move from one aquifer to another, and the intake 
and discharge areas are less well defined than those of 
the nonmarine sediments. Early water-level data for 
the Englishtown sand indicate that prior to 1910 its 
major intake area lay several miles southeast of the 
outcrop and coincided more nearly with the topographic 
divide between the inner and outer parts of the Coastal 
Plain (Seaber, P. R., written communication, 1959). 
This fact would suggest a considerable amount of 
recharge to the Englishtown by downward leakage 
through the overlying aquifers and aquicludes.

The predominant movement in the Cohansey sand 
and overlying Quaternary deposits in the outer part of 
the Coastal Plain was, and for the most part still is, 
along relatively short paths from intake points in the 
broad, flat interstream areas to discharge points along 
the adjacent streams and marshes. Longer and more 
devious paths are followed where there are layers of 
silt and clay, but such layers are not extensive or thick 
except near the coast or the shores of Delaware Bay.

Artificial discharge through pumped wells has 
changed the pattern of ground-water movement con­ 
siderably in parts of the Coastal Plain. Water now is 
diverted from natural outlets, and moves toward the 
pumped areas, generally from all directions within the 
influence of the cone of depression that surrounds 
pumped wells.

The greatest changes have occurred in the most 
heavily pumped areas, principally along the Delaware 
River estuary from Trenton, N.J., to northern Dela­ 
ware, in the vicinity of Raritan Bay, and along the 
coast of New Jersey.
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Large-scale pumping of ground water from wells in 
the nonmarine sediments in places along the Delaware 
estuary has diverted water from its former paths 
leading to discharge points in the channel and has 
induced movement from the estuary into the aquifers at 
those places. Also, hydraulic gradients from the intake 
areas have been increased, and the loss of natural 
discharge to the estuary in some cases has been exceeded 
by the gain in artificial discharge in the pumped areas. 
Some ground water has been withdrawn from storage, 
and recharge to the aquifers probably has increased.

Concentrated pumping in the intake area of non- 
marine sediments along the Raritan and South Rivers, 
outside the Delaware River basin, has induced large 
quantities of recharge some of it of very poor quality  
from those streams (Barksdale, and others, 1958). 
Figure 15 shows the heavily pumped areas in the non- 
marine sediments of Cretaceous age in 1958.

Along parts of the coast in New Jersey, heavy pump­ 
ing of water from artesian aquifers, particularly from 
the "800-foot" sand in the Kirkwood formation at 
Atlantic City, has greatly lowered the artesian pressure. 
There, over an area extending 20-30 miles along the 
shore, where natural water levels unaffected by pumping 
were about 25 feet above sea level, pumping has lowered 
the head to more than 75 feet below sea level. The 
total head loss of more than 100 feet (Barksdale, 1945, 
p. 565) has caused movement of large quantities of 
water toward the centers of withdrawal. Almost 
certainly, some of the recharge to the Kirkwood forma­ 
tion within the Delaware River basin moves toward the 
major center of pumping near Atlantic City. Although 
much of the water moves into the area from the seaward 
side, little salt-water encroachment has been detected 
(fig. 32). Large fresh-water storage in the aquifer 
seaward from Atlantic City is thus indicated.

The flow pattern in the Kirkwood formation has 
been changed also in Kent and Sussex Counties, Del., 
where withdrawals from the Cheswold and Frederica 
aquifers have caused declines in artesian head of more 
than 80 feet in places (Rasmussen, Groot, Martin, and 
others, 1957).

GROUND-WATER STORAGE

USE OF STORAGE

The aquifers underlying the Coastal Plain constitute 
large ground-water reservoirs which, because of the 
scarcity of sites suitable for surface reservoirs, are 
potentially very important in the management of 
water supplies. The calculation of the enormous 
storage capacity of these reservoirs is of little conse­ 
quence other than to indicate that it is many times 
greater than either the actual or potential annual 
recharge. To use more than a small fraction of this

capacity the average rate of ground-water withdrawal 
would have to exceed the average rate of recharge for 
a long period an overdraft or mining, procedure.

Ground-water overdraft is a common practice in 
the western drylands but is not likely to become a 
widespread practice in the Coastal Plain of the Dela­ 
ware River region. A continued overdraft of ground- 
water supplies near the interface between fresh and 
salt water would lead to lowered .ground-water levels 
and salt-water encroachment.

The aquifers of the Coastal Plain are much more 
likely to be used on a sustained-yield basis wherein the 
storage depleted during periods of excess discharge, 
both natural and artificial, is replenished either natu­ 
rally or artificially during periods of excess recharge. 
The long-term yield of the reservoirs, then, is limited by 
the long-term average recharge, and the storage used 
is that required to level out the fluctuations in recharge 
and discharge. In the Coastal Plain of New Jersey 
and Delaware, water supplies are relatively abundant 
and are uniformly distributed in time; drought periods 
seldom are sufficiently long or severe to require unusu­ 
ally large drafts on ground-water storage. Peak con­ 
sumptive use of ground-water supplies is for irrigation 
of crops in the summer, at a time when natural recharge 
is at a minimum. Such seasonal demands can be 
readily met with the available ground-water storage 
in the shallow aquifers.

Rasmussen (1955) estimated that the usable reservoir 
capacity of the Coastal Plain aquifers in Delaware was 
sufficient to store more than a year's recharge, consid­ 
ering the recharge as 1 mgd per sq mi of aquifer intake 
area. No such estimate has been made for New 
Jersey; however, because of the similar hydrologic and 
geologic conditions there, Rasmussen's estimate indi­ 
cates the order of magnitude of usable aquifer storage 
for all the Coastal Plain of this region. The aquifer 
capacity appears to be more than adequate to meet 
maximum fluctuations in ground-water storage that 
would occur on a sustained-yield method of operations.

STORAGE FLUCTUATIONS AND AQUIFER RECHARGE

Fluctuations in ground-water storage are related di­ 
rectly to fluctuations in the rates of recharge and dis­ 
charge. The magnitude of the storage fluctuation 
depends on the amount of the imbalance between the 
rates of recharge and discharge and on the length of 
time this imbalance occurs.

NATURAL CONDITIONS

Under natural conditions the fluctuations in storage 
in most Coastal-Plain aquifers are small compared to 
the total storage capacity of those aquifers. For ex­ 
ample, base-flow recession data for Coastal-Plain
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streams indicate that in an average year the maximum 
fluctuation in ground-water storage supplying base 
flow to the streams amounts to a little less than 4 
inches of water. Fluctuations in storage caused by 
changing rates of evapotranspiration might amount to 
an additional 3 inches of water; hence, in an average 
year the total natural storage fluctuation ordinarily 
would be about 7 inches of water. If the average 
coefficient of storage is 0.1 a conservative estimate 
for the water-table aquifers of the Coastal Plain  
the 7 inches of water would cause an average water-table 
fluctuation of 70 inches (about 6 feet), which is a small 
fraction of the saturated thickness of most water-table 
aquifers of the Coastal Plain. Fluctuation of average 
ground-water level in Beaverdam Creek basin amounted 
to about 7 feet during the period from November 24, 
1950, to March 28, 1952 (Kasmussen and Andreasen, 
1959, p. 48).

CONDITIONS UNDER DEVELOPMENT

Storage fluctuations may either increase or decrease 
when an aquifer is developed on a sustained-yield 
basis. Continuous, steady pumping, which is charac­ 
teristic of many withdrawals for industrial use, might 
eventually result in a decrease in storage fluctuations, 
owing to the changed relations between recharge and 
discharge. By contrast, pumping for irrigation use, 
which is highly seasonal in pattern, tends to increase 
the fluctuations, sometimes by a large amount.

An increase in ground-water storage fluctuation may 
be accompanied by a corresponding increase in the 
amount of recharge to the aquifer, or aquifers. In 
most humid areas such as the Coastal Plain, pumping 
of ground water may increase recharge to aquifers in 
two ways: (1) by lowering the water table and thus pro­ 
viding additional space to receive precipitation that 
otherwise would have been rejected and become direct 
runoff in areas where the water table is near the land 
surface; and (2) by inducing infiltration from streams, 
lakes, and swamps, where the normal hydraulic gradient 
toward those discharge areas is reversed.

If the recharge, both from precipitation and from 
induced infiltration from surface-water bodies, is insuffi­ 
cient to replace the water withdrawn in heavily pumped 
areas, overdraft results unless the aquifers can be 
recharged artifically with surplus streamflow. Aquifers 
can be recharged artificially by several means such as 
input wells, check dams, infiltration canals, and spread­ 
ing basins; these are discussed on p. 171-173. Except for 
heavily pumped industrial and municipal well fields in 
which large withdrawals are concentrated in small 
areas, it is unlikely that artificial recharge with imported 
supplies would be needed in the Coastal Plain.

THE APPALACHIAN HIGHLANDS
GENERAL FEATURES

The extensive region north of the Fall Line is a part of 
the Appalachian Highlands a major physiographic 
subdivision of the United States (Fenneman, 1938). 
The region comprises parts of four physiographic 
provinces, each having distinctive landforms which are 
related to the types and structure of the rocks and to 
the geologic history of the province. From the Fall 
Line northward these provinces are: (1) Piedmont, (2) 
New England, (3) Valley and Kidge, and (4) Appa­ 
lachian Plateaus (pi. 1). Each province is further 
subdivided into sections or subprovinces.

The Piedmont province contains two very distinct 
subprovinces: (1) the Piedmont Upland, a considerably 
eroded low plateau formed primarily of weathered 
crystalline rocks such as schist, gneiss, and granite; and 
(2) the Piedmont or Triassic Lowland, a lower and less 
rugged area formed largely of relatively soft shale and 
sandstone but including also ridges, hills, and small 
plateaulike surfaces formed of harder rocks principally 
diabase, basalt, and argillite. Another, much smaller, 
area is Chester Valley (pi. 1), a narrow lowland trending 
westward across the center of the Piedmont Upland. 
Chester Valley is underlain by limestone and dolomite 
(carbonate rocks on pi. 5), which are soluble and there­ 
fore less resistant to erosion than the surrounding rocks.

The New England province extends into the basin 
from the northeast as a long tongue terminating near 
Beading, Pa. Within the basin it consists entirely of 
the Beading prong of the New England Upland sub- 
province which is called "the Highlands" in New Jersey. 
The area is moderately rugged and is characterized by 
approximately parallel, somewhat irregular ridges and 
intervening valleys all trending northeast, especially in 
its northeastern part. The ridges, which rise about 
300-800 feet above the valleys, are formed largely of 
gneiss and related hard crystalline rocks; the valleys are 
underlain by weaker rocks principally carbonate rocks 
and shale. Most of the New England province has 
been glaciated. In the northeastern part, in New 
Jersey, the ridges are blanketed by extensive deposits 
of glacial till, and the valleys contain thicker deposits, 
largely outwash, which completely mask the bedrock 
in most places.

The ridge known in Pennsylvania as Blue Mountain, 
in New Jersey as Kittatinny Mountains, and in New 
York as Shawangunk Mountains for convenience 
hereinafter designated simply as Blue Mountain  
divides the Valley and Bidge province into two parts: 
(1) the Great Valley to the south; and (2) a sequence of 
narrow valleys and ridges to the north.

The Great Valley, a relatively broad feature 8-20 
miles wide in the basin, actually consists of two belts
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of contrasting landforms. The southern, and narrower, 
belt is a lowland of gentle relief formed of relatively 
weak carbonate rocks. The northern belt, formed of 
more resistant shale, slate, and sandstone, is a more 
deeply eroded surface rising abruptly several hundred 
feet above the lowland to the south. As in the New 
England province, the northeastern part of the Great 
Valley has been glaciated, and parts of this area are 
covered by glacial deposits of variable thickness and 
character.

From Blue Mountain north, the Valley and Ridge 
province is characterized by alternating ridges and 
valleys which trend generally northeast, giving a 
regional "grain" to the topography. At many places 
these ridges and valleys curve, bend abruptly, reverse 
direction, or zigzag (pi. 1). The higher and steeper 
ridges, which have rather uniform summit altitudes of 
1 ,,500-2,000 feet, are formed of the hardest materials  
chiefly thick-bedded quartzose sandstone and con­ 
glomerate. Lower ridges are formed of more thinly 
layered sandstone and hard shale. The valleys are 
underlain by rocks less resistant to erosion such as soft 
shale, or by soluble rocks chiefly the carbonates.

The most extensive occurrence of these valleys and 
ridges is west of the Lehigh River; to the east the belt 
narrows between the Lehigh River and the Delaware 
Water Gap near Stroudsburg, Pa. Northeast of Strouds- 
burg the belt narrows still more and consists principally 
of the Kittatinny-Shawangunk Mountains ridge and 
the valley of the Delaware River. The area northeast 
of Stroudsburg has been glaciated, and the valleys of 
the Delaware River and its major tributaries contain 
glacial outwash.

The Appalachian Plateaus province, which occupies 
approximately the northern third of the basin, is an 
upland of flat-lying to very gently folded beds of sand­ 
stone, shale, and conglomerate. The gentle to flat 
structure of the beds contrasts with the strongly folded 
and faulted structure of similar beds in the adjoining 
Valley and Ridge province and accounts for the differ­ 
ence in landform between the two provinces. The 
relation of rock structure to topography is shown by 
the gradation al change from one province to the other 
near the Lehigh River; there the folds in the Valley 
and Ridge province flatten toward the northeast 
gradually, rather than abruptly.

The two sections or subprovinces of the Appalachian 
Plateaus province in the basin the Southern New 
York section (which includes the Pocono Mountains) 
and the Catskill section differ chiefly in relief; the 
boundary between them shown on plate 1 is vague and 
arbitrary. In both areas the layers of rock are nearly 
flat. The Catskill section attains an altitude of 4,200 
feet at Slide Mountain on the east border of the basin;

the greater altitude and relief is due to the superior 
resistance to erosion of the conglomerate and coarse­ 
grained sandstone, which are more abundant there. 
Few summits exceed 2,000 feet in altitude in the 
Southern New York section of the plateaus, and alti­ 
tudes of most of the area range from 1,000-1,500 feet. 
The Delaware River and its major tributaries have 
carved deep, narrow valleys across the plateaus in 
both subprovinces.

Probably all the plateau region has been glaciated, 
although the most recent glaciation that of the Wis­ 
consin stage (table 3) did not extend into the southern­ 
most part of the region (pi. 1). Glacial till mantles 
most of the area, and the drainage pattern has been 
modified greatly by the effects of the ice sheets. 
Marshes and lakes dot the flatter parts of the plateaus 
in Pennsylvania. The larger valleys contain thick 
deposits of glacial outwash 200 feet or more deep in 
some places.

OCCURRENCE OF GROUND WATER

In the Appalachian Highlands, ground water occurs 
in both of the principal types of aquifers the con­ 
solidated rocks and the unconsolidated sediments but, 
although the glacial outwash supplies the most productive 
wells, the consolidated rocks contain most of the water 
because of their much greater areal extent and volume.

The glaciated northern half of the area is blanketed 
discontinuously by unconsolidated sediments. Thin 
deposits of glacial till lie on the interstream areas; 
bedded deposits of glacial outwash lie along tKe major 
stream valleys, both in the glaciated area and in the 
unglaciated area to the south. The glacial outwash is 
the most permeable and productive aquifer in the 
Highlands, but its total volume is comparatively small. 
Nonetheless, the best sites for the development of large 
local supplies of ground water are where the larger 
bodies of glacial outwash are in hydraulic connection 
with perennial streams, as they generally are in the 
larger stream valleys. Though much more extensive 
than the outwash, the glacial till is less permeable and 
usually is too thin to yield large perennial supplies of 
ground water.

The consolidated rocks underlie_all the unconsolidated 
sediments and are exposed at or near the land surface 
throughout most of the southern, unglaciated part of 
the Appalachian Highlands. The capacity of the con­ 
solidated-rock aquifers to store and transmit water 
ordinarily is much less than that of the unconsolidated 
sediments, but their great thickness and areal extent 
make the consolidated rocks the most commonly used 
aquifers in the Appalachian Highlands.

The consolidated rocks are herein divided into three 
major categories based on the nature and distribution
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of their water-bearing openings: (1) crystalline, (2) car­ 
bonate, and (3) clastic. The general characteristics of 
each of these categories are described, and the geologic 
formations that compose each type are listed in the 
following sections. The individual formations are de­ 
scribed very briefly in table 3, which also shows the 
relative ages and stratigraphic sequence of the forma­ 
tions. Because it is impossible to show in one table all 
the consolidated-rock formations in so large and diverse 
an area as the Appalachian Highlands part of the 
Delaware River basin, plate 8 lists the formations of 
Paleozoic age in each of the physiographic subdivisions 
of the Appalachian Highlands and indicates their 
approximate age relations.

The outcrops of the consolidated-rock formations 
are shown on plate 5, and the stratigraphic and 
structural relations of the rocks in part are shown 
diagrammatically on plate 9.

The unconsolidated sediments are described in a 
later section. Their extent is shown on plate 7, and 
their thickness and distribution in and adjacent to 
the major stream valleys are shown in figure 25.

CRYSTALLINE ROCKS

Crystalline rocks are composed of interlocking mineral 
grains, or crystals, which may range in size from micro­ 
scopic to many inches in diameter. These rocks are 
formed chiefly in two ways: (1) by the cooling of molten 
material (magma) to form igneous rocks; or (2) by 
the recrystallization of preexisting rocks to form meta- 
morphic rocks. Metamorphism results either through 
tremendous pressure and heat or by deep-seated emana­ 
tions of hot liquids or gases that "cook" the preexisting 
rocks; sometimes both processes are involved.

The common igneous rocks in the Delaware River 
basin are granite, gabbro, diabase, basalt, and several 
types between granite and gabbro in composition. 
The granitic to gabbroic rocks of magmatic origin 
cooled slowly at considerable depth in the earth's 
crust and are relatively coarse grained. All the granitic 
to gabbroic rocks were formerly believed to be of igneous 
origin; now, however, many are known to be of meta- 
morphic origin. Diabase, a dark rock generally having 
smaller crystals than gabbro, forms sills and dikes in 
sedimentary rocks into which it was injected by great 
subterranean pressures. Basalt, which is a still finer- 
grained rock, originated as lava flows that poured out 
upon the land surface and in some places subsequently 
became buried under younger sedimentary rocks.

The metamorphic rocks of the Appalachian Highlands 
include gneiss, schist, phyllite, slate, quartzite, and 
probably some of the granitic- to gabbroic-rock types 
previously mentioned. These rocks commonly have

a pronounced banding, layering, or alinement of 
crystals.

Some of the crystalline rocks grade imperceptibly 
into the other major types, so that any classification 
is arbitrary. For example, marble, a crystalline car­ 
bonate rock originating as a sedimentary rock (lime­ 
stone), has water-bearing properties similar to those 
of the noncrystalline carbonate rocks; for this reason 
it is grouped herein with the carbonate rocks rather 
than with the crystalline rocks. Slate, a metamor­ 
phosed shale, grades into shale in parts of the basin 
etnd is grouped more conveniently with the clastic 
rocks than with the crystalline rocks. Some quartzite 
differs little from hard, strongly cemented quartzose 
sandstone and conglomerate and might be grouped 
with the clastic rocks.

As defined herein, the crystalline rocks include the 
following units shown on plate 5 and listed in table 3:

Age 
Triassic-.

Cambrian-

Mop unit 
Diabase. 
Basalt. 
Quartzose rocks-.

Formation

Early Paleo­ 
zoic (?).

Precambrian__

Glenarm series 
and related 
crystalline 
rocks.

Gneiss and related 
crystalline 
rocks.

Antietam quartzite.
Harpers schist.
Chickies and Hardyston 

quartzites.
Unnamed granitic to gab­ 

broic and ul'tramafic 
rocks.

Peters Creek schist.
Wissahickon formation.
Setters formation. 1
Various unnamed rocks.
By ram granite gneiss.
Losee diorite gneiss.
Pochuck gabbro gneiss.
Pickering gneiss.
Baltimore gneiss.

i May be, at least in part, equivalent to quartzose rocks of Cambrian age. 

GNEISS AND BELATED CRYSTALLINE BOCKS OF PBECAMBKIAN AGE

The oldest rocks in the Delaware River basin are 
various types of gneiss and related crystalline rocks of 
Precambrian age (table 3). They occur in both the 
major areas of crystalline rocks the Piedmont Upland 
and the New England Upland but are more extensive 
in the New England Upland.

The gneiss and related rocks are of diverse origin; 
they include highly metamorphosed sedimentary and 
igneous rocks, unmetamorphosed to moderately meta­ 
morphosed igneous rocks, and complex mixtures of 
these types. Because of their similar water-bearing 
properties, their uncertain correlation, and their com­ 
plex associations, all these rocks are herein grouped in 
one hydrologic unit (pi. 5).

In the Piedmont Upland the igneous and metaigne- 
ous 4 types include diabase (or metadiabase), pegmatite, 
various rock types of granitic to gabbroic composition,

« Meta-, when used as a prefix in a rock name, indicates that the rock has been 
altered by metamorphic processes.



GROUND WATER ITS AVAILABILITY AND CHARACTER 73

and several kinds of ultramafic rocks which are generally 
altered to serpentine; the metasedimentary types, 
where they can be mapped separately from the igneous 
and metaigneous types, have been called the Pickering 
gneiss and the Baltimore gneiss (Bascom and Stose, 
1938; Watson, 1957). Gabbro is the most abundant 
type in the southern part of the Piedmont Upland, south 
of Chester Valley, whereas granitic and granodioritic 
types and anorthosite predominate north of Chester 
Valley. Pegmatite dikes are locally abundant in both 
parts of the Upland.

In the New England Upland the named formations 
of Precambrian age include the Byram granite gneiss, 
the Losee diorite gneiss, and the Pochuck gabbro gneiss, 
but there are many kinds of unnamed rocks which in­ 
clude probable equivalents of the formations listed 
above (Sims, 1958; Hotz, 1953; Hague and others, 
1956; and Smith, 1957). Most of the rocks are meta­ 
morphosed, some highly, and are of igneous and sedi­ 
mentary origin. As in the Piedmont Upland, pegmatite 
is abundant at many places.

Most of the Precambrian rocks in the Piedmont and 
the New England provinces are medium to coarse 
grained, and the crystals are generally banded or lay­ 
ered. In composition the types range from light-colored 
rocks having abundant quartz and feldspar to dark 
rocks containing abundant iron- and magnesium-bear­ 
ing minerals. Graphitic gneiss or schist occurs at sev­ 
eral localities in the Piedmont Upland, and marble 
(Franklin limestone), grouped with the carbonate rocks 
in this report, is associated with some of the other rock 
types at several places, particularly in the New England 
Upland in New Jersey.

GLENARM SERIES

A large part of the Piedmont Upland south of Chester 
Valley is underlain by a sequence of schistose and 
gneissose rocks of predominantly metasedimentary 
origin known as the Glenarm series (Bascom, Clark, 
Darton, and others, 1909, p. 4). In order of decreasing 
age the Glenarm series in the Delaware River basin 
consists of the Setters formation, the Cockeysville 
marble, the Wissahickon formation, and the Peters 
Creek schist. The age of these rocks formerly was 
believed to be Precambrian (Knopf and Jonas, 1929). 
However, age determinations made recently from 
radioactive elements (Postel and Jaffee, 1957) indicate 
that the Wissahickon formation may be as young as 
Ordovician. Increasing evidence indicates that the 
Glenarm series consists of more highly metamorphosed 
equivalents of known Cambrian and Ordovician rocks 
farther north (Watson, 1957), as shown in plate 8.

The Setters formation consists largely of quartzite

and mica-quartz schist and is similar to the Chickies 
quartzite of Cambrian age to the north.

The Wissahickon formation, which constitutes the 
bulk of the Glenarm series in the Delaware River 
basin, includes a variety of rocks ranging from gneiss 
in the southern part of the area to fine-grained schist 
and phyllite in the northern part. Micas (muscovite 
and biotite) are the most abundant minerals; other 
important constituents include feldspar, quartz, 
chlorite, and garnet.

The Peters Creek schist, which occurs in the northern 
part of the outcrop of the Glenarm series, is generally 
similar to the fine-grained mica schist and phyllite in 
the Wissahickon formation immediately south.

The Glenarm series, particularly the Wissahickon 
formation, contains considerable quantities of granitic 
to gabbroic rocks similar to those in the gneissose rocks 
of Precambrian age. Gabbro and amphibolite (meta- 
gabbro?) occur in the southwestern part of the Pied­ 
mont in the Delaware River basin, and granodiorite, 
granite, and ultramafic rocks are locally abundant in 
the southern part of the area.

QUARTZOSE ROCKS OF CAMBRIAN AGE

The quartzose rocks of Cambrian age include the 
Chickies quartzite, the Harpers schist, and the 
Antietam quartzite in the Piedmont Upland, and their 
approximate equivalent, the Hardyston quartzite in 
the New England Upland (table 3 and plate 8). Some 
of these rocks actually are intermediate in character 
between the crystalline rocks and the clastic rocks; 
they consist in part of quartzose sandstone and some 
conglomerate and shale that have been metamorphosed 
slightly to moderately. However, because of their 
almost total lack of intergranular porosity, they 
resemble in hydrologic properties the crystalline rocks 
more closely than the clastic rocks. Because of their 
brittleness, the quartzose rocks are highly fractured at 
many places, particularly in the vicinity of faults or 
contacts with older rocks, and in such places the 
highest yielding wells in the locality are commonly 
developed.

In parts of the Piedmont Upland the hard, weather- 
resistant quartzose rocks attain a thickness of more 
than 1,000 feet and form conspicuous ridges and hills. 
In the New England Upland, where these rocks gen­ 
erally are only a few tens of feet thick, they form in­ 
conspicuous low ridges or abrupt slopes at valley 
margins.

BASALT AND DIABASE OF TRIASSIC AGE

In the Delaware River Basin and adjacent New 
Jersey the youngest crystalline rocks are basalt and 
diabase commonly called trap rock of Triassic age.

713-196 O 64
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Both are dense dark rocks of igneous origin and consist 
mostly of about equal amounts of plagioclase and augite. 
The basalt is fine grained and occurs as lava flows 
interbedded with the shale and sandstone of the 
Newark group; the diabase is coarser grained and forms 
sills intruded between the beds of sedimentary rock 
of the Newark group or as dikes cutting across those 
beds. The basalt and the diabase are much more 
resistant to erosion than the surrounding sedimentary 
rocks and form prominent ridges and hills several 
hundred feet high in the Triassic Lowland. The 
basalt forms a series of concentric arcuate ridges  
the Watchung Mountains in northern New Jersey, 
outside the Delaware River Basin; the diabase forms 
many scattered hills and ridges across the basin and 
is the bedrock of the well-known Palisades along the 
west bank of the Hudson River.

HYDROLOGIC PROPERTIES OF THE CRYSTALLINE ROCKS

In spite of their diverse origin, all the crystalline 
rocks have generally similar hydrologic properties: 
(1) they have little or no intergranular porosity except 
in the weathered zone near the land surface; (2) solution 
openings such as those in the carbonate rocks are 
scarce or absent; and (3) practically all water in the 
fresh rock occurs in fracture openings. Porosity of 
the crystalline rocks decreases with depth more rapidly 
than in any of the other rock types in the basin, and, 
except locally, little water is obtainable below a depth 
of about 300 feet.

As a general rule the following zones occur in down­ 
ward succession in the crystalline rocks: (1) soil and 
decomposed rock, consisting of granular material  
largely a mixture of clay, silt, and some sand; (2) 
disintegrated rock, which downward contains more and 
more residual masses of fresher rock; (3) relatively 
fresh fractured rock; and (4) fresh rock in which the 
fractures are closed by the weight of the overlying rock.

Usually these zones are irregular and gradational, 
and local exceptions to the sequence are common. 
At some places where erosion has been very active 
or the rocks are unusually resistant to weathering, 
fresh rock extends to the land surface, and in much 
of the glaciated part of the New England Upland 
glacial deposits directly overlie fresh rock.

The thickness and character of the zones are deter­ 
mined by many factors, among which are the landform, 
the type of rock, and the geologic history of the area. 
Other factors being equal, the weathered zone also 
varies considerably with the original rock type. The 
hardest and chemically most stable rocks, such as 
quartzite, tend to form the thinnest weathered zones; 
the weak and chemically unstable rocks, such as 
much of the gneiss and schist of the Glenarm series,

tend to form thick weathered zones. The thickness 
of highly weathered material in the outcrop of the 
Glenarm series of the Piedmont Upland commonly 
exceeds 25 feet and in places exceeds 50 feet.

The character of the weathered material is closely 
related to that of the parent rock; rocks high in quartz 
tend to form sand, but rocks such as gabbro or diabase, 
which have little or no quartz, form clay and silt. 
Most of the crystalline rocks in the basin weather to 
an unsorted assemblage of clay, silt, and sand having 
low to moderate permeability.

Weathering is most active in the zone above the 
lowest level of the water table. The principal weather­ 
ing agents in this area consist of dissolved carbon 
dioxide and oxygen, and organic acids. Although 
some geologists believe that the lowest level of the 
water table is the lower limit of normal weathering 
processes (Penck, 1953, p. 61), much evidence exists 
to the contrary. In most crystalline-rock areas in the 
Delaware River basin, the zone of fluctuation of the 
modern water table is well above the base of the 
weathered zone. In discussing the weathering of 
granite in Hong Kong, Ruxton and Berry (1957, p. 
1275) list three reasons for such a seemingly anamalous 
condition: (1) deep weathering may have taken place 
before an integrated circulation of water was established 
in the rock; (2) local deepening of the weathered profile 
may occur along prominent fractured zones; and (3) 
the level of the water table may be higher now than 
at the time the lower part of the weathered zone was 
established. In any case, considerable quantities of 
water now are stored in the weathered crystalline 
rocks in many parts of the Piedmont Upland and New 
England Upland, and water released from ground- 
water storage sustains the high base flow of the stream 
in those areas.

Fractures are caused by stresses of various origins. 
Deformation of the rocks during folding and faulting 
probably caused most fractures in the crystalline 
rocks of the basin, but shrinkage resulting from cooling 
of igneous rocks also caused many fractures, particularly 
in the basalt apd diabase. Depths to which open 
fractures extend are related to the strength and brittle- 
ness of the rock type as well as to the degree of deforma­ 
tion the rocks have undergone. As a rule, open 
fractures extend to greater depths in the hard quartzitic 
rocks than in the softer, less brittle rocks, such as 
phyllite and micaceous schist. Records of drilled 
wells indicate that open fractures do not ordinarily 
extend beyond a depth of about 300 feet and that 
yields of wells are not increased appreciably by drilling 
below that depth. However, a few wells have obtained 
water from greater depths, probably from fractures 
along faults or in shattered pegmatite dikes and quartz
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veins. Many of these veins and dikes are highly 
fractured and thus yield more water than the 
surrounding less-fractured rocks.

The spacing and orientation of fractures in crystalline 
rock are dependent on the composition and texture of 
the rock and the direction of application of the de- 
formational forces that have acted on the rock. For 
example, where mica and chlorite are abundant, as in 
much of the Wissahickon formation, the rock tends to 
split readily parallel to the layering of these minerals. 
Such fractures, however, do not ordinarily extend very 
far below the weathered zone; other sets of fractures, of 
deformational origin, extend to greater depths and have 
more water-bearing capacity. As a rule, fractures are 
farthest apart and most evenly spaced in coarse­ 
grained massive rocks such as granite and gabbro where 
the fractures (joints) commonly form a set of three 
mutually perpendicular planes several feet, or even tens 
of feet, apart. A set of curved fractures (sheeting) 
approximately parallel to the land surface occurs in 
some of the sparsely jointed rocks.

The porosity of the fractured fresh crystalline rock is 
considerably less than that of the weathered zone, but 
the larger size of many of the fracture openings in the 
unweathered rocks often permits more rapid movement 
of water through them. The occurrence of water in 
fractured rock is much more irregular than in the highly 
weathered rock, owing to the unequal distribution of 
fractures. Adjacent wells commonly tap fracture sys­ 
tems that lack nearby hydraulic connection, so that 
pumping of one well may not affect the water level in 
the other, at least not immediately. In the granular 
material in the weathered zone the water table may be 
the usual subdued replica of the topography, but in a 
fracture system, especially one in which the fractures 
are far apart and not interconnected freely, a true 
water table commonly is absent, and water will stand 
at different levels in each fracture or set of fractures. 
At some localities, water-bearing fractures may be 
separated from the water-bearing weathered zone by a 
zone of dry unfractured rock; at other places, ledges of 
hard massive rock separate water-bearing zones in the 
weathered material (Ward, 1956). Much study re­ 
mains to be done before the occurrence of water in the 
crystalline rocks in the Delaware River basin can be 
better understood.

As indicated by the rather scanty data available, the 
coefficient of storage of the crystalline rocks probably 
ranges from about 0.005 to about 0.02 in the low range 
of values for unconfined conditions (Greenman, 1955, 
p. 6). The higher values probably are representative of 
the unconsolidated granular material in the weathered 
zone, whereas the lower values are representative of the 
fractured fresh rock.

Type of rock

Granodiorite (igneous): 
Wpftt,Viprp<) flfifttpriftl
Hard rock. __   _ , __ ,. ___

Specific cap

Maximum

3.2
1.0

15
13

acity in gpn 
drawdown

Minimum

0.005
.07
.003
.01

L per ft of

Average

.3
1.6
.7

Wells

2
10
33
74

The transmissibility and average permeability of 
these rocks also are moderately low to very low, as in­ 
dicated by the reported specific capacities of wells. 
Rasmussen, Groot, Martin, and others (1957, p. 99) 
reported the following specific capacities of wells tapping 
several types of crystalline rocks in the Piedmont up­ 
land of northern Delaware:

From these hydraulic characteristics it is apparent 
that a typical well tapping the crystalline rocks will 
exhibit considerable drawdown at any pumping rate, 
but substantial lowering of the water table will not 
extend more than a few hundred feet from the well 
unless the rate of pumping is high.

Reported yields of 202 wells tapping crystalline rocks 
in the basin range from less than 1 gpm to more than 
300 gpm and average about 50 gpm. Except for the 
basalt and diabase, which are perhaps the poorest 
water producers in the basin and seldom yield more than 
a few gallons per minute to wells, differences in pro­ 
ductivity among the many types of crystalline rocks 
seem to be outweighed by local differences within each 
type. Detailed hydrologic studies should be made to 
determine the factors that affect the productivity of 
the crystalline rocks.

CHEMICAL CHARACTER OP GROUND WATER

The crystalline rocks of Precambrian and early 
Paleozoic age in the Delaware River basin yield excellent 
water low in dissolved solids and hardness. Table 8 
summarizes the chemical analyses of 12 samples of 
water from gneiss and related crystalline socks of 
Precambrian age. With the exception of iron, which 
is locally present in excessive concentrations, the water 
generally contains no objectionable quantities of mineral 
impurities.

The Wissahickon formation in Pennsylvania and 
Delaware generally yields water of high quality, unless 
the water becomes contaminated; 15 of 22 samples con­ 
tained less than 100 ppm of dissolved solids. The water 
is soft or only moderately hard, and is low in chloride 
content. Half the samples analyzed for iron contained 
more than 1.0 ppm. The harder waters generally have 
the higher concentrations of sulfate. According to Hall 
(1934, p. 27), excessive hardness is sometimes due to 
pegmatite dikes which contain large percentages of
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TABLE 8. Summary of chemical analyses of 12 samples of ground 
water from gneiss and related crystalline rocks of Precambrian 
age

[Concentrations in parts per million]

Sfflca(SiOi).--             

Sodium and potassium (Na+K) ..... 
Bicarbonate (HCOs)- ________
Sulfate (SOi)--.      ...      
Chloride(Cl)  .  ..._.._._-.-_.
Fluoride (F) ............... ___ ....
Nitrate (NOt). ................ ......

Noncarbonate hardness as CaCOs   . 
Specific conductance 

micromhos at 25°C.. 
pH___ ................. ..............

Maximum

35
1.5

20
9.0

16
3.3

19 
106
42
14

.1
23

170
108

58

284 
7.9

57

Median

6.6 
34
13
7.2

7.5
90
45
20

156 
6.6

54

Minimum

8.7

2.9
1.3
4.3
.4

2.1
8
.3

1.0
.0

1.5
51
13

.0

64 
5.3

53

Analyses

8
5
6
6
6
6

12 
12
12
12

5
12
10
12
12

11 
11
10

lime-soda feldspar. On the whole, however, the water 
contained in the Wissahickon formation is of good 
quality. Springs in the Wissahickon formation on 
occasion become polluted, as in the fall of 1957 when 
(Philadelphia Inquirer, 1957) 75 springs issuing from 
the Wissahickon formation in Fairmount Park, Phila­ 
delphia, Pa., were posted (closed for use) by the State 
Department of Health. Pollution of these springs in a 
highly residential neighborhood probably stems largely 
from leaky sewers. Twenty-two analyses of water from 
the Wissahickon formation are summarized in table 9; 
five analyses that are regarded as representative of the 
formation are given in table 21.

TABLE 9. Summary of chemical analyses of 22 samples of ground 
water from the Wissahickon formation

[Concentrations in parts per million]

Silica (SiOj)--~- ~-   ~- ~- ..... 

Calcium (Ca) _____________

Sodium (Na)_.  . .___.__________
Potassium (K)__. ___________
Bicarbonate (HCOj)-- _ .--.... .....
Sulfate (BOO   .       
Chloride (Cl)_  ...... ..............
Fluoride (F). _____ . .............
Nitrate (NO»). . ..................

Noncarbonate hardness as CaCOa _ 
Specific conductance 

micromhos at 25° C__ 
PH.. ................................

Maximum

36
8.7

26
8.3

21
2.8

70
60
40

.3
34

246
102

71

384 
6.9

Median

20
1.0
9.0
4.1
5.7
1.8

32
13
5.5
.1

7.0
77
45
10

176 
6.1

Minimum

7.3

3.4
1.7
2.2
.7

8
1.6
1.8
.0
.0

40
17
0

76.3 
5.2

Analyses

18
9

18
18
17
17
22
22
22
11
18
18
21
18

9 
13

Water samples from four wells in diabase, all near 
Quakertown, Pa., had from 66 to 398 ppm of dissolved 
solids, 32 to 272 ppm of hardness as CaCO3 , 18 to 31 
ppm of silica, 6.3 to 169 ppm of sulfate, 2.2 to 12 ppm of 
chloride, and 0.18 to 1.4 ppm of iron. Three of these 
samples are calcium and magnesium bicarbonate 
waters, one (sample 23 of table 21) contains consider­ 
able sulfate. The hardness of this sample would not 
be removed by heating.

The analyses of two samples of water from the 
Chickies quartzite are given in table 21. These 
samples are soft to moderately hard water. One 
contains 1.6 ppm of iron, the other 25 ppm of nitrate; 
both concentrations are excessive for some purposes 
although the water is suitable for other uses without 
treatment.

Hall (1934) gives four analyses of water from ser­ 
pentine rock in the Delaware Kiver basin. These 
waters had from 23 to 40 ppm of silica, 2.1 to 62 ppm 
of calcium, 17 to 76 ppm of magnesium, 3.2 to 50 ppm 
of sulfate, 2.4 to 30 ppm of chloride, and 111 to 333 ppm 
of dissolved solids. Total hardness ranged from 84 to 
317 ppm. Most ground water contains more calcium 
than magnesium, but in three of the four samples 
analyzed the magnesium concentration was far greater 
than that of the calcium, the reason being that ser­ 
pentine consists mostly of magnesium silicate minerals. 
One sample had 5.4 ppm of iron.

CARBONATE ROCKS

The carbonate rocks, as herein defined, consist of the 
following types: (1) limestone (calcium carbonate); 
(2) dolomite (calcium magnesium carbonate); (3) rocks 
intermediate in composition between limestone and 
dolomite, sometimes called magnesian limestones; 
(4) rocks intermediate between limestone or dolomite 
and other types, in which the carbonate content is 
substantial; and (5) marble, a metamorphic crystalline 
carbonate rock which resembles the noncrystalline 
carbonate rocks in its water-bearing properties.

The carbonate rocks comprise several formations of 
Paleozoic age and one formation of Precambrian age 
(table 3 and plate 8). As shown on plate 5 and dis­ 
cussed in the following paragraph, these formations 
have been grouped as follows: (1) Franklin limestone 
(Precambrian age); (2) Cockeysville marble (part of 
the Glenarm series of early Paleozoic (?) age); (3) 
carbonate rocks of Cambrian and Ordovician age; and 
(4) carbonate rocks of Silurian and Devonian age.

FRANKLIN LIMESTONE

The Franklin limestone, one of the oldest rocks hi the 
region (table 3), typically is a white or gray coarse­ 
grained to locally fine-grained marble or dolomitic 
marble which in places contains considerable amounts of 
graphite and many other minerals. The Franklin 
limestone is most abundant just east of the Delaware 
River basin in the New Jersey Highlands of the New 
England province, but it occurs also at scattered 
localities throughout the New England province in 
the basin and in small areas hi the Piedmont. The 
marble is associated with other types of metamorphic 
rocks of Precambrian age.
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COCKEYSVILLE MARBLE

The Cockeysville marble is a massive medium- to 
coarse-grained sugary marble which in places grades 
into impure schistose marble and limy mica schist. 
It underlies several small valleys in the southwestern 
part of the Piedmont Upland, where it characteristically 
is covered by a thick residual deposit of clay.

The Cockeysville marble overlies the Setters forma­ 
tion and is overlain by the Wissahickon formation. 
Ah" three formations are part of the Glenarm series 
whose age is now believed to be early Paleozoic (?). 
The Cockeysville probably is a more highly meta­ 
morphosed equivalent of part of the carbonate rocks of 
Cambrian and Ordovician age to the north (Watson, 
1957, p. 158).

CARBONATE ROCKS OF CAMBRIAN AND ORDOVICIAN AGE

The thickest and most extensive unit composed 
of carbonate rocks comprises several formations of 
Cambrian and Ordovician age which are grouped 
herein because of their general hydrologic similarity 
and because of the uncertainty of their correlation from 
one area to another. The formations are listed in 
table 3 and plate 8 and are described briefly in table 3.

These carbonate rocks crop out chiefly in the southern 
(lowland) belt of the Great Valley, but they occur also 
in the Chester Valley in the Piedmont Upland, in small 
areas in the Triassic Lowland, and in several long 
narrow valleys in the New England Upland (pis. 1,5).

Typically, these Cambrian and Ordovician carbonate 
rocks consist of a thick sequence of limestone, shale, 
and slate, and, in the southern part of the Piedmont, 
some mica schist and phyllite. The limestone and 
dolomite weather to a thick residual deposit of clay and 
silt and form lowlands having only a few outcrops; 
the zones containing noncarbonate rock types form low 
ridges and hills.

The total thickness of the carbonate rocks of Cam­ 
brian and Ordovician age varies widely throughout the 
basin owing to the intense folding and faulting of the 
beds. The total stratigraphic thickness of the unit 
probably exceeds 2,500 feet and may be very much 
more.

CARBONATE ROCKS OF SILURIAN AND DEVONIAN AGE

The carbonate rocks of Silurian and Devonian age 
comprise several relatively thin formations which are 
described briefly in table 3. In ascending order they 
are the Bossardsville, Decker, Rondout, Manlius, 
Coeymans, New Scotland, Becraft, Port Ewen, and 
Onondaga limestones. The formations below the 
Onondaga limestone crop out in a narrow belt across 
the Valley and Ridge province a few miles north of the 
Blue Mountain ridge. The Onondaga is separated

from the other formations by the Esopus shale and the 
Oriskany sandstone and forms a similar narrow outcrop 
belt. The beds dip steeply to the north and are within 
reach of wells in only a small area in and near the 
outcrops.

For the most part, the sequence consists of light-gray 
to nearly black limestone and dolomitic limestone, and 
smaller amounts of limy sandstone and shale. Ex­ 
cluding the Onondaga limestone the total thickness of 
the beds probably does not exceed 800 feet within the 
basin, and in places is much less. The Onondaga 
limestone reaches a maximum thickness of about 250 
feet within the basin.

HYDROLOGIC PROPERTIES OF THE CARBONATE ROCKS

The carbonate rocks differ from the other consoli­ 
dated rocks in having a significant number of solu- 
tionally enlarged openings. Water percolating down­ 
ward from the soil contains small amounts of dissolved 
carbon dioxide and organic acids which make a weak 
acid capable of dissolving carbonate rocks. Solution 
commonly develops along pre-existing fractures or root 
cavities and enlarges them to form a network of more 
or less interconnected channels. Some such channels 
become enlarged to considerable size to form caverns; 
in time a limestone may become honeycombed with 
caverns and the land surface pitted with sink holes. 
Part of the drainage is on the land surface and the rest 
takes place through these underground solution chan­ 
nels.

The distribution of solution openings in most car­ 
bonate rocks is extremely irregular and usually is 
difficult if not impossible to predict in advance of 
drilling. In some of these rocks, particularly those 
that are sandy or shaly and contain less calcium 
carbonate, solution openings may be almost absent. 
In such rocks all the water may occur in ordinary frac­ 
ture openings similar to those in unweathered crystal­ 
line rocks. Where the fractures are tightly closed, as 
in some of the Jacksonburg limestone, little or no water 
may be yielded to wells. In the Delaware River basin 
the most abundant fracture and solution openings are 
between depths of about 50 and 300 feet, although 
some wells have penetrated large openings at depths 
of more than 1,000 feet. Openings also seem to be 
more abundant in the vicinity of surface streams.

Overlying the fresh carbonate rocks at most places is 
a weathered zone, commonly as much as 50 feet thick, 
composed of residual clay, silt, and some sand. Owing 
to its considerable clay content, this material generally 
has rather low permeability and specific yield, and it 
does not ordinarily yield much water to wells. How­ 
ever, at some localities, such as in the outcrop of the 
Cockeysville marble in the Piedmont, where the
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weathered zone averages more than 80 feet in thickness, 
the few available data suggest that the yields from the 
weathered material may exceed those from the under­ 
lying fresh rock where the fresh rock contains relatively 
few solution openings (Rasmussen, Slaughter, Hulme, 
1957, p. 102).

Ground water in the carbonate rocks occurs under 
unconfined to almost completely confined conditions. 
Unconfined or semiconfined conditions prevail in the 
weathered zone and in the immediately underlying 
fractured rock. The deeper fractures and solution 
channels contain semiconfined to confined water and 
may, in some places, transmit water many miles from 
intake areas to discharge areas.

Solution channels usually are more abundant in 
valleys than in hills and are most common near streams; 
at many places surface drainage is largely controlled 
by the distribution of the subsurface openings. Stream 
valleys and other low areas therefore are favorable 
sites for wells.

In areas underlain by carbonate rocks streamflow is 
unusually steady and includes a high proportion of 
base flow chiefly ground-water discharge (p. 21). 
Water budgets are particularly difficult to estimate for 
drainage basins in carbonate-rock terrane because 
much of the water that moves through the networks of 
solution channels may either enter or leave drainage 
basins unseen and unmeasured through underground 
channels.

Detailed data on hydraulic coefficients of carbonate- 
rock aquifers of this region are lacking. From observed 
behavior of pumped wells tapping the artesian zone 
and the effects of the pumping on adjacent wells, 
however, it may be concluded that a decline of artesian 
pressure, as an effect of pumping, generally is trans­ 
mitted rapidly to some distant points, but seldom is 
transmitted equally in all directions. In fact, nearby 
wells may tap different systems of rock openings and 
then the pumping of one well will not affect the water 
level in the adjacent well.

The transmissibility of many of the carbonate-rock 
aquifers appears to be high. This conclusion is indi­ 
cated by reported yields of several hundred gallons per 
minute with pumping drawdowns of less than 20 feet 
indicate high transmissibility of these rocks. Small 
yields with large drawdowns are not uncommon, how­ 
ever, which suggests great variability in the aquifers. 
In the fresh rock, coefficients of storage probably are 
about 0.0001-0.001 CBarksdale and others, 1958); in 
the weathered zone near the land surface, where water- 
table conditions prevail, the storage coefficients may 
be about 0.01-0.10.

Although successful wells in the carbonate rocks 
yield larger supplies than wells in any other type of

consolidated-rock aquifers, unsuccessful wells, or wella 
having disappointingly low yields, are not uncommon. 
In some areas, particularly where noncarbonate rock 
types are abundant among the carbonate rocks, yields 
of wells average less than 25 gpm, and the drilling of 
two or more test wells may be required to obtain a 
successful supply well. At other localities, especially 
in the stream valleys, although test wells still may be 
needed, well yields exceeding 500 gpm, have been 
obtained, and yields of as much as 1,500 gpm are 
reported.

In the Pennsylvania part of the Delaware River 
basin, reported yields of 127 wells in carbonate rocks 
range from 4 to about 1,500 gpm and average nearly 
200 gpm. Modern drilled wells 300-500 feet deep in 
the relatively pure carbonate rocks may be expected 
to yield about 50-500 gpm, but wells in formations that 
contain considerable amounts of noncarbonate minerals, 
such as the Jacksonburg limestone, are generally 
incapable of producing more than domestic or small- 
scale farm supplies.

CHEMICAL CHARACTER OF GROUND WATER PROM CARBONATE ROCKS

Rainwater containing dissolved carbon dioxide and 
organic acids is slightly acid,»therefore it is an excellent 
solvent for limestone and other carbonate rocks. Con­ 
sequently, ground water from the carbonate rocks in 
the Delaware River basin characteristically is moder­ 
ately mineralized and hard. The chief mineral 
constituents are calcium and magnesium bicarbonates. 
Ground water from carbonate rocks in the Delaware 
River basin usually is slightly alkaline, low in iron, and 
of excellent quality except for its hardness. Table 10 
summarizes analyses of 60 samples of water from car­ 
bonate rocks in Pennsylvania. These include many 
of the 41 analyses for southeastern Pennsylvania dis­ 
cussed by Hall (1934, p. 42) and lead to much the same 
conclusions. Hall found that only 2 of his 41 samples 
contained more than 1 ppm of iron and more than half 
contained less than 0.1 ppm of iron. Additional

TABLE 10. Summary of chemical analyses of 60 samples of 
ground water from carbonate rocks in Pennsylvania

[Concentrations in parts per million]

Silica (SiO2).-          

Sodium and potassium (Na+K) ..... 
Sodium (Na). ____         ..

Sulfate (SOd             __  
Chloride (Cl)...  ...       ... ...
Nitrate (NOs).. _    -   - ........

Specific conductance 
micromhos at 25° C~

Maximum

33
107

52
29 
38
7.7

388
120
58
73

609
508

633 
8.3

Median

13
57
18
6.0 
5.7
1.9

186
26
7.5

12
245
201

356 
7.6

Minimum

4.7
5.6
2.4
.9 

1.3
.6

41
2.3
1.0
.0

75
24

138 
6.0

Analyses

53
34
35
30
24
24
56
60
58
60
35
56

27 
28
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information is presented in table 21 giving analyses 
from five samples regarded as typical.

The ratio of calcium to magnesium in water from 
the Conestoga limestone is significantly greater than 
in water from the Conochocheague limestone, Cockeys- 
ville marble, and other carbonate rock formations. 
Water from the Cockeysville marble (four samples) 
appearss to be less mineralized than water from other 
carbonate rocks.

CLASTIC ROCKS

Consolidated clastic rocks consist chiefly of fragments 
of rocks or minerals that have been derived from the 
disintegration of older rocks, transported to the site of 
deposition, and then cemented or otherwise consoli­ 
dated. In the Delaware River basin these rocks 
represent both marine and nonmarine depositional 
environments, but, with a few local exceptions, all the 
rocks now contain fresh water at depths ordinarily 
penetrated by wells. The clastic rocks are the most 
extensive aquifers in the Appalachian Highlands; they 
underlie most of the Valley and Ridge province and the 
Triassic Lowland, and all the Appalachian Plateaus.

All the principal types of clastic rocks, ranging in 
texture from fine-grained shale in which the grains are 
microscopic in size to conglomerate containing boulders 
as much as several feet in diameter, are represented in 
the basin. On the basis of their age, as determined 
from fossil content and less direct lines of evidence, and 
their physical character, or lithology, the clastic rocks 
have been subdivided into numerous geologic forma­ 
tions, which are described briefly in table 3 and listed 
in part also in plate 8. The general characteristics of 
these rocks in each of the three major areas where they 
occur are discussed in the following pages. More 
detailed descriptions of the individual formations are 
given by Hall (1934) and Lohman (1937).

ROCKS OF THE VALLEY AND RIDGE PROVINCE

Except for the southern part of the Great Valley and 
the two narrow belts several miles north of Blue Moun­ 
tain, which are underlain by carbonate rocks, all the 
Valley and Ridge province is underlain by clastic rocks.

The oldest formation is the Martinsburg shale of 
Ordovician age. It underlies the northern part of the 
Great Valley and several scattered areas farther south 
and is an intensely crumpled sequence of beds of shale, 
slate, and sandstone.

Lying on the eroded surface of the Martinsburg shale 
is the Shawangunk conglomerate of Silurian age, which 
dips moderately to steeply northward and forms the 
Blue Mountain ridge. In Pennsylvania all beds equiva­ 
lent to the Shawangunk conglomerate formerly were 
assigned to the Tuscarora sandstone and at least part 
of the overlying Clinton formation. More recently,

Gray and others (1960) assigned these beds to the 
Shawangunk formation in the Delaware River region, 
and this usage is adopted in this report.

From the Shawangunk conglomerate upward, the 
formations of Silurian to Pennsylvanian age are folded 
into a series of anticlines and synclines and are cut by 
numerous faults. A large volume of the originally 
deposited material has been removed by erosion since 
the end of the Paleozoic era (table 3), so that only the 
roots of the anticlines and synclines remain. The 
harder beds of sandstone and conglomerate form ridges 
rising to altitudes of as much as 2,000 feet above sea 
level; the softer beds of shale and some limestone form 
the intervening valleys.

The clastic rocks of the Valley and Ridge province 
include conglomerate, sandstone, siltstone, claystone, 
shale, and slate which occur in alternating beds or 
zones of variable thickness and extent. Most of the 
thicker beds or sequences of beds can be identified over 
large areas and, with the fossils they contain, form 
mappable units, or geologic formations. Some forma­ 
tions have a distinctive character and are composed 
predominantly of one rock type. Most of the thicker 
formations, however, are more or less heterogeneous 
and contain numerous alternating layers of different 
rock types, each having distinctive hydrologic prop­ 
erties. The formations are described briefly in table 3.

Martinsburg shale. The most extensive formation in 
the Valley and Ridge province is the Martinsburg shale, 
which underlies the northern part of the Great Valley 
in a belt about 6-13 miles wide extending east-northeast 
across the basin. It also occurs farther south in several 
long narrow belts bounded by the carbonate rocks of 
Cambrian and Ordovician age. The Martinsburg con­ 
sists largely of gray shale which in many places is 
metamorphosed slightly to form slate, but it also 
includes sandstone, particularly in the upper part, and 
some conglomerate.  

In an extensive area between the Delaware and 
Schuylkill Rivers, thick zones of slate of commercial 
quality are mined for roofing material, flagstones, and 
other uses. In the slate the bedding of the original 
shale has been obscured by metamorphism, and in­ 
stead, a prominent cleavage, usually at a high angle to 
the bedding, has been formed (fig. 21).

The most widely accepted value for the maximum 
thickness of the Martinsburg shale in the basin is about 
4,000 feet; however, Behre (1933), using a different 
interpretation of the geologic structure, estimated a 
maximum thickness of nearly 12,000 feet.

Although the shale and slate have little or no effective 
intergranular porosity, small but dependable supplies 
of water are yielded from fractures in these fine-grained 
rocks (fig. 21). The sandstone beds in the weathered
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FIGURE 21. Martinsburg shale along Delaware Elver near Delaware Water Gap.

zone contain some water in the intergramilar pores 
where the cementing material has been leached out, 
and these beds generally are more permeable than the 
shale and slate. Most water yielded to wells in the 
Martinsburg shale is from depths of less than 200 feet, 
and it is seldom profitable to prospect beyond that 
depth. Most drilled wells yield less than 50 gpm, but 
a few yield 50-250 gpm.

The outcrop of the Martinsburg shale is a dissected 
upland in which the bottoms of the narrow steep-sided 
stream valleys lie as much as 500 feet below the broad 
interstream areas. The soils commonly are less than 
1 foot thick and have a relatively low infiltration capac­ 
ity; storage capacity in the underlying rock is small, 
hence a relatively large proportion of the precipitation 
runs off quickly as overland flow. In the glaciated area 
to the northeast, however, a mantle of glacial deposits 
acts as more permeable intake, and streamflow is less 
flashy there.

The water from the Martinsburg shale is soft to 
moderately hard. A summary of the analyses of water 
from nine wells and springs in Lehigh County, Pa., is 
presented in table 11 (Bima, written communication, 
1957) and two representative analyses are given in 
table 21.
TABLE 11. Summary of chemical analyses of nine samples of

ground water from the Martinsburg shale
[Concentrations in parts per million]

Sodium and potassium (Na+K) __ 
Bicarbonate (HCOs)  ___ _  
Sulfate (BOO .   ___   -  
Chloride (Cl)._ -_  -  _____ 
Nitrate (NOs) -   _____ __

Noncarbonate hardness as CaCOs _ 
Specific conductance 

micromhos at 25° C__ 
pH..........................._......
Temperature __ _______ ° F 

Maximum

5.3 
62
61
10
33

124
89

320 
7.7

55

Median

1.9
42
34

7
23
91
58

236 
6.5

53

Minimum

.9 
16
8.3
5.0
7.8

43
29

121 
6.3

51

Analyses

9 
9
9
9
9
9
9

9 
9
9

Conglomerate and sandstone aquifers. The beds of 
conglomerate and coarse-grained sandstone are more 
resistant to erosion than the adjacent shale and thin- 
bedded sandstone, therefore, they form prominent 
rocky ridges. The thickest and coarsest beds are those 
in the Shawangunk conglomerate, the Oriskany sand­ 
stone, the Pocono formation, and the Pottsville forma­ 
tion (table 3). Although these formation are not tapped 
by many wells, they very likely are the most permeable 
bedrock aquifers in the Valley and Ridge province.

Water occurs in the fairly abundant fractures in the 
brittle quartzitic sandstone and conglomerate and in 
the intergranular voids in the rocks of the weathered 
zone where the cementing material has been dissolved. 
Less permeable beds of sandstone or shale locally con­ 
fine water, and flowing wells have been developed at 
several localities.

Data on hydraulic coefficients of the conglomerate 
and sandstone aquifers are not available, but the phys­ 
ical characteristics of these rocks and the behavior of 
wells tapping them indicate that modern drilled wells 
more than 100 feet deep might be expected to yield 
about 50-300 gpm. Lohman (1937) reported that in 
Schuylkill County, Pa., several public-supply wells 
ranging in depth from 350 to 1,000 feet in the Potts­ 
ville formation yielded 65 gpm to more than 125 gpm. 
However, he reported also that several deep wells in 
that area, had been unsuccessful owing to the absence 
of permeable fractures in the rock penetrated.

Because they are firmly cemented and have a very 
high content of quartz, the fresh conglomerate and 
sandstone are difficult and costly to drill. Moreover, 
the yields of wells in these rocks may not increase with 
depth. There is always a risk involved in drilling for 
water in these rocks, and the chance of getting large 
supplies decreases as the depth increases.

Interbedded sandstone and shale aquifers. Several 
formations in the Valley and Ridge province are not 
composed predominantly of one rock type. Instead 
they consist of alternating layers or coarse- to fine­ 
grained sandstone, shale, siltstone, claystone, and some 
conglomerate. In order of decreasing age these forma­ 
tions include: (1) the Bloomsburg red beds a sequence 
of red and green shale, sandstone, and some conglom­ 
erate which is largely of nonmarine origin; (2) the 
Mahantango formation of Willard (1935) mostly beds 
of gray flaggy sandstone and shale of marine origin; 
(3) the Portage group (as used in Pennsylvania)  
several formations consisting of thin-bedded to thick- 
bedded sandstone and sandy shale of marine origin 
which form broad ridges having moderate relief; (4) 
the Catskill formation a thick sequence of red, brown, 
gray, and green somewhat lenticular beds of sandstone, 
shale, and conglomerate of nonmarine origin which
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also underlies nearly all the Appalachian Plateaus 
province; (5) the Mauch Chunk formation consisting 
of red and green shale and sandstone with some con­ 
glomerate in the upper part; and (6) the Allegheny 
formation, a coal-bearing sequence containing irregular 
beds that range from shale and fire clay to coarse­ 
grained sandstone and conglomerate.

It is risky to generalize about the hydrologic prop­ 
erties of such a heterogeneous class of rocks. How­ 
ever, the beds of sandstone generally, seem to be more 
permeable than the beds of shale^ In weathered 
sandstone water occurs in intergranular pores as well 
as in fractures, but water in the shale is contained 
almost entirely in fractures, many of which are along 
the bedding planes. Artesian conditions, which are 
common, are caused by dipping beds of quite different 
permeability. Water-table conditions generally occur 
in the weathered rock near the land surface.

Reported yields of wells in the interbedded sand­ 
stone and conglomerate aquifers have a great range. 
Some beds of shale yield only a few gallons per minute 
to wells, whereas wells tapping some beds of coarse­ 
grained sandstone yield more than 150 gpm, and 
several deep wells are reported to yield more than 300 
gpm.

Because it underlies valleys that contain important 
centers of population, the Mauch Chunk formation 
(fig. 22) is a particularly important source of water 
supplies, even though much of the formation is com­ 
posed of shale. It receives ample recharge from ad­ 
jacent ridges, owing to its low topographic position. 
Reported yields of 100 wells in the Mauch Chunk 
range from less than 1 to 375 gpm and average about 
50 gpm. The average yield, which is affected by the 
values for many small domestic wells, is too low to 
be representative of yields that might be expected 
from deeply drilled wells used for municipal and 
industrial supply.

The Mauch Chunk formation is the most important 
source of ground-water supply in Schuykill and Carbon 
Counties, Pa. Lohman (1937) reported that many 
municipal and industrial wells there yielded more 
than 100 gpm, and that a well 452 feet deep in Schuyl- 
kill County yielded 350 gpm with a drawdown of 217 
feet a specific capacity of 1.6 gpm per foot of draw­ 
down. If tHe drawdown caused by entrance losses in 
the well is assumed to be small and the aquifer to 
be artesian, the coefficient of transmissibility may be 
estimated at 3,000-4,000 gpd per foot.

Because of its location in the coal basins, the Alle­ 
gheny formation is a special case. Coal-mining opera­ 
tions have extensively dewatered parts of the formation 
and have made the water in many places acidic and 
high in p>ulfate content; this water is unsuitable for

FIGURE 22. Mauch Chunk formation near White Haven, Pa.

most uses, but usable supplies of ground water may 
be obtained in the Allegheny formation in areas remote 
from mines.

Shale aquifers. Besides the Martinsburg shale dis­ 
cussed earlier, three formations in the Valley and 
Ridge province are composed predominantly of shale, 
siltstone, or claystone: (1) the Wills Creek, (2) the 
Esopus, and (3) the Marcellus shales.

The Wills Creek shale, locally called the Poxono 
Island shale of White (1881), occurs in a narrow band 
just north of Blue Mountain where it is largely covered 
by glacial deposits and is not tapped by many wells. 
Little is known about its water-bearing characteristics.

The Esopus shale and the Marcellus shale are 
separated by the Onondaga limestone. Both are 
largely dark sandy shale or siltstone (fig. 4) and both 
contain hard slaty beds. These rocks are relatively 
impermeable, and the small amount of water they 
contain occurs almost entirely in fractures. In many 
localities the fractures are so tightly closed, or so 
scarce, that little or no water is yielded to wells. 
However, some wells in the more highly fractured rock 
yield as much as 25 gpm.

ROCKS OP THE APPALACHIAN PLATEAUS PROVINCE

The Appalachian Plateaus province, which occupies a 
third of the total area of the Delaware River basin, is 
underlain almost entirely by a sequence of predomi­ 
nantly nonmarine sandstone, shale, and some con­ 
glomerate. This sequence, which in places is more than 
6,000 feet thick, is called the Catskill formation. The 
Catskill formation has been divided into several 
smaller units which are listed in plate 8. Toward the 
west and southwest the nonmarine beds intertongue 
with marine formations of the Portage group (as used
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in Pennsylvania) and the upper part of the Hamilton 
group. The younger Pocono formation crops out on 
the west and southwest flanks of the plateaus and is 
believed by some geologists to cover a fairly large 
part of the plateaus. However, the question as to the 
presence or absence of the Pocono formation on the 
plateaus is of little or no hydrologic importance because 
of the similarity of the Pocono to the immediately 
underlying part of the Catskill formation.

In contrast to the folded beds in the Valley and 
Kidge province, the beds underlying most of the 
Appalachian Plateaus province are either nearly flat 
lying or very gently folded. They consist largely of 
red, brown, gray, and green sandstone, shale, and some 
conglomerate. Beds of homogeneous material range 
in thickness from a fraction of an inch to several tens 
of feet. The following log of a test boring typifies the 
character of the beds.

Well Svll4, New York City Board of Water Supply, test boring 
for shaft on line of East Delaware Tunnel, near Neversink 
River, about 4 miles southeast of Willowemoc, Sullivan County; 
altitude of land surface 1,612 feet; compiled from driller's log:

Thickness Depth 
(feet) (feet)

Till________________________. 13 13
Shale, red_____________________________ 5 18
Sandstone, red-_-_--_-----___--_________ 2 20
Sandstone, gray_________________________ 25 45
Conglomerate, gray, white quartz pebbles_ 5 50
Sandstone, gray_________________________ 15 65
Shale, gray__________________ 1 66
Sandstone gray_________________________ 4 70
Shale, red and gray._____________________ 2 72
Sandstone, gray_..________-______________ 62 134
Shale, red and gray-_-------------_______ 3 137
Sandstone, gray--_------_-_-__----_-____ 27 164
Shale, sandy, gray---_---__-_-_-_________ 8 172
Sandstone, gray_________________________ 9 181
Shale, gray____________________ 2 183
Sandstone, gray-_-___-__--_-_-__________ 13 196
Shale, red_________.____________ 22 218
Sandstone, gray, trace of coal at 237 ft- _ _ _ _ 29 247
Shale, red, gray, some sandy shale-_-______ 61 308
Sandstone, gray, and red, shale streaks _ ____ 23 331
Shale, sandy, red________.___________ 12 343
Sandstone, gray_ _________________ 20 363
Conglomerate, gray, some sandstone and

shale_______________________ 61 424
Sandstone, gray, some shale, in thin strata. _ 162 586
Shale, sandy, red________________________ 7 593
Sandstone, gray, some shale_____________ 73 666
Shale, sandy, red_________________ 29 695
Sandstone, gray, vein of calcite, 0.4 ft thick,

at 731 ft______ _______________ 43 738
Shale, sandy, red and green_______________ 5 743

Most of the beds are cut by comparatively smooth, 
regular planes of fracture (joints) which commonly 
consist of three nearly perpendicular sets, one of which 
is parallel to the bedding. Joints at oblique angles to

the bedding are not uncommon, however, These joints 
greatly facilitated "quarrying" of the rock by the glacial 
ice that scoured most of the area several times during 
the Pleistocene epoch. Tablelike surfaces, bounded by 
nearly vertical cliffs as much as several tens of feet in 
height, have resulted from such quarrying action at 
many places.

Most of the consolidated rocks in the plateaus are 
covered by glacial deposits of varying thickness. These 
consist largely of till but include scattered bodies of 
outwash, some of which are of considerable size (pi. 7). 
Where permeable, these deposits, especially the out- 
wash, absorb much of the precipitation and transmit 
some of it to the underlying bedrock; however, a large 
part of the till is relatively impermeable and does not 
allow much recharge to the underlying hard-rock aqui­ 
fers. The exposures of bedrock, which probably cover 
less than 10 percent of the area of the plateaus, are char­ 
acterized by numerous outcrops of rock and generally 
thin stony soils; these conditions result in a rather low 
infiltration capacity and a high direct runoff.

The beds in the Catskill formation underlying the 
plateaus are moderately good to poor aquifers. Large 
variations in yield of wells occur within short distances, 
both vertically and horizontally. For example, dry 
holes as much as 400 feet deep have been reported in 
areas where successful wells are common. Also, much 
deeper wells have been abandoned owing to great 
depths to water, to insufficient yields, or to poor 
chemical quality of water. In general, the beds of 
sandstone are more permeable than the beds of shale; 
however, some of the sandstone is so completely 
cemented and lacking in fractures that it yields little 
or no water.

Exceptional yields are obtainable in scattered large 
fracture systems, generally along faults or unusually 
large joints. Fluhr (1953) reported that flows of as 
much as 600 gpm occurred in such zones at depths of 
as. much as 1,700 feet below the land surface during the 
construction of the New York City water-supply 
tunnels. Elsewhere the tunnels were almost completely 
dry.

Records of 371 wells in the Appalachian Plateaus in 
the Delaware River basin show a range in depth from 
5 to 960 feet; most wells are in the depth range of 
100-300 feet. Reported water levels range from 11 
feet above the land surface flowing artesian wells are 
not uncommon to 540 feet below. Yields of wells 
range from 0 to 600 gpm and average more than 25 
gpm; specific capacities range from less than 0.2 to 
about 4 gpm per ft of drawdown. Springs are numerous 
and are used as sources of supply at many places.

The Catskill formation yields water of excellent 
quality, which is used for domestic, industrial, and
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TABLE 12.   Summary of chemical analyses of 18 samples of 
ground water from the Catskitt formation

[Concentrations in parts per million]

Silica (SlOi).         .

Sodium and potassium (Na+K) ..... 
Sodium (Na) ___ _ _ . ......
Potassium (K) _____ . . .........
Bicarbonate (HCOs) _____ ..
Sulfate (SOO      -   -     
Chloride (Cl)...........  ..........
Nitrate (NOa)         

Hardness as CaCOa ____  
Noncarbonate hardness as CaCOa _ 
Specific conductance 

micronihos at 26° C._ 
pH......, ._.____..__  _ __._.__

Maximum

13
28 
7.2 

22.4 
20 
2.4 

117 
23 
22 
12 

176 
97 
22

100 
7.4 

57

Median

7.2 
6.0 
3.6 
7.0 
1.9

30 
4.0 
3.0 
1.1 

53 
29 

7

50

Minimum

4.0 
2.0 
1.0 
1.0 
1.8 
.5 

8 
1.0 
1.0 
.1 

22 
9 
0

34 
6.2

48

Analyses

9 
16 
10 
9 

10 
6 

18 
18 
18 
16 
17 
16 
10

6 
6 

14

municipal supplies, generally without treatment. The 
water ranges from very soft to moderately hard and 
has low concentrations of dissolved mineral matter. 
It is commonly low in iron, although locally the con­ 
centrations of iron are high. A few deep wells in 
Wayne County, Pa., give water containing small 
quantities of hydrogen sulfide. Table 12, prepared 
from data supplied by D. R. Rima (written communi­ 
cations, 1957, 1958), summarizes chemical analyses of 
18 samples of ground water from the Catskill formation; 
two representative analyses are given in table 21.

BOCKS OF THE TBIASSIC LOWLAND

The Triassic Lowland, a broad belt about 9-32 
miles wide which extends across the southern part of the 
Appalachian Highlands, is underlain chiefly by clastic 
rocks belonging to the Newark group of Triassic age 
(table 3). The clastic rocks are intruded by sills and 
dikes of diabase, and east of the basin in New Jersey 
they contain also several flows of basalt. The basalt 
and diabase are discussed in the section on crystalline 
rocks.

Most of the sedimentary rocks are of nonmarine 
origin and are believed to have been deposited under 
drylands conditions in a northeast-trending basin 
having a somewhat greater extent than the present 
Triassic Lowland (Johnson and McLaughlin, 1957, 
p. 36). The rocks are a thick sequence of shale, 
sandstone, argillite, and conglomerate. They lie on 
the eroded surface of much older rocks of Precambrian 
and Paleozoic age (pi. 9), from which the Triassic 
rocks were in large part derived.

The beds are tilted to the northwest in most of the 
region, although locally they dip in other directions 
where they are warped into broad folds, particularly 
in the vicinity of the masses of diabase. At most places 
the dips are less than 20 degrees, although adjacent 
to some of the large faults along the northwest border 
of the lowland, dips are as much as 50 degrees. The

maximum thickness of the Newark group in the Dela­ 
ware River basin is about 12,000 feet along the Delaware 
River (Johnson and McLaughlin, 1957, p. 32).

The Newark group has been divided into three forma­ 
tions, each having more of less distinctive types of 
rock (Kiimmel, 1897). From oldest to youngest, 
they are: (1) the Stockton formation, which is char­ 
acterized by prominent beds of arkose, a light sandstone 
high in feldspar content; (2) the Lockatong formation, 
which is chiefly argillite and hard shale; and (3) the 
Brunswick formation, which is a thick, monotonous 
sequence of red shale and sandstone. A fourth unit, 
commonly grouped with the Brunswick formation, 
consists of lenticular beds of conglomerate and coarse­ 
grained sandstone. Unlike most of the formations of 
the Delaware River basin, these formations are not 
clearly defined time units but instead represent changing 
conditions of deposition both in place and in time; 
they are, in fact, regarded by McLaughlin as lithofacies 
rather than as formations (Greenman, 1955). In 
general, however, the Stockton formation is the oldest 
unit and the Brunswick is the youngest. The Locka­ 
tong formation represents a swamp and lake deposit 
near the center of the ancient Triassic basin, and it 
intertongues with the lower part of the Brunswick 
formation over a wide area, largely in Bucks County, 
Pa.

Plate 5 shows the general extent of the formations 
but does not show the complex local intertonguing of 
the beds that is described and mapped by McLaughlin 
(Johnson and McLaughlin, 1957; Greenman, 1955, 
pi. 1).

Stockton formation. In the Delaware River basin 
the Stockton formation crops out principally in two 
belts: (1) a southern belt along the south margin of the 
Triassic Lowland; and (2) a northern belt in the central 
part of the lowland. Outside the basin in New Jersey 
the Stockton occurs in two smaller areas: (1) between 
the two principal belts just east of the basin; and (2) 
along the Hudson River at the eastern margin of the 
Triassic Lowland (pi. 5). The Stockton formation 
overlies the eroded edges of rocks of Precambrian to 
Ordovician age and is in turn overlain by the Lockatong 
formation, or by the Brunswick formation where the 
Lockatong is absent. In the Delaware River basin the 
thickness of the Stockton ranges from about 1,000 to 
3,000 feet in-the southern belt of exposures and reaches 
a maximum thickness of about 5,000 feet in the north­ 
ern belt, along the Delaware River (Johnson and 
McLaughlin, 1957).

The most distinctive rock type in the Stockton 
formation is an arkose, a light-gray or light-yellow 
medium- to coarse-grained sandstone that contains 
much feldspar and some mica (fig. 23). Other types
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include conglomerate, fine- to medium-grained red or 
brown quartzose sandstone, siltstone, and soft red shale 
similar to that in the Brunswick formation. Arkose 
and conglomerate are more abundant in the lower part 
of the formation than in the upper part and also are 
more abundant in the southern belt of exposures than 
in the northern belt. Individual beds are not exten­ 
sive, although some of the thicker zones or sequences of 
beds extend for many miles. The rock materials 
appear to have been derived in large part from the 
crystalline rocks to the south and apparently were 
deposited in a nonmarine environment (Johnson and 
McLaughlin, 1957, p. 40).

FIGURE 23. Stockton formation exposed along west bank of Delaware River near 
Lumberville, Pa.

The beds of arkose and conglomerate form low ridges; 
the softer beds of red shale and fine-grained sandstone 
form the intervening valleys. The soils formed on 
these rocks are nearly as variable as the rocks them­ 
selves; in general the soils are thickest and most per­ 
meable on the coarse-grained arkose and conglomerate 
and thinnest on the red shale, where, in places, they 
are less than an inch to only a few inches thick.

The Stockton formation is one of the most productive 
of the consolidated-rock aquifers in the Delaware 
River basin and has perhaps the highest average per­ 
meability of any of the clastic rock formations. Most 
of the water in the Stockton occurs in the weathered 
and fractured rock within about 500 feet of the land 
surface (Greenman, 1955, p. 27). The most permeable 
beds are composed of fine- to medium, grained sandstone 
and are most abundant in the upper part of the forma­ 
tion; the coarse-grained arkose and conglomerate are 
generally less permeable than the finer grained but 
better sorted sandstone. The least permeable beds are 
composed of shale. The shale 3Tields all or nearly all

its water from fractures, in contrast to the sandstone, 
arkose, and conglomerate which in the weathered zone 
yield some of their water from intergranular openings.

The beds of shale and the less permeable zones in the 
arkose, sandstone, and conglomerate act as confining 
layers; hence most water in the Stockton formation is 
semiconfined or confined. Short-term pumping tests 
have given coefficients of storage of about 0.00001 or 
0.00002, indicative of artesian conditions; probably 
nowhere does the coefficient exceed about 0.001 (Green­ 
man, 1955, p. 28). However, after long periods of 
dewatering, the 'storage coefficient in the materials 
nearest the land surface locally might approach the 
specific yield. According to A. I. Johnson (1958), 
laboratory-determined specific yields of a dozen samples 
of arkose, conglomerate, sandstone, and sandy siltstone 
from exposures of the Stockton formation ranged from 
nearly 0 to 19 percent and averaged about 8 percent. 
Porosities of these samples ranged from 7 to 30 percent 
and averaged about 15 percent.

Coefficients of permeability for movement of water 
parallel to the bedding determined in 10 of the 12 lab­ 
oratory samples ranged from 0.001 to 0.3 gpd per sq 
ft and averaged only 0.04. Permeability coefficients 
for movement perpendicular to the bedding ranged 
from 0.001 to 0.2 and average about 0.03 gpd per sq 
ft somewhat less than the average permeability for 
movement parallel to the bedding. The fact that both 
these average values are much less than the average 
permeability of sandstone, arkose, and conglomerate 
aquifers suggested by well-yield data indicates that 
most of the water moves toward pumped wells through 
the fractures in the rock rather than through the 
intergranular pores. The surprisingly high specific 
yields for the laboratory samples of weathered rocks 
suggest that much of the ground-water storage capacity 
in the aquifers of the Stockton formation is in the pore 
spaces between grains in the weathered zone near the 
land surface rather than in the fractures, even though 
the water moves much more readily through the 
fractures. As a result, wells may have relatively high 
initial yields, owing to the high permeability of the 
fractured zones, but the ultimate or long-term yields 
may be substantially less, because they are governed 
by the much lower permeability of the weathered 
granular materials that supply most of the water 
withdrawn from storage. During droughts the de­ 
creased difference in head between the upper, highly 
weathered zones and the lower zones also contributes 
to decreased yields. A more favorable aspect is that 
the low permeability of the granular materials causes 
them to retain water in storage for considerable periods.

Reported yields of 180 wells tapping the Stockton 
formation in the Delaware River basin range from 2 to
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800 gpd and average about 100 gpm. Specific-capacity 
tests for 23 wells in Bucks County, Pa., showed a 
range in values from 0.35 to 44 gpm per foot of draw­ 
down and an average of about 6.0 gpm per foot 
(Greenman, 1955, p. 28).

From all these data it may be concluded that most 
deep drilled wells of modern design in the Stockton 
formation should obtain yields in the range of 30 to 
300 gpm, but that the long-term yields under con­ 
tinuous pumping might be less than the initial yield, 
depending in part on the availability of recharge. 
Because of the low coefficients of storage and the rela­ 
tively high coefficients of permeability of the artesian 
aquifers, drawdown effects of pumping would extend 
considerable distances, so that proper spacing of wells 
to minimize interference is particularly important.

Runoff from the outcrop of the Stockton formation 
tends to be less flashy than that from the other forma­ 
tions in the Triassic Lowland, owing to the greater 
permeability of many of the beds and the thicker soils.

Samples of water from the Stockton formation differ 
markedly in their chemical characteristics. The water 
commonly has moderate concentrations of dissolved 
solids, generally less than 400 ppm. In the more 
mineralized samples, sulfate constitutes a large pro­ 
portion of the anions, probably because of leaching 
deposits of localized glauberite, (Na^SCX -CaSO4). 
Most of the samples tested range from moderately 
hard to hard. The very hard waters have a large 
proportion of noncarbonate hardness; rarely is the 
concentration of iron objectionable. Table 13, com­ 
piled from data furnished by Rima (written communica­ 
tions, 1957, 1958), summarizes a group of chemical 
analyses of ground water from the Stockton formation; 
analyses of six additional samples regarded as typical 
are given in table 21.
TABLE 13. Summary of chemical analyses of 54 samples of 

ground water from the Stockton formation
[Concentrations in parts per million]

principal belts lying north or northwest of the outcrops 
of the Stockton in the central and south-central parts 
of the Triassic Lowland (pi. 5). The Lockatong is 
absent in most of the lowland northeast of the Delaware 
River basin and is missing in the western part of the 
basin. It attains a maximum thickness of more than 
3,800 feet in the outcrop along Tohickon Creek and the 
Delaware River (pi. 5).

The most abundant and distinctive rock type is a 
thick-bedded dark-gray to black argillite (hard clay- 
stone or siltstone). Other types include thin-bedded 
dark shale, impure limestone, and limy argillite. The 
upper part of the Lockatong, which grades into the 
Brunswick formation, includes tonguelike beds of dark- 
red argillite and red shale of the type occurring in the 
Brunswick. A thin zone at the base of the Lockatong 
contains beds of arkose like those in the underlying 
Stockton formation.

The argillite is a dense hard rock and forms promi­ 
nent ridges where it is interbedded with softer shale, or 
broad plateaus where the soft rocks are absent. At 
many places regularly spaced perpendicular fractures 
break the rock into distinctive rectangular blocks. 
Most of the Lockatong formation weathers to thin soil 
composed of yellowish-brown clay loam.

Yields reported for 205 wells in the basin and adjacent 
New Jersey range from 0.2 to 55 gpm and average about 
10 gpm; specific capacities reported for 65 wells range 
from 0.02 to 2.0 gpm per foot of drawdown and average 
about 0.6 gpm per foot (Barksdale and others, 1958).

Runoff from the outcrop areas of the Lockatong 
formation probably is extremely flashy because of the 
low infiltration capacity of the thin rather impermeable 
soils and the small ground-water storage capacity 
available to sustain base flow.

The Lockatong formation yields hard water; calcium 
and magnesium bicarbonates are the principal dissolved 
minerals. Analyses of nine samples of water from this

Silica (SiOj) -____._   ....   
Iron (Fe), total ____________

Mganesium (Mg) ....................
Sodium and potassium (Na+K) ..... 
Sodium (Na)..     _  .. 
Potassium (K). ___ .... _____ .

Sulfate (SO4)          -
Chloride (Cl)........................
Fluoride (F)....... .............. .. 
Nitrate (NOa)--.   
Dissolved solids ________ . .....
Hardness as CaCOs             
Noncarbonate hardness as CaCOs .... 
Specific conductance 

micromhos at 25°C_. 
pH.. ................................

Maximum

33 
2.3 

233 
27 
46 
37 
3.5 

258 
603 

80 
1.1 

48 
1,040 

660 
562

1,230 
8.5 

58

Median

23 
.2 

31 
11 
15 
12 
1.3 

115 
36
g.5
.1 

7.3 
202 
132 
32

306 
7.6 

55

Minimum

8.4 
.02 

2.5 
1.6 
.7 

8.1 
.5 

7 
9.4 
1.2 
.0 
.4 

45 
18 
0

69 
5.2 

53

Analyses

46 
40 
46 
46 
54 
10 
10 
54 
54 
54 
46 
54 
46 
54 
54

54 
54 
44

* Lockatong formation.   The Lockatong formation over­ 
lies the Stockton formation and crops out in three

formation are summarized in table 14. Analyses of 
two typical samples are given in table 21.

TABLE 14.   Summary of chemical analyses of nine samples of 
ground water from the Lockatong formation

[Concentrations in parts per million]

Silica (SiOj)-                -

Magnesium (Mg)           . ..

Bicarbonate (HCOj).     .   -   
Sulfate (SO4)-                
Chloride (CD            
Nitrate (NO»)-~         

Noncarbonate hardness as CaCOa   

Maximum

28 
66 
31 
22 
2.7 

283 
61 
42 
16 

339 
282 

82

Median

14 
47 
23 
14 
1.7 

236 
37 
11 
2.1 

274 
212 

44

Minimum

11 
28 
15 
7.0 
.6 

120 
3.8 
5.5 
.1 

199 
132 

0

Analyses

9
g 
g 
g 
g 
g 
g 
g 
g 
g 
g 
g
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The Lockatong formation contains some of the least 
permeable rocks in the basin. The fresh argillite has 
very little intergranular porosity, and fracture openings 
in this rock are neither large nor abundant. Most of 
the water occurs under unconfined or semiconfined 
conditions in the weathered zone near the land surface.

Brunswick formation. The Brunswick formation is 
the thickest and most extensive formation in the Triassic 
Lowland (pi. 5). In the Delaware River basin its 
outcrop is about equal in area to the combined outcrops 
of the Stockton and Lockatong formations; in New 
Jersey outside the basin it underlies most of the Triassic 
Lowland. Its maximum thickness within the basin 
probably is about 7,000 feet; outside the basin in New 
Jersey, where the Brunswick includes beds that are 
probably equivalent in age to the Lockatong formation 
and possibly to part of the Stockton formation as well, 
the total thickness may be greater.

The Brunswick formation consists typically of soft 
red shale interbedded with smaller amounts of brownish- 
red siltstone and fine-grained sandstone, and green, 
yellow, gray, and purple shale and argillite. East of 
the basin, sandstone is more abundant, and beds of 
conglomerate occur in places. Along the northern 
border of the Triassic Lowland the fine-grained materials 
grade into conglomerate and coarse-grained sandstone 
that probably represent alluvial-fan deposits laid down 
by torrential streams near the end of Triassic time 
(Johnson and McLaughlin, 1957). In the vicinity of 
the Delaware River and to the west in Bucks County, 
Pa., the lower part of the Brunswick is graditional with 
the upper part of the Lockatong formation and includes 
beds of dark argillite interbedded with the typical red 
shale. Near the intrusive masses of diabase, the soft 
red shale of the Brunswick formation is altered to 
hornfels, a hard, dark, finely crystalline rock that closely 
resembles some argillites.

Because of its great extent and its moderate permea­ 
bility, the Brunswick formation is one of the most 
important sources of ground-water supplies in the Ap­ 
palachian Highlands. A detailed study by Rima (1955) 
in the Lansdale, Pa., area revealed that the weathered 
part of the formation, which extends to a maximum 
depth of about 250 feet, generally contains unconfined 
water, although the permeability of this zone is low. 
Below this upper zone and extending to a maximum 
depth of about 600 feet are one or more artesian or 
semiartesian zones, each of which generally is less than 
20 feet thick. Compared to the water-table zone, these 
artesian or semiartesian zones either have lower hy­ 
draulic head in them or have higher permeability, or 
both.

The nature of the water-yielding openings in the 
shale of the Brunswick formation is not well known,

but it is believed that very little water is yielded from 
intergranular pores; most of the drainable water is 
contained in fractures. Herpers and Barksdale (1951, 
p. 27) estimated that in the zone within 300 feet of the 
land surface (the water-table zone), in the Newark 
N.J., area, the specific yield is about 1 or 2 percent. 
A decline of the water table of a foot over an area of 
a square mile therefore would represent a release from 
storage of about 2-4 million gallons. In the artesian 
or semiartesian zones the water-bearing1 openings 
probably occur as fractures which are widely spaced 
and have been in part secondarily enlarged by solution 
(Rima, 1955, p. 11). Most of the solutionally enlarged 
fractures are vertical or perpendicular to the bedding 
and constitute only a small part of the total volume of 
rock.

The upper, water-table zone receives recharge 
directly from precipitation; the underlying artesian 
or semiartesian zones are in turn recharged by drainage 
from the water-table zone. Most wells in the Bruns­ 
wick formation tap both the water-table and the 
artesian or semiartesian zones. The long-term yield 
of a well tapping these rocks is related to the rate at 
which the water-table zone can supply recharge to the 
generally more permeable artesian or semiartesian 
zones beneath; this yield commonly is only a fraction 
of the short-term yield.

Successful methods have not yet been derived to 
calculate meaningful hydraulic coefficients from pump­ 
ing tests in the Brunswick formation, chiefly for two 
reasons: (1) Present methods of analysis cannot be 
used where wells tap both water-table and artesian 
or semiartesian aquifers and derive water in unknown 
proportions from the two types of sources; (2) present 
methods of analysis assume isotropic conditions 
(equal coefficients in all directions), but the size, 
distribution, and degree of interconnection of the 
fractures in the Brunswick is not uniform in all 
directions.

Herpers and Barksdale (1951, p. 31) reported that, 
in the Newark, N.J., area, water is able to move and 
hydraulic head is transmitted through the formation 
much more readily parallel to the strike of the beds 
(northeast or southwest) than in a transverse direction 
(northwest or southeast). This fact is of considerable 
importance in planning a rational spacing of wells to 
avoid or minimize interference caused by pumping, 
and also in designing facilities for artificial recharge.

For the reasons given above, reported yields of 
wells in the Brunswick formation should be interpreted 
with caution. Reported yields of 164 wells in the 
Delaware River basin range from 2 to about 400 gpm 
and average about 90 gpm. East of the basin, where 
the Brunswick contains a higher proportion of coarse-
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grained beds, the average yield of wells is higher; 
for example, at Ridgewood in Bergen County, N.J., 
well yields up to 750 gpm are reported. Most deep- 
drilled wells of modern design in the Brunswick 
formation should obtain yields in the range of 20 to 
200 gpm, but the long-term yields might be substantially 
less than the initial yield perhaps only one-third 
as much.

Runoff from the outcrop of the Brunswick formation 
is flashy, owing to the low infiltration capacity of the 
thin, poorly permeable clayey soils and to the low 
ground-water storage in the zone of natural fluctuation 
of the water table.

The Brunswick formation yields water that is 
moderately mineralized and generally ranges from 
moderately hard to very hard. Much of the water 
requires softening or treatment to remove iron before 
it is used for some industrial processes or for laundries. 
Table 15, prepared from data furnished by Rima 
(written communications, 1957, 1958) summarizes 
analyses of 18 samples of ground water from the 
Brunswick formation. In addition, four typical 
analyses are given in table 21. Water from the 
Brunswick formation is a calcium, magnesium bicar­ 
bonate, sulfate water. All samples were slightly 
alkaline, probably because of the limy sandstone and 
conglomerate associated with this aquifer.

TABLE 15. Summary of chemical analyses of 18 samples of ground 
water from the Brunswick formation

[Concentrations in parts per million]

Silica (SiOsJ...  _. ...    ..

Calcium (Ca) _____________

Sodium and potassium (Na+K). __ 
Sodium (Na) _______ ____ .

Bicarbonate (HCOs)  ..       
Sulfate (SOt) ....   .......... ..
Chloride (Cl)._  .       

Nitrate (NOs).            
Dissolved solids _ ___ ______

Noncarbonate hardness as CaCOs __ 
Specific conductance 

micromhos at 25° C.. 
PH.. ................................

Maximum

25
1.8

190
72
76 
76
1.8

242
144
22

.4
21

386
284
142

594 
8.9

56

Median

20
.19

52
19
14 
14
1.0

157
47
9.2
.1

5.5
272
180
44

392 
7.4

53

Minimum

10
.03

15
3.8
.6 

2.0
.2

67
7.0
1.0
.0
.4

217
53
10

172 
7.1

61

Analyses

14
13
14
14
16 
12
11
17
18
18
11
17
12
17
15

15 
17
15

UNCONS01IDATED SEDIMENTS OF GLACIAL ORIGIN

Continental glaciers covered all the northern part of 
the Delaware River basin at least three and possibly 
four times during the last million years. The last ice 
sheet that of the Wisconsin stage (table 3) retreated 
from the region about 10,000 years ago (Flint, 1957).

The Wisconsin ice sheet and its predecessors those 
of the Illinoian and Kansan stages (pi. 7) removed 
the soil and loose weathered material, quarried and 
scraped the underlying fresh rock, modified the pre­

existing drainage pattern, deepened some of the stream 
valleys and filled others with deposits, and left a mantle 
of unsorted deposits as till or ground moraine over most 
of the area. Ridges composed of unsorted debris were 
deposited at the margins of the ice as terminal and 
recessional moraines, and lateral moraines accumulated 
along the margins of some of the ice tongues in the 
valleys. Glacial outwash and other stratified deposits 
were laid down in the valleys and along the margins 
of the ice masses by melt-water streams, and fine­ 
grained sediments were deposited in lakes and marshes. 
Southward-flowing melt-water streams deposited out- 
wash in the major valleys far south of the ice margin. 

On the basis of their hydrologic properties the glacial 
sediments of the basin are herein divided into two main 
categories, unstratified and stratified which are de­ 
scribed briefly in the sections following.

TJNSTBATIFIED GLACIAL SEDIMENTS

The unstratified sediments, which were deposited 
directly by the ice, consist of unsorted materials ranging 
in size from clay to boulders and having low permea­ 
bility (fig. 24). The most extensive of these deposits 
is till, which blankets perhaps 90 percent of the glaciated 
area. Other unstratified sediments are the morainal 
deposits of various types, which differ from the till 
chiefly in their greater thickness, their distinctive land- 
form expression as curved or sinuous ridges, and their 
somewhat greater content of permeable bodies of sand 
and gravel.

The oldest glacial deposits are of Kansan age, 
formerly, in this region, called "Jerseyan." These 
deposits consist largely of scattered boulders south of 
the Illinoian drift border (pi. 7). Scattered thin 
deposits of Illinoian age occur south of the Wisconsin 
drift border, but only a few of the thicker masses, such 
as the terminal moraines near Allentown, Pa., are shown 
as early glacial drift on the geologic map (pi. 7). 
North of the Wisconsin drift border the till and moraines 
are almost entirely of Wisconsin age; the earlier deposits 
of Kansan and Illinoian age were largely reworked by 
the Wisconsin ice and incorporated into the younger 
deposits.

The till consists of an unsorted mixture ranging in 
size from microscopic clay particles to boulders many 
feet in diameter (fig. 24). The character of these mate­ 
rials varies from place to place, depending largely on 
the nature of the parent rocks. Sand and gravel are 
abundant where the materials are derived largely from 
sandstone, but clay predominates where the parent 
rocks are mostly shale. Limestone is not an abundant 
constituent of till at most places in the Delaware River 
basin.
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FIGUBE 24. Bouldery glacial till 2 miles south of Hawley, Pa.

In the broad upland areas the till generally is less than 
30 feet thick, but in buried valleys the thickness is 
greater; Fluhr (1953) reported a thickness of as much 
as 350 feet in Delaware County, N.Y. In many of the 
present stream valleys fairly thick masses of till are 
interbedded with glacial outwash (fig. 25).

The overall permeability of till is very low, owing to 
the usual moderate to large content of clay and silt and 
to the fact that smaller particles commonly fill space 
between larger ones (fig. 24). Direct runoff from most 
till-covered areas is large because of the low infiltration 
capacity of the materials. At many places till forms 
an aquiclude confining water in permeable outwash de­ 
posits, with which it is interbedded, or in the underlying 
bedrock. Much til] in the upland area contains bodies 
of perched water lying above zones rich in clay or dense, 
almost impermeable bedrock.

Most wells in till yield only a few gallons of water 
per minute. Rates of inflow into the wells commonly 
are even less, so that dug wells having large storage 
capacity are used. Such wells can be pumped for short 
periods at considerably greater rates than they could be 
pumped continuously. Most dug wells extend only a 
short distance below the water table, which depends on 
frequent precipitation for recharge. Seasonal water- 
table fluctuations in till may be large (fig. 26); many 
wells are reported to go dry after several weeks of 
drought; but others will yield water for months. The 
continuity of the supply from such wells depends chiefly 
upon favorable location for continuous flow from ex­ 
tensive higher parts of the till aquifer.

The moraines are believed to be similar to the till in 
hydrologic characteristics, except that they are thicker 
than most of the upland till and probably are more 
reliable as sources of perennial water supplies. The

older morainal deposits south of the Wisconsin drift 
border (pi. 7), such as those in the vicinity of Alien- 
town, Pa., are generally more highly weathered and, 
owing to their high content of clay and silt, are less 
permeable than the moraines of Wisconsin age.

STRATIFIED GLACIAL SEDIMENTS

In the Appalachian Highlands the stratified sedi­ 
ments were deposited in several environments: (1) in 
the open valley bottoms by melt-water streams as 
glacial outwash; (2) in depressions on the ice as kames;
(3) in long, sinuous ridges beneath the ice as eskers;
(4) along the valley sides at the margins of the ice 
tongues as kame terraces; and (5) in glacial lakes and 
marshes as deltaic, marsh, and lake-bottom deposits. 
Postglacial alluvium of Recent age occurs as thin 
stream and marsh deposits which are difficult to dis­ 
tinguish from the underlying deposits of Pleistocene age.

Although the deposits of Recent age are as heteroge­ 
neous as the till and morainal deposits, they differ in 
having definite bedding as a result of their being sorted 
by water. The most evenly bedded and most fine­ 
grained sediments are the lenses and layers of clay, 
silt, and fine sand that were deposited in lakes and 
marshes, dammed either by the ice or by moraines, and 
rock walls beyond the ice margin. Such deposits are 
most widespread in the area of glacial Lake Passaic in 
northern New Jersey, near the cities of Morristown and 
Madison (pi. 7); smaller masses of similar deposits 
occur at many other localities. Outwash is fairly well 
bedded, but the individual beds are exceedingly lentic­ 
ular. The ice-contact deposits those in kames, kame 
terraces, and eskers commonly are chaotically or 
crudely bedded (fig. 4) and locally contain bodies of till 
derived from the adjacent ice.

The outwash, which is the most abundant and impor­ 
tant of the stratified glacial sediments, forms elongate 
masses partly filling the preglacial stream valleys. 
Tongues of outwash extend along the major valleys far 
beyond the borders of the glaciated areas into the 
Coastal Plain province. The Cape May formation in 
the Coastal Plain may be in part equivalent to the 
outwash of Wisconsin age, and the Pensauken and 
Bridgeton formations may be in part equivalent to the 
older outwash.

Cross sections of the outwash in the Appalachian 
Highlands (fig. 25) are typically U-shaped in basal 
outline as a result of quarrying and scour of the bedrock 
by the ice that occupied the valleys before the outwash 
was deposited. At many places the locations of the 
present streams do not coincide with the centers of the 
old valleys cut in the bedrock surface, and ridges of 
bedrock extend to the land surface at numerous places 
in the present valleys. The outwash generally ranges
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FIGURE 25. Geologic cross sections of major stream valleys in northern part of Delaware River basin.
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in thickness from about 50 to 200 feet, although locally 
it is thicker. Stratified deposits as much as 500 feet 
thick generally form kame terraces along valley margins, 
and only the lower part is saturated.

Water generally occurs in the stratified glacial 
sediments under unconfined to semiconfined conditions. 
In some places, however, where till beds or lake clays 
are intercalated with the outwash sand and gravel, the 
lower beds may be confined and will yield water under 
artesian pressure.

Under natural conditions the stratified glacial deposits 
are recharged largely by infiltration of precipitation on 
their outcrop; the outwash in the valleys also receives 
recharge from adjacent and underlying bedrock and, in 
minor amounts, from till along the valley sides. Under 
conditions of development, where the normal hydraulic 
gradients toward streams and lakes are reversed by 
pumping, recharge may be induced from surface-water 
bodies; recharge may also include septic tank and cess­ 
pool effluents, and leakage from sewers or other under­ 
ground pipes.

Some of the coarser and thicker deposits of outwash 
constitute the most productive aquifers in the entire 
Delaware River basin, although in some localities where 
silt and clay predominate, yields of wells are disap­ 
pointingly low. Reported yields of 55 wells tapping 
outwash in the basin range from 2 to 900 gpm. The 
median yield of 28 large-diameter drilled wells used for 
industrial or public supply is 215 gpm. Sustained 
yields of as much as several thousand gallons per 
minute doubtless could be obtained largely from in­ 
duced recharge to deposits of coarse-grained sand and 
gravel that are hydraulically connected with perennial 
streams or lakes. The advantages and disadvantages 
of pumping from wells versus pumping or diverting the 
water directly from the stream would, of course, have 
to be appraised locally. As often as not, the quality 
and temperature of the water would be as important 
as the quantity.

CHEMICAL CHARACTER OP GROUND WATER

The chemical quality of water from unconsolidated 
sediments of glacial origin is summarized in tables 16 
and 17. Table 16, for the central part of the Delaware 
River basin, was prepared from analyses supplied by 
Rima ("written communications, 1957, 1958), and table 
17 from data furnished by Perlmutter and Salvas 
(written communications, 1957). Representative chemi­ 
cal analyses are given in table 20. Water from glacial 
deposits in the Delaware River basin ranges from soft 
to hard, but in general it is not highly mineralized. 
Iron is present locally; unpredictably distributed in the 
aquifers, its concentration in the water is objectionably 
high in some of the samples. Where pumping is heavy

enough to induce recharge from adjacent streams, a 
considerable part of the pumped water is derived from 
the streams, and the water is usually of better quality 
than the native ground water. Shallow wells may be 
contaminated from surface sources. A few samples of 
well water had very high concentrations of nitrate and 
chloride, perhaps owing to contamination from barn­ 
yards or cesspools. Water from the glacial outwash in 
the northern part of the basin is less mineralized and 
softer than water from the glacial outwash of the central 
part. The quality of the stream water in the northern 
part of the basin also is better than that in the central 
part.

TABLE 16. Summary of chemical analyses of 25 samples of ground 
water from glacial outwash and alluvium in central part of 
Delaware River basin.

[Concentrations in parts per million]

Silica (SiOa). ______ . _ . ____

Calcium (Ca) ___ _______

Sodium and potassium (Na+K) .....
Sodium (Na). _____________
Potassium (Ka) ___________

Sulfate (SO 4)          
Chloride (Cl)  _ ....................
Pluoride (P) __ .. ___ . ...........
Nitrate (NO.).         .

Total hardness as CaCOs--      
Noncarbonate hardness as CaCOs _ 
Specific conductance 

micromhos at 25° C__ 
pH..................................

Maximum

20
7.2

57
43
88 
76
12

123
189
122

.4
107
716
319
276

1,090 
9.3

60

Median

9.6
43

21
9 7

7.0 
8.3
2.1

29
32
10

.1
8.6

145
71
42

195 
6.3

55

Minimum

5.1
04

4.1
3.4
1.2 
3.1
.9

7
4.9
3.0
.0
.5

63
18
12

82 
5.2

47

Analyses

19
15
10
1Q

25
10
19

25
25
19
25
19
25
25

25 
25
25

TABLE 17. Summary of chemical analyses of 20 samples of ground 
water from glacial outwash and alluvium in northern part of 
Delaware River Basin.

[Concentrations in parts per million]

Sulfate (SO 4)       ...       -
Chloride (CD          
Nitrate <ffOt). ......................

PH_      ... . ............. .......

Maximum

4.5
.28

117
27
20
2.0

145
124

7.9

Median

0.19
.01

34
9.3
4.4

94
50
6.8

Minimum

0.03
.01

15
4
.4
.1

33
22

5.8

Analyses

20
12
18
11
19
4

13
20
19

RBCHAROE AND DISCHARQE

The aquifers of the Appalachian Highlands are 
recharged largely by infiltration of precipitation on 
their outcrops or, in the glaciated northern part of 
the region, on the overlying blanket of glacial till and 
outwash. Seepage from the headwater reaches of 
some streams probably contributes a small amount of 
additional recharge, and some of the aquifers in the 
valleys are recharged in part from the adjacent ridges.

The infiltration capacity of the outcrops is a function 
of several variables, among which are the permeability 
of the soil and underlying weathered rock and the
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topography. The infiltration capacity ranges from 
very high in the sandy and gravelly glacial outwash to 
low in the thin, poorly permeable soils on shale and in 
the outcrops of dense massive rocks.

The average rate of natural recharge to the aquifers 
of the Appalachian Highlands differs more from place 
to place and is more difficult to estimate than the 
recharge to the aquifers of the Coastal Plain. However 
the average recharge in the Highlands may be estimated 
roughly by comparison with a nearby area of similar 
climatic, hydrologic, and geologic conditions, the 
Pomperaug River basin in Connecticut, where a detailed 
water budget was calculated by Meinzer and Stearns 
(1929).

The Pomperaug River basin, an area of 89 square 
miles in west-central Connecticut, is underlain largely 
by crystalline rocks except for the south-central part, 
which is underlain by diabase and sedimentary rocks 
of Triassic age; these consolidated rocks are covered 
by a discontinuous mantle of glacial deposits.

Water budgets for the Pomperaug River basin and the 
Appalachian Highlands part of the Delaware River 
basin are compared in table 18. The data from the 
Pomperaug River basin have been modified slightly to 
allow for change in storage during the budget period, 
1913-16.
TABLE 18. Water budgets for Pomperaug River basin, Conn., 

and Appalachian Highlands part of Delaware River basin

Direr* ninnff
Base flow (chiefly ground-

Modified from Meinzer and 
Stearns, 1929, Pomperaug 
River basin

Mgd 
per sq 

mi

2.12 
11.13 

.98 
1.55

i.43 
.74

Percent 
of precip­ 
itation

100 
153

47 
126

121 
35

Percent 
of runoff

100 
156

44

Appalachian 
Highlands in 

Delaware River 
basin

Mgd 
per sq 

mi

2.11 
1.04 
1.07

Percent 
of precip­ 
itation

100 
49 
51

1 Figures adjusted to allow for change in storage during budget period.

The similarity of the values of precipitation, water 
loss, and runoff in the two areas is at once apparent. 
Streamflow data for the Delaware River basin are not 
sufficiently detailed to permit close estimates of direct 
runoff and base flow. However, the value of 44 percent 
for the base-flow part of total runoff determined in the 
Pomperaug River basin study is probably somewhat 
lower than the average value in the Appalachian 
Highlands of the Delaware River basin. All the Pom­ 
peraug basin is glaciated and generally has thin soils 
of low permeability, whereas only the northern part 
of the Highlands in the Delaware River basin is glaci­ 
ated; in the southern part many of the soils and zones 
of weathered rock are fairly thick and permeable.

Likewise, the value of about 0.75 mgd per sq mi for 
ground-water recharge in the Pomperaug River basin 
probably is somewhat lower than the average for the 
Highlands in the Delaware River basin; in any case, 
an estimated average rate of recharge of 0.75 mgd per 
sq mi for the Highlands appears to be conservative. 
A similarly conservative estimate for the recharge to the 
aquifers of the Coastal Plain, which generally have more 
permeable intake areas that those of the consolidated- 
rock aquifers, gave a value of 1.1 mgd per sq mi 
(table 7).

The estimated recharge rate of 0.75 mgd per sq mi 
is, of course, an average for the entire Appalachian 
Highlands; rather large variations from the average are 
to be expected. As shown on plates 3, 4, and 12, 
precipitation on the area ranges from 42 to 60 inches 
per year (2.0-2.9 mgd per sq mi); water loss ranges 
from 18 to 28 inches per year (0.9-1. 3 mgd per sq mi) ; 
and runoff ranges from 15 to about 42 inches per 
year (0.7-2.0 mgd per sq mi).

The area of the Appalachian Highlands in the 
Delaware River basin is about 9,700 square miles; 
thus, at an average rate of 0.75 mgd per sq mi, the total 
ground-water recharge or discharge averages about 7 bgd, or 
about 2.56 tgy (trillon gallons a year). Most of this water 
moves only short distances through the weathered and 
fractured rocks within a few hundred feet of the land 
surface to discharge outlets in stream channels, springs, 
seeps, lakes, ponds, marshes, and low-lying areas where 
the saturated zone is sufficiently near the land surface 
to allow discharge by evapotranspiration. Discharge 
through pumped wells is less than 2 percent of the total; 
about 130 mgd was being withdrawn in 1958 (tables 
40 and 41). This discharge does not include pumpage 
from mines and quarries which may equal or exceed 
all withdrawals from wells.

Because of the low productivity and small storage 
capacity of most of the aquifers, and also because of 
many practical limitations, chiefly economic, only a 
small part of the ground-water discharge at natural 
outlets in the Appalachian Highlands can be diverted 
for man's use. However, pumpage substantially in 
excess of the 1955 rate of 130 mgd doubtless could be 
maintained with increased ground-water development, 
especially in the glacial outwash deposits in the major 
valleys, where induced recharge from streams is 
significant. (See following discussion of ground-water 
storage.)

GROUND-WATER STORAGE

The aquifers in the Appalachian Highlands differ 
greatly in their capacity to store water. As ground- 
water sources, the deposits of glacial outwash in the 
major stream valleys compare favorably with the
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coarsest grained aquifers in the Coastal Plain, whereas 
most of the consolidated-rock aquifers, which make up 
the bulk of the water-bearing materials in the High­ 
lands, have comparatively little storage capacity.

Some of the beds of gravel and sand in the outwash 
probably have specific yields exceeding 30 percent. 
In consolidated-rock aquifers, however, specific yields 
of more than 2 percent probably are uncommon, except 
in the upper part of the weathered zone. In most con­ 
solidated rocks the specific yield decreases markedly 
with depth, and most of the usable storage capacity is 
in the weathered and highly fractured material near 
the land surface. Although the storage capacity of the 
consolidated rocks is much less than that of the uncon- 
solidated sediments, the runoff from ground-water 
storage in some of the shallow weathered and frac­ 
tured rocks is comparable to that in many of the 
unconsolidated sediments.

Lack of adequate storage capacity is most likely to 
be important in limiting the ground-water develop­ 
ment in moderately permeable aquifers having low 
specific yields, such as the aquifers in the Brunswick 
formation of Triassic age.

Some of the larger masses of glacial outwash receive 
and store tremendous volumes of water. One of the 
largest of such masses in this region extends up the 
Delaware River from below Milford, Pa., to Port 
Jervis, N.Y., thence along the Neversink River and 
Basher Kill to Summitville, N.Y., and beyond. From 
Milford to Summitville the length of this outwash body 
is 28 miles, its width averages a little less than a mile, 
and its average thickness is between 100 and 150 feet. 
A conservative estimate of the total volume of its 
saturated materials is 75 billion cubic feet. If the spe­ 
cific yield of this aquifer is only 15 percent, its storage 
capacity is about 11.3 billion cubic feet, or about 84.4 
billion gallons.

To this storage, in an average year, nature adds 
another 10.2 billion gallons in estimated ground-water 
recharge. If all this annual recharge were developed, 
it would be enough to supply a city of 187,000 persons 
with water at a rate of 150 gpcd (gallons per capita 
per day).

Of course, all this water could not be developed with­ 
out affecting the flow of the stream; neither could the 
water in storage be greatly developed without reducing 
flow in the river. But as an example of what might be 
done on a small scale in this area, consider a segment 
only 2 miles in length. The storage capacity of this 
segment is estimated to be about 6 billion gallons 
(10,560 feetX 5,000 feetXlOO feetX0.15X7.5 gallons 
per cubic foot).

Suppose, by proper spacing and pumping of wells, 
that one-fourth of this stored water were withdrawn

from the aquifer except for a strip 1,000 feet wide 
beneath the river which would remain saturated in 
other words, that one-fifth of the total stored ground 
water could be withdrawn. Under these assumed 
conditions, the amount that would be produced from 
storage alone would be about 1.2 billion gallons, and 
the average rate of withdrawal from storage for a 
dewatering period of 90 days would be about 13 mgd. 
However, while this water was being withdrawn from 
storage, a large amount would seep both from the 
river, and, to a lesser extent, from the adjacent rocks 
of the valley walls and floor, as induced recharge. If 
large-scale pumping were continued long enough, 
recharge from the river and adjacent valley wallrocks 
would offset the pumping, and the flow in the river 
would be reduced proportionally.

Fairly large seasonal drafts thus could be made 
during the dry season, most or all of which would 
be replaced at flood or high-water stages of the river. 
Such aquifer management would be a great boon to 
this region for it utilizes natural reservoirs in which 
water is stored, some of which otherwise would have 
wasted to the ocean, and makes available for local use 
naturally stored water that otherwise lies there unused. 
Such aquifer management would require careful local 
geologic and hydrologic studies upon which to base 
development and control.

The character of fluctuations in ground-water 
storage in glacial deposits is shown in the hydrographs 
of three unused shallow dug wells (fig. 26). The 
fluctuations in all three wells are probably entirely the 
result of changing rates of natural recharge and dis­ 
charge. The peak water levels in the spring reflect 
high rates of recharge from rain and melting snow; 
the low water levels in the summer and fall are a result 
of high evapotranspiration losses and, hence, lack of 
infiltration to the aquifer. The average yearly water- 
table fluctuations in the 3 wells are from 5 to 10 feet; 
because of the lack of specific-yield data for the materials 
penetrated by the wells, the changes in ground-water 
storage indicated by the fluctuations are not known.

CHEMICAL CHARACTER OF GROUND-WATER 
SUPPLIES

THE COASTAL. PLAIN

Representative analyses of ground water from seven 
aquifers in the Coastal Plain are given in table 19. To 
facilitate comparison of the chemical quality of the 
ground water from the seven aquifers, typical samples 
have been chosen and the concentrations of their dis­ 
solved constituents (in parts per million) shown in 
figure 27. These typical samples were chosen so as to 
have concentrations close to the median concentrations
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found for the aquifer. The proportions, by equivalents, 
of the dissolved ions are shown in figure 28 for the same 
samples. Water from the Kirkwood formation and 
from the Vincentown sand has the greatest concentra­ 
tions of dissolved solids, and that from the Cohansey 
sand is the least mineralized only 25 ppm of dissolved 
solids in the typical sample. The water from the 
Coastal Plain aquifers is generally less mineralized and 
softer than water from the aquifers of the Appalachian 
Highlands. Compared to other Coastal Plain aquifers, 
the Kirkwood formation yields water with a relatively 
high silica content, probably derived from the diato- 
maceous material in the aquifer. The water is charac­ 
terized by calcium-magnesium bicarbonate and contains 
a greater number of calcium and magnesium ions than 
sodium and potassium ions. For water from the 
nonmarine sediments of Cretaceous age, this situation 
is reversed and there are more sodium plus potassium 
ions than calcium plus magnesium ions in the typical 
water samples.

QUATERNARY DEPOSITS MOUNT LAUREL AND WENONAH SANDS

5 <3

I.. I.
COHANSEY SAND

KIRKWOOD FORMATION 20Ch NONMARINE SEDIMENTS OFCRETACEOUS AGE

11 
VINCENTOWN SAND

1

FIGURE 27. Typical concentrations of chemical constituents of ground water in 
Coastal Plain.

MOUNT LAUREL AND WENONAH SANDS

NONMARINE SEDIMENTS OF CRETACEOUS AGE CI +

10 20 30 40 50 60 70 80 90 
CUMULATIVE PERCENT (CHEMICAL EQUIVALENTS)

100

FIGURE 28. Typical chemical compositions of ground water in Coastal Plain. 

THE APPALACHIAN HIGHLANDS

The chemical analyses of representative samples of 
ground water from the Appalachian Highlands are 
given in table 20 and 21. The concentrations of 
chemical constituents of typical samples (again chosen 
to approximate the median concentrations for the 
aquifers) are shown in figure 29 and the composition 
of the dissolved solids, for the same samples, in figure 30.

Excellent water, low in dissolved solids and hardness, 
is obtained from the Catskill formation, from the gneiss, 
and from the Wissahickon formation. Water from 
the glacial outwash also is not highly mineralized. 
As is to be expected, the most highly mineralized and 
hardest water is that from the carbonate rocks. The 
carbonate rocks yield water with the highest proportion 
of chloride plus nitrate in the dissolved solids. Water 
flows through solution channels in carbonate rock and 
for this reason pollutants may be carried for consider­ 
able distances without being chemically altered. Per­ 
haps this is the cause of the high content of chloride 
and nitrate.

Other aquifers that yield highly mineralized and hard 
waters are the Lockatong formation, the diabase, the 
Brunswick formation, and the Stockton formation. 
Only a few analyses are available for water from the 
Martinsburg shale and the Marcellus shale, but this
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FIGURE 30. Typical chemical compositions of ground water in Appalachian
Highlands.

water appears to range from soft to moderately hard 
and to be not highly mineralized. Figure 30 shows 
that, although in most of the ground waters represented 
there are more calcium ions than magnesium ions, the 
ratio is reversed in typical water from serpentine and 
there are six times as many magnesium as calcium ions. 
Serpentine consists mostly of magnesium-silicate which 
dissolves readily in ground water. The high magnesium 
to calcium ratio adversely affects the fertility of the 
soil, and areas in Chester and Delaware Counties, Pa., 
underlain by serpentine, are locally known as The 
Barrens because of the poor plant growth there.

SALT-WATER ENCROACHMENT

One of the most important factors limiting the 
development of the coastal aquifers is salt-water

encroachment or the threat of it. Salt-water encroach­ 
ment has been defined in many ways. In this report 
it is defined broadly as the encroachment into a fresh­ 
water domain of any saline water in concentrations and 
volumes large enough to be deleterious.

Saline water may have many different sources. 
Fortunately, in the Delaware River region the sources 
are few and readily identifiable; they are: (1) ocean 
water; (2) residual saline water left on the land by 
high-level Pleistocene seas; and 1 (3) sonnate water, 
some of it entrapped with sediments as they were 
being deposited in the Cretaceous sea. In the Dela­ 
ware River basin area the first source, modern ocean 
water, is by far the most important and is discussed at 
length in following sections. Connate water is believed 
to be of secondary importance.

Residual saline water may be similar in chemical 
character to connate water, but it differs from connate 
water in that it is of late marine origin and that it 
gained entrance into the coastal aquifers and aquicludes 
during Pleistocene interglacial stages when the land 
was flooded by high-level seas. Most residual saline 
water is modified greatly from its original chemical 
condition. Usually it has been diluted and has under­ 
gone ion exchange in which either the calcium or magne­ 
sium in the water has been exchanged for sodium and 
to a lesser extent for potassium in the enclosing rocks, 
or vice versa, depending upon the local conditions.

Inland from the shore area, residual saline water 
occurs most commonly - in the deepest and least per­ 
meable parts of aquicludes. Ice-Age salt water has 
been flushed out of the aquifers and the higher and 
more permeable parts of the aquicludes since the time 
of the last high-level Pleistocene sea, But not enough 
time has elapsed for flushing to take place by slow, nor­ 
mal circulation through the deepest and (or) least 
permeable sediments. Residual saline-water bodies in 
the Coastal Plain are less saline than the present ocean, 
and unlike the ocean, the supply of saline water of this 
type is limited.

Within the Delaware River basin and the adjacent 
Coastal Plain parts of New Jersey and Delaware, salt­ 
water encroachment is a serious threat to shallow 
aquifers along the shores and the tidal reaches of 
streams that sometimes carry salty water. The entire 
eastern shore of Delaware and the area near the 
Chesapeake and Delaware Canal are potentially 
threatened. At times, salty water extends up the 
Delaware estuary to Philadelphia, hence New Jersey 
is surrounded by salty water from below Philadelphia 
to Cape May and northward along the Atlantic Ocean 
to and beyond Newark.

Average ocean water has a density 1.025 times 
greater than pure water and a dissolved-solids content
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TABLE 19. Representative chemical analyses of ground water in Coastal Plain of Delaware River region

[Concentrations In parts per million]

Anal­ 
ysis

County, state Depth 
(feet)

Date of 
collec­ 
tion

Tem­ 
pera­ 
tureoF

Silica 
(BMW

Iron 
(Pe)

Man­ 
ganese 
(Mn)

Cal­ 
cium 
(Ca)

Mag­ 
ne­ 

sium 
(Mg)

Sodi­ 
um
(Na)

Potas­ 
sium 
(K)

Bicar­ 
bonate 
(HCOs)

Sul- 
fate 
(S04)

Chlo­ 
ride
(Cl)

Fluo- 
ride 
(P)

Ni­ 
trate 
(NO 3)

Dis­ 
solved 
solids

Hardness as 
CaCOs

Total Noncar- 
bonate

PH

Pleistocene deposits

1
2
3
4
5
6

New Castle, Del. ....

Cape May, N.J. .....
Bucks, Pa.. -  ...

131, 102
24-25

O49

45
50
35

9-23-44
4-23-31
1-11-51
7- 3-53

10-17-56
2-28-56

55

25
14
9 7
5 0

12
12

14
.03

4.8
.20
.19
.16

0.00
qq

.01

.00

17
11

13
14
21

5.3
8.1
9 Q

4 K

1.8
8.8

37
18
on
3.8

9

3.3
1.2
4.0
1.8

12
.0

23
20

131
40
31
53

9.8
40
25
24
12
48

86
27
74
4.2

16
8

0.5
.0
.1
.1

0.0
15

.8
1.3
8.7
4.1

204
146
244
85

106
140

64
61
44
51.
42
89

45
41
0

18
17
45

6.0

6.5
7.2
7.4
74

Cohansey sand

7 
8
9

10
11

Atlantic City, N.J... 
Salem, N.J.... ......
Gloucester, N.J ......

Burlington, N.J.. ...

64 
105
147
80
67

8-13-57 
4-27-56
4-23-51
8-8-51

11-13-51

57 
51
55
KA

58

6.2 
22
5.5
4.1
4 7

0.28 
1.5
.01

3.2
QQ

0.00 
.05

IQ

no
oo

0.8 
2.3
1 9

.2 

.4

.8

.7

.2

1.6 
7.4
2.7
1.8
1.5

0.4 
5.2
.4
.3
.3

4 
11
5
7

14

0 
19
1.0
0
2.0

2.6 
3.0
4.2
2.9
2.8

0.1 
.2
.0

0
.0

0.4 
1.2
5.0
.1
.2

20 
61
25
13
22

3 
9
8
3.6
2

0 
0
4
0
0

6. 
6
6
6.
6,

Kirkwood formation

12
13
14

Sussex, Del ..........
Kent, Del..... ......

242
253
350

12-28-51
1-26-52
8-14-51 56

55
47
26

0.13
.16
.10

0.01

oo
48
31

6.9
6.4
.9

6. 4 1 2. 5
23

2. 9 1 2. 2

192
174

1

2.0
6.0

10

3.4
2.8
3 1

0.1
.2
.0

0.0
.1
.1

219
202
49

148
104

6

4
0
5

7 f
7 f
4 1

Vincentown sand

15
16
17

Kent, Del _ .......
Salem, N.J... ......
Salem, N.J... .......

272
156
133

8-20-54
4-26-56

12-21-50

58
53

12
12
36

0.25

1.9
oo
oo

33
36
60

9.8
12
8.7

9.9
9.0
7.4

9.0
6.9
4.9

80
170
212

4.7
30
24

2.5
3.0
5.6

0.2
.3
.4

2.2
.0
.7

177
200
254

156
139
186

24
0

12

7.£
8.C
7,f

Wenonah and Mount Laurel sands

18
19
20
21
?,?,

New Castle, Del .....
Salem, N.J--..... 
Salem, N.J... .......
Gloucester, N.J. .....

164
116
380
100
150

8-20-54
4-27-56
4  97 t\f\
8-15-50
6-21-51

60
50

57

16
17
8.6

181°.

0.19
.26

QO

5.6
Oft

.03
ft9

oo
00

37
74
15
34
99

1.4
1.5
5.1
1.2
5.7

1.9
4.4

24
2.2
5 q

3.9
1.9
8 9

2.8
8.5

80
150
141
83

111

18
48
6.4

20
5.0

10
24
4.0
5.9
9 ft

0.1
.2
.3
.5
.1

0.3
.0

1.2
.2
.0

152
250
155
133
115

107
191
59 90
78

31
68
0

22
0

7.
7,
8,
7,
8,

Englishtown sand

23
?4
35
2fi
27
28

Monmouth, N.J .....
Burlington, N.J.....
Monmouth, N.J .....
Monmouth, N.J ...
Ocean, N.J... .....
Ocean, N.J.. .......

200
260
480
657
825

1,136

3-13-57
3-22-51
3- 1-57
8- 8-51
3-13-57
3-13-57

54
eft

KQ

54
64
70

15
97
19

13
17
19

0.62
.45
00

.60
1.0

10

0.02
.10
.01

.14

.06

J.9

43
qo

26
20

S o

1.6
4.0
3 9

5.1
5.5
.6

2.3
2 0

9 7

24

2.5
5.7
3 9

.0
11
9.0

98
14Q

136
98

148
211

28
7.0
4.6

14
6.0
3.8

4.5
2.6
2.7
4.0
1.6
2.2

0.1
.4
.1
.1
.2
.1

0.2
.3
.2
.4

1.0
1.6

147
166
143
113
163
210

143
124
108
86
73
17

31
2
0
6
0
0

7,
8,
8,
7.
7.
8.

Nonmarine sediments of Cretaceous age

29
30
31
32 
33 
34

New Castle, Del- ....
Salem, N.J.... ......
Camden, N.J ........
Burlington, N.J.. ... 
Burlington, N.J..... 
Mercer, N.J.. ......

322
387

57 
120-140 

205

7- 2-56
4-26-56
5- 1-51
7- 3-53 
5-22-51 
9-26-49

54
61

""57"

14
ft Q

10
9.4 

14 
9.3

0.01
.11
.11
.00 

9.3
4.1

.05

.00

.19 

.00

4 7
11
14
12 
16 
2.2

2 7

5.4
2 9

10 
5.2 
1.2

7
11
91

10 
2.7 
2.3

2
1 O

6.3
3.6 
4.3 
1.0

21
20

103
34 
64

8

16
44
15
40 
16 
6.2

3.0
7.5
1.3

12
2.1 
2.4

0.1
.2
.4
.0 
.2 
.1

0.1
.8

1.2
13 

.3 

.1

64
107
124
145 
86
27

23
50
47
71 
61 
10

5.8
34

0
43 
9 
4

6.
7
7
6.
7. 
5.

TABLE 20. Representative chemical analyses of ground water in unconsolidated sediments in Appalachian Highlands

[Concentrations in parts per million]

Anal­ 
ysis

1 
2 
3
4
5 
6

County, state

Monroe, Pa ........
Wayne, Pa... .....
Orange, N.Y.. .....
Sullivan, N.Y... _ .
Delaware, N.Y. ..... 
Delaware, N.Y. .....

Depth 
(feet)

28 
110 
57 

166 
70

Date of 
collec­ 
tion

9-22-30 
9-20-30
8- 7-47 
4-19-56 
7-10-46
5-18-49

Tem­ 
pera­ 
ture,°F

48 
60

Silica 
(Si02)

8.5

Iron 
(Fe)

0.18
.10
.15
.15

Man­ 
ganese 
(Mn)

0.01

.015

Cal­ 
cium 
(Ca)

2
7

16

Mag­ 
ne­ 

sium
(Mg)

2.8

Sodi­ 
um
(Na)

Potas­ 
sium 
(K)

1.

......5.7.....

Bicar­ 
bonate 
(HCOs)

16 
25 

133 
33 
15 
52

Sul- 
fate 
(S04)

2 
14 
10

8.9 
4.1

Chlo­ 
ride 
(CD

1.0 
4.0 
2.4
7.8
.8 

4.5

Fluo- 
ride 
(F)

......

0.0

Ni­ 
trate 

(NOs)

0.1 
2.4

1.8

13

Dis­ 
solved 
solids

18 
50 

144

33 
94

Hardness as 
CaCOs

Total

14 
40 
88 
58 
28 
51

Noncar- 
bonate

9

PH

7.9 
6.0 
6.8 
7.9



GROUND WATER ITS AVAILABILITY AND CHARACTER 97

TABLE 21. Representative chemical analyses of ground water in consolidated rocks in Appalachian Highlands

[Concentrations in parts per million]

Anal­ 
ysis

County, state Depth 
(feet)

Date of 
collec­ 
tion

Tem­ 
pera­ 
ture, °F

Silica 
(Si02)

Iron 
(Fe)

Man­ 
ganese 
(Mn)

Cal­ 
cium 
(Ca)

Mag­ 
ne­ 

sium 
(Mg)

Sodi­ 
um
(Na)

Potas­ 
sium 
(K)

Bicar­ 
bonate 
(HCOs)

Sul- 
fate

(S04)

Chlo­ 
ride 
(Cl)

Fluo- 
ride 
(F)

Ni­ 
trate 
(NOg)

Dis­ 
solved 
solids

Hardness as 
CaCOg

Total Noncar- 
bonate

pH

Martinsburg shale

1 __ . 
2.....

Lehigh, Pai ____
Lehigh, Pa. __ . _

75 
129

11-18-54 
11- 4-54

54 
54

1.4
.33

  4.3   
  3.6   

62 
54

61 
34

7 
5

7.8
15

121 
91

70
47

7.7 
6.8

Catekill formation

3.....
4.....

Schuylkill, Pa  .. 120 
238

5- 4-49 
9-19-30

49 
52

7.5 
13

0.17 
.01

5.0 
28

3.8
4.8

1.9 
20

0.7 
2.4

8 
104

12 
23

3.5 
20

0 12 
3.0

53 
176

28 
90

22 
4

6.2

Lockatong formation

5   
6  

Bucks, Pa .... .....
Bucks, Pa- .. __ .

330 4-22-53 
4-16-53

53 
53

14 
13

0.04 
.29

28 
50

15 
15

7.0 
15

0.6 
1.2

120 
174

38 
54

7.0 
16

0.0 
.1

2.1 
.1

229 
274

132 
186

33 
44

7.4 
7.5

Stockton formation

7.....
8.....
9..... 
10 . 
11.,.- 
12  

Chester, Pa.. ........

Bucks, Pa    .....
Bucks, Pa    .....
Bucks, Pa ...........
Mercer, N.J. _ . ....

752

227 
372

6- 7-56 
6-28-56 
3-24-53 
4-17-53 
4- 9-53 
9-27-49

54 
54 
53

26 
30 
18 
15 
20 
27

0.14 
.17 
.66 
.04 
.25 
.03

0.01 
.00

45 
59 
29 
30 
22 
27

24 
17 
17 
9.9 
6.7 
6.8

....... 17  
17

8.3 
37
12 
12

.8 
3.5 
1 
1.7

127 
154 
154
48 
72 
88

123 
47 
19 
72 
34 
20

9.5 
28 
8.5 

54 
10 
11

0.1 
.1 
.0 
.0 
.0 
.0

2.7 
48 
5.5 

16 
1.2 

12

346 
351 
195 
304 
156 
158

211 
217
142 
116 
82 
95

107 
91 
16 
76 
23 
28

8.1 
7.2 
7.7 
6.0 
6.3 
6.7

Brunswick formation

3
4
5
6

Montgomery, Pa.  
Bucks, Pa-... .......
Bucks, Pa.. -. ......
Bucks, Pa.... .......

100
300
303
511

4-21-49
3-25-53
4- 7-53
9-8-53

54
52
53
56

20
22
19
17

0.17
1.3
1.1
.04

52
77
37
49

13
18
16
14

11
13
13
26

1.4
1.0
1.8
.6

198
164
172
156

23
144
31
53

7.0
7.0

10
22

0.0
.3
.1
.1

12
2.8
1.8

21

242
381
217
311

183
266
158
180

21
132
117
52

7..7 '
7 '
7 '

Carbonate rocks

7
8
9
n
i

Lancaster, Pa ........
Bucks, Pa _ .. ......
Lehigh, Pa __ . ...
Lehigh, Pa-    ..
Lehigh, Pa... .......

105

175
100
34

9-24-25
4-14-53
5-15-53
5-12-53
1- 6-55

54
58
52
50

7.9
7.2
9.8
6.0

0.10
.08
.01
.02
.63

72
65

9.4
36

11
1ft

  6
.. 3
  4

7.1
2.2

5... ...
5   

217
312
134
108
Ofift

30
15
2.3
8.4

92

22
46
4.0
4.5
7

1.0
22

.3
10
15

290
397

219
310
104
104
320

40
55
0

16
109

7.0
7.8
7.7
7.4

Diabase

2
<J
4

Montgomery, Pa. . .
Bucks, Pa. _ .......
Bucks, Pa. _ . ......

350
765

70

4-21-49
4- 8-53
4-20-53

55
52

31
25
18

1.0
.4

1.4

22
94
48

9.6
9.1

15

6.1
4.4

11

0.9
1.0
2.3

78
126
196

25
169

34*

12
2.2
8.5

0.1
.1
.1

0.2
.3

3.7

144
398
247

94
272
181

31
169
21

7.5
7.E
7.5

Gneiss

25....
26 .
27  
28  
29  

Chester, Pa.. ........
Bucks, Pa... -
Bucks, Pa... ........
Lehigh, Pa. .........
Lehigh, Pa. ___ ...

84
226
198
250
90

9-25-25
9- 7-53
4- 9-53

12- 2-54
12- 7-54

53
54
53
53

31
8 7

15

0.31
29

.61
1.5

4.7
2 Q

18

2.3
i i
7.0

5.0
16
- 2

2

O n
1 Q
3.3

6   
I... ...

30
g

106
45
29

3.7
.3

9.5
5.6

29

2.1
7.0
8.0
1
1

0.0
.1

1.5
7.9
5.8
3.1

14

67
51

138

21
13
74
41
62

0
6
0
4

38

5.4
6.8
7.9
6.6

Chickies quartzite

30   
31....

Chester, Pa.. __ ...
Bucks, Pa --__  

80 
504

10- 1-25 
9- 7-53

53 
53

7.6 
17

0.14 
1.6

4.6 
25

3.9
5.1

6.2 
4.5

1.4 
3.8

5.4 
80

4.2 
13

10 
8.0

"6T 25 
.3

64 
122

27 
83

22 
18

""771

Wissahtekon formation

32   
33   
34   
35   
36  

New Castle, Del. .... 
Chester, Pa.. ........

Bucks, Pa... .......
Bucks, Pa.... .. ....

110 
184 
48 

300 
90

1-19-56 
9-21-25 
9-26-25 
4-28-53 
1-21-54

51
"~54~ 

57 
58

18 
23 
28 
24 
20

0.04 
.11 

4.1 
3.4 

.15

11 
5.4 

11 
4.1 

14

4.0 
4.6 
4.2 
1.7 
8.3

-. 5 
3.7 
5.8 
8.3 
7.4

6    
1.6 
1.4 
2.4 
2.8

35 
22 
43 
26 
26

11 
5.0 
4.3 
9.1 

18

7 
4.0 
5.2 
5.4 

16

0.0 

...--. 

.1

7.6 
16 
11 

.3 
34

87 
74 
85 
72 

154

44 
32 
45 
17 
69

15 
9 

14 
0 

48

6.3

"~5."9 

6.9
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of about 35,000 ppm. Because it is heavier and 
denser than fresh water, salt water typically lies in a 
blunt-nosed wedge in the bottom of tidal channels and 
fills the immediately underlying aquifers in narrow 
prisms beneath the channels. In the Delaware estuary, 
however, turbulence from tidal and river currents, the 
rough bottom, and the propeller wash from ships mix 
the fresh and salt water to a considerable degree.

In aquifers, turbulence occurs only close to some 
large-capacity pumped wells and perhaps in solution 
channels in limestone or lava tubes in basalt where 
high gradients exist. Turbulence is much less common 
in aquifers than in streams, and in shore areas salty 
ground water tends to remain unmixed with fresh 
water and to underlie it (Parker, 1955, p. 615-635). 
In permeable materials the relation of salt water to 
fresh water is governed largely by the Ghyben-Herzberg 
principle. This principle, in effect, states that because 
salt water is 41/40 as heavy as fresh water, a column 
of fresh water 41 feet high is required in a I)-tube to 
counterbalance a column of salt water 40 feet high. 
To apply the rule to a coastal aquifer, given 1 foot of 
fresh water above sea level, the top of the salt water 
will occur at approximately 40 feet below sea level; 
given 2 feet of fresh water, the salt water would be 
about 80 feet below sea level, and so on.

However, the relation of fresh to salt water in aquifers 
is dynamic and is not the simple static relation expressed 
by the Ghyben-Herzberg principle. All the factors 
involved in the dynamic situation have not yet been 
defined adequately, but they are being studied inten­ 
sively by the U.S. Geological Survey, the University 
of California, and others. Some of these factors are:
1. Molecular diffusion in the interface zone which tends 

to dissipate the encroaching salt-water wedge.
2. Alternate tidal thrust and pull in and near the shore 

zone which mixes fresh and salt water in the 
aquifer and widens and thickens the zone between 
the fresh water and the salt water.

3. Fresh-water flow over the salty wedge, which exerts
a slight downward pressure but acts principally
as an eroding force (Parker and others, 1955, p.
612) that sweeps the tidally mixed and diffused
salt water seaward. This action is believed to be
especially effective during the falling stage of the
tidal cycle, when the main body of the salt-water
wedge not only moves seaward but also loses height
throughout the area from which it withdraws.

The Ghyben-Herzberg principle cannot be applied
without making due allowance for the preceding factors.
However, the 1:40 ratio of the Ghyben-Herzberg
principle is a safe factor to apply in the development
or conservation of water supplies in coastal aquifers,
because the depth to salt water will be somewhat

greater than that predicted on a 1:40 ratio, and, like­ 
wise, the amount of inland encroachment of an intrud­ 
ing salt-water wedge will be somewhat less.

In general accord with the Ghyben-Herzberg prin­ 
ciple, with modifications imposed by dynamic condi­ 
tions, the interface between fresh water and salt water 
has become established in each aquifer at a position 
that depends largely on the hydraulic head in the 
aquifer. The position of the interface is different in 
each aquifer, and, particularly if the aquifer is thick, 
the salt water extends farther inland in the lower part 
of the aquifer than in the upper part.

Salt-water encroachment eventually occurs in an 
aquifer when the fresh-water head near the interface is 
lowered relative to that of the salt water. The 
hydraulic head may be lowered by pumping, by con­ 
struction of canals or drainage facilities, by rise of sea 
level, or in other ways. This situation has occurred at 
several places in the coastal parts of New Jersey and 
Delaware, particularly in shallow aquifers that are in 
direct contact with salt-water bodies.

For example, at Lewes, Del., salt water encroached 
into the municipal well field from the Lewes-Rehoboth 
Canal when the pumping rate was increased during 
World War II, and the original well field had to be 
abandoned (Marine and Rasmussen, 195$, p. 138). 
New well supplies distant from the canal were quickly 
developed and were still being used in 1958. Mean­ 
while, ground water in the old well field freshened as 
recharge from precipitation flushed the salty water out 
of the aquifer. However, if the old wells were to be 
used heavily again, salt water would encroach upon 
them again.

The actual inland extent of salt water is not 
accurately known for most of the Coastal Plain aquifers 
of New Jersey and Delaware, particularly for the 
lower aquifers. In Figures 31-33 the location of the 
250 ppm isochlor is shown for the nonmarine sediments 
of Cretaceous age, the Kirkwood formation, and the 
Cohansey sand and Quaternary deposits, respectively. 
The interface of salt and fresh water probably is not 
far seaward from the 250 ppm isochlor; this isochlor 
may be considered the limit of sea-water encroachment. 
Water with as much as 250 ppm of chloride is unsatis­ 
factory for many uses. High concentrations of chloride 
may be objectionable in make-up water for steam 
boilers, in water for such industrial uses as brewing or 
textile processes, the manufacture of sugar or carbon­ 
ated beverages, or in water for irrigation. The U.S. 
Public Health Service standards (1946) recommend 
that drinking water should not contain more than 250 
ppm of chloride.

In the nonmarine sediments of Cretaceous age (fig. 31) 
the 250 ppm isochlor is a line crossing New Jersey
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diagonally from a few miles south of Toms River to a 
point a few miles south of Salem and into Delaware 
near Odessa. This position represents the hypothetical 
interface about midway in the unit as estimated by 
Barksdale and others (1958, fig. 18). Salt water may 
extend farther inland in the lower aquifers, and avail­ 
able evidence indicates that fresh water extends at 
least several miles farther seaward in the uppermost 
aquifers (p. 63).

The next major aquifer group above the nonmarine 
sediments of Cretaceous age in New Jersey is the 
Kirkwood formation. This formation contains the 
aquifer called the "800-foot sand," which is especially 
utilized along the shore at Atlantic City. The 
map (fig. 32) shows two areas along the ocean where 
the Kirkwood yields water containing more than 250 
ppm of chloride. One is at the tip of Cape May 
peninsula, the other in the vicinity of Manasquan and 
Point Pleasant. Between these two areas the hydraulic 
head has been sufficient to hold sea water in the Kirk­ 
wood some distance seaward of the present shore. 
Thompson (1928, p. 70-74) calculated that this inter­ 
face of salt and fresh water in the Kirkwood was at 
least 7 miles offshore at Atlantic City in 1928. High- 
chloride water also is probably present in the Kirkwood 
in a narrow zone adjacent to the Delaware River near 
Salem, N.J.

The next important aquifer, or aquifer group, above 
the Kirkwood formation is the Cohansey sand. This 
formation, in the Atlantic City area, contains the "100- 
foot" and the "200-foot" sands (Barksdale and others, 
1936, p. 52-91. For convenience, aquifers in the over­ 
lying Quaternary deposits are here grouped with the 
Cohansey sand except in New Jersey northwest of the 
outcrop of the Cohansey; the chloride concentration 
in the Quaternary deposits is not mapped in fig. 33. 
The Cohansey (fig. 33) contains water of 250 ppm 
chloride or more in a narrow zone bordering the sea 
coast and Delaware Bay and including the offshore 
bars and islands.

Wells in the high-chloride regions yield water contain­ 
ing more than 250 ppm chloride, owing to salt-water 
encroachment. Wells to the landward of the 250 ppm 
isochlor yield water containing less than 250 ppm 
chloride, but if larger quantities of water were pumped 
from wells near the salt-water interface, the interface 
would more farther inland.

Chloride contamination from sea water or other 
sources is indicated when the ground water has a 
greater than normal chloride concentration for the 
region. In Delaware, a concentration of 25 ppm 
chloride is used as an index of chloride contamination, 
and in New Jersey 10 ppm is used. Figures 31-33 
shows zones in which chloride concentration is moderate

and those in which it is high, (greater than 250 ppm).
In the nonmarine sediments of Cretaceous age this 

zone of moderate concentration (fig. 31) includes 
areas in Gloucester and Salem Counties, N.J., a 
narrow zone along both banks of the Delaware River 
as far north as Trenton, and smaller areas in Delaware 
underlying Wilmington, Delaware City, and Newark. 
All these areas are industrialized and the chloride 
contamination may result from pollution by indus­ 
trial wastes, leaky sewers, or by encroachment of 
river water owing to large-scale pumping. Most of 
the Kirkwood formation (fig. 32) in Cape May 
County, N.J., except the southern tip, yields water 
containing 10-250 ppm chloride; in Delaware an area 
bordering Delaware Bay, including Smyrna, Cheswold, 
and Dover, yields water with 25-250 ppm chloride. 
The regions of moderate chloride concentration of 
water from the Cohansey sand and overlying Quater­ 
nary deposits are shown in figure 33. They include 
most of Cape May County, N.J. (except the high- 
chloride parts), a region in Delaware south of Cape 
Henlopen, and a narrow zone bordering the Delaware 
River, the ocean, or the high-chloride region. These 
aquifers are near the surface and subject to contamina­ 
tion from soluble materials on the land surface; in 
places they are also in hydraulic contact with the 
Delaware River.

From known instances of salt-water encroachment, 
we may see ways in which future encroachment could 
occur and thus devise ways to prevent it. Large- 
scale pumping adjacent to salt-water bodies has 
threatened with encroachment or already caused the 
loss of once-used wells or well fields in Newark, Perth 
Amboy, South Amboy, Sayreville, Asbury Park, 
Atlantic City, Cape May, and Penns Grove all in 
New Jersey and Lewes and Rehoboth Beach in 
Delaware. In Newark, N.J., heavy pumping has 
induced salt-water encroachment from Newark Bay 
and the Passaic River. Dredging the ship channels 
in these salt-water bodies breached the imperfect seal 
of Recent and, in some places, Pleistocene silt and 
clay (Herpers and Barksdale, 1951, p. 50) thus exposing 
the permeable sand and gravel directly to salt water. 
No doubt this accelerated the movement of salt water 
into the aquifer as effectively as an increase in hy­ 
draulic head. Such a possibility should be seriously 
considered in connection with the dredging of canals 
or other channels subject to tidal action. Such dredg­ 
ing would undoubtedly facilitate the movement of 
water from the river into the aquifers, or vice versa, 
according to the relative hydraulic heads. No harmful 
results could accrue in fact benefits would result  
from such dredging if the- quality of the water were to 
be maintained in a satisfactory condition. But if the
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EXPLANATION 

Chloride concentration, in parts per million

In New Jersey, less than 10; in Delaware, less than 25 

In New Jersey, 10-250: in Delaware, 25-250

Outcrop of nonmarine sediments of Cretaceous age 
In Jorge parr conceded by deposits of Quaternary age

FIGURE 31. Map showing chloride concentration of water in nonmarine sediments of Cretaceous age, 1957.
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DELAWARE BAY 
\\

EXPLANATION 

Chloride concentration, in parts per million

In New Jersey, less than 10; in Delaware, less than 25

In New Jersey, 10-250; in Delaware, 25-250

More than 250

l^-T^A^A-
Outcrop of the Kirkwood formation

In places concealed by Quaternary deposits

Boundary of Delaware River basin

o 10 20 MILE:

FIGUEE 32. Map showing chloride concentration of water in Kirkwood formation, 1957.
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FIGUKE 33. Map showing chloride concentration of water in Cohansey sand and Quaternary deposits, 1957.
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deepened and widened channel becomes an inland 
extension of the sea, or if pollutants are allowed to 
spoil the river water, the deepened channel would 
provide easy avenues of entrance to the aquifers, 
and the ground-water supplies would be endangered, if 
not ruined for most uses.

Much of the chloride in the strip on either side of the 
Delaware estuary, especially the reach upstream from 
the mouth of the Schuylkill River, is not derived from 
sea water but from industrial and municipal wastes. 
The shallow aquifer in South Philadelphia, especially 
in the vicinity of the U.S. Navy Yard and, reaching 
under the river, across to Camden, is rapidly becoming 
useless for most purposes except cooling.

How may the fresh-water supplies be best protected 
against damage or ruin by salt-water encroachment? 
The answer is not a simple one, because the problem 
itself is complex. First a better understanding of 
local conditions in all aquifers and related surface- 
water bodies that have a bearing on the salt-water 
problem must be achieved. Comprehensive informa­ 
tion is necessary for the whole Coastal Plain similar 
to, but even more detailed than that now available 
for the Atlantic City area. This information concern­ 
ing the local geology a.nd hydrology must include the 
depth, thickness, and effectiveness of aquifers and 
aquicludes; the hydraulic heads, and water-table or 
piezometric maps depicting these hydraulic heads; 
the variation of chloride in the aquifers, with isochlor 
maps constructed periodically, perhaps semiannually 
in some areas, and annually in others; other similar 
or related data, including changes of chloride content 
in, and of stage and flow of, surface-water bodies.

Given this essential background of permanent, 
chiefly geologic data and changing hydrologic and 
chemical quality data, local or State authorities would 
be in a position to enact and put into effect the required 
controls.

SURFACE WATER ITS VARIATIONS AND CHARACTER

Surface water water in streams, lakes, swamps, 
estuaries, and bays is the source of about 95 percent 
of the water withdrawn for all uses in the Delaware 
River basin. Ground-water supplies may provide a 
larger part of the total in the future, but it is certain 
that surface water will always be the major source. 
Streamflow is the most important of these sources 
because the quality of the water in bays limits its use 
to certain industrial applications. The lakes and 
swamps are usually parts of stream systems and con­ 
tribute to their storage capacity.

Streamflow is derived from the precipitation that 
falls within the basin boundaries. Unregulated stream- 
flow is usually divided into two parts: (1) direct run­

off water that reaches stream channels quickly after 
a period of precipitation or snowmelt; and (2) base 
flow water that reaches the channels much later either 
as ground-water discharge or as release from surface 
storage. Streamflow is one of the few parts of the 
hydrologic cycle for which direct measurements of the 
quantities involved can be made. It also is usually 
the part most susceptible to large-scale development 
and control.

The average annual precipitation on the Delaware 
River basin is about 44 inches, of which about 21 
inches, or 4.7 trillion gallons, becomes Streamflow.

The runoff varies markedly in both tune and place. 
Average annual values range from about 14 inches in 
the southern part of the basin and adjacent parts of 
Delaware to about 42 inches in the Catskill Mountains. 
The variation in time is even greater, and the amount 
of variation differs in different parts of the basin. The 
following discussion and illustrations describe and 
summarize the Streamflow and its variations. In most 
cases the data are for natural Streamflow, but in 
several cases they are for regulated flows representing 
the status of stream development or use which existed 
for most of the period of record.

"Streamflow" is the actual flow in a natural stream 
course, and "runoff" is Streamflow unaffected by 
artificial diversion, storage, or other works of man 
on the stream channel. Thus, for natural flow the 
terms, "discharge," "streamflow," and "runoff" are 
synonymous, but if the discharge for a particular 
period is affected by regulation, the term "runoff" 
should not be used. However, it is sometimes possible 
to compute runoff by adjusting Streamflow figures for 
the effects of storage or diversion. Streamflow and 
runoff are often expressed in percent of mean (or as a 
ratio to the mean) to make the results from different 
streams more nearly equivalent regardless of size of 
drainage area or of variations in mean annual runoff.

In this report the term "runoff" is generally used for 
natural, or unregulated flow, especially when making 
comparisons with precipitation or water loss; the term 
"discharge" is used for the observed values of flow in a 
channel, especially when the magnitude of the flow at 
a point is considered.

A map of the Delaware River basin and New Jersey 
(pi. 10) shows the latest locations of the stations 
where surface-water records were obtained to Septem­ 
ber 30, 1955. Symbols indicate the sites where rec­ 
ords of gage height and Streamflow, chemical quality, 
suspended sediment, and water temperature were ob­ 
tained. The numbers accompanying the symbols on 
the map are index numbers to aid in identifying and 
locating stations referred to in this report. The num­ 
bering follows the downstream order used since 1950
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by the Geological Survey (U.S. Geol. Survey, Annual 
reports on surface-water supply of the U.S.). Loca­ 
tions of many stations may have been changed at 
some time, but if the records are considered to be 
equivalent, the locations are shown by a single symbol.

Table 22 is a bar graph, showing the name, drain­ 
age area, and period of record for the locations shown 
on plate 10. Parts of names enclosed in parentheses 
indicate forms used in some earlier publications. Sys­ 
tematic collection of streamflow data in this area was 
begun about 1884, but it was not until about 1921 
that a reasonably satisfactory network of stations was 
in operation. Collection of data on quality of water 
and sediment loads was practically negligible until 
about 1945.

The drainage areas shown in table 22 are those for 
the locations on September 30, 1955, or at the time of 
discontinuance. In other tables in this report the 
areas used are the ones for the sites used for most or 
all of the period involved. A few slight differences 
occur between the tables because of changes in locations 
of the gages.

Most of the data in table 22 were obtained from the 
index prepared by Knox (1956), but records for some 
periods not included in that index were computed later 
and are included in table 22.

SUMMARY OF AVERAGE ANNUAL RUNOFF

A summary of streamflow data for an area should 
be based on records that are comparable. Therefore, 
records of observed annual runoff that are affected by 
known diversions or changes in storage in large reser­ 
voirs were adjusted to indicate approximately the run­ 
off that would have occurred under natural conditions. 
Evaporation and seepage losses from reservoirs are 
usually greater than natural water losses from the land 
areas; such increases are not included in the adjustments.

Because annual runoff may be below average for 
several consecutive years arid above average for oth­ 
ers, the averages computed for different periods are 
not comparable. For this report, the period 1921-50, 
which was used for computing average annual precip­ 
itation, was adopted as the standard for computing 
all values of average annual discharge and runoff when 
comparable values were needed. There is an offset of 
3 months in the period used for runoff because precipi­ 
tation data are based on calendar years and runoff 
data on water years, ending September 30. This offset, 
however, is insignificant in a 30-year period.

If annual runoff for the years in a short record for 
a given station is plotted against corresponding years 
in a 30-year record for a nearby station, a simple cor­ 
relation is defined. Annual runoffs for other periods 
are then assumed to have the same relation to each

other as in the correlation period. Double-mass anal­ 
ysis, a modification of this simple correlation tech­ 
nique, was used to adjust all means for periods less than 
30 years to the mean for the standard period.

In making this adjustment, annual runoffs for groups 
of three long-term records were averaged and the 30- 
year average for the group was computed. This pro­ 
cedure minimizes the effect of random occurrences of 
unusual runoff events which might affect the averages 
for individual stations. Seven such groups were se­ 
lected. Cumulative annual runoff for the individual 
stations in the area represented by each group was 
then plotted against the cumulative annual runoff for 
the group. If correlation between the records is good, 
the resulting points define straight lines, and the slopes 
of these lines determine the relation between 30-year 
averages for the individual stations and the group aver­ 
ages. Any change in the correlation during the period 
of record is indicated by a change in slope of the line. 
Such a change might be due to errors in streamflow 
records or to change in diversion of water from the area 
above the station but no corresponding adjustment in 
the published records. Therefore, the technique pro­ 
vides a check on consistency (not accuracy) of the 
records as well as a method of adjusting average annual 
runoff to the standard period.

Streamflow data for the Delaware River basin and 
New Jersey are summarized in table 23, which contains 
comparable values for the water years 1921-50. Values 
of average annual precipitation on the drainage areas 
(furnished by the U.S. Weather Bureau) and of the 
water loss, that is, the difference between precipitation 
and runoff, are also shown.

Plate 11 shows the principal streams of the area and 
the approximate average discharge. The area along 
the Delaware River below Trenton, N.J. (shaded on 
pi. 11), is a tidal reach and its discharge is computed by 
adding to the measured discharge at Trenton both the 
measured discharge of principal tributaries below 
Trenton and the estimated discharge from ungaged 
areas. The average discharge of the Delaware River at 
a point below Christina River, at Wilmington, Del., is 
about 17,000 cfs.

AREAL VARIATIONS IN AVERAGE ANNUAL RUNOFF

The areal variations in runoff, evident in table 23, 
are displayed to better advantage and in more detail in 
plate 12, a map showing lines of equal average annual runoff.

Although table 23 includes only stations that have at 
least 8 years of record within the standard period, the 
30-year average was computed for several additional 
stations having shorter records within the standard 
period by utilizing streamflow records for 1951-53 to 
help define their relations. Runoff from larger areas
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Water years ending B*pt«dwr 30

Oaglng station Eraiaaflt area

Caga height 
Discharge 
Chamlcal quality 
Suapended-BediBent lond 
Dally vater tenperature

Hudson River basin
1 Waimil River near Uhionville, H. Y. .............................. . 144

2 Rutgers Creek at Gardnervi1le, N. Y. .............................. 59-7

3 Pochuck Creek near Fine Island, H. Y. ............................. 98.0

k Waimil River at Pellets Island Mountain, H. Y. .................... 385
Haekensaek River basin

5 Hackensack River at Rivervale, H. J. .................................. 58.0

6 Pascack Brook at Westvaod, N. J. .................................... 29.6

7 Hackensack River at Oradell, N. J. ....................................

8 Hackensack River at Sew Milford, S. J. ................................ 113
Passaic River basin

9 Passaic Rlrer near (al) Millington, N. J. .............................. 55.4

10 Passaic River near Chatham, N. J. ..................................... 100
Rockavay River:

11 Beaver Brook at outlet of Splitrock Pond, S. J. ................... 5-50

12 Rockavay River above reservoir, at Boonton, N. J. ................... 116

13 Rockavay River (at and near Boonton, N. J.)
below reservoir, at Boonton, H. J. ............................ 119

14 Whlppany River at Morrlstovn, N. J. ............................... 29.1*

15 Passaic River at Tvo Bridges (Mountain View), S. J. ...................

16 Pequannock River (head of Pompton River) at Macopln intake dam, ». J. 63.7

17 Greenwood Lake at Avesting (The Glens), H. J. ..................... 27.1

18 Wanaque River at Avasting (Greenwood Lake), H. J. ................. 27.1

19 Waaaque River at Monks, H. J. ..................................... 40.4

20 Ringvood Creek near Wanaque, N. J. .............................. 19.1

21 Cupsav Brook near Wanaque, H. J. ................................ 4.38

22 Erskine Brook near Wanaque, H. J. ............................... 1.14

23 West Brook near Wanaque, ». J. .................................. 11.8

2k Blue Mine Brook near Wanaque, N. J. ............................. 1.71

25 Wanaque River at Wanaque, N. J. ................................... 90.4

26 Ramapo River near Mahvah, N. J. ................................... 118

27 Ramapo River at Pompton Lakes, N. J. .............................. 160

28 Pompton River at Pompton Plains, H. J. .............................. 355

29 Pompton River at Two Bridges (Mountain View), S. J. .................

30 Passaic River at Little Fs-lls, H. J. .................................. 762

31 Passaic River at Paterson, N. J. ...................................... 785

32 Saddle River at Ridgevood, ». J. .................................... 21.4

33 Hohokus Brook at 8ohokuB,N. J. .................................... 16.5

34 Saddle River at Lodi, S. J. ......................................... 54.6

35 Weasel Brook at Clifton, N. J. ...................................... 4.45

36 Second River at Belleville, N. J. ................................... 11.6
Elizabeth River basin

37 Elizabeth River at Irvington, ». J. ................................... 2.91

38 Elizabeth River at Elizabeth, N. J. ................................... 18.0
Rahvay River basin 
Rahvay River:

39 West Branch Rahvay River at Millburn, ». J. ......................... 7.1

40 Rahvay River near Springfield, S. J. .................................. 25.5

41 Rahvay River at Rahvay, N. J. ......................................... 40-9

42 Robinsons Branch Rahvay River at Goodmans, N. J. .................... 12.7

43 Robinsons Branch Rahvay River at Rahvay, N. J. ...................... 21.6
Rarltan River basin

44 South Branch Rarltan River near High Bridge, N. J. .................... 65.3

45 South Branch Rarltan River at Stanton, ». J. .......................... 147
Neahanic River:

46 Walnut Brook near Flemington, N. J. ............................... 2.24

47 Seahanic River at Reaville, N. J. ................................... 25.7

48 North Branch Rarltan River near Far Hills, N. J. .................... 26.2

49 North Branch Raritan River near Pluckemin (Far Hills), N. J. ........ 52

TABLE 22. Bar graph showing periods of surface-water records to September 30, 1955.

713-196
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Water years ending September 30 

I

Gage height 
Discharge 
Chemical quality 
Suspended-sediment load 
Dally water temperature

Gaging station Drainage area 
( * »D

continued -
50 Lamington (Black)Rlver near (at) Pottsrsville, N. J. .............. 32.8

51 North Branch Rarltan River near Raritan (at Milltown), N. J. ........ 190

52 Raritan River at Manvllle (Finderne), N. J. ........................... U90
Millstone River:

53 Stony Brook at Princeton, N. J. ................................... V».0

5U Millstone River near Kingston, N. J. ................................ 171

55 Millstone River at Blackwells Mills, N. J. .......................... 258

56 Millstone River at Millstone, N. J. .................................

57 Raritan River at Bound Brook, N. J. ................................... 779

58 Green Brook at Plainfield, N. J. .................................... 9-75

59 Green Brook at Bound Brook, N. J. ................................... U9

60 Lawrence Brook at Patricks Corner, N. J.............................. 29

61 Lawrence Brook at Farrington Dam, N. J. ............................. 3U.U

62 South River at Old Bridge, N. J. .................................... 9>>.6

63 Deep Run near Brountown, N. J. .................................... 8.07

6U Tennent Brook near Browntown, N. J. ............................... 5.25

Hatawan Creek basin
65 Matawan Creek at Matauan, N. J. ....................................... 6.11

Naveslnk River basin
66 Swimming River (head of Navesink River) near Red Bank, N. J. .......... U8.5

Manasquan River basin
67 Manasquan River at Squankum, N. J. .................................... 1*3.U

Tome River basin
68 Tome River near Tons River, N. J. ..................................... 12U

Cedar Creek basin
69 Cedar Creek at Lanoka Harbor, N. J. ................................... 56.0

Mullica River basin 
Mullica River:

70 Batsto River at Batsto, N. J. ....................................... 70.5
Wading River:

71 East Branch Wading River at Harrlsvllle, N. J...................... 6U.O
Absecon Creek basin

72 Absecon Creek at Absecon, N. J. ....................................... 16.6
Great Egg Harbor River basin

73 Great Egg Harbor (Great Egg) River at Folsom, H. J. ................... 56.3
Maurice River basin 

7U Maurice River at Norma, N. J. ......................................... 113

75 Manantico Creek near Millville, N. J. ............................... 22.3
Cohansey River basin 
Cohansey River:

76 West Branch Cohansey River at Seeley, N. J. ......................... 2.53

77 Loper Run near Brldgeton, N. J. ..................................... 2.3U
Delaware River basin

78 East Branch Delaware River (head of Delaware River)
at Margaretville, N. Y. ......................................... 163

79 Platte Kill at Dunraven, N. Y. ...................................... 3U.7

80 Mill Brook at Arena, N. Y. .......................................... 25.0

81 Trenper Kill near Shavertown, N. Y. ................................. 33.0
Coles Clove Kill:

82 Terry Clove Kill near Pepacton, N. Y. ............................. lU.l

83 Fall Clove Kill near Pepacton, N. Y. .............................. 10.9

8U Coles Clove Kill near Pepacton, N. Y. ............................... 28.0

85 East Branch Delaware River at Downsville, N.Y. ........................ 371

86 East Branch Delaware River at Harvard, N. Y. .......................... ¥13

87 Beaver Kill near Turnwood, N. Y. .................................... U0.8

88 Beaver Kill at Craigie Clalr, N. Y. ................................. 82

89 Willowemoc Creek at Debruce, N. Y. ................................ 1*0.9

90 Willowemoc Creek near Livlngston Manor, N. Y....................... 63

91 Little Beaver Kill near Livingston Manor, N. Y................... 19.8

92 Beaver Kill at Cooks Falls, N. Y. ................................... 2Ul

93 East Branch Delaware River at Fishs Eddy, N. Y. ....................... 783

9U East Branch Delaware River at Hancock, N. Y. .......................... 838

95 West Branch Delaware River at Delhi, N. Y. .......................... 1U2

96 Little Delaware River near Delhi, N. Y. ........................... Ug.8

97 West Branch Delaware River at Walton, N. Y. ......................... 331

TABLE 22. Bar graph showing periods of surface-water records to September 30, 1955 Continued
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Water year* coding September 30

Gaging rtatioa Drainage area
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101 West Branch Delaware River at Stilesville, N. Y. .................... 1*56 
Cold Spring Creek:

102 Cold Spring Brook at China, N. Y. ............................... 1.51

10"* West Branch Delaware River at Hale Eddy, N, Y. ...................... 593

105 West Branch Delaware River at Hancock, N. Y. ....................... 6U8

106 Callieoon Creek at Calllcoon, N. Y. ................................. Ill

108 Tenmlle River at Tusten, N. Y. ...................................... U5.0 

1O9 Delaware River above Lackawaxen River, near Barryville, H. Y. ....... ..2,023 

110 West Branch Eackawaxen ( Lackawaxen} River (head of Lackawaxen Hirer)

128 Heversink River at Godef f roy, H. Y. ..................................... 302

129 Neyerslnk at Port Jervls, H. Y. ......................................... 333

131 Delaware River at Dlngnans Ferry, Pa............... ........................ 3,5"*2

133 Flat Brook near Flatbrookville, H. J. ................................... 65.1 
Brodhead Creek:

131* Paradise (Analomink) Creek at Henryvllle, Pa.. ......................... 30.2

lUO Paulins Kill at Blalretown, H. J. ....................................... 126

1U3 Pequest River at Huntsvllle, H. J. ...................................... 31. U

lU Pequest River at Pequest, N. J. ......................................... 108

11*6 Delaware River at Belvldere (at Phlllipsburg), H. J. ...................... U.535

TABLE 22. Bar graph showing periods of surface-water records to September 30, 1955 Continued
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Water year* ending September 30

i 8 9

Symbol Kind of record

Gage height 
Discharge 
Chemical quality 
Svipended-sedlnent load 
Dally water tenperature

Index 
no.

11*8 

1U9

150

151

152

153 

151*

155

156

157

158

159

160

161

162

163 

161*

165

166

167

168

169

170

171

172

173 

171*

175

176

177

178

Gaging itatIon

laware Mlver Dasln--continued-

nralnage area 
(  !>

Lehlgh River at Stoddartsvllle, Pa....................................... 91.7

Lehlgh River at Tannery, Pa.............................................. 322
Mud Run:

Dllldovn Creek near Long P nd, Pa.................................... 2.39

Lehlgh River at lehlghton, Pa. .......................................... 591
Pohopoco Creek:

Wild Creek at Hatchery, Pa........................................... 16.8

Pohopoco Creek near Parryville, Pa..................................... 109

Aquashlcola Creek at Palmerton, Pa..................................... 76.7

Lehlgh River at Walnutport, Pa........................................... 889

Lehlgh River at Catasaqua, Pa............................................ 1,012

Little Lehlgh Creek near Allentown, Pa................................. 80.8

Jordan Creek at Alleotovn, Pa........................................ 75-8

Mooocacy Creek at Bethlehem, Pa........................................ kk. 5

Lehlgh River at Bethlehem, Pa............................................ 1,279

Saucon Creek at Lanark, Pa............................................. 12.0

South Branch Saucon Creek at Frledensvllle, Pa....................... 10.6

Saucon Creek at Frledensvllle, Pa...................................... 26.6

Lehlgh River at Easton (Glendon), Pa.....................................

Musconetcong River at outlet of Lake Hopatcong, N. J. ................... 25.6

Musconetcong River near Hackettstovn, H. J. ............................. 70.0

Musconetcong River at Asbury, N. J. .....................................

Musconetcong River near Bloomsbury, N. J. ............................... 11*3

Delaware River at Rlegelsvllle, N. J. ..................................... 6,328

Delaware River at Mllford, H. J. .......................................... 6,381

Delaware River at Frenchtown, N. J. ....................................... 6,1*20

Delaware River at Point Pleasant, Pa....................................... 6,1*73

Tohlckon Creek near Plpersville, Pa...................................... 97.1*

Tbhlckon Creek at Point Pleasant, Pa..................................... 107

Delaware t Rarltan Canal at Kingston, N. J. .............................

Delaware River at Lumbervllle, Pa.......................................... 6,598

Delaware River at Stockton, N. J. ......................................... 6,656

Delaware River at Lambertvllle, H. J. .................................... 6,680

179 Delaware River at Washington Crossing, H. J. ............................. 6,735

180

181

182

183 

18U

185

186

187

188

Delaware River at Tardley, Pa............................................. 6,772

Delaware River at Trenton, N. J., (Morrlsville, Pa.)...................... 6,780

Assunplnk Creek at Trenton, N. J. ......................

Crosswlcks Creek at Extonvllle, N. J. ..................

Delaware River at Bristol, Pa. - Burlington, H. J. Bridge

Neshaminy Creek at Rushland (below forks). Pa...........................

Neshanlny Creek near Langhorne, Pa. ....................................
Rancocas Creek:

North Branch Rancocas Creek: 
Mount Misery Brook:

Middle Branch Mount Misery Brook In Lebanon State Forest, N. J....

89.1* 

83.6

13<* 

210

2.1*9 

2.31 

111

	McDonalds Branch Mount Misery Brook In Lebanon State Forest, H.J..

189 North Branch Rancocas Creek at Penberton, N. J. ......................

190 Delaware River at Torresdale Intake, Philadelphia, Pa.....................

191 Delaware River at Lehlgh Avenue, Philadelphia, Pa.........................

192 Delaware River at (Vine Street) Philadelphia, Pa. r.Jaaden, N. J. Bridge..

193 Delaware River at Wharton Street, Philadelphia, Pa........................

191* Delaware River at League Island, Philadelphia, Pa.........................

J.95 Schuylklll River at Port Carbon, Pa..................................... 27.1

196 Schuylklll River at Pottsvllle, Pa...................................... 53.1*

TABLE 22. Bar gragh showing periods of surface-water records to September 30, 1955 Continued
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Water year* ending September 30

Oaglng station Drainage area

Symbol Kind of record

T     -

Oage height 
Dlicharge 
Chemical euality 
Suspended- MdlBent load 
Dally vater temperature

-      

- -
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197 Schuylkill River at Schuylkill Haven, Pa. .............................. 127

201 Little Sehuylkill River at South Tamaqua, Pa. ......................... 69.6

?06 Schuylkill Siver at Pottstown, Pa. ...................................... 1, 147

207 Perkiomen Creek near Frederick, Pa. ................................... 152

208 Perkiomen Creek at Graterford (Graters Ford), (Rahns), Pa. ............ 279

210 Schuylkill River at Manayunk, Philadelphia, Pa... .......................

212 Sehuylkill River at Belmont Filter Plant, (Belmont Filters), Philadelphia, 
Pa. .........................................................

213 Sehuylkill River at (near) Philadelphia, Pa. ............................ 1,893

215 Mantua Creek at Pitman, N. J. .......................................... 6.75

216 Darby Creek at Lansdowne, Pa. ........................................... 35.0

217 Crum Creek at Woodlyn, Pa. .............................................. 33.3

220 Chester Creek near Chester, Pa. ......................................... 61.1

?2? Oldmans Creek near Woodstown, N. J. .................................... 19. 3

223 Christina River at Coochs Bridge, Del. .................................. 20.5

230 Brandywine Creek at Wtlmington, Del. .................................. 3lU

235 Murderkill River near Felton, Del.. ...................................... lU U
Indian River basin
Indian River: 

Cow Bridge Branch:

Nantieoke River Basin
237 Gravelly Fork (head of Nanticoke River) near Brldgeville, Del...... ....... 75.4

238 Marshyhope Creek near AdamEville, Del. .................................. 4U.8 
Choptank River basin

Chester River basin
Chester River: 

2Uo Onieorn Branch near Millington, Md. ..................................... 22.3

ndividual months distributed

TABLE 22. Bar graph showing periods of sw face-water records to September 30, 1955 Continued



110 WATER RESOURCES OF THE DELAWARE RIVER BASIN

TABLE 23.   Summary of average annual discharge, precipitation, 
and runoff for areas above selected gaging stations, 1921-50

[Average annual precipitation from isohyetal map (pi. 3) for area above station; 
figures furnished by U.S. Weather Bureau. Discharge in million gallons per day 
equals 0.646317 times the discharge in cubic feet per second. Asterisk (*) indicates 
figure computed from records for less than 30 years and adjusted to standard period; 
dagger (t) indicates figures adjusted for diversions]

Index
No. 
(pl. 
10)

Gaging station
Drain­ 

age area 
(sq mi)

Discharge

(cfs) (cfsm)

Pre­ 
cipi­ 

tation 
(in.)

Run­ 
off 

(in.)

Dif­ 
fer­ 
ence 
(in.)

Hudson River basin

1 

3

4

Walkill River near Un- 
ionville, N.Y... .......

Pochuck Creek near 
Pine Island, N.Y.....

Walkill River at Pellets 
Island Mountain, N.Y.

144 

98.0 

385

*207 

*148 

554

*1.44 

*1.51 

1.44

44.0 

43.3 

43.7

*19.6 

*20.5 

19.6

24.4 

22.8 

24.1

Hackensack River basin

5 

6

8

Hackensack River at 
Rivervale, NJ .........

Pascack Brook at West-

Hackensack River at 
New Milford, N.J....

58.0 

29.6 

113

*f91.6 

*48.5 

*fl82

*tl.58 

*1.64 

*tl.61

43.6 

43.9 

43.7

*f21.5 

*22.2 

*t21.8

22.1 

21.7 

21.9

Passaic River basin

9 

10 

12

14 

16

18 

19 

20 

21 

23 

24 

25 

26 

27 

28 

31 

34 

35 

36

Passaic River near Mill-

Passaic River near Chat-

Rockaway River above 
reservoir at Boonton,
NJ...... .......

Whippany River at 
Morristown, N.J ......

Pequannock River at 
Macopin intake dam, 
N.J... ................

Wanaque River at 
Awosting, NJ. .......

Wanaque River at

Ringwood Creek near 
Wanaque, NJ..

Cupsaw Brook near 
Wanaque, NJ ........

West Brook near Wa­ 
naque, NJ ........

Blue Mine Brook near 
Wanaque, NJ ........

Wanaque, NJ ....
Ramapo River near

Ramapo River at Pomp- 
ton Lakes, N.J ......

Pompton River at 
Pompton Plains, N.J. . 

Passaic River at Pater- 
son, N.J... ____ ...

Saddle River at Lodi,
N.J....... 

Weasel Brook at Clifton.
N.J.....

Second River at Belle­ 
ville, N.J...........

55.4 

100

116 

29.4

63.7 

27.1 

40.4 

19.1 

4.38 

11.8 

1.71 

90.4 

118 

160 

355 

785 

54.6 

4.45 

11.6

*89.2 

*164

*f215 

*48.8

fl21 

49.3 

*73.9 

*30.2 

*7.27 

*21.6 

*2.12 

t!60 

*206 

*285 

*f635 

fl, 460 

*93.9 

*4.54 

*17.5

*1.61 

*1.64

*fl.85 

*1.66

tl.90 

1.82 

*1.83 

*1.58 

*1.66 

*1.83 

*1.24 

tl.77 

*1.75 

*1.78 

*tl.79 

fl.83 

*1.72 

*1.02 

*1.51

47.6 

47.9

48.1 

48.0

46.0 

44.4 

44.6 

44.5 

45.2 

45.9 

46.2 

45.0 

44.4 

44.8 

45.3 

46.6 

44.3 

48.0 

47.9

*21.8 

*22.2

*t25. 1 

*22.5

f25.8 

24.7 

*24.8 

*21.5 

*22.5 

*24. 9 

*16.8 

f24.0 

*23.8 

*24.1 

*f24.3 

f24.9 

*23.4 

*13.8 

*20.5

25.8 

25.7

23.0 

25.5

20.2 

19.7 

19.8 

23.0 

22.7 

21.0 

29.4 

21.0 

20.6 

20.7 

21.0 

21.7 

20.9 

34.2 

27.4

Elizabeth River basin

37 

38

Elizabeth River at Irv-

Elizabeth River at Eliza­ 
beth, N.J... ..

2.91 

18.0

*5.01

*f27.7

*1.72 

*fl.54

47.3

47.1

*23.4 

*t20. 9

23.9 

26.2

Rah way River basin

39 

40 

41 

43

West Branch Rahway 
River at Millburn, N.J. 

Rahway River near 
Springfield, N.J .......

Rahway River at Rah­ 
way, N.J. .............

Robinsons Branch Rah­ 
way River at Rahway, 
NJ..........

-7.1 

25.5 

40.9

21.6

"*tll.9 

*f42.6 

*t65.4

*f29.6

*tl-68 

*tl-67 

*fl.60

*fl.37

49.4 

48.1 

47.3

44.0

*f22.8 

*f22.6 

*f21.7

*t!8. 6

26.6 

25.5 

25.6

25.4

TABLE 23.   Summary of average annual discharge, precipitation, 
and runoff for areas above selected gaging stations, 1921-50   Con.

Index 
No. 
(pl. 
10)

Gaging station
Drain-

age area 
(sq mi)

Discharge

(cfs) (cfsm)

Pre­ 
cipi­ 

tation 
(in.)

Run­ 
off 

(in.)

Dif­ 
fer­ 

ence 
(in.)

Raritan River basin

44

45 

46 

47 

48

50 

51

52 

54 

55 

58 

59 

61 

62 

63 

64

South Branch Raritan 
River near High

South Branch Raritan 
River at Stanton, N J.. 

Walnut Brook near 
Flemington, N.J .......

Neshanic River at Rea- 
ville, N.J..............

North Branch Raritan 
River near Far Hills, 
NJ... .................

Lamington River near 
Pottersville, N.J .......

North Branch Raritan 
River near Raritan, 
N.J....................

Raritan River at Man- 
vine, N.J....... .......

Millstone River near 
Kingston, NJ.- .--.

Millstone River at 
Blackwells Mills, N.J.. 

Green Brook at Plain- 
field, N.J.. ............

Green Brook at Bound 
Brook, N.J---- ___ .

Lawrence Brook at Far- 
rington Dam, N.J.. _

South River at Old 
Bridge, N.J  .........

Deep Run near Brown-

Tennent Brook near

65.3 

147

2.24 

25.7

26.2 

32.8

190 

490 

171 

258 

9.75 

49 

34.4 

94.6 

8.07 

5.25

114 

237 

*3.02 

*34.2

*46.4 

*54.4

*287 

*745 

*233 

*366 

*fl3. 9 

*69,1 

*38.5, 

*f!65 

*12.7 

*4.20

1.75 

1.61 

*1.35 

*1.33

*1.77 

*1.66

*1.51 

*1.52 

*1.36 

*1.42 

*fl.43 

*1.41 

*1. 12 

*fl.74 

*1.57 

*.80

47.5 

46.1 

44.3 

44.3

48.4 

48.7

47.0 

46.0 

43.7 

43.7 

47.0 

44.8 

43.7 

45.8 

44.5 

44.5

23.7 

21.8 

*18.3 

*18.0

*24.0 

*22. 5

*20.5 

*20.7 

*18. 5 

H9.3 

*f!9.4 

*19.2 

*15.2 

*f23. 6 

*21.3 

*10.8

23.8 

24.3 

26.0 

26.3

24.4 

26.2

26.5 

25.3 

25.2 

24.4 

27.6 

25.6 

28.5 

22.2 

23.2 

33.7

Matawan Creek basin

65 Matawan Creek at Mat­ 
awan, N.J.. ........... 6.11 *9.84 *1.61 44.5 *21.8 22.7

Navesink River basin

66 Swimming River near
48.5 *75.2 *1.55 45.1 *21.0 24.1

Manasquan River basin

67 Manasquan River at
43.4 *70.7 *1.63 45.7 *22. 1 23.6

Toms River basin

68 Toms River near Toms 
River, NJ..... ........ 124 *200 *1.61 45.9 *21.9 24.0

Cedar Creek basin

69 Cedar Creek at Lanoka
56.0 *102 *1.82 47.0 *24.7 22.3

Mullica River basin

70 

71

Batsto River at Batsto, 
NJ..  ...............

River at Harrisville, 
NJ  ..... ............

70.5 

64.0

*123

*83.2

*1.75 

*1.30

46.2 

44.0

*23.8 

*17.6

22.4 

26.4

Absecon Creek basin

72 Absecon Creek at Abse-
16.6 *f26. 4 *fl. 59 44.0 *f2l.6 22.4
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TABLE 23.   Summary of average annual discharge, precipitation, 
and runoff for areas above selected gaging stations, 1921-50   Con.

Index 
No. 
(Pi. 
10)

Gaging station
Drain­ 

age area 
(sq mi)

Discharge

(cfs) (cfsm)

Pre­ 
cipi­ 

tation 
(in.)

Run­ 
off

(in.)

Dif­ 
fer­ 
ence 
(in.)

Great Egg Harbor River basin

73 Great Egg Harbor River
56.3 *81.6 H.45 46.1 *19.7 26.4

Maurice River basin

74 

75

Maurice River at Norma, 
N.J-.. ..................

Manantico Creek near 
Millville, N.J.... . ..

113 

22.3

*159 

*35.9

H.41 

*1. 61

45.5 

45.5

*19.2 

*21. 9

26.3 

23.6

Cohansey River basin

77 Loper Run near Bridge- 
ton, N.J. .............. 2.34 *1.15 *.49 44.0 *6.6 37.4

Delaware River basin

78

79 

80 

81

82 

85

86 

88 

90

91

92 

93

95 

96 

100 

102 

103 

104

106 

109

113 

115 

116 

120 

121 

124 

125 

126 

127 

128 

130

East Branch Delaware 
River at Margaret- 
ville, N.Y   ....___.

Platte Kill at Dunraven, 
N.Y... ................

Mill Brook at Arena, 
N.Y.. .................

Tremper Kill near Shav-

Terry Clove Kill near 
Pepacton, N.Y_ _....-.

East Branch Delaware 
River at Downsville, 
N.Y... ................

East Branch Delaware 
River at Harvard, N.Y. 

Beaver Kill at Craigie 
Clair, N.Y... ..........

Willowemoc Creek near 
Livingston Manor, 
N.Y..-- ....... . -

Little Beaver Kill near 
Livingston Manor, 
N.Y...    ....     ..

Beaver Kill at Cooks 
Falls, N.Y  ..........

East Branch Delaware 
River at Fishs Eddy, 
N.Y.....  ... .... ....

West Branch Delaware 
River at Delhi, N.Y. .. 

Little Delaware River 
near Delhi, N.Y. _   

Trout Creek at Cannons- 
ville, N.Y  .....    .

Cold Spring Brook at
China, N.Y... ........ 

Oquaga Creek at De­ 
posit, N.Y.......  

West Branch Delaware 
River at Hale Eddy, 
N.Y.... ... ..........

Callicoon Creek at Cal- 
licoon, N.Y ............

Delaware River above 
Lackawaxen River, 
near Barry ville, N.Y_ - 

Lackawaxen River at

Lackawaxpn River at
Hawley, Pa ............

Wallenpaupack Creek at 
Wilsonville, Pa ........

Mongaup River near

Delaware River at Port 
Jervis, N.Y      

Neversink River at Halls 
Mills, near Curry, N.Y 

Neversink River at Nev­ 
ersink, N.Y  .........

Neversink River at 
Woodbourne, N.Y   . 

Neversink River at Oak­ 
land Valley, N.Y... ... 

Neversink River at Go- 
deffroy, N.Y _ .... ....

Delaware River at Mon- 
taeiie. N.J . .

132 Bush Kill at Shoemak­ 
ers. Pa _________

163 

34.7 

25.0 

33.0 

14.1

373 

443

82

63

19.8 

241

783 

142 

49.8 

49.5 

1.51 

66

593

111

2,023 

206 

290 

228 

202 

3,076 

68 

92.5 

113 

222 

302 

3,480 

117

*302 

*63.2 

*56.8 

*62.0 

*26.5

*712 

*855 

*203

*152

*45.3 

560

1,650 

*237 

*90. 1 

*90.6 

*2. 72 
*117

1,060 
*185

*3,880 

*344 

*487 

338 

*341 

5,580 

*195 

*248 

*284 

*477 

*607 

*6,580 

230

*1. 85 

*1.82 

*2.27 

*1.88 

*1.88

*1.91 

*1.93 

*2.48

*2.42

*2.29 

2.32

2.11 

*1.67 

*1.81 

*1.83 

*1.80 

*1.78

1.78 

*1.67

*1.92 

*1.67 

*1.68 

1.48 

*1.69 

1.81 

*2.87 

*2.70 

*2. 51 

*2.15 

*2.01 

*1.89 

1.97

44.0 

43.0 

48.8 

43.7 

44.0

44.5 

44.7 

51.8

52.0

49.3

50.1

46.6 

41.5 

42.7 

43.4 

44.0 

43.0

42.6 

42.8

44.4 

43.4 

43.2 

42.4 

42.7 

43.8 

56.4 

54.6 

52.5 

48.1 

47.1 

44.4 

46.2

*25.1 

*24.7 

*30.8 

*25.5 

*25.5

*25.9 

*26.2 

*33.7

*32.9

*31.1 

31.6

28.6 

*22. 7 

*24.6 

*24.8 

*24.4 

*24.2

24.2 

*22.6

*26.1 

*22.6 

*22.8 

20.5 

*23.0 

24.6 

*38.9 

*36.6 

*34.1 

*29.2 

*27.3 

*25.6 

26.7

18.9 

18.3 

18.0 

18.2 

18.5

18.6 

18.5 

18.1

19.1

18.2 

18.5

18.0 

18.8 

18.1 

18.6 

19.6 

18.8

18.4 

20.2

18.3 

20.8 

20.4 

21.9 

19.7 

19.2 

17.5 

18.0 

18.4 

18.9 

19.8 

18.8 

19.5

TABLE 23.   Summary of average annual discharge, precipitation, 
and runoff for areas above selected gaging stations, 1921-50   Con.

Index 
No. 
(Pi. 
10)

Gaging station
Drain- 

age area 
(sq mi)

Discharge

(cfs) (cfsm)

Pre­ 
cipi­ 

tation 
(in.)

Run­ 
off

(in.)

Dif­ 
fer­ 

ence 
(in.)

Delaware River basin   Continued

133 

135 

140 

143 

144 

145 

146 

149 

152 

153 

154 

160 

165

166

168 

169 

173 

181 

182 

183 

186 

189

200 

205 

206 

208 

213 

215 

219 

220 

222 

229 

232

Flat Brook near Flat- 
brookville, N.J __ ...

McMichaels Creek at

Paulins Kill at Blairs-

Pequest River at Hunts- 
ville, N.J..      -

Pequest River at Pe-

Beaver Brook near Bel-

Delaware River at Bel-

Lehigh River at Tan-

Wild Creek at Hatchery, 
Pa       

Pohopoco Creek near 
Parryville, Pa...    

Aquashicola Creek at

Lehigh River at Beth-

Musconetcong River at 
outlet of Lake Hopat-

Musconetcong River 
near Hackettstown, 
N J

Musconetcong River 
near Bloomsbury, N.J. 

Delaware River at Rie-

Tohickon Creek near 
Pipersville, Pa     

Delaware River at Tren­ 
ton, N.J....      

Assunpink Creek at

Crosswicks Creek at

Neshaminy Creek near

North Branch Rancocas 
Creek at Pemberton, 
N.J... .....        

Little Schuylkill River

Schuylkill River at

Schuylkill River at

Perkiomen Creek at

Schuylkill River at 
Philadelphia, Pa-

Mantua Creek at Pit­ 
man, N.J..       .-

Ridley Creek at Moylan,

Chester Creek near

Oldmans Creek near

Brandy wine Creek at

Salem River at Woods-

65.1 

65.3 

126 

31.4 

108 

36.2 

4,535 

322 

16.8 

109 

76.7 

1,279

25.6

70.0 

143 

6,328 

97.4 

6,780 

89.4 

83.6 

2!0

111 

42.9 

880 

1,147 

279 

1,893 

6.75 

31.9 

61.1 

19.3 

287 

14.6

*106 

*123 

'*188 

*43.3 

*148 

*51.8 

*8,210 

*651 

*35.6 

*f218 

*f!53 

2,240

*43.0

*118 

*225 

11,390 

*134 

11,810 

*116 

*123 

*258

*161 

91.8 

*1,540 

*1,870 

362 

*2,860 

*11.2 

*40.2 

*75.8 

*25.9 

370 

*19.0

*1. 63 

*1.89 

*1.49 

*1.38 

*1.37 

*1.43 

*1.81 

*2.02 

*2.12 

*t2.00 

*f2.00 

1.75

*1.68

*1.68 

*1.57 

1.80 

*1.38 

1.74 

*1.27 

*1.47 

*1.23

*1.45 

2.14 

 1.75 

*1. 63 

1.30 

*1.51 

*1.66 

*1.26 

*1.24 

*1.34 

1.29 

*1.30

43.8 

46.1 

44.0 

43.8 

42.9 

44.6 

44.3 

45.8 

48.0 

47.1 

46.2 

45.4

47.0

45.1 

44.0 

44.5 

44.2 

44.5 

44.2 

45.0 

42.3

45.2 

48.0 

45.5 

45.3 

43.4 

44.4 

45.0 

43.0 

43.4 

44.5 

44.1 

44.5

*22.1 

*25.7 

*20.2 

*18.7 

*18.6 

*19.4 

*24.6 

*27.5 

*28.8 

*f27.1 

*t27. 2 

24.1

*22.8

*22.8 

*21.3 

24.4 

*18.7 

23.7 

*17.3 

*19.9 

*16.7

*19.7 

29.1 

*23.8 

*22. 1 

17.6 

*20.5 

*22.5 

*17.1 

*16.8 

*17.4 

17.5 

*17.6

21.7 

20.4 

23.8 

25.1 

24.3 

25.2 

19.7 

18.3 

19.2 

20.0 

19.0 

21.3

24.2

22.3 

22.7 

20.1 

25.5 

20.8 

26.9 

25.1 

25.6

25.5 

18.9 

21.7 

23.2 

25.8 

23.9 

22.5 

25.9 

'26.6 

27.1 

26.6 

26.9

Leipsic River basin

234 Leipsic River near Ches-
9.2 *9.94 *1.08 42.4 *14.7 27.7

between gaging stations was computed by subtraction. 
These values were not included in table 23 because they 
are much less reliable than those shown, but they were 
used to help define the lines of equal runoff shown on 
the map (pi. 12). Lines of equal runoff were drawn on 
the basis of the observed and computed values and the 
shape of the isohyetal lines (pi. 3). Adjustments were 
then made where necessary to bring the maps of pre-
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cipitation, runoff, and water loss (pi. 4) into closer agree­ 
ment. The area! variations in runoff are generally 
similar to those of precipitation; departures from this 
pattern are due chiefly to local influences.

Runoff represents the total outflow from the basin 
apart from discharge by evapotranspiration and under­ 
ground outflow. Ground-water divides sometimes differ 
appreciably from surface divides (fig. 10) and consider­ 
able quantities of ground water sometimes leave the 
basin by subsurface routes bypassing the surface chan­ 
nel. These effects are greatest in small, headwater 
areas and in the Coastal Plain where channels are cut 
in deep, permeable deposits.

In humid regions, small areas near topographic divides 
usually produce only overland flow, or direct runoff, 
following storms. A little farther from the divides 
intermittent streams receive ground-water discharge 
part of the time, and still farther downstream the 
streams become perennial. This oversimplification of 
the relation between surface and ground water helps 
explain why annual runoff from areas of a few square 
miles cannot be estimated from runoff maps, such as 
plate 12, or from streamflow records obtained at sites 
having drainage areas of many square miles.

In the Appalachian Highlands the map (pi. 12) should 
enable the reader to make reasonable estimates of runoff 
to be expected from areas of about 10 square miles or 
larger. For the Coastal Plain it provides a basis for 
rough approximations of runoff from areas of about 20 
square miles or larger. It is likely that on the Coastal 
Plain appreciable flows bypass most of the gaging sta­ 
tions as ground-water discharge.

Loper Run near Bridgeton, N.J. (pi. 10, No. 77), is 
an outstanding example of a topographic situation 
favoring bypass of the gage by ground water. The 
gage is just above a low dam at the edge of a rather 
abrupt land-surface scarp. Water seeps out of the pool 
created by the dam to a swampy area in a valley about 
30 feet lower than the gage. The measured runoff is 
only about one-third of that for other nearby areas.

Large withdrawals of ground water within an area 
may cause the measured streamflow to be less than it 
would be under natural conditions. An outstanding 
example is furnished by the record for Tennent Brook 
near Browntown, N.J. (pi. 10, No. 64) which indicates 
a runoff of about half that for adjacent areas.

The average runoff during the growing season, which 
is usually the season of lowest runoff and greatest 
demand, is shown as a percentage of the average 
annual runoff in plate 12. The 5-month period, 
May to September, was selected to represent the grow­ 
ing season so that effects of runoff from the winter's 
accumulation of snow would be minimized.

VARIABILITY OF DISCHARGE AND RUNOFF
ANNUAL RUNOFF

The nature of the variation of annual runoff from 
year to year is indicated by the hydrographs in figure 
34, which shows annual runoff and 5-year moving 
averages for three of the longest continuous records in 
the area. From these graphs and the corresponding 
precipitation graphs in figure 7, it may be concluded 
that the standard period used in this report, 1921-50, 
is a fairly representative one although somewhat more 
extreme values, both high and low, can be expected 
as.the period of record becomes longer.

In the discussion of precipitation it was indicated 
that the distribution of recorded annual precipitation 
in this region is not the same as the normal distribution 
of events controlled by chance alone. However, the 
distribution of annual values approximates the normal, 
and the standard deviation and coefficient of variation 
could be used as measures of the variability. A similar 
study of annual runoff in this region was made. Figure 
35 shows the actual and corresponding normal distri­ 
butions for the three long-term records. The agree­ 
ment is not as good as it was in the case of the 130-year 
precipitation record. This divergence is to be expected 
because of the smaller number of annual values, but 
may be partly due to other causes such as greater 
skew of the actual distribution for a very large number 
of years. It is concluded, as in the case of precipitation 
data, that the standard deviation and coefficient of 
variation do not apply strictly to annual runoff data 
but are useful measures of their variability.5

Coefficients of variation were computed for the 
30-year standard period, 1921-50, for 18 gaging stations 
and for a 29-year period, 1922-50, for 7 additional 
stations. Coefficients for these two periods are con­ 
sidered essentially equivalent and the values are 
indicated in table 24. The average of these 25 coeffi­ 
cients is 24.1 and the range is from 20.5 to 30.8. 
Coefficients for 12 stations with slightly shorter records 
were computed but were not shown in the table because 
they are not strictly comparable. Their average is 
24.8 and the range is from 22.5 to 27.5, well within 
the range of those shown.

Coefficients of variation for the three long-term 
records used in the previous discussion also are shown 
in table 24. They show no marked difference from 
the coefficients for the standard period. The average 
coefficient of variation for runoff is considerably greater 
than that for precipitation. Furthermore, the differ­ 
ence probably would be even greater if the coefficients 
of variation were for the precipitation on areas com-

8 These measures are not applicable to daily discharge values unless the logarithms 
of the discharge are used. The distribution of the logarithms of daily discharge, not 
of the discharge itself, is approximately normal.
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44

113

DELAWARE RIVER AT PORT JERVIS, N.Y.

49- year average (1905 - 53) 24.7 inches 
30-year average (1921 -50) 24.6 inches

Annual runoff

49-year average 
5-year moving average^cn

40

PASSAIC RIVER AT PATERSON, N.J.

55-year average (1899 - 1953) 25.8 inches 
30-year average! 1921 - 50) 24.9 inches

EXAMPLE: ANNUAL RUNOFF FOR 
1928 WAS 39.50 INCHES (POINT A)

5 - YEAR MOVING AVERAGE FOR 1928 
IS 28.0 INCHES,THE AVERAGE FOR THE 
FIVE YEARS 1924-28 (POINT B)

BRANDYWINE CREEK AT CHADDS FORD, PA.

42-year average (1912 - 53) 18.3 inches
30-year average (1921 - 50) 17.5 inches 22

14

10
1900 1910 1920 1930 1940 1950 

WATER YEARS

FIGITEE 34. Annual runoff and 5-year moving average for three gaging stations.
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Example:
During the period 1905 to 1953 there 
were 6 years with annual runoff 
between 20 and 21 inches. In a 
normal distribution 2.5 years in a 
49-year record would have annual 
runoff in this range

DELAWARE RIVER AT PORT JERVIS, N. Y.
Water years 1905 to 1953

Average annual runoff, 24.7 inches
Standard deviation, 4.82 inches

20 24 28 
ANNUAL RUNOFF, IN INCHES

O
CL 
LLJ 
CO
^ 
ID 
Z

PASSAIC RIVER AT PATERSON, N. J.
Water years 1899 to 1953

Average annual runoff, 25.8 inches
Standard deviation, 6.51 inches

20 24 28 
ANNUAL RUNOFF, IN INCHES

32 36 40 44

BRANDYWINE CREEK AT CHADDS FORD, PA.
Water years 1912 to 1953

Average annual runoff, 18.3 inches
Standard deviation, 4.40 inches

12 16 20 24 28 

ANNUAL RUNOFF, IN INCHES

36 40 44

FIGURE 35. Actual and normal distribution of annual runoff.
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parable in size to the areas above gaging stations 
instead of at a point. Any areal pattern of differences 
in the coefficient is obscured by random differences 
resulting from the short periods of record. A value 
near the mean should be useful in determining long- 
period distribution of annual runoff, and a value near 
the upper limit should provide an estimate of maximum 
variation to be expected in shorter periods.

TABLE 24. Coefficients of variation of annual runoff for selected 
gaging stations

Gaging station (pi. 10)

4_..................... ....... ...... _ ..
8.................
13_. ...............
16.....  ............... . . . ....... ...
SI......................... ..................
31-..........-.  .
41..................... .
45............. ...
52_-.. .............
92__... ................ . ......
93_... .......... .
104__. ........... .
116-         . . .
121_           .___._. ........
121.    ...  .
132__. ........... ,
140-          
144..........................
149_-.   ...... .
160.       
168_   ...
181-............
189...  
200----.... ..
206................
208-       
229-.-.   ....
229_-. ...       

Years

30
29
30
30
30
55
9Q

30
29
30
30
30
30
30
40

30
OQ

29
30
30
29
30
29
QA

30
30
30
42

Standard 
deviation 
(inches)

5.22
5.51
5.79
6.28
5.66
6.51
4.52
<\ 9ft

5.40
6 64
5 QQ

4.95
5.37
5.24
4.82
6.46
5.60

5.62
5.45
4.52
5.13
4 54
7 89
5.38
5.43
6 64
4 An

Coefficient 
of 

variation

26.6

23.6
24.3
22.7
25.3
2o 9
OQ O

26.2
91 ft

20 9
20. ,5
26.?
21.3
19.5
24.2
97 Q

28.1
20.5
22.6
21.3
21.5
99 8

27.6
24.3
30.8
27.0
94 1

MONTHLY RUNOFF

Major fluctuations in streamflow may occur in 
rather short periods of time, often measurable in 
minutes. Discharges for time units as short as 1 hour 
are used for some purposes, but the usual units are the 
day and month. The study of variation in time is 
consequently extended to these shorter units.

Mean and extreme values of runoff for each month 
at six selected gaging stations are compared graphically 
in figure 36. In the comparison, the monthly values 
are shown in percent of mean annual runoff in order 
to reduce the effects of areal variations.

A definite seasonal pattern is indicated by the con­ 
trast between the graphs of mean monthly runoff and 
those of mean monthly precipitation (fig. 9), the latter 
indicate rather even distribution. Such a pattern 
would be expected as a consequence of the seasonal 
variations in evapotranspiration. Much of the summer 
and fall precipitation replenishes soil moisture used by 
vegetation and is not available for runoff. Data from 
East Branch Delaware River at Fishs Eddy, N.Y., 
(station 93) and Lehigh River at Tannery, Pa., (station 
149) reflect drainage of mountainous country where 
effects of ground-water storage on streamflow are 
relatively small and temporary storage of winter pre­

cipitation in snow is an important factor. The high 
runoff in the spring months is a result of this storage 
and later release. Ramapo River above the station 
near Mahwah, N.J., (station 26) drains a rather typical 
Piedmont and upland area where the runoff character­ 
istics are similar to the preceding, but the effects of 
storage in snow are less pronounced. Delaware River 
at Trenton, N.J., (station 181) integrates characteristics 
for a large area most of which is similar to that drained 
by the previously mentioned three stations. The 
storage capacity of lakes and the system of stream 
channels is an important stabilizing factor here. Great 
Egg tlarbor River above the station at Folsom, N.J., 
(station 73) is a typical stream of the Coastal Plain 
where snow storage is rarely a factor for more than a 
few days, but storage capacity of swamps and aquifers 
is very large. The equalizing effect of this storage on 
both the means and the extremes is readily apparent. 
Brandywine Creek above the station at Chadds Ford, 
Pa., (station 229) drains a Piedmont Upland area in 
which the ground-water contribution to streamflow is 
less than that in the Coastal Plain but much larger 
than that in most Piedmont and mountain areas. 
Snow storage has little or no effect on the monthly 
values.

Coefficients of variation of monthly runoff provide 
an interesting comparison of the variability with the 
annual runoff even though, statistically, its use may be 
incorrect. The distribution of monthly runoff departs 
from the normal much more than the distribution of 
annual runoff; consequently, it is unlikely that 68 
percent of the values of monthly runoff will fall within 
the range represented by the mean ± 1 standard 
deviation.

Coefficients of variation of monthly runoff for 1921-50 
were computed for the runoff at three gaging stations 
and are here compared with the coefficients for annual 
runoff.

Index 
No. 

(pi. 10)

73 
93 

208

Gaging station

East Branch Delaware River at Fishs Eddy, N.Y...

Coefficient of 
variation

Monthly

45.3
83.6 
88.7

Annual

24.2 
20.9 
30.8

The variability of monthly runoff is about two to four 
times as great as that of annual runoff. The lower 
monthly coefficient for Great Egg Harbor River is due 
to the very large aquifer storage of this part of the Coastal 
Plain. Although this storage causes a marked reduction 
in the monthly coefficient, it has little, if any, effect on 
the annual coefficient.
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East Branch Delaware River at Fishs Eddy, N. Y 
Gaging station index number, 93 

Average annual runoff, 28.6 inches

Lehigh River at Tannery, Pa. 
Gaging station index number, 149 
Average annual runoff, 27.5 inches

Brandywme Creek at Chadds Ford, Pa 
Gaging station index number, 229 

Average annual runoff, 17.5 inches

Ramapo River at Mahwah, N. J. 
Gaging station index number, 26 

Average annual runoff, 23.8 inches

Delaware River at Trenton, N. J.
Gaging station index number, 181

Average annual runoff, 23.7 inches
(Monthly discharge adjusted for effects of

storage and diversion)

n 40

30 uj 
CJ

Great Egg Harbor River at Folsom, N. J. 
Gaging station index number, 73 

Average annual runoff, 19.7 inches

10

FIGTJBE 36. Maximum, mean, and minimum monthly runoff, as percentage of average annual runoff, for six typical gaging stations, 1921-50.
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FIGURE 37. Seasonal changes in the coefficient of variation of monthly runoff,
1921-50.

Because seasonal influences cause marked changes in 
runoff, it is enlightening to study the coefficients of 
variation for the same three stations computed for 
calendar months. Coefficients for all Octobers during 
the standard period, 1921-50, all Novembers, and so 
forth, were computed and are plotted in figure 37. 
This graph shows the marked seasonal variation in the 
coefficient which is lowest in winter and spring and 
highest in summer and fall. The relative variability of 
some months is even greater than that of all months 
taken together. For example, the coefficient for all 
months at Graterford is 88.7, but the coefficient for all 
Augusts is 123. This difference is due partly to the low 
value of mean runoff for August. The coefficient of 
123 also indicates that the monthly runoff distribution 
is greatly skewed and that the coefficient of variation 
is not valid in the usual sense.

DAILY DISCHARGE

The comparison of monthly and annual coefficients 
of variation, shows that variations in streamflow for

short periods are much greater than those for longer 
periods. The variability of daily flow is even greater 
and is usually shown by a flow-duration curve. This 
curve shows, for any given period, the percentage of the 
total number of days (percent of time) when the daily 
discharge equaled or exceeded any specific value. The 
steepness of the curve is an indication of the flashiness 
of the stream or variability of the daily discharge.

The flow duration for drainage areas of the sizes 
normally gaged are sometimes affected by chance occur­ 
rence of floods or droughts that are not representative 
of the region and period. For example, an extreme 
flood that normally might occur only once in a hundred 
years could be included in the record for one small area 
with no similar flood included in the record for adjacent 
areas. This would cause an appreciable difference in 
the flow duration of streams that might otherwise be 
the same. If the runoff experiences at one or more 
comparable gaging stations can be combined with 
those at the station in question, it is possible to define 
a regionalized flow duration curve which is a more 
reliable basis for estimating future flow duration. Such 
a regionalizing process, based on correlation of gaging 
station records and transposition of data for one area 
to other comparable areas, has been developed and used 
to make a regional analysis of flow duration charac­ 
teristics of streams in the Delaware River basin.

Flow duration curves are affected by wet and dry 
periods; consequently curves for different areas should 
be based on the same period if comparisons are to be 
meaningful. However, for periods of 30 years or more, 
differences due to climatic fluctuations are usually 
slight. The longest practicable period (the 40 years 
1914-53) was used in this analysis and all regionalized 
data are based on, or adjusted to, this period. Thus, 
the shape of the curves represents the flow-duration 
characteristics for the period 1914-53. The ordinates 
of some of the curves, however, are percentages of the 
average annual discharge for the previously adopted 
standard 30-year period (1921-50). The ordinates 
could be the percentage of average for any period with­ 
out destroying the validity of the curve or altering any 
of the relationships. The 30-year average is most con­ 
venient for use here because of its use elsewhere in this 
report.

Regionalized flow duration curves for three streams 
in the Delaware River basin are shown in figure 38. 
Perkiomen Creek drains a moderately hilly area with 
relatively small aquifer storage; Maurice River is a 
typical Coastal Plain stream where storage in swamps 
and aquifers is a dominant factor, and Neversink 
River drains a mountainous area which is glaciated 
and has storage characteristics between the other two. 
The curves reflect these differences. For example, the
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flow available 99.9 percent of the time is more than 20 
percent of the average annual flow for Maurice River 
but less than 3 percent of the average annual flow for 
Perkiomen Creek. High discharges are affected in the 
opposite way by the natural storage capacity of the 
basins Maurice River reaches less than 350 percent of 
average annual flow at 0.5 percent of the time, but 
flow of Perkiomen Creek reaches nearly 1,500 percent 
of average annual flow at 0.5 percent of the time.

Explanation
Average annual discharge in 

cubic feet per second given 
in parenthesis

Example:
Discharge of Perkiomen 
Creek equaled or exceeded 
11.9 percent of average 
annual discharge 90 percent 
of the time

0.1 125 10 20 50 80 90 95 98 99 99.9 

PERCENT OF TIME THE DISCHARGE EQUALED OR EXCEEDED THAT SHOWN

FIGURE 38. Regionalized daily-flow duration curves for three gaging stations,
1914-53.

Studies of the regionalized daily flow-duration 
curves for 15 areas that were not appreciably affected 
by regulation are summarized in table 25. Enough 
values are given to define curves such as those illus­ 
trated in figure 38; graph paper with a probability 
scale for abscissa and logarithmic scale for ordinate is 
best for this purpose.

Results of the same study for eight areas that were 
affected by regulation are summarized in table 26. 
At two of these gaging stations, Wallenpaupack Creek 
at Wilsonville, Pa., and Delaware River at Port Jervis, 
N.Y., sufficient data were available to define flow- 
duration curves for natural conditions that existed 
before the start of regulation, as well as those for regu­ 
lated conditions. These results, showing the effects of
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-Effect of regulation on the duration of daily flow at two gaging station

>n on the duration characteristics, are illus
trated in figure 39.

The station on Wallenpaupack Creek measures the 
outflow from Lake Wallenpaupack just below a large 
hydroelectric power plant. Storage of flood flows in 
the lake usually causes large reductions in the high 
flow, and operation of the power plant usually reduces 
flow to zero when the plant is shut down, which is 
about 10 percent of the time.

Regulation of the Delaware River at Port Jervis, 
N.Y., is by Lake Wallenpaupack and also by a series of 
reservoirs and a power plant on Mongaup River. The 
drainage area controlled by the reservoirs is only about 
14 percent of the total drainage area above Port Jervis, 
and the gaging station is many miles downstream from 
the power plants. The fluctuations caused by the 
plants diminish as the distance from the plants increases, 
and the low flows from the plants do not reach Port 
Jervis simultaneously. The net result of regulation 
has been an increase in low flows and a small reduction
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in high flows. Surface storage, in general, reduces the 
high flows downstream from the reservoirs, but its 
effect on low flows depends on the magnitude and timing 
of releases and also on the distance from the reservoirs. 

The effect of diversions between gaging stations 
largely for municipal water supplies, is shown by flow- 
duration curves in figure 40 for Schuylkill River at 
Pottstown and at Philadelphia, Pa. The diversion 
has slight effect at the high flows. If there were no 
diversions, the Philadelphia curve would be expected 
to lie above and approximately parallel to the Potts- 
town curve instead of crossing it at the 750 cfs, 75 
percent duration point.

20,000

10,000

5,000

! 2,000

1,000

5 200    

0.1 125 10 20 50 80 90 95 98 99 99.9 

PERCENT OF TIME THE DISCHARGE EQUALED OR EXCEEDED THAT SHOWN

FIGURE 40. Effect of diversion on the duration of daily flow of Schuylkill River.

Table 27 presents a summary of flow-duration char­ 
acteristics for seven additional areas that were not 
included in the regional analysis. These data were 
adjusted, where necessary, to the standard' 30-year 
period (1921-50) instead of the 40-year period used in 
tables 25 and 26. Consequently the two sets of data 
are not strictly comparable; however, comparison of 
flow-duration curves for several areas for both periods 
indicates that the differences are small and the results

are close enough for general comparisons. Because 
the greatest differences occur near the extremes (es­ 
pecially the low end), these have not been carried as 
far in table 27.

It was not possible to compute daily flow-duration 
data for all the stations for which such data might be 
desired because of the time and labor required.6 To 
extend the duration analysis to the flow at an addi­ 
tional group of stations, flow-duration curves based on 
monthly mean discharge were prepared for 15 gaging 
stations and compared with those for daily flows. A 
sample is shown in figure 41 for East Branch Delaware 
River at Fishs Eddy, N.Y.
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FIGURE 41. Comparison of duration curves of daily and monthly flow of East 
Branch Delaware River at Fishs Eddy, N.Y., 1921-50.

There is no simple relation between the two types 
of flow-duration curves, and the relation varies from 
area to area. Certain points on duration curves are 
of more than usual interest. Among these are such 
points as the discharge available 10 percent of the 
time (Qw), the median discharge (Qso), and the discharge 
available 90 percent of the time (Qw). The ratios of 
these discharges to the mean annual flow (Qm) are 
often used for comparison with other streams. Of 
these, $90 is probably used most frequently by water- 
supply hydrologists and it is a useful indicator of the

» Flow data for 23 of the stations used in the regional analysis were processed on the 
electronic computer of the Geological Survey. Data for the remainder were not 
ready for such processing, which requires recording of the data on punched tape. 
Future studies of this type will be greatly facilitated by use of electronic computers.
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low-flow characteristics of a stream. For example, 
Tohickon Creek at Pipersville, Pa., one of the flashiest 
streams in the area, has a $90 that is only 2.99 percent 
of the mean annual, but Maurice River at Norma, 
N.J., which is influenced by large natural storage 
capacity, has a $90 that is 46.1 percent of the mean 
(table 25)!

Values of this ratio, Qw/Qm, taken from the daily 
curves were plotted against corresponding values from 
the monthly curves for the 15 stations. The results, 
shown in figure 42, indicate very good correlation 
between these values; and the straight line defined by 
these points may be used to convert Qgo/Qm obtained 
from a monthly curve to the corresponding value that 
would be obtained from a daily curve. This conversion 
diagram is assumed to be applicable for the Delaware 
River basin and adjacent areas; however, it should be 
checked by comparison with values of the ratio from 
daily and monthly curves for representative stations 
in the region before it is used for any other region. 
Table 28 summarizes the monthly duration data for 
12 gaging stations, for which no daily-duration data 
are available, and presents estimates of the daily
Qw/Qm-

Correlations involving Qso and Qio were much less 
satisfactory than that of Qeo and are not considered 
usable.

In an area that is relatively uniform in hydrologic 
characteristics, the flow at several gaging stations may 
have duration characteristics which are either identical 
or very similar. In such an area the curves derived

for the flow at the gaging stations provide a basis for 
estimating the flow duration of similar ungaged areas. 
Extreme caution must be used in making such esti­ 
mates because even small adjacent areas often have 
markedly different flow-duration characteristics. A 
safer method of estimating the low-flow part of the curve 
is based on occasional measurements of base flow as 
described in a later section.

0.60

.40

,.20

Example:
If the ratio Q90 /Q m from a month­ 

ly flow-duration curve is 0.35, 
the corresponding ratio for a 
daily flow-duration curve would 
be about 0.30

0 0.20 0.40 0.60 
RATIO OF Q 90 TO Q m FROM MONTHLY FLOW DURATION CURVE

FIGURE 42. Kelation curve for obtaining 90-percent daily-flow duration from 
90-percent monthly-flow duration.

TABLE 25. Regionalized duration of daily flow at selected gaging stations on unregulated streams, 1914-53 

[Duration data in this table based on records for less than 40 years and adjusted to the period 1914-53]

Gaging station

East Branch Delaware Kiver at Fishs 
Eddy, N.Y..   .-.... ... .............

West Branch Delaware River at Hale 
Eddy, N.Y.. ............................

Neversink River at Oakland Valley, N.Y..

Paulins Kill at Blairstown, N.J .

Lehigh River at Bethlehem, Pa ____ ...
Tohickon Creek at Pipersville, Pa...- .....
Neshaminy Creek near Langhorne, Pa ..... 
North Branch Rancocas Creek at Pember- 

ton, N.J..
Schuylkill River at Pottstown, Pa __ . _ .
Perkiomen Creek at Oraterford, Pa.._ .....
Brandywine Creek at Chadds Ford, Pa....

Percent of time indicated values were equaled or exceeded

0.5

349 

915

906 
965 
830 
652 
617 
668 
670 

1,690 
1,690

435
674 

1,480 
811

1

302 

703

698 
723 
621 
530 
505 
535 
513 

1.220 
1,120

371 
524 

1,090 
608

2

261 

527

519 
534 
461 
430 
405 
419 
402 
828 
721

308 
401 
760 
438

5

214 

345

340 
339
308 
309 
295 
292 
290 
429 
372

237 
278 
4P1 
270

10

181 

233

231 
226 
216 
230 
221 
210 
214 
235 
222

189 
206 
227 
188

20

148 

147

145 
137 
140 
163 
157 
142 
151 
113 
127

145 
143 
125 
132

30

128 

104

104 
96.5 

103 
125 
121 
106 
116 
67.5 
85.3

119 
108 
86.2 

107

40

112

77.6

76.4 
70.8 
79.7 
96.5 
93.6 
84.0 
93.7 
42.9 
61.2

101 
86.6 
63.0 
88.4

50

96.2 

58.5

55.7 
53.4 
62.1 
73.9 
70.2 
66.5 
75.9 
28.1 
44.6

87.0 
70.6 
47.5 
74.9

60

83.0 

43.9

41.0 
40.0 
48.2 
54.8 
52.9 
53.0 
62.1 
18.6 
32.8

74.5 
56.7 
35.6 
62.7

70

71.1 

32.1

29.3 
29.6 
37.3 
37.4 
39.3 
41.5 
49.1 
11.8 
23.4

63.4 
45.5 
26.2 
52.4

80

59.1 

22.5

19.8 
20.5 
27.5 
24.1 
28.7 
31.2 
38.6 
6.72 

15.7

52.2 
34.8 
18.2 
42.7

90

46.1 

14.1

12.0 
13.1 
19.1 
13.7 
20.3 
21.0 
29.0 
2.99 
9.07

40.4 
25.1 
11.9 
33.0

95

38.7 

10.4

8.58 
10.1 
15.2 
9.35 

16.5 
15.7 
23.9 

1.51 
6.59

33.5 
20.2 
8.84 

27.0

98

32.2

7.88

6.32 
7.80 

12.2 
6.74 

13.6 
11.9 
20.0 

.73 
5.04

28.0 
16.3 
6.35 

22.6

99

28.6 

6.79

5.33 
6.82 

10.9 
5.43 

11.9 
9.92 

18.1 
.44 

4.22

24.9 
14.1 
5.19 

20.1

99.5

25.8 

6.06

4.67 
6.02 
9.85 
4.39 

10.6 
8.45 

16.6 
.28 

3.60

22.5 
12.3 
4.31 

18.4

99.9

20.8 

4.97

3.68 
4.68 
8.01 
2.91 
8.19 
6.07 

13.9 
.10 

2.57

18.3 
9.41 
2.96 

15.0

Mean 
an­ 

nual 
(cfs)

159 

1,650

1,060 
487 
477 
230 
188 
651 

2,240 
134 
258

161 
1,870 

362 
370

Drain­ 
age 
area 

(sq mi)

113 

783

593
290 
222 
117 
126 
322 

1,279 
97.4 

210

111 
1,147 

279
287

Index 
No. 
(pl. 
10; 

table 
22)

74 

93

104 
115 
127 
132 
140 
149 
160 
173 
186

189 
206 
208 
229
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TABLE 26. Regionalized duration of daily flow, in cubic feet per second, at selected gaging stations on regulated streams, 1914-53

[Duration data are based on pattern of regulation existing during correlation period indicated. Any change in pattern of regulation would cause change in duration data. 
Regulated daily flows apply only at gaging station. Data for natural flow at two stations are included to show effects of regulation]

Gaging station

Wallenpaupack Creek at Wilson- 
ville, Pa.:

Mongaup River at Mongaup,

Delaware River at Port Jervis, 
N.Y.:

McMichaels Creek at Strouds- 
burg, Pa ____________

Musconetcong River near

Delaware River at Trenton, N.J. 
Assunpink Creek at Trenton. 

N.J....___..._.._..._._...._..._
Schuylkill River at Philadelphia, 

Pa  ...........................

Percent of time indicated values were equaled or exceeded

0.5

444 
973

416

724 
900

722

430 
591

750 

797

1

393
757

346

573 
695

568

372
489

597 

608

2

349
583

290

446 
520

439

313
402

459

448

5

284 
391

223

305 
337

297

247 
296

312 

281

10

238 
272

184

217 
229

210

198 
220

222 

195

20

186 
178

144

144 
144

140

151 
151

147 

130

30

147 
129

120

108 
104

104

122 
113

110 

97.2

40

113 
99.1

103

83.3
77.4

79.7

101
89.8

85.3 

73.1

50

85.2 
75.7

88.0

65.9 
59.5

62.6

84.0 
72.0

67.4 

54.2

60

58.6 
58.6

73.3

52.0 
45.5

49.4

69.8 
57.6

54.1 

40.9

70

34.0 
44.1

58.1

40.9 
34.2

39.2

56.9 
45.5

42.7 

30.1

80

14.7 
31.4

41.6

31.4 
24.6

30.5

46.2 
35.1

32.8 

20.9

90

0 
.20.0

24.3

22.4 
15.4

22.6

37.3
25.7

22.7 

12.6

95

0 
14.0

15.3

17.3 
11.3

18.5

32.4
20.7

16.8 

8.32

98

0 
9.67

9.06

12.9 
8.69

15.2

28.4 
16.9

11.8 

5.17

99

0
7.54

7.07

10.7 
7.62

13.3

26.3 
15.2

8.97 

3.18

99.5

0 
5.98

5.95

8.91 
6.81

12.0

24.4 
13.8

7.07 

1.95

99.9

0 
3.79

4.34

6.18 
5.36

9.51

21.0 
11.3

4.31 

.70

Corre­ 
lation 
period

1927-53 
1910-25

1940-53

1931-52 
1914-25

1912-38

1922-53 
1931-52

1924-53 

1932-53

Mean 
an­ 
nual 
(cfs)

338 
338

341

5,580 
5,580

123

225 
11,810

116

2,860

Drain­ 
age 
area 

(sq mi)

228 
228

202

3,076 
3,076

64.4

143
6,780

89.4 

1,893

Index 
No. 
(Pi.
10; 

table 
22)

116 
116

120

121 
121

135

168 
181

182 

213

TABLE 27. Duration of daily flow at selected gaging stations, 1921-50 

[Data in this table computed from individual station records, adjusted to standard period, but not regionalized]

Gaging station

Passaic River near Millington, N.J _ ..
Ramapo River near Mahwah, N.J.
Pouth Branch Raritan River at Stanton, 

N.J....................................
Neshanic River at Reaville, N.J.. . _
Toms River at Toms River, N.J.. ....
Little Beaver Kill at Livingston Manor,

Percentage of average annual discharge equaled or exceeded for indicated percentage of time

1

640 
610

595 
1,200 

280

840 
660

2

510 
480

440 
730 
240

590
450

5

360 
320

285 
370 
193

355 
265

10

255 
230

200 
210 
161

220 
175

20

157 
150

133 
112
132

128 
120

30

105 
105

103 
72 

115

85 
96

40

74 
80

84 
50 

102

62 
80

50

54 
61

68 
34 
90

46 
70

60

39 
46

53 
21 
80

35 
60

70

'26 

33

42 
13.0 
70

26 
50

80

17.0 
22

32 
7.9 

59

19.0 
41

90

10.0 
14.0

24 
4.7 

49

12.7 
31

95

7.1 
10.5

20 
3.3 

42

9.4
25

98

4.6 
8.2

16.5 
2.4 

37

6.9
18.5

99

3.3
7.0

14.5 
2.0 

34

5.8 
15.0

Mean 
annual 

(cfs)

89.2 
206

237 
34.2 

200

45.3
75.8

Drainage 
area 

(sq mi)

55.4 
118

147 
25.7 

124

19.8 
61.1

Index 
No. 

(Pi. 10; 
table 22)

9 
26

45
47 
68

91 
220

TABLE 28. Duration of monthly flow and equivalent 90-percent duration of daily flow at selected gaging stations, 1921-50

Index 
No. 

(pi. 10)

70 
71 
73 
92 
95 

103 
133 
143 
144 
145 
183 
234

Gaging station

Batsto River at Batsto, N.J __ _________ ___ _______ _
East Branch Wading River at Harrisville, N.J____ ... _ _
Great Egg Harbor River at Folsom, N.J _ _ ___ ___ ____ _
Beaver Kill at Cooks Falls, N.Y_. _________________________
West Branch Delaware River at Delhi, N.Y_ ___ _ _ ___ _
Oquaga Creek at Deposit, N.Y ________ ___
Flat Brook near Flatbrookville, N.J _ _ __
Pequest River at Huntsville, N.J_ ___ _________
Pequest River at Pequest, N.J __._ ___ __ ____
Beaver Brook near Belvid ere, N.J____ ____ _ ___ ___
Crosswicks Creek at Extonville, N.J ___ __ __
Leipsic River at Cheswold, Del _ ___. _______ ____

Drainage 
area 

(sq mi)

70.5 
64. 0 
56.3 

241 
142 
66 
65. 1 
31.4 

108 
36.2 
83.6 
9.2

Average 
annual 

discharge 
(cfs)

123 
83.2 
81.6 

560 
237 
117 
106 
43.3 

148 
51.8 

123 
9.94

Monthly discharge, in percent of 
average annual, equaled or ex­ 
ceeded for the duration of time in­ 
dicated

10
percent

160 
165 
165 
220 
225 
225 
200 
218 
205 
215 
180 
190

50 
percent

92 
92 
92
78 
76 
75 
85 
84 
83 
80 
90 
88

90 
percent

54 
50 
48 
20 
12 
12 
21 
19 
28 
16 
41 
47

Equivalent 
daily dis­ 
charge, in 
percent of 

average an­ 
nual, with a 
duration of 

90 percent of 
time (from 

relation 
curve, fig. 42)

47 
44 
42 
16 
8.5 
8.5 

17 
15 
23 
12 
35 
41

713-196
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FLOODS AND FLOOD-FREQUENCY ANALYSIS

The study of variations in streamflow leads to a 
study of the extremes which, for many purposes, are 
the most important parts of the record. The flow- 
duration analysis provides useful data on the general 
variability of flow but does not indicate the magnitude 
and frequency of flood peaks or the length and fre­ 
quency of droughts. Additional analyses have been 
made to provide this information.

CAUSES AND OCCURRENCE OF FLOODS

In August 1955 a summer drought came to an abrupt 
end when Hurricane Connie drenched large parts of 
the Delaware River basin and adjoining areas with 
very heavy rainfall. Some minor flooding resulted from 
this storm, but the dry soils and depleted surface 
storage absorbed most of the rainfall. Hurricane Connie 
would have been quickly forgotten if a second tropical 
storm, Hurricane Diane, had not followed within 5 
days and again drenched much of the same area. When 
Diane reached the area the soils were still nearly satura­ 
ted and the streams and lakes were already swollen. 
Although precipitation in the second storm was only 
slightly more than that in the first one, the resulting 
floods were the greatest known in many parts of the 
region not only in volume and stage of flow but in loss 
of life and property damage.

Such catastrophic events help create a public aware­ 
ness of the need for stream development and control. 
However, flood damages are caused by many smaller 
floods, as well as by the outstanding ones.

Maximum floods on small streams usually result from 
rains of high intensity over relatively small areas during 
short periods of time. Those on larger streams of the 
region usually result from general storms that cover 
large areas and last much longer. Many additional 
factors also affect the floods that may occur in a basin. 
Most important of these is the storage capacity of the 
soil, aquifers, ponds, lakes, and reservoirs. The floods 
of August 1955 are outstanding examples of the ability 
of this storage capacity to reduce floods, as in the first 
storm, and its inability to reduce them, as in the second 
storm, because the storage space was already nearly 
filled. These floods are not isolated examples. Great 
floods in many parts of the world have resulted when 
heavy precipitation fell on saturated or frozen soil at 
a time when ponds, lakes, and stream channels were 
already filled, or when precipitation on snow cover 
caused the snowmelt and the rainfall to run off simul­ 
taneously.

Ice jams sometimes produce damaging floods but not 
excessive streamflow. At least one major flood in the 
basin, that of March 1904, was the result of an ice jam.

Such floods usually are confined to a relatively small 
area near the jam.

The orientation of the Delaware River and its major 
tributaries is such that warm weather tends to cause ice 
cover to disintegrate in the lower reaches first; the 
danger of ice jams is thus minimized. Conditions 
leading to an ice-jam flood probably would be either 
a rapid rise in temperature over the whole basin when 
snow cover is present, or rainfall over the whole basin, 
with resulting high runoff, before thick ice in the lower 
reaches of the river had time to melt.

The orientation of the basin also tends to reduce 
another danger that of major storms traveling down­ 
stream for long distances at about the same rate as the 
flood wave in the river. Because most storms in this 
region tend to travel from west to east across the basin, 
or diagonally across it to the northeast, the runoff from 
downstream areas generally has time to pass a given 
point on the river before runoff from upstream areas 
reaches the same point.

As a result of timing of separate storms, runoff 
from downstream parts of the basin can reach a given 
point on the river at the same time as a flood wave from 
upstream. This event most commonly occurs after 
summer thunderstorms and can occur in any basin, 
regardless of orientation.

The long narrow form of the Delaware River basin 
and some of its major tributaries also tends to decrease 
flood heights because runoff from various parts of a 
basin reaches the lower end at different times if the 
precipitation occurs at about the same time over most 
of the basin.

Different types of flood information are required for 
proper solution of problems involving floods. A 
spillway of a large dam must be designed to pass the 
maximum flood without endangering the structure. 
The storage capacity of a flood-control reservoir might, 
for economic reasons, be based on the volume of water 
in much smaller flood. Many small structures, such 
as bridges and culverts, are designed on the basis of 
floods that on the average can be expected to recur at a 
certain frequency, such as once in 10 years or once in 50 
years.

Hydrologic information needed for many purposes is 
provided by a flood-frequency analysis. Regionalizing 
techniques are applicable to flood-frequency data and 
are now used in most flood-frequency analyses.

The volume of water discharged during a flood 
cannot be determined from the frequency analysis of 
peak discharges but can be computed from daily 
discharge records of the flood in question or can be 
estimated from records of a similar flood on the same or 
a similar stream.
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REGIONAL FLOOD-FREQUENCY ANALYSIS

By RICHARD H. TICE

An analysis of streamflow records in the Delaware 
River basin was made to provide a means for determin­ 
ing the magnitude and frequency of floods on any stream 
within the basin draining an area of 10 square miles or 
more. All records of five or more years from streams 
not affected by excessive regulation were used; 86 
records, ranging in length from 5 to 59 years, met the 
criteria and some historical information was available.

Records of peak discharge may be analyzed as an 
annual-flood series or as a partial-duration series. 
There is an important distinction in meaning between 
recurrence intervals determined by the two methods. 
In the annual-flood series the recurrence interval is the 
average interval in which a flood equal to or greater 
than a given magnitude will occur as the maximum 
annual flood. In the partial-duration series the re­ 
currence interval is the average interval between floods 
of a given magnitude regardless of their relation to the

year or any period of time. For floods having recur­ 
rence intervals of 10 years or more, the two methods 
give almost identical results. The following tabulation 
compares the recurrence intervals of floods of the same 
size computed by the two methods:

Annual- 
flood 
series 

(years)
________________________________ 1.06

Partial duration series 
(years)

0.33__-_._____
.50

1 00
1.45
2 0
5.0
0-_____________________
:0_--____________-_--_._
iO

__________________________ 1.16
__________________________ 1.58
__________________________ 2.00
___________________________ 2.54
__________________________ 5.52
__________________________ 10.5
__________________________ 20. 5
__________________________ 50.5

Because of its relative simplicity, the annual-flood 
series has been used in this study. Results may be 
converted to the partial-duration series by means of 
the above tabulation.

The results of the analysis are represented in two 
sets of curves. One set (fig. 43) consists of frequency 
curves that relate peak discharge, expressed as a ratio
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A. Main stream of Neversink and Lehigh Rivers 
B. All numbered areas on figure 45 except streams to 
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area 4, figure 45
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FIGURE 43. Composite flood-ftlequency curves for Delaware River basin and southern New Jersey.
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to the mean annual flood, to recurrence interval; each 
curve is a composite of several curves for individual 
gaging stations. The second set of curves (fig. 44) 
relates mean annual flood to size of drainage area; 
and a map of the basin (fig. 45) shows areas for which 
each curve is applicable. By means of these sets of 
curves, a flood-frequency curve can be obtained for 
any stream in the basin or in southern New Jersey 
with a drainage area of 10 or more square miles, as 
explained in the following discussion.

Hydrologists have used many different methods to 
study flood frequencies and no single method is generally 
accepted by all. Significant features of the standard 
method used by the Geological Survey are: 
1. It analyzes momentary peak discharges; only the

200,000

100,000

50,000

maximum for each water year (October 1 to 
September 30) is used.

2. Recurrence intervals are computed by the formula 
T  (n+l^/m, in which Tis the recurrence interval 
in years, n is number of years of record, and m is 
the order number of each flood, the greatest 
being numbered 1.

3. Curves are fitted graphically.
4. The mean annual flood is defined as the flood having

a recurrence interval of 2.33 years. 
The term "recurrence interval" means the average 

interval of time in which a flood of given magnitude 
may be equaled or exceeded. Thus, a 20-year flood is 
one that may be equaled or exceeded on the average 
once in 20 years, or, to state it another way, it is one
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FIGURE 44. Relation of mean annual flood to drainage area in Delaware River basin and southern New Jersey.
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FIGURE 45. Map of Delaware River basin and New Jersey showing flood regions used in regional flood-frequency analysis.
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having a 5 percent chance of occurring in any given 
year.

The frequency relations determined from individual 
gaging-station records are subject to considerable 
variation from the true long-term relation. When a 
number of records are combined, the dependability of 
the frequency graphs is greatly improved. This study 
combines those stations whose basins have been shown 
by tests to be similar in flood-producing characteristics. 
Because of the random nature of the occurrence of 
large floods and the possibility of changes in flood 
events due to changing land use and to large-scale 
weather fluctuations, flood-frequency graphs for differ­ 
ent periods of time may be different. In this study the 
period used was 1913-55. For stations on the Delaware 
and Schuylkill Rivers, historical data extending back to 
1692 were utilized along with the records for the period 
1913-55.

FLOOD-FREQUENCY RELATIONSHIPS

The analysis indicated that the flood-frequency rela­ 
tions for this region can be defined by three curves, 
designated A, B, and C, in figure 43. Curve A is 
applicable only to the main stems of the Neversink and 
Lehigh Rivers; curve B applies to all streams in the 
basin, plus the area in southern New Jersey immedi­ 
ately south of the basin, except those streams for which 
curve A or C applies; and curve C applies to area 4 
(fig. 45) and to the main stems of the Schuylkill and 
Delaware Rivers. The southern part of Delaware was 
not included in the analysis because of lack of data. 
These curves show the flood peak discharge as a ratio 
to the mean annual flood. The magnitude of the 
mean annual flood must be known before these curves 
can be applied.

MEAN ANNUAL FLOOD

The mean annual flood is influenced by a number of 
factors including: (1) the size of the drainage basin, 
(2) the shape of the basin, (3) basin alinement with the 
prevailing direction of storm travel, (4) land and stream 
slopes, (5) elevation, (6) geologic and soil characteristics 
of the basin, (7) flood-water storage in stream channels, 
swamps, and lakes, (8) type of vegetation and land use, 
and (9) several other minor factors. Of these nine 
factors, the size of the drainage area is dominant in 
influencing the mean annual flood.

The relation of mean annual flood to drainage area 
varies considerably within the area; however, the rela­ 
tion for any stream with drainage area larger than 10 
square miles, except in most of Delaware, can be 
defined by one of the six curves in figure 44. Each 
curve is for an area of similar flood-producing character­ 
istics and has been assigned a number to identify it; 
curve 3 (6) has two numbers, as explained in the

following paragraph. The areas whose flood-producing 
characteristics are defined by these curves are shown 
and identified in figure 45. No area is shown for curve 7 
as this curve is for the Delaware River which drains 
parts of several areas and integrates their characteris­ 
tics. Similarly, no area is shown for Lehigh and 
Schuylkill Rivers but curve 2 is applicable.

Curve 6, which is identical with curve 3, applies to 
areas in New Jersey, except for a small part between 
the Musconetcong River and Assunpink Creek which 
is in area 1. Streams in area 6 are affected by con­ 
siderable storage in lakes and swamps. The storage 
factor was so important that a separate flood-reduction 
factor, presented in figure 46, must be used with streams 
in this area.

In other parts of the basin the effect of storage was 
combined with other factors and is reflected in the 
curves of figure 44. Only in New Jersey was a separate 
flood-reduction factor found necessary.
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FIGURE 46. Flood-reduction factor for streams in area 6, figure 45. 

CONSTRUCTION OF A FREQUENCY CURVE

A flood-frequency curve for any stream draining 
more than 10 square miles in the areas designated on 
figure 45 may be constructed by the following procedure:

1. Determine the drainage area in square miles. If in 
area 6, determine also the percentage of the total 
area that is covered by lakes and swamps.

2.. Locate the stream on figure 45 to find the area 
number.

3. Determine the mean annual flood, in cubic feet per 
second, from curve for that area on figure 44. If 
the stream is in area 6, multiply by a flood-reduc­ 
tion factor obtained from figure 46. For Delaware 
River, use curve 7 and for Lehigh and Schuylkill 
Rivers, use curve 2.
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4. Determine from the proper curve on figure 43 the 
ratio of flood peak discharge to mean annual flood 
for several recurrence intervals.

5. Multiply the mean annual flood discharge from step 
3 by ratios obtained in step 4 to obtain flood-peak 
discharges corresponding to several recurrence 
intervals.

6. Plot the data from step 5 and draw the frequency 
curve.

HISTORICAL FLOODS

On the basis of peak discharge, the flood of August 
1955 is the greatest known since colonial'times (flood of 
February 1692) on the Delaware River from the mouth 
of Lackawaxen River to Trenton. The flood of October 
1903 is the second greatest.

Systematic collection of records of river stage and 
discharge for the Delaware River was begun in 1897 at 
Lambertville, N.J. At that time the flood of January 
1841 was considered the highest since the Revolutionary 
War. However, at Lambertville the flood of 1903 
exceeded the flood of 1841 by 3.6 feet, and the flood of 
1955 exceeded the flood of 1903 by 3.3 feet.

The flood of February 1692 may have been as great 
as, or greater than, the flood of 1955. In a letter by 
Phineas Pemberton on February 27, 1692 (Watson, 
1850, p. 364), the flood of 1692 is described as having 
risen 12 feet above the usual high-water mark at the 
Delaware Falls (Trenton) and the water as reaching the 
upper stories of houses built on the lowlands.

The term "usual high-water mark" is somewhat 
vague. One measure of the level of the usual high- 
water mark would be the flood level reached or exceeded 
about once a year. At Trenton, a flood with a gage 
height of 10 feet is now experienced on an average of 
once a year. This 10 feet plus the 12 foot rise gives a 
stage of 22 feet for the 1692 flood. Twenty-two feet is 
higher than the floods of 1903 and 1955 but is about 
equal to an ice-jam flood in March 1904. Smith (1765, 
p. 208) gives data to check roughly a 22-foot stage for 
the flood of 1692. The settlers had built on the low­ 
lands and had lived there for 16 years although the 
Indians had told them their buildings were liable to be 
damaged by freshets. A stage of about 22 feet would 
be required for a flood to reach the upper floors of 
2-story buildings that had not been flooded in the pre­ 
vious 16 years. The records collected on the Delaware 
River for the past 60 years show that at Trenton a stage 
of 14 feet or greater can be expected on an average of 
once in 16 years, although a maximum stage of only 13 
feet was experienced in one 16-year period (1916-32).

On the Lehigh River at Bethlehem, the highest floods 
in descending order of magnitude since 1786 occurred 
May 1942, August 1955, February 1902, and June 1862.

On the Schuylkill River at Reading, the greatest

floods in order of size since 1757 occurred in September 
1850, October 1869, February 1902, and May 1942.

The largest flood recorded at any of the gaging 
stations in the Delaware River basin in relation to the 
mean annual flood, occurred September 1, 1940, in 
southern New Jersey. The peak discharge of Mantua 
Creek at Pitman, N.J., was 38 times as great as the mean 
annual flood and more than 12 times as great as the 
50-year flood, as determined by studies for this report. 
The recurrence interval of this flood cannot even be 
surmised from the data available.

Elevations in feet above mean sea level of major 
floods along the Delaware River follow.

Miles 
from 

Trenton 
gage

-34.0
-16.2
-15.0
_ 11 n
-6.2

-1.0
0
3.5
7.4

14.3
17.5
29.4
33.1
40.0
48.6
48.9
62.8
72.5

103.1

111.8
120.0
145.0

Location

Philadelphia, Pa.  Race Street..... ..
Burlington, NJ.   Water Works. __
Bristol, Pa.  Mill Street. ............

Bordentown, NJ.  Mouth, Cross-

Washington Crossing, NJ.  High-

Lambertville, N J.   Highway bridge..

Phillipsburg, NJ.  C.R.R. of NJ....
Easton, Pa.  U.S.W.B. gage ..........
Belvidere, NJ.  U.S.G.S. gage...  .
Portland, Pa.   Highway bridge .......
Dingmans Ferry, Pa.  Highway

Montague, NJ.  U.S.G.S. gage-...
Port Jervis, N.Y.  U.S.G.S. gage.  .
Barryville, N.Y.  U.S.G.S. gage......

Janu­ 
ary 

1841

66.5

132.5

187.1

Octo­ 
ber 
1903

7.5
9.7

10.1
13.6

17.5

28.5
39.1

70.1 
81.7

124.2-
135.6
161.0
191.2
193.5
255.1
296.1

384.4
405.4
438.6

March 
1936

24.4
35.8

47.4
67.1 
79.7

133.0
157.6

188.1
251.5

379.6
400.1
432.9

August 
1955

8
9.8
9.6

13.3

15.9
22.6
28.6
41.4

53.9
73.4
84.5

127.7
140.1
164.0
198.8
198.9
256.6
298.9

383.4
405.1
439.3
626.6

RARE FLOODS

The frequencies in the preceding analysis have been 
indicated (fig. 43) only to the 50-year recurrence interval 
for most streams and the 100-year recurrence interval 
for main stems of the Delaware and Schuylkill Rivers. 
These curves are based on the plotting of a large 
number of points and are drawn through the range in 
which they are adequately denned. They are not 
dependent on any assumption that a specific natural 
law governs the distribution of flood peaks.

A basic problem in flood-frequency studies may be 
illustrated as follows: Suppose that a gaging-station 
record of only 10 years' length contains the record of 
a great flood that is much larger than any other re­ 
corded. It is known that this flood is the largest in 
10 years; its recurrence interval ordinarily would be 
computed as once in 11 years. However, from informa­ 
tion in this 10-year record alone it cannot be determined 
that this flood was not the greatest in 100 years or even 
1,000 years. In other words, the proper plotting posi­ 
tion for this flood on a frequency graph generally 
cannot be determined. Many attempts to solve this 
problem have been make, but many assumptions are
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involved and no general agreement among hydrologists 
has been attained. Recurrence intervals much longer 
than the period of record, derived partly from historical 
data, should be used only by those familiar with the 
methods employed in computing them and the limita­ 
tions of such estimates.

The frequency of most floods with recurrence intervals 
greater than 50 to 100 years is less important than that 
of the flood cited above, and design of hydraulic 
structures becomes dependent on maximum known, 
maximum possible, or "project" 7 floods, with adequate 
safety factors applied as necessary. The precipitation 
in the storms of August 1955 approached or equaled in 
places the maximum amounts of rainfall that were at 
that time considered probable in this area. It is now 
considered probable that even greater amounts of 
precipitation and also a closer spacing of the storms 
may occur. In such an event, the result would be 
higher floods than those of August 1955.

In addition to data on flood-peak discharge and 
frequency, the designers in this field employ such 
techniques as: (1) analysis of storm rainfall; (2) trans­ 
position of maximum known storms to positions which 
would cause the greatest flood at the point in question ; 
(3) construction of synthetic hydrographs; and (4) flood 
routing. All these techniques are beyond the scope 
of this study.

SOME ASPECTS OF FLOOD DAMAGE AND FLOOD CONTROL

Prior to the floods of 1955, flood damage was not 
considered by many hydrologists to be a major problem 
in the Delaware River basin. Now the flood problem 
is recognized as being of considerable magnitude even 
though it is much less severe in the Delaware River 
basin than in many other parts of the country.

The relative freedom from flood damage in the basin 
is due chiefly to the climate, shape of the basin, and 
topography. Torrential rains are less frequent in this 
region than in many other places even though the 
climate is quite humid. Perhaps the single most 
important factor, a topographic one, is the absence of 
extensive, highly developed flood plains in the basin. 
The largest metropolitan and industrial areas are along 
tidal parts of the streams where excessive flood waters 
can be accommodated without reaching damaging 
heights.

Flood damage is chiefly a result of man's occupancy 
of flood plains or parts of natural drainage channels 
that are inundated only during floods. In some places 
the occupants knowingly take a calculated risk; in

'Economic considerations dictate that dams cannot be built to hold back the 
maximum floods that eventually may come, there/ore dams of smaller, economically 
feasible size are built. Such dams will contain all but the rarest large floods. A 
"project" flood is a flood of a size that a given project is designed to handle.

others they are ignorant of the risk involved. The 
devastating effects of floods extend far beyond the 
actual property damage or loss of life lines of com­ 
munication and transportation may be disrupted, 
disease of epidemic proportions may result, and the 
economy of large areas may be seriously affected. 
Thus, increasing human occupancy of the basin has 
brought about an extremely complicated situation 
in relation to floods, flood-control works, and flood 
damages.

Flood-control works sometimes encourage further 
construction and additional occupancy in formerly 
flooded lands and may result in even higher damages 
from succeeding floods. Flood zoning, which would 
restrict vulnerable areas to certain specified uses, is 
being actively investigated in some places and may 
provide a workable solution to many of the problems 
involved. In the Delaware River basin the problems 
concern an interstate river and for proper solution will 
require interstate control.

Some degree of flood control may be accomplished 
by temporary storage of water during periods of high 
runoff or by confining floods to a channel by means of 
levees or other channel improvements. If levees are 
sufficiently high, they afford protection to the area 
behind them. However, levees by themselves, without 
channel improvement, will increase the stage in the 
river by reducing the channel area. It is possible for 
these changes to affect adversely other reaches of the 
river both upstream and downstream.

The temporary storage of flood water, augmenting 
the natural storage in the basin, may be accomplished 
by use of large, mainstream reservoirs or small, head­ 
water reservoirs and ponds. To be effective in reducing 
flood peaks the storage must be available at the critical 
time. For example, the critical time in 1955 was at the 
onset of Hurricane Diane.

Soil-conservation measures and cropping practices 
that increase the capacity of the soil to absorb moisture 
reduce small flood peaks considerably and reduce most 
medium flood peaks measurably. These conservation 
practices have little or no effect in reducing the floods 
that occur after the soils have been saturated. Thus, 
most of the water from precipitation of Hurricane Diane 
ran off quickly, with devastating results, because nearly 
all storage space was occupied by precipitation from 
Hurricane Connie.

The effect of any type of storage is greatest immedi­ 
ately downstream from the storage site and decreases 
as the distance between storage site and the point in 
question increases. Ponds and small headwater reser­ 
voirs act much like soils in reducing small floods, but 
they have little or no appreciable effect on floods
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occurring after several days of heavy rain or snowmelt. 
The large reservoirs reduce flood peaks as long as 
operations are scheduled to keep the required storage 
capacity available when needed. This task is not 
always easy or possible to accomplish, especially on an 
interstate stream where there is no unity of control. 
Improvements in quantitative weather forecasting pro­ 
cedures should help materially in the future.

Flood-control reservoirs are sometimes designed with 
fixed open outlets so that stored water drains out at 
predetermined rates within a period of a few days after 
a flood. This plan removes the human element from 
operation of the reservoir and works satisfactorily for 
the area immediately downstream, provided a major 
storm does not occur before the reservoir has drained. 
If many such reservoirs are built in a river basin, the 
effects at downstream points are complicated by dif­ 
ferences in the travel time required for outflow from 
the reservoirs to reach the designated point. For ex­ 
ample, small uncontrolled reservoirs on tributaries to 
the lower reaches of a stream, such as the Schuylkill 
River, would discharge water at higher rates than the 
natural flow of the tributaries for a few days after the 
storm. This water might reach the Schuylkill River 
simultaneously with a flood crest originating farther 
upstream, and the effect would be to increase, rather 
than decrease, the resulting crest stage of the flood at 
the designated downstream point.

Similar problems arise in operation of controlled 
outlets. Maximum protection for an area a short 
distance below a reservoir is provided by emptying the 
reservoir as rapidly as possible without creating exces­ 
sive stages in this reach of the stream, but such action 
may aggravate flood conditions at some other point 
farther downstream.

The preceding discussion emphasizes the fact that 
flood control is very complicated, that each flood 
hazard requires individual analysis, and that all flood- 
control elements in a basin need to be integrated for 
best results. In general, it can be stated that large 
reservoirs a short distance upstream from vulnerable 
urban centers, in combination with adequate levees or 
channel improvements in some cases, provide maximum 
protection for these areas. Damage from frequent 
flooding of valuable agricultural lands in headwater 
areas may be minimized by use of small reservoirs 
together with proper elements of land and forest 
management.

DROUGHTS AND LOW-FLOW FREQUENCY ANALYSES

Low flows in streams are affected by many factors 
in addition to the lack of rain during drought periods. 
The most important of these are: (1) the amount of 
water in storage as ground water, soil moisture, and

surface water; (2) rates of evapotranspiration; and (3) 
rates of withdrawal for use. Commonly, demand for 
water is greatest at the time of lowest natural supply.

The low flows are critical for many design purposes 
because they determine the maximum supply available 
without artificial storage and the amount of such 
storage required to maintain specified minimum flows. 
In addition to data on the minimum rate of flow, infor­ 
mation is needed on the lengths of the low-flow periods 
and their frequency of occurrence. This information 
is provided by low-flow frequency analyses.

In low-flow studies it is advantageous to use a 
climatic year that ends March 31 instead of the usual 
water year, which ends September 30. The latter date 
is convenient for many hydrologic studies because it is 
a time when total storage in most river basins is near a 
minimum. Because it is also a time when low flows 
are likely to occur, it is not satisfactory for low-flow 
studies. By using a year beginning in April the entire 
low-flow season is contained within one climatic year. 
This year is conveniently designated by the calendar 
year in which most of the period occurs. For example, 
the year April 1952 to March 1953 is designated as 
climatic year 1952; it includes the low flows of the 
summer and fall of 1952.

L,OW-FL,OW FREQUENCY

By C. H. HARDISON and R. O. R. MARTIN

Low-flow frequency analysis of a streamflow record 
is based on the annual minimum flows for periods of 
various lengths. For example, the minimum 7-day 
flow for each climatic year of record, when computed 
and arranged in order of magnitude, can be related to 
average recurrence intervals on a frequency graph. 
The recurrence interval is computed as the number of 
years of record plus one divided by the order number. 
Similar plots can be made for other length periods. 
In this report, periods of 7, 30, 60, 120, 183, 274, and 
365 consecutive days were used. The resulting graphs 
of minimum discharge plotted against recurrence 
interval usually can be improved by further analysis.

The low-flow frequency data for the Delaware 
River basin have been analyzed on a regional basis to 
remove the effect of chance variations in weather in 
different areas. Annual low-flow data from a long- x 
term (1913-52) gaging station were correlated with 
similar data from two other long-term stations so that 
effects of permanent differences in stream regimen 
could be removed and the data for all three stations 
made suitable for group analysis. This technique is 
equivalent to basing the frequency data on a somewhat 
longer period than the actual periods of record. Al­ 
though the regional analysis used in this report is based 
on a 40-year period (April 1913 to March 1953), results
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are believed to be reliable for recurrence intervals of as 
much as 50 years.

Low-flow frequency data for short-term records were 
brought into the regional analysis by correlation with 
long-term records. Some short-term records were 
correlated with one or more of the long-term records 
used in the regional analysis, with medium-length 
records that were in turn correlated with regionalized 
long-term records. All low-flow frequency data in 
this report have been adjusted to the period 1913-52, 
although for many stations only minimum 7-day and 
minimum 30-day data were so analyzed.

The example of a family of low-flow frequency 
curves in Figure 47 shows low-flow frequency data for 
periods of 7, 15, 30, 60 120, 183, 274, and 365 
consecutive days. The 7-day discharge at the 2-year 
recurrence interval is the median of the annual minimum 
7-day flows, that is, half of the years may be expected 
to have lower 7-day flows. Inasmuch as the discharge 
at the 20-year recurrence interval is the annual minimum 
7-day flow to be reached once in 20 years on the average, 
about 5 percent of the years may be expected to have

lower 7-day flows. Similarly, about 98 percent of the 
years may be expected to have minimum 7-day flows 
less than that indicated at the 1.02-year recurrence 
interval. The graph paper used in figure 47 is a U.S. 
Geological Survey form with logarithmic ordinate 
and an extreme-value-type scale for abscissa. This 
combination of scales causes the curves to approach 
straight lines. If other scales are used, the shapes of 
the curves will be altered.

Curves similar to those in figure 47 were developed 
for the records for 18 gaging stations listed in table 30 
and were used also as a basis for other data presented 
in this report. 8

For a few streams, station records of low-flow 
frequencies are presented (table 29) for both regulated 
and natural flows. These records show the effects of 
the particular pattern of regulation that was in effect 
during the correlation period. Regulation beginning 
after the correlation periods used here, or any change 
in the pattern of regulation, may cause changes of

These curves are based on unpublished data of the U.S. Geological Survey.
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FIGURE 47. Regionalized low-flow frequency curves for Perkiomen Creek at Qraterford, Pa., 1913-52.
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varying magnitude in the discharge-frequency relations. 
For example, the data for Neversink River 
Neversink, N.Y., are based on the correlation period 
1942-52. The river has been regulated by the reservoir 
since 1953, therefore the data for the station at

TABLE 29. Minimum 7-day and 30-day discharges that recur at 
2-year and 20-year intervals, 1913-52

In­ 
dex 
No. 
(PL 
10)

70 

71

73

74 

75 

78

79 

80 

81 

82 

83 

84 

85

86 

87 

88 

89 

90

91

92 

93

95 

96 

100 

102 

103

Gaging station

Batsto River at Batsto, 
NJ... ......... .......

East Branch Wading 
River at Harrisville, 
NJ.....................

Great Egg Harbor River 
at Folsom, NJ-.- ....

Maurice River at Norma, 
NJ........ ...

Manantico Creek near 
MiUville, NJ..........

East Branch Delaware 
Eiver at Margaret- 
ville, N.Y.... . ..

Platte Kill at Dunraven, 
N.Y       .

Mill Brook at Arena.N.Y  ...... .........:.
Tremper Kill near Shav- 

erton, N.Y...  .......

Terry Clove Kill near

Fall Clove Kill near 
Pepacton, N.Y   ....

Coles Clove Kill near

East Branch Delaware 
River at Downsville, 
N.Y   ................

East Branch Delaware 
River at Harvard, N.Y.

Beaver Kill near Turn-

Beaver Kill at Craigie 
Clair, N.Y.     -

Willowemoc Creek at

Willowemoc Creek near 
Livingston Manor,
N.Y-.-..--.-  .... .

Little Beaver Kill near 
Livingston Manor, 
N.Y..   ...............

Beaver Kill at Cooks 
Falls, N.Y.....  ..

East Branch Delaware 
River at Fishs Eddy, 
N.Y......... ........ ...

West Branch Delaware 
River at Delhi, N.Y 

Little Delaware River 
near Delhi, N.Y... 

Trout Creek at Cannons- 
ville, N.Y..       

Cold Spring Brook at 
China, N.Y..     .

Oquaga Creek at De­ 
posit, N. Y.... ........

Corre­ 
lation 
period

1928-52

1931-52 

1926-52 

1932-52 

1932-52

1937-54 

1942-54 

1937-54 

1937-54 

1937-54 

1942 

1945-52

1941-53 

1935-54 

1949-54 

1937-54 

1949-51

1938-54

1924-52 

1913-52

1913-52 

1937-54 

1938-54 

1941-54 

1935-54 

1941-54

Drain­ 
age area 
(sq mi)

70.5

64.0 

56.3 

113 

22.3

163 

34.7 

25.0 

33.0 

14.1 

10.9 

28.0

373 

443 

40.8 

82 

40.9

63

19.8 

241

783 

142 

49.8 

49.5 

1.51 

66

'eriod 
(days)

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

30

Discharge (cfs)

2-yr 
interval

55.2 
62.8

31.0 
39.0

31.7 
37.2

62.2 
70.8

13.2 
17.7

23.0 
34.2

3.89 
5.94

4.60 
6.35

3.95 
5.62

1.16 
1.88

.96 
1.32

2.16 
3.35

53.3
76.5

68.1 
97.0

12.9 
18.0

21.2 
29.5

12.1 
16.0

19.2 
25.1

3.62 
5.76

62.5 
87.0

150 
207

16.8 
24.5

5.71 
7.93

6.58 
8.90

.044 

.080

4.75 
7.42

20-yr 
interval

43.7 
48.0

22.5 
27.5

23.0 
26.2

41.2 
46.2

6.36 
12.0

10.6 
15,3

1.42 
2.43

1.83 
3.23

.990 
2.15

.446 

.680

.50 

.68

.94 
1.36

26.3 
36.0

33.9 
46.3

6.60 
9.07

10.8 
14.8

6.94 
8.97

11.1 
14.4

1.46 
2.38

32.0 
43.9

80.0 
106

8.10 
11.2

2.56 
3.30

3.07 
3.90

.019 

.032

1.54 
2.20

ons. 
at 

riod 
voir 

at

ir at

3fs)

)-yr 
erval

43.7 
48.0

22.5 
27.5

23.0 
26.2

41.2 
46.2

6.36 
12.0

10.6 
15.3

1.42 
2.43

1.83 
3.23

.990 
2.15

.446 

.680

.50 

.68

.94 
1.36

26.3 
36.0

33.9 
46.3

6.60 
9.07

10.8 
14.8

6.94 
8.97

11.1 
14.4

1.46 
2.38

32.0 
43.9

80.0 
06

8.10 
11.2

2.56 
3.30

3.07 
3.90

.019 

.032

1.54 
2.20

TABLE 29.   Minimum 7-day and 30-day discharges that recur at 
2-year and 20-year intervals, 1913-52   Continued

In­ 
dex
No. 
(Pi. 
10)

104

106 

108 

110

111 

112 

114 

115 

116

118 

119 

120 

121

124 

125 

127 

132 

133 

134 

135 

136 

138 

140 

143 

144 

145 

148 

149 

150

Se

Gaging station

West Branch Delaware 
River at Hale Eddy, 
N.Y   . ...... .........

Callicoon Creek at Calli- 
coon, N.Y __ __ .--.-

Tenmile River at Tus- 
ten, N.Y... ............

West Branch Lacka- 
waxen River at Promp- 
ton, Pa ____ .- .......

Dyberry Creek at Dy- 
berry, Pa ________

Lackawaxen River near 
Honesdale, Pa. ..... .

Middle Creek near Haw- 
ley, Pa... _____  

Lackawaxen River at

Wallenpaupack Creek at 
Wilsonville, Pa. 1..  -

Shohola Creek near Sho-

Mongaup River near Rio,
N.Y        

Mongaup River near

Delaware River at Port 
Jervis, N.Y.». ....... 

Neversink River at Halls 
Mills, N.Y.   ......

Neversink River at Nev-

Neversink River at Oak­ 
land, Valley, N.Y--   

Bush Kill at Shoemakers, 
Pa..         

Flat Brook near Flat- 
brookville, N..T-. .......

Paradise Creek at Henry- 
ville, Pa        

McMichaels Creek near

Pocono Creek near

Brodhead Creek at Mini- 
sink Hills, Pa..-    

Paulins Kill at Blairs- 
town, N.J. _ ______

Pequest River at Hunts- 
ville, NJ   ... ...... ..

Pequest River at Pequest, 
NJ... ........ ..........

Beaver Brook near Belvi-

Lehigh River at Stod-

Lehigh River at Tannery, 
Pa         

Dilldown Creek near

e footnotes at end of tabl

Corre­ 
lation 
period

1913-52 

1941-54 

1946-54

1945-55 

1944-55 

1949-55 

1945-52 

1913-52 

1927-52 

1910-24 

1919-27 

1909-11 

1940-52 

1931-52 

1914-25 

1938-48 

1942-52 

1929-52 

1913-52 

1924-52

1909-11, 
1913-14

1912-38 

1911-19 

1951-55 

1922-52 

1940-52 

1922-52 

1923-52 

1944-55 

1915-52 

1949-55

e.

Drain­ 
age area 
(sq mi)

593 

111 

45.0

59.7 

63.2 

164 

78.4 

290 

228

82.0 

190 

202 

3,076

68 

91.9 

222 

117 

65.1 

30.2

65.3 

38.0 

259 

126 

31.4 

108 

36.2 

91.7 

322 

2.39

Period 
(days)

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

Discharge (cfs)

2-yr 
interval

82.0 
111

14.8 
21.0

, 4.22 
5.78

12.0 
15.6

7.20 
10.5

30.0 
39.1

7.40 
10.8

43.5 
59.5

35.8 
111

47.4 
60.0

4.87 
8.60

61.0 
73.3

105 
138

973 
1,210

551
767

28.6 
40.5

35.3
47.0

66.0 
85.0

20.7 
28.5

15.3 
18.3

25.6 
27.5

22.2 
26.5

18.5 
25.5

94.0 
113

29.8 
36.0

5.00 
6.52

33.4 
40.0

5.10 
7.30

27.0 
35.0

111
141

.818 
1.10

20-yr 
interval

39.0 
49.2

7.55 
10.2

2.42 
3.24

7.42 
9.58

3.70 
5.25

18.6 
24.0

3.80 
5.40

25.0 
33.4

20
«0

26.8 
32.9

1.78 
3.01

44.0 
52.1

43.7 
62.0

540 
692

298 
400

15.9 
21.6

20.3 
25.3

40.0 
48.5

7.22 
9.85

8.5 
10.0

9.02 
9.62

13.5 
15.7

6.46 
8.80

51.1 
61.1

16.4 
19.8

2.00 
2.58

18.2 
21.5

1.45 
2.04

11.3
14.8

49.2 
64.0

.364 

.492
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TABLE 29.   Minimum 7-day and 30-day discharges that recur at 
2-year and 20-year intervals, 1913-52   Continued

In­ 
dex 
No. 
(pi. 
10)

152 

153

154 

155 

157 

158 

159 

160 

161 

162

166 

168 

169

173 

181 

182 

183 

186 

189 

196 

200 

204 

206 

208 

213 

215 

217 

219 

220

Se

Gaging station

Wild Creek at Hatchery, 
Pa  ...................

Pohopoco Creek near 
Parryville, Pa.a _____

Aquashicola Creek at

Lehigh Eiver at Walnut-

Little Lehigh Creek near

Jordan Creek at Allen-

Monocacy Creek at Beth-

Lehigh Eiver at Bethle-

Saucon Creek at Lanark, 
Pa  ..................

South Branch Saucon 
Creek at Friedensville, 
Pa  ...................

Musconetcong River near 
Hackettstown, N J3 .....

Musconetcong River near 
Bloomsbury, NJ.s _ .. .

Delaware River at 
Riegelsville, NJ.s. .....

(natural flow). .......

Tohickon Creek near

Delaware River at Tren­ 
ton, N J.3   ...

Assunpink Creek at Tren­ 
ton, NJ................

Crosswicks Creek at Ex- 
tonville, NJ  .

Neshaminy Creek near

North Branch Rancocas 
Creek at Pemberton, N J.

Schuylkill River at Potts- 
ville, Pa................

Little Schuylkill River at 
Tamaqua, Pa 3

Tulpehocken Creek near 
Reading, Pa ............

Schuylkill River at Potts-

Perkiomen Creek at Gra- 
terford, Pa...- .........

Schuylkill River at Phil­ 
adelphia, Pa 3._. .... 

Mantua Creek at Pit­ 
man, NJ ...............

Crum Creek at Woodlyn, 
Pa .............

Ridley Creek at Moylan, 
Pa ...... ........

Chester Creek near Ches-

Corre­ 
lation 
period

1941-52 

1945-55 

1945-55 

1940-52 

1947-55 

1946-55 

1944-55 

1949-55 

1913-52 

1948-52

1948-52 

1922-52 

1922-52 

1931-52 

1914-25 

1936-52 

1931-52 

1924-52 

1940-50 

1935-52 

1922-52 

1944-55 

1941-52 

1951-55 

1936-52 

1913-52 

1932-52 

1940-52 

1931-36 

1932-52

1031 fff.

e footnotes at end of table.

Drain­ 
age area 
(sq mi)

16.8 

109

76.7 

889 

80.8 

75.8 

44.5 

1,279 

12.0

10. 6 

70.0 

143

6,328

97.4

  
6,780

89.4 

83.6 

210 

111 

53.4 

42.9 

211 

1,147 

279 

1,893 

6.75 

33.3 

31.9 

61.1

Period 
(days)

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
36

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

Discharge (cfs)

2-yr 
interval

8.62 
10.7

37.2 
50.0

46.8 
62.1

32.2 
41.3

302
405

45.0 
59.5

7.76 
15.0

25.3 
34.0

515 
615

2.43 
3.28

3.90 
4.91

23.2 
31.8

70.0 
79.9

2,390 
2,910

1,640 
2,070

2.42 
4.35

2,320 
2,910

19.0 
26.0

34.2 
44.0

17.5 
26.0

51.0 
64.0

26.0 
32.8

8.95 
13.8

94.1 
109

401
478

30.7
47.2

309 
443

6.78 
7.79

2.29 
5.41

9.88 
14.8

20.6 
24.4

20-yi 
interval

4.18 
5.28

16.7 
22.5

21.4 
28.8

16.2 
20.9

134 
181

19.6 
25.2

2.66 
3.86

11.3 
15.2

330 
378

1.41 
1.80

2.54 
3.09

13.0
17.7

47.8 
54.0

1,410 
1,760

1,060 
1,300

.825 
1.33

1,400 
1,710

10.8 
14.0

21.2 
26.2

7.72 
11.3

32.9 
40.0

14.2 
17.6

2.42 
3.74

49.9 
55.8

230 
260

13.1 
19.0

57.2 
88.2

5.18 
5.75

.90
1.82

3.93
6.18

10.1 
11.4

TABLE 29.   Minimum 7-day and 30-day discharges that recur at 
2-year and 20-year intervals, 1913-52   Continued

In­ 
dex 
No. 
(Pi. 
10)

222 

223 

224 

225 

226 

227 

229 

231 

232 

234 

235

Gaging station

Oldmans Creek near

Christina River at 
Coochs Bridge, DeL...

White Clay Creek above

White Clay Creek near

Mill Creek at Stanton, 
Del...... ...............

Red Clay Creek at Wood-

Brandywine Creek at

Shellpot Creek at Wil-

Salem River at Woods-

Leipsic River near Ches-

Murderkill River near

Corre­ 
lation 
period

1932-39 

1943-54 

1952-54 

1943-54 

1931-33 

1943-54 

1913-52 

1946-54 

1942-52 

1943-54 

1932-33

Drain­ 
age area 
(sqmi)

19.3 

20.5 

66.7 

87.8 

12.3 

47.0 

287 

7.46 

14.6 

9.2 

14.4

Period
(days)

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

7 
30

Discharge (cfs)

2-yr 
interval

7.82 
9.92

4.68 
5.80

26.3 
30.6

34.8 
40.4

2.52 
3.90

18.4 
22.3

115 
134

.648 

.828

3.05
5.40

3.48 
4.00

2.77 
3.34

20-yr 
interval

5.20 
6.46

1.91
2.25

13.9 
15.5

18.4 
20.6

1.32 
2.00

11.2 
13.6

60.5 
67.9

.228 

.272

1.48
2.54

2.16 
2.48

1.55 
1.81

1 Regulated : results based on observed data without correlation. 
2 Discharge zero at recurrence interval of less than 20 years. 
» Regulated: results based on pattern of reglation during correlation period. 
* Seven-day flows below 40 cfs affected by regulation.

Neversink and for other stations below the reservoir 
are not applicable to periods after 1953. 

When low-flow parameters such as the minimum 
7-day flow at the 2-year recurrence interval are used 
in area! hydrologic studies, the discharge for unregulated 
streams is usually converted to cubic feet per second 
per square mile, or to million gallons per day per 
square mile. When the effect of regulation is very 
great, conversion to discharge per square mile results 
in a misleading figure and should be avoided. 

When expressed in million gallons per day per square 
mile, the median of the annual minimum 7-day flows 
shown hi table 29 is 0.016 for Tohickon Creek near 
Pipersville, Pa. (a very flashy stream in a region of 
relatively impermeable rocks and thin soils), and 
0.506 for Batsto River at Batsto, N.J. (a stream 
draining deep permeable sediments and swamps). 
Thus, at the 2-year recurrence interval, Batsto River 
yields more than 30 times as much water per square 
mile as Tohickon Creek. At the 20-year recurrence 
interval this ratio increases to more than 70.

STORAGE REQUIRED TO MAINTAIN FLOWS

Although low-flow frequency data presented in the 
previous section are sufficient for planning water- 
resources developments that use the natural flow of a 
stream, additional analyses must be made when the
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natural minimum flows are insufficient and storage 
reservoirs must be provided. Even when 50-year 
records are available, it is impossible to predict the 
worst possible condition that may occur; at some time 
in the future there may be a worse drought than has 
been experienced in the past. Furthermore, it is seldom 
economically feasible to provide sufficient storage for 
a rare condition that may recur at an average interval 
of several hundred years. Consequently the analysis 
of low-flows has been extended to determine the effect 
of different amounts of storage on the minimum flows.

In this analysis, "storage" refers only to water made 
available for release or withdrawal from reservoirs 
during periods when the natural flow is less than the 
specified flow. Results are based on the low-flow 
frequency curves discussed in the previous section and 
illustrated in figure 47. Minimum-flow data for a given 
recurrence interval is converted into volume of flow and 
used to plot a frequency-mass curve from which allowa­ 
ble drafts for various amounts of storage are computed. 
The resulting curves for Perkiomen Creek at Grater- 
ford, Pa., are presented hi figure 48 as an example, and 
similar data for 17 other stations are summarized in 
table 30. The zero line in figure 48 represents the 
natural minimum 7-day flow and would be the same as 
the minimum 7-day line of figure 47 if the same units of 
discharge had been used.

The natural minimum daily flow, which would be 
somewhat lower than the minimum 7-day flow, has not

o<

ample: For a 10-year recurrence interval and no storage, 
the available flow is 0.0371 millions of gallons' 
per day per square mile (point A); if a storage

added, the allowable draft is increased to 0.152 
million gallons per day per square mile 
(point B)

age and evaporation and for method of com­ 
putation (see text) 

______I I I I I I__________

56 8 10 

RECURRENCE INTERVAL, IN YEARS

30 40 50

FIGURE 48. Effect of storage on minimum 7-day flow of Perkiomen Creek at 
Qraterford, Pa., 1913-52.

been shown on these illustrations because in many 
instances the minimum daily flow is probably affected 
by an unknown amount of daily regulation by mills and 
power plants. Each line above the zero line represents 
a different amount of storage and indicates the effect 
of that amount of storage on the allowable draft. 
Similar diagrams for other stations can be obtained by 
plotting the data in table 30 on logarithmic extreme- 
value paper.

The frequency-mass curve method just described is 
a reliable short-cut method which gives allowable 
drafts that are about 10 percent greater than those 
obtained by the more detailed method based on a mass 
curve for each year of record. The data in table 30 
and figure 48 are uncorrected for this difference. For 
comparisons of streams this is not important, but if 
the data are to be used in design an approximate 
allowance for this difference can be made by decreasing 
the allowable draft by 10 percent. The percentage to 
use varies with the extent of storage development and 
depends in part on the flow characteristics of a stream. 
Further investigation of this difference may indicate 
the nature and extent of its variation and provide a 
basis for more accurate adjustment.

In the computation of allowable draft, no allowance 
was made for evaporation and seepage losses from the 
reservoirs that would be built. Such losses are an 
individual problem for each reservoir site; the seepage 
loss depends largely on subsurface conditions, and the 
evaporation loss depends on the surface area of the 
reservoir and evaporation rates. Evaporation losses 
from water surfaces are usually higher than from land 
areas, and the difference between these is the net vapor 
loss resulting from construction of a reservoir. Annual 
values of evaporation and water loss in plate 4 and 
figure 11 will indicate whether detailed studies of 
vapor loss need to be made.

A graphic comparison of the effects of storage on 
low flows at 17 gaging stations is provided in figure 49. 
Each line on this chart represents one gaging station 
(identified by number listed on pi. 10) and relates 
storage required to allowable draft for a 10-year 
recurrence interval. Similar charts could be plotted 
for any other recurrence interval. The positions of the 
lines on the chart represent yield characteristics, and 
the slopes represent the degree of improvement with 
storage, that is, the flashiness of the stream. Increasing 
storage on Tohickon Creek (station 173) from 1 mg 
per sq mi to 5 mg per sq mi increases the allowable 
draft from 0.0348 to 0.0878 mgd per sq mi, an increase 
of 0.053 mgd per sq mi, or 150 percent. A simliar 
increase in storage on Maurice River (station 74) 
increases the allowable draft by 0.079 mgd per sq mi, 
but only 24 percent. The relative increase on the
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  Gaging station
index number

74

0.02
0.5 0.6 0.8 1.0 2 3 4 5 6 8 10 15 

STORAGE, IN MILLION GALLONS PER SQUARE MILE

FIGURE 49. Comparison of the effects of storage on minimum 7-day flows at selected gaging stations.

flashy stream is many times that on the stream with 
large natural storage although the absolute increase 
is smaller.

The amount by which storage of 0.5 mg per sq mi 
would increase the flow available naturally at a 10-year 
recurrence interval, which is not shown in figure 49, 
can be determined from table 30. For example, the 
flow at station 173 would be increased from 0.00697 
to 0.0250 mgd per sq mi, an increase of 350 percent; 
that at station 74 would be increased from 0.263 to 
0.311 mgd per sq mi, an increase of only 18 percent.

One of the 18 gaging stations included in table 30 
(McMichaels Creek at Stroudsburg, Pa., No. 135) 
was omitted from this chart because its graph would 
have interfered excessively with other lines. Its 
graph is almost identical to that for Schyulkill River 
at Pottstown, Pa. (station 206).

BASE FLOW OF STREAMS

Base flow is derived from natural storage, both 
surface and subsurface. The flow at a particular time 
depends on: (1) difference in head between surface-water 
bodies and the water table in aquifers that a»ce hy- 
draulically connected to the surface-water bodies; (2) 
the drainage characteristics of the aquifers and surface- 
water bodies; and (3) the discharge from natural 
storage by other means, such as evapotranspiration 
and withdrawal from wells. Maximum rates of base 
flow occur after long periods of wet weather or melting- 
snow. During such periods streamflow consists of 
both direct runoff and base flow, and the latter then 
may be a relatively small part of the total. Base flow 
is most important during periods of fair weather when 
no additions to storage are being made and streamflow 
consists entirely of base flow.
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TABLE 30. Minimum 7-day flows that could be maintained for selected recurrence intervals with indicated amounts of storage, 1918-52

index
No.

(pi. 10)

Gaging station
Drainage

area 
(sq mi)

Recur­ 
rence

interva 
(yrs)

Allowable draft 1 (mgd per sq mi) for indicated amount of storage (ing per sq mi)

0.5 10 15 20 30 50

74

92

93

104

115

127

132

136

140

149

160

173

182

186

189

206

208

229

Maurice River at Norma, N.J.

Beaver Kill at Cooks Falls, N.Y.

East Branch Delaware River at Fishs Eddy, 
N.Y.

West Branch Delaware River at Hale Eddy, 
N.Y.

Lackawaxen River at Hawley, Pa..__.__. 

Neversink River at Oakland Valley, N.Y_. 

Bush Kill at Shoemakers, Pa... ...........

McMichaels Creek at Stroudsburg, Pa  

Paulins Kill at Blairstown, NJ... ....

Lehigh River at Tannery, Pa.--  

Lehigh River at Bethlehem, Pa__ 

Tohickon Creek near Pipersville, Pa. 

Assunpink Creek at Trenton, N.J... 

Neshaminy Creek at Langhorne, Pa-

North Branch Rancocas Creek at Pemberton,

Schuylkill River at Pottstown, Pa.. 

Perkiomen Creek at Graterford, Pa.

Brandywine Creek at Chadds Ford, Pa-.....

113

241

783

593

29Q

222

117

65.3

126

322

1,279

97.4

9.4

210

111

1,147

279

287

1.356
.292
.263
.229
.168
.111
.0971
.0821
.124
.0834
.0743
.0636
.0894
.0556
.0480
.0409
.0969
.0702
.0624
.0539
.192
.143
.129
.113
.114
.0674
.0514
.0367
.220
.170
.151
.128
.153
.114
.0975
.0805
.223
.157
.124
.0923
.260
.212
.187
.159
.0161
.00902
.00697
.00504
.137
.103
.0896
.0752
.0539
.0339
.0283
.0223
.297
.239
.211
.186
.226
.172
.148
.124
.0711
.0463
.0371
.0287
.259
.187
.158
.131

0.412
.341
.311
.272
.222
.162
.147
.128
.176
.125
.115
.100
.130
.0859
.0789
.0685
.143
.106
.0987
.0865
.243
.192
.169
.152
.162
.104
.0857
.0667
.276
.213
.188
.165
.200
.152
.131
.114
.286
.211
.173
.133
.321
.260
.230
.202
.0455
.0314
.0250
.0218
.188
.114
.125
.112
.0938
.0682
.0595
.0484
.357
.294
.267
.237
.276
.212
.188
.159
.119
.0857
.0706
.0583
.304
.227
.193
.161

0.438
.361
.329
.290
.261
.188
.169
.147
.202
.146
.133
.115
.153
.103
.0929
.0811
.166
.127
.115
.101
.270
.208
.186
.169
.189
.124
.104
.0800
.294
.233
.207
.179
.220
.168
.147
.127
.310
.238
.195
.154
.344
.280
.250
.217
.0600
.0420
.0348
.0298
.213
.163
.150
.132
.113
.0812
.0723
.0611
.392
.322
.295
.260
.301
.231
.206
.173
.143
.104
.0848
.0712
.337
.246
.211
.172

0.469
.388
.355
.309
.299
.217
.199
.173
.237
.174
.155
.138
.185
.125
.112
.0969
.196
.148
.135
.122
.310
.236
.214
.193
.224
.152
.126
.100
.327
.260
.231
.198
.248
.192
.169
.147
.351
.272
.222
.176
.379
.309
.275
.242
.0830
.0592
.0516
.0440
.250
.200
.182
.160
.142
.102
.0917
.0787
.438
.358
.325
.288
.336
.258
.231
.190
.174
.129
.108
.0891
.369
.273
.232
.189

0.500
.411
.375
.330
.325
.241
.221
.195
.266
.192
.174
.56
.209
.144
.128
.111
.219
.163
.151
.137
.340
.251
.235
.211
.252
.171
.144
.117
.355
.281
.247
.216
.269
.210
.188
.163
.383
.292
.241
.193
.408
.329
.293
.258
.103
.0740
.0648
.0557
.286
.227
.206
.180
.165
.118
.106
.0919
.471
.387
.348
.309
.365
.278
.247
.204
.199
.146
.125
.103
.389
.292
.248
.203

0.542
.449
.408
.359
.366
.276
.256
.227
.305
.225
.205
.186
.250
.176
.156
.135
.256
.189
.178
.161
.382
.287
.266
.240
.300
.203
.172
.145
.399
.312
.279
.245
.311
.240
.217
.191
.434
.328
.275
.222
.444
.363
.327
.284
.137
.100
.0878
.0747
.343
.266
.240
.213
.197
.144
.129
.112
.522
.428
.385
.339
.409
.313
.278
.231
.238
.176
.152
.126
.427
.326
.276
.225

0.620
.524
.477
.422
.460
.344
.322
.284
.383
.288
.264
.235
.288
.233
.209
.185
.328
.241
.227
.207
.455
.357
.328
.292
.385
.269
.230
.194
.457
.372
.339
.298
.389

.236

.517

.402

.342

.272

.527

.428

.387

.337

.207

.150

.134

.114

.418

.324

.294

.265

.255

.192

.172

.151

.603

.497

.453

.401

.493

.383

.335

.281

.310

.235

.201

.167

.491

.380

.323

.273

0.686
.578
.526
.470
.535
.402
.373
.331
.449
.341
.313
.279
.391
.284
.255
.229
.386
.289
.268
.247
.529
.409
.377
.337
.462
.324
.278
.234
.513
.423
.384
.341
.445
.337
.307
.270
.589
.460
.392
.318
.590
.479
.432
.377
.261
.196
.174
.149
.473
.373
.342
.306
.297
.231
.210
.185
.663
.552
.502
.449
.553
.433
.377
.321
.368
.278
.241
.205
.549
.423
.361
.309

0.738 
.624 
.570 
.507 
.597 
.455 
.418 
.373 
.507 
.388 
.355 
.317 
.450 
.330 
298 

!270 
.440 
.332 
.304 
.282 
.592 
.452 
.417 
.374 
.524 
.371 
.323 
.270 
.563 
.465 
.418 
.379 
.481 
.374 
.339 
.302 
.650 
.510 
.435 
.358 
.645 
.523 
.468 
.414 
.312 
.238 
.211 
.182 
.518 
.416 
.381 
.339 
.337 
.268 
.243 
.216 
.706 
.596 
.543 
.487 
.603 
.475 
.418 
.359 
.417 
.318 
.277 
.237 
.595 
.463 
.395 
.339

0.826
.699
.636
.562
.711
.544
.500
.448
.610
.471
.432
.386
.548
.415
.375
.337
.536
.407
.371
.346
.703
.538
.491
.446
.630
.455
.396
.333
.648
.541
.487
.441
.565
.438
.400
.360
.758
.596
.508
.423
.737
.598
.538
.481
.403
.312
.278
.242
.601
.491
.449
.393
.413
.333
.301
.271
.787
.674
.620
.555
.683
.553
.491
.419
.500
.390
.342
.294
.673
.527
.456
.387

0.940
.793
.720
.638
.891
.698
.642
.579
.784
.611
.556
.507
.717
.560
.503
.446
.693
.535
.489
.452
.870
.671
.617
.569
.798
.587
.516
.446
.793
.658
.605
.541
.704
.553
.512
.466
.946
.731
.628
.528
.882
.723
.653
.587
.559
.440
.397
.351
.733
.613
.555
.486
.544
.448
.403
.356
.932
.803
.737
.652
.834
.687
.603
.508
.642
.510
.449
.390
.785
.623
.557
.475

1 Allowable draft is unconnected for reservoir seepage and evaporation.
2 Figures in this column are annual minimum 7-day flows; minimum daily and minimum instantaneous flows are usually less.

Base flow tends to decrease in a systematic manner as 
the water in storage is depleted during these periods. 
The rate of recession at a particular rate of flow depends 
on the three items listed in the preceding paragraph. 
Streams draining areas where large storage capacities 
exist in lakes and swamps or in permeable rocks (either 
consolidated or unconsolidated) have large and well- 
sustained base flows, whereas streams in areas where 
storage capacities are small have small base flows that 
recede rapidly.

BASE-FLOW RECESSION CURVES

Graphs showing the recession of base flow with time 
(recession curves) can be developed for most gaging 
stations by combining and averaging from records of 
daily flow many short segments of the recession.

Not all these segments fit an average flow-recession 
curve because some of the factors that affect base flow 
may differ appreciably at a particular rate of flow. For 
example, when surface- or ground-water bodies in one 
part of a drainage basin receive disproportionate 
amounts of recharge, the water or piezometric surfaces
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may be at elevations that are abnormal in relation to 
those in the remainder of the basin. The effects of 
these variations are usually minor.

More important differences commonly are caused by 
seasonal changes in the rate of evapotranspiration from 
ground water. In some basins these changes appar­ 
ently have a negligible effect on streamflow for recession 
follows the same general pattern in all seasons. In 
other basins flow recession is much more rapid during 
the growing season than during the winter when 
evapotranspiration is negligible.

Comparable recession' data can be developed from 
different periods of record. Although recharge to 
storage is greater and more frequent during a period of 
wet years than during a period of dry years, each 
recharge causes the next recession to start at a higher 
point on the same curve; however, such recurring 
recharge does not affect the shape of the curve.

To make flow-recession data comparable, a method is 
needed to relate recession curves to each other. For 
example, the initial points of all curves might be any 
of the following: (1) the mean annual discharges for 
a base period; (2) the'median annual discharges; or (3) 
a constant value of runoff per square mile. The slope 
of the curve at a point corresponding to a low-flow 
parameter, such as the discharge equaled or exceeded 90 
percent of the time, might be the most significant value 
in some applications.

In this study, flow-recession curves were developed 
for 47 gaging stations in and near the Delaware River 
basin; mean annual discharge for 1921-50 was used as 
the initial point. The means were used because they 
were readily available and are higher than medians or 
other parameters that are likely to be used in studies 
involving recession data. Data developed on the basis 
of the mean can be used in any study involving param­ 
eters smaller than the mean.

Both winter and summer curves were defined for 
several stations; for many stations the winter recession 
cannot be defined adequately because of the effects 
of high flow, delayed runoff, recharge from melting snow, 
and subfreezing temperatures. Winter and summer 
curves for a typical small stream in the Catskill Moun­ 
tains, Little Beaver Kill at Livingston Manor, N.Y., 
are shown in the left part of figure 50.

A summary of the summer recession data is given in 
table 31. Some of the means shown in table 31 are 
estimates which are omitted from table 23 because they 
are not considered reliable enough to be included in 
that summary.

RUNOFF FROM NATURAL STORAGE

The volume of runoff from natural storage can be 
computed from the base-flow recession curves. The

\

\

\

. STORAGE. IN INCHES

FiGUKe 50. Summer and winter curves of base-flow recession and runoff from 
natural storage for Little Beaver Kill at Livingston Manor, N.Y.

average discharge for each increment of time multiplied 
by the number of days in the increment equals the 
volume of water. The volume can be expressed in 
inches of runoff, or other convenient unit, and the 
volumes for the increments accumulated to obtain the 
total runoff from the initial time to any selected time 
of discharge.

An example of curves of cumulative runoff from 
natural storage, derived from the corresponding reces­ 
sion curves, is shown in the right side of figure 50. 
Table 31 summarizes the storage data for summer 
conditions at the 47 stations studied.

USES OF BASE-FLOW DATA

Base-flow recession curves provide information for 
forecasting low flows several days or weeks in advance 
during rainless periods. A recession curve for Delaware 
River at Montague, N.J., is used in the Delaware River 
Master's office to help determine the amount of release 
from reservoirs in New York required to maintain 
specified flows in the lower reaches of the river. Reces­ 
sion curves for other streams could be used to forecast 
available water supply when conditions are expected to 
become critical. For example, using the summer 
curve shown in figure 50 and assuming that the daily 
discharge at a specified time is 4.9 cfs, one could 
calculate that the daily discharge 10 days later would 
be about 3.0 cfs provided that precipitation during 
the period is not sufficient to cause either direct runoff 
or ground-water recharge. Summer curves are the 
most useful for this application because most water 
shortages occur in summer and fall.

Separation of direct runoff from base flow can be 
accomplished with the aid of recession curves. This 
separation provides useful information regarding the 
magnitude of the ground-water contribution to stream-
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TABLE 31. Summer base-flow recession and natural storage characteristics for selected gaging stations

Index 
No. 

(pi. 10)

70 
71 
73 
78 
81 
88 
91 
92 
93 
95 

100 
103 
104 
106 
108 
115 
124 
125 
126 
127 
132 
133 
135 
140 
143 
145 
148 
149 
154 
157 
158 
160 
163 
173 
183 
186 
206 
208 
219 
220 
225 
227 
229 
234 
236 
237 
239

Gaging station

Batsto River at Batsto, N.J ___   _ _   __ .
East Branch Wading River at Harrisville, N.J.. .. ...
Great Egg Harbor River at Folsom, N.J.__. _____
East Branch Delaware River at Margaretville, N.Y .....

Beaver Kill at Craigie Clair, N.Y __ .. _. .. . .......

Beaver Kill at Cooks Falls, N.Y... ____ .. .....
East Branch Delaware River at Fishs Eddy, N.Y _ ..
West Branch Delaware River at Delhi, N.Y .. .. ...
Trout Creek at Cannonsville, N.Y... __ __ ......
Oquaga Creek at Deposit, N.Y _ .. __ _ _ .. .
West Branch Delaware River at Hale Eddy, N.Y. ...
Callicoon Creek at Callicoon, N.Y. . __ .. __ . . .
Tenmile River at Tusten, N.Y . .. .. ....... _ . .. .
Lackawaxen River at Hawley, Pa. .. . . _ ___ .
Neversink River at Halls Mills, N.Y.....  .. ... .
Neversink River at Halls Mills, N.Y. _____ . ...

Neversink River at Oakland Valley, N.Y.. ____ __

Flat Brook at Flatbrookville, N.J _ .. .. __ ... . .

Paulins Kill at Blairstown, N.J. __ .. .... . _ .. .
Pequest River at Huntsville, N.J... __ __ ._.. 

Lehigh Riverat Stoddartsville, Pa..- . _   . __ .
Lehigh River at Tannery, Pa. . _ __ .. .. .. ....

Crosswicks Creek at Extonville, N.J. . ... . . .. ...

Ridley Creek at Moylan, Pa.... __ _ . . __ ......

Gravelly Fork near Bridgeville, Del __ __ .. . ...
Choptank River near Greensboro, Md._ . .. ____ ..

Mean discharge

(cfs)

123
83.2 
81.6 

302 
62.0 

203 
45.3 

560 
1,650 

237 
90.6 

117 
1,060 

185 
68.0 

487 
195 
248 
284 
477 
230 
106 
123 
188 
43.3 
51.8 

178 
651 
153 
94.5 

109 
2,240 

31.4 
134 
123 
258 

1,870 
362 
40.2 
75.8 

107 
57.8 

370 
9.94 
6.82 

78.3 
146

(cfsm)

1.75 
1.30 
1.45 
1.85 
1.88 
2.48 
2.29 
2.32 
2.11 
1.67 
1.83 
1.78 
1.78 
1.67 
1.51 
1.68 
2.87 
2.70 
2.51 
2.15 
1.97 
1.63 
1.89 
1.49 
1.38 
1.43 
1.94 
2.02 
2.00 
1.17 
1.44 
1.75 
1.18 
1.38 
1.47 
1.23 
1.63 
1.30 
1.26 
1.24 
1.22 
1.23 
1.29 
1.08 
1.24 
1.04 
1.29

Percentage of mean annual discharge 
that occurs after the indicated number 
of days of recession

5

89 
86 
87 
58 

.58 
74 
62 
62 
56 
55 
50 
48 
56 
49 
53 
66 
64 
65 
67 
71 
73 
75 
78 
76 
79 
77 
65 
66 
69 
94 
65 
75 
83 
58 
79 
65 
76 
55 
84 
90 
84 
84 
86 
85 
85 
87 
77

15

70 
68 
66 
24 
20 
41 
27 
30 
22 
21 
18 
14 
24 
18 
21 
32 
30 
34 
35 
43 
40 
45 
50 
45 
47 
47 
36 
33 
34 
84 
30 
46 
59 
19 
54 
31 
47 
20 
61 
72 
60 
59 
66 
61 
60 
66 
49

30

50 
49 
45 
8.3 
6.4 

18 
11 
14 
8.6 
8.4 
6.7 
3.6 
9.4 
7.1 
8.4 

13 
13 
17 
17 
21 
19 
24 
30 
26 
24 
24 
19 
15 
16 
71 
11 
27 
38 
3.7 

35 
14 
26 
6.9 

39 
53 
39 
36 
45 
39 
38 
47 
26

60

28 
28 
24 
1.9 
1.6 
6.2 
3.3

2.5 
3.0

2.5

6.8

8.0 
5.6 

11 
14 
12 
8.1 
9.1

6.6

53

12

21 
4.6 
9.7

13
29 
20 
18 
24 
17 
15 
26 
8.6

90

4.3 
2.0

6.9 
4.1 
4.3

16 
12

~"l5~"

6.6 
15 
3.3

Runoff from natural storage at number 
of days indicated (inches)

5

0.31 
.23 
.25 
.27 
.28 
.40 
.34 
.35 
.31 
.24 
.24 
.21 
.26 
.22 
.21 
.26 
.44 
.41 
.39 
.34 
.32 
.27 
.31 
.24 
.23 
.24 
.31 
.31 
.31 
.21 
.22 
.29 
.20 
.20 
.24 
.19 
.27 
.19 
.22 
.22 
.21 
.21 
.22 
.18 
.21 
.18 
.21

15

0.82 
.60 
.66 
.54 
.53 
.92 
.70 
.74 
.58 
.47 
.45 
.42 
.50 
.41 
.41 
.57 
.92 
.89 
.85 
.79 
.72 
.63 
.75 
.57 
.54 
.56 
.65 
.67 
.68 
.59 
.47 
.67 
.51 
.39 
.60 
.40 
.63 
.36 
.55 
.59 
.54 
.53 
.58 
.48 
.55 
.48 
.51

30

1.41 
1.02 
1.11 
.69 
.66 

1.30 
.92 

1.01 
.75 
.59 
.57 
.49 
.65 
.52 
.52 
.77 

1.23 
1.25 
1.19 
1.16 
1.02 
.93 

1.17 
.86 
.81 
.84 
.93 
.92 
.94 

1.09 
.62 

1.02
.82 
.46 
.96 
.54 
.95 
.45 
.91 

1.03 
.88 
.86 
.99 
.78 
.88 
.80 
.77

60

2.14 
1.55 
1.65 
.77 
.73 

1.60 
1.08

.86 

.68

.89

1.58

1.47 
1.25 
1.22 
1.60 
1.16 
1.03 
1.08

1.12

1.90

1.36

1.40 
.66 

1.24

1.28 
1.58 
1.22 
1.23 
1.47 
1.10 
1.23 
1.21 
1.00

90

1.61 
1.33

1.31 
1.12 
1.18

1.88 
1.47

1.75

1.38 
1.43 
1.08

flow and is a necessary step in preparation of unit 
hydrographs for studies of floods and other hydrologic 
phenomena. As a part of the present study the total 
base flow at two gaging stations was determined for a 
5-year period (1928-32) that included both wet and 
dry years. On Perkiomen Creek at Graterford, Pa., a 
relatively flashy stream in the Triassic Lowland section 
of the Piedmont province, about 42 percent of the total 
runoff was base flow. On Brandywine Creek at Chadds 
Ford, Pa., a stream in the Piedmont Upland with well- 
sustained fair-weather flow, about 67 percent of the 
total was base flow.

Recession and storage data may be sources for deri­ 
vation of useful parameters for comparing low-flow 
characteristics of streams. Such comparisons are 
important not only in water-supply studies, but also 
in investigations of the effects of various factors, such 
as vegetative cover, methods of cultivation or land 
use, topography, precipitation characteristics, and the 
geologic environment. Duration characteristics and 
low-flow frequencies are satisfactory for many purposes, 
but most of these parameters are affected to varying 
extents by direct runoff. The rare extremes of low flow

may be independent of direct runoff but may be exces­ 
sively affected by purely local channel characteristics 
or by unusual weather phenomena. The shapes of 
recession (and storage) curves are independent of 
precipitation characteristics and winter curves for the 
northern part of the Nation are practically free of the 
effects of evapotranspiration from ground water. 
Research will be required to determine which param­ 
eters are best suited to some purposes.

Examination of the duration data, the low-flow 
frequencies, or the recession and storage data presented 
in this report shows very clearly that the geologic 
environment is the dominant factor affecting varia­ 
tions in streamflow characteristics. The geologic 
environment includes such items as topography and 
soil types but not land-management practices. Land- 
management conservation practices may cause very 
desirable improvements in stream regimen if for 
example, the base flow is increased. Such effects, 
however, are completely overshadowed by those of the 
geologic environment in an area as large and diverse 
as the Delaware River basin.

713-196 O 64
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An outstanding example of the effects of geologic 
characteristics on stream regimen is provided by stream- 
flow records for two adjacent drainage areas of similar 
size in the Great Valley near Allentown, Pa. Little 
Lehigh Creek (station 157) drains an area of 80.8 
square miles, about 60 percent of which is underlain by 
permeable carbonate rocks. Jordan Creek (station 
158) drains 75.8 square miles of predominantly shale and 
slate terrane having considerably greater relief than 
Little Lehigh Creek basin. The base-flow recession 
curves and cumulative runoff from natural storage for 
these two stations are shown in figure 51. Little or no 
seasonal change in the recession characteristics of 
Little Lehigh Creek is apparent, but distinct curves 
for summer and winter are defined for Jordan Creek. 
The winter curve is shown in figure 51 so that most of 
the difference indicated may be attributed to the 
geologic environments. Differences of this magnitude, 
or even greater, are common in such different regions 
as the Catskill Mountains and the Coastal Plain but 
are rather uncommon for areas adjacent to them.

The average annual discharge as well as the base 
flow is affected by the environment. Both basins 
receive the same average annual precipitation (43 
inches), but Jordan Creek has an average discharge of 
1.44 cfsm (cubic feet per square mile) and Little 
Lehigh has an average of only 1.17 cfsm. Part of the 
difference may be due to underground outflow in the 
carbonate rocks of Little Lehigh Creek basin, and part 
to greater evapotranspiration there. In spite of this 
difference in average discharge, after 30 days of winter

recession, the discharge per square mile for Little 
Lehigh Creek is more than 2.2 times as great as that of 
Jordan Creek (0.83 cfs and 0.37 cfs, respectively).

Drastic changes in stream regimen result from re­ 
moval of large quantities of ground water from a basin 
without return of at least a major portion to the basin's 
aquifers or streams. Tennent Brook near Browntown, 
N.J., is an outstanding example of this condition. 
Pumping from the aquifers in the basin without return 
of water to the same basin has reduced the total runoff 
to about half that from adjacent basins and reduced 
the dry-weather flow to zero (table 23). Similar situa­ 
tions may arise in much larger areas as large-scale 
ground-water development proceeds.

RUNOFF FROM SMALL DRAINAGE AREAS

About 70 percent of the total perennial stream length 
in the northeastern United States consists of streams 
having drainage areas of less than 8 square miles. The 
importance of runoff from these small areas is easily 
overlooked because any single project involving such 
an area is insignificant in comparison with larger proj­ 
ects. It is estimated that 50 percent of the total 
expenditures for highway bridges and culverts is for 
crossings of streams having drainage areas of less than 
10 square miles. Large numbers of small water sup­ 
plies depend on runoff from such areas, and design of 
storm drainage systems has been almost entirely em­ 
pirical because of lack of information on runoff rates. 
Evaluation of the effects of land-management practices 
depend largely on runoff data from affected areas.

10 20 30 40 50 60 
RECESSION TIME, IN DAYS

70 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 
RUNOFF FROM NATURAL STORAGE, IN INCHES

2.0 2.2

FIGURE 51. Comparison of base-flow recession and natural-storage characteristics for two adjacent streams in different geologic environments.
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The Federal-State stream-gaging network quite nat­ 
urally developed first on the larger streams. As time 
progressed smaller streams have been included in the 
network as needs became apparent and funds became 
available. Of the 240 stations listed on the bar graph 
(pi. 23), about 18 percent have drainage areas of less 
than 25 square miles, but only about 9 percent have 
areas of less than 10 square miles.

The paucity of hydrologic information on these small 
areas is the single greatest deficiency in streamflow 
data. Data obtained for one small area can seldom be 
used for .other small areas unless they are very close 
together and very similar in all the critical character­ 
istics.

The number of these small basins in the region is so 
large that it is not practical to attain even 10 percent 
coverage with long-term gaging stations. However, 
information from long-term records may be supple­ 
mented by information from short-term and partial- 
record stations.

Seven years of record is usually enough to establish 
a relation between the short record on one area and a 
long one on a similar, nearby area. The long-term av­ 
erage runoff and duration characteristics for the short- 
term station can be estimated from this relation and the 
long-term record.

Interest in runoff from small areas centers mainly 
in peak flows and low flows; consequently for many of 
these areas partial records may be sufficient. A par- 
ital record is obtained by the systematic collection of 
information on peak flows; daily discharge for periods 
of low flows; or discharge measurements made during 
periods of base flow. To obtain the most information 
from the data available, flood-peak data should be 
incorporated in a regional flood-frequency analysis, 
and low-flow data should be correlated with long-term 
records. For example, from the correlation of low- 
flow data it is possible to obtain the low end of the 
duration curve and low-flow frequency curves.

Programs based on these methods are progressing 
rapidly in some parts of the nation. Miscellaneous 
measurements of low flow have been obtained in the 
Delaware River basin for many years but coordinated 
programs of the type described above have either just 
recently been started or are now only in formative 
stages.

QUALITY OP SURFACE WATER

CHEMICAL QUALITY

In assessing a potential water supply, the quality of 
the water available may be as important, or even more 
important, than the quantity a river full of salt water 
is of no use for a city's municipal supply. The quality 
determines the usefulness of the water for particular

purposes. For example, water used for cooling need not 
be of high quality, though preferably it should be 
neither excessively corrosive nor encrusting; but water 
used in some of the food industries must satisfy speci­ 
fications more exacting than those for drinking water. 
Water used in making high-grade paper must be soft, 
low in iron and manganese content, and low in sus­ 
pended matter. Hard water is not suitable for launder­ 
ing, tanning, textile bleaching, or soap manufacture; 
water high in iron content causes stains on fixtures and 
laundry. Water of poor quality sometimes may be 
treated to improve its quality, but always at an increase 
in cost. For example, hard water may be softened to 
make it suitable for laundering.

This report will not be concerned with sanitary 
quality of water, which lies in the field of public health 
agencies, although such measures of quality as bacterial 
content are of interest to those who wish to use the 
water for drinking or food processing. Quality will 
be discussed here in terms of the concentrations of 
dissolved materials or with respect to hardness, acidity, 
temperature, color, turbidity, and concentration of 
suspended sediment.

As rainwater runs over or percolates through the 
ground to the streams, it dissolves mineral matter. 
The character and concentration of the dissolved 
solids depend upon: (1) the kind of rock or soil with 
which the water comes in contact; (2) the water and 
rock temperatures; and (3) the length of time the 
water remains in contact with the solid material. 
Dissolved solids in surface water may also arise from 
industrial or municipal wastes, or contamination of 
fresh water by sea water. Evaporation of water in­ 
creases the concentration of the dissolved solids but 
does not change their composition, unless evaporation 
is so extreme as to cause loss of gaseous constituents 
or precipitation of some of the dissolved material.

DISSOLVED SOLIDS AND ELECTRICAL CONDUCTIVITY

The concentration of dissolved solids is determined 
by weighing the residue after evaporation of the water. 
This residue is chiefly dissolved mineral matter, but 
it may also contain bound water and some organic 
matter. Pure water is a poor conductor of electricity 
but dissolved minerals increase its electrical conduc­ 
tivity roughly in proportion to their concentrations. 
Thus electrical conductivity, which is expressed quanti­ 
tatively as specific conductance in micromhos per 
centimeter at 25° C, is a measure of the concentration 
of dissolved solids. Because the determination of the 
concentration of dissolved solids by evaporation requires 
larger samples, takes more time, and is more expensive 
than the measurement of specific conductance, the 
dissolved-solids concentration is sometimes estimated
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from the specific conductance where a suitable empirical 
relation has been determined. Several such relations 
are given in table 32.

These relations were used in this report to estimate 
the daily concentrations of dissolved solids from which, 
for example, the duration curves (fig. 56) were con­ 
structed or from which the loads of dissolved solids in 
table 33 were calculated.

TABLE 32. Equations for the estimation of the dissolved-solids 
concentration from the measured specific conductance

[S=dissolved-solids concentration, in parts per million. J£"=speciflc conductance, 
micromhos, at 25° C]

Index 
No. 

(Pi. 10)

147
156
181 
203
206
212

Gaging station

Delaware River at Trenton, NJ. (Morrisville, Pa) __

Schuylkill River at Belmont Filters, Philadelphia, Pa._

Equation

S-0.518.K+12.0
S=0.625.K+2.5
S= 0.574^+5.4 
8=0.820^-51
S-0.678.K+0
S=0.644.K+1

CONCENTRATION OF DISSOLVED SOLIDS AND STREAMFLOW

The concentration of dissolved solids in stream water 
varies with the streamflow. When discharge increases, 
concentration of dissolved solids is likely to decrease; 
during a time when the discharge is low, the concen­ 
tration of dissolved solids is likely to increase. Figure 
52 shows this probability to be true for the Delaware 
River at Easton, Pa., and for the Schuylkill River at 
Berne, Pa. The Delaware River flows through a moun­ 
tainous, glaciated area that has many lakes and ponds. 
Upstream from Delaware Water Gap it traverses 
shale, sandstone, and glacial drift, and from the Dela­ 
ware Water Gap to Easton, shale and limestone. The 
Schuylkill River above Berne drains a mountainous 
region containing anthracite coal. Its drainage area is 
but one-thirteenth that of the Delaware River above 
Easton and its rate of fall per mile is somewhat greater. 
The water of the upper Schuylkill River is acid, owing 
to coal-mine drainage, and has a much higher concen­ 
tration of dissolved solids than the water of the Dela­ 
ware River. Figure 52 indicates that doubling the daily 
discharge at Berne results in a 20-25 percent reduction 
in the concentration of dissolved solids, but that a 
similar change in discharge at Easton has only half this 
effect.

It is evident from the scatter of the points plotted in 
figure 52 that there is no precise relationship between 
streamflow and concentration of dissolved solids, only 
that the concentration is greater at lower flows. At 
low discharge a greater proportion of the streamflow 
consists of the more highly mineralized ground water or 
mine drainage; at higher flows the more dilute direct 
runoff forms a greater proportion of the total stream- 
flow. The composition of the ground water varies in

different parts of the basin, and so does the composition 
of direct runoff. A specified discharge will not always 
consist of the same proportions of water from each of 
the sub-basins and so does not always have the same 
concentration of dissolved solids. This variation ex­ 
plains, in part, the scatter of plotted points in figure 52. 
Actually, the scatter of daily conductances is probably 
greater than shown, because the points plotted were 
selected to represent what were believed to be periods 
of nearly constant conductance.

RANGE OF DISSOLVED-SOLIDS CONCENTRATION AND HARDNESS

The quality of stream water varies from stream to 
stream, from location to location on the same stream, 
and from time to time at any specified location. More 
than an occasional analysis is required to indicate the 
quality of water of a stream, or of any given place on 
the stream. Water samples were taken daily at the six 
locations listed in table 32. Water temperature and 
specific conductance were determined for each sample. 
These daily samples were composited usually in groups 
of 10 to give 3 composite samples for each month. 
The composite samples were then analyzed in some 
detail. The analyses at these stations cover periods 
from 4 to years, between October 1944 and September 
1956. The dissolved-solids concentrations at these 
six locations are compared in figure 53. The range of 
dissolved-solids concentration for the central four-fifths 
of the daily samples is shown by the length and position 
of the vertical bar, the median concentration by the 
position of the short horizontal bar. Ten percent of 
the concentrations exceed and 10 percent are less than 
the concentrations indicated by the vertical bar.

Hardness as CaCO in parts per million is similarly 
plotted in the lower part of figure 53. Hard water 
requires more soap to produce lather and, among other 
things, forms scale in boilers. Hardness is caused by 
the presence of calcium, magnesium, aluminum, iron, 
manganese, or acid. The water of the Schuylkill River 
at Berne is hard, and for most uses requires softening. 
It also has the highest concentration of dissolved solids. 
The Schuylkill River rises in the anthracite coal-mining 
region of Pennsylvania. Coal is associated with iron 
sulfide, which is exposed when the coal is mined. 
Water, saturated with air, converts the iron sulfide to 
iron sulfate and sulfuric acid. This acid water dissolves 
the rock material more readily than would neutral or 
slightly alkaline water. The acidity also contributes 
to the hardness. As the water moves downstream, it 
is neutralized and diluted with water of lower mineral 
content, at Pottstown and Philadelphia the Schuylkill 
River water is still hard, but is less so than at Berne 
and has a lower dissolved-solids concentration. In 
contrast, the water of the Delaware River at Easton is
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FIGURE 52. Variation of conductance and concentration of dissolved solids with discharge at two stations.

soft and is low in dissolved solids. The waters of the 
Lehigh River at Catasauqua and of the Delaware River 
at Trenton are somewhat higher in dissolved solids 
and are harder than the water of the Delaware River 
at Easton, although each of these three waters are either 
soft or only moderately hard.

QUANTITIES OF DISSOLVED MATERIALS (LOADS)

Streamflow, even sparkling clear water, may carry 
many tons of dissolved material in a comperatively 
short time. The load, in tons per month, may be

calculated from the concentration of dissolved solids 
and the daily stream discharge. The monthly loads for 
eight parts of the basin, and the loads for the 1948, 1949, 
1950, and 1951 water years are given in table 33. Some 
of these regions overlap; for example, the load of the 
Delaware River at Trenton includes the dissolved 
material in the water of the Lehigh River at Catasauqua 
and of the Delaware River at Easton; the load of the 
Schuylkill River at Philadelphia is the sum of the loads 
calculated for the three segments of the Schuylkill 
River drainage basin. The total of the measured loads
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ae Delaware River at Trenton and the Schuylkill 
sr at Philadelphia represents but 68 percent of the 
I drainage area of the Delaware River and Bay. 
Kese 4 years of record are typical with respect to 
atity of runoff, and represent a moderate range in 
)ff. At Trenton the monthly runoff ranged from 
o 288 percent of the 30-year average and the annual 
)ff ranged from 93 to 125 percent. The loads of 
alved solids in the 1951 water year were roughly 
third larger than the smallest annual load in these 
ars, no doubt because of the greater annual runoff 
951. Schuylkill River at Philadelphia drains only 
>ercent as much area as the Delaware River at 
iton and has an average annual discharge of 24 
ent as much; nevertheless, the annual load of 
jived solids carried by the Schuylkill River is 60 
ent as great as that carried by the Delaware River, 
tie monthly loads of dissolved solids are plotted in 
re 54. In general the smaller loads are carried in 
ust, September, and October, the larger loads in 
nary, February, March, and April. Two-thirds of 
annual load of dissolved material is carried by the 
ams in the 6 months from December to May be- 
56 of the greater total discharge in those months and 
jite of the lower concentration, 
he preceding data are summarized in table 34 which 
ws the average annual load of dissolved solids carried 
streams and the load in tons per square mile of 
mage area for the eight areas listed in table 33. The

E DELAWARE RIVER BASIN

TABLE 33.   Monthly and annual loads of dissolved solids for 
selected drainage areas

[Data in thousand tons]

Date

1947 
Oct _     

1948 
Jan. . ------
Feb.     

July..   -
Aug __     .

Total, wa­ 
ter year 
1948    

1948 
Oct _  .   

1949

Feb.      

July -  

Sept.-.    

Total, wa­ 
ter year 
1949   

1949

1950

Feb.      

July      

Sept --------

Total, wa­ 
ter year 
1950  -

1950

1951

Feb.     

July      

Sept--     .

Total, wa­ 
ter year 
1951   

«
-wPH
a . 
t, «

If

 &!i5
6.7 

14.5 
8.9

6.8 
11.7 
19.0 
18.8 
19.2 
10.7 
9.1 

10.8 
7.0

143.2

6.4 
9.3 

16.6

24.9 
14.0 
11.2 
14.1 
12.7 
6.4 
7.0 
6.3 
5.9

134.8

5.1 
5.4 
9.5

11.5 
12.9 
18.0 
11.7 
11.9 
9.2 
8.5 
5.8 
6.1

115.6

6.1 
19.4 
25.6

17.5 
20.2 
17.1 
17.4 
10.1 
8.5 

13.4 
11.1 
6.6

173.0

"3 
t-i<D 
£«
tfpn 

S-^
t> VIa a is
P

10.7 
41.3
25.5

19.3 
32.2 
98.8 
69.5 
57.6 
35.7 
23.5 
15.9 
9.8

439.8

9.8 
19.6 
39.1

84.5 
49.3 
39.1 
41.5 
45.8 
17.4 
11.9 
8.4 
7.9

374.3

8.8 
15.1 
34.0

41.7 
35.1 
68.1 
69.5 
43.1 
37.7 
26.2 
17.6 
15.5

412.4

10.5 
40.6 
69.0

57.0 
67.4 
71.7 
81.8 
27.7 
23.8 
25.8 
24.3 
14.9

514.5

*J
Q5 1 9 *.
><r£

fji
5 H 5l»

31.5
85.8 
54.5

47.5 
70.0 

152.9 
124.5 
120.6 
81.6 
55.0 
49.0 
32.5

905.4

31.7 
46.6 
80.3

159.5 
107.6 
86.2 
85.4 
84.1 
38.9 
34.9 
27.0 
27.0

809.2

25.7 
32.3
58.7

67.2 
73.7 

113.2 
97.4 
75.7 
66.7 
53.4 
37.3 
35.9

737.2

29.1 
82.8 

127.4

98.8 
128.9 
118.6 
129.4 
59.5 
55.1 
63.5 
59.1 
37.2

989.4

"§
t-i
1 
PS os
53 (^

|s
D <£ §«

03

22.7 
25.4 
29.0 
16.1 
12.6 
12.0 
8.6

1240

8.1 
14.6 
30.0

28.8 
18.4 
14.2 
16.5 
15.9 
10.0 
9.2 
8.1 
9.3

183.1

9.0 
9.8 

15.3

18.3 
20.0 
23.6 
23.4 
18.1 
17.3 
21.3 
11.9 
10.2

198.2

10.6 
26.4 
51.3

27.2 
34.5 
30.4 
27.1 
17.5 
15.2 
18.3 
19.6 
13.8

291.9

a 
£

cl
11 «PH 
33
£j <c
£*» £ .
3 o> a 
|«*

23.3 
23.2 
26.8 
18.3 
10.2 
15.5 
9.3

1145

8.5 
12.9 
5.4

31.5 
21.5 
14.8 
18.3 
12.9 
7.5 
8.8 
4.0 
3.5

149.6

3.6 
3.7 
8.5

10.8 
21.6 
19.4 
11.9 
14.9 
11.9 
7.9 
4.8 
8.3

127.3

7.1 
21.9 
23.6

15.3 
24.1 
18.6 
17.3 
8.0 
8.5 
9.2 
3.9 
6.6

164.1

a 
C PH£°«
S §£

g|i
>lsaa o.a

 gPWPH 
02

12.4 
6.8

10.3 
16.6 
17.5 
14.2 
23.8 
11.8 
7.0 
7.5 
4.1

U37

4.1 
5.1 

28.9

26.4 
22.5 
14.6 
13.5 
8.4 
3.3 
7.0 
4.6 
3.8

142.2

3.9 
3.0 

11.4

6.7 
21.1 
23.6 
8.0 

11.4 
6.2 
4.4 
9.0 
5.7

114.4

4.7 
25.2 
13.8

21.3
21.7 
16.8 
15.7 
7.6 
8.0 
6.0 
5.6 
2.1

148.5

"S «
Sew
a> .
t> 03
S35_a 
21 
11
 §PH 
CO

53.5 
28.5

32.0 
48.7 
63.5 
62.8 
79.6 
46.2 
29.8 
35.0 
22.0

i 522. 2

20.7 
32.6 
64.3

86.7 
62.4 
43.6 
48.3 
37.2 
20.8 
25.0 
16.7 
16.6

474.9

16.5 
16.5 
35.2

35.8 
62.7 
66.6 
43.3 
44.4 
35.4 
33.6 
25.7 
24.2

439.9

22.4 
73.5
88.7

63.8 
80.3 
65.8 
60.1 
33.1 
31.7 
33.5 
29.1 
22.5

604.5

Delaware River at 
Trenton, N.J., plus Schuylkill River at 

Philadelphia ,Pa.

139.3 
83.0

79.5 
118.7 
216.4 
187.3 
200.2 
127.8 
84.8 
84.0 
54.5

1 1, 427. 6

52.4 
79.2 

144.6

246.2 
170.0 
129.8 
133.7 
121.3 
59.7 
59.9 
43.7 
43.6

1, 284. 1

42.2 
48.8 
93.9

103.0 
136.4 
179.8 
140.7 
120.1 
102.1 
87.0 
63.0 
60.1

1, 177. 1

51.5 
156.3 
216.1

162.6 
209.2 
184.4 
189.5 
92.6 
86.8 
97.0 
88.2 
59.7

1, 593. 9

i Loads for periods of no record estimated.

totals in tables 33 and 34 are given exactly for the benefit 
of those making detailed computations, but they are 
accurate to no more than three significant figures.
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FIGURE 54. Monthly loads of dissolved solids at selected stations.

From the area above the gaging stations on the Dela­ 
ware River at Trenton, N.J., and the Schuylkill River 
at Philadelphia, Pa., which comprises 68 percent of the 
total Delaware River basin, there is dissolved an average 
of nearly 1.4 million tons per year. Nearly two-thirds 
of this is carried by the Delaware River, the remainder 
by the Schuylkill River. In this part of the basin an 
average of 158 tons of minerals is dissolved annually for 
each square mile.

Data graphed in figure 54 may also be expressed thus: 
The dissolved solids load for 68 percent of the basin is 
1.4 million tons. If this percentage of yield holds for 
the entire basin, the annual load is about 2 million tons. 
The load carried by the rivers, if transported by train,

would require 1667 trains of 60 freight cars each, or one 
train every 5 hours and 12 minutes throughout the year. 

In the Delaware River above Easton the concentra­ 
tions of dissolved solids are low and the quantity dis­ 
solved per square mile is less than 60 percent of the 
average for the basin. The load per square mile is 
greater in the Lehigh River basin and in the Delaware 
River basin between Easton and Trenton. The great­ 
est load per square mile, four times the average, is in 
the headwaters of the Schuylkill River. Here, in 20 
percent of the Schuylkill River basin, originates almost 
half of the total load of dissolved solids for the Schuyl­ 
kill River.

TABLE 34. Average annual loads of dissolved solids carried by 
streams from specified areas

[Accurate to no more than three significant figures]

Location

Lehigh River at Catasauqua, Pa.. . 
Delaware River at Easton, Pa..... 
Delaware River at Trenton, N.J   
Schuylkill River at Berne, Pa. .... 
Schuylkill River from Berne to

Schuylkill River from Pottstown 
to Philadelphia, Pa... -.--.-.--..

Schuylkill River at Philadelphia, 
Pa...............................

Sum of Delaware River at Trenton, 
N.J., and Schuylkill River at 
Philadelphia, Pa  ..............

Drainage 
area 

(sq mi)

1,012 
4,717 
6,780 

355

792 

746 

1,893

8,673

4-year total, 
Oct. 1947- 
Sept. 1951 

(tons)

566,600 
1, 741, 000 
3, 441, 200 

1 913, 000

1 586, 000 

2 542, 200 

2 2, 041, 500

5, 482, 700

Average annual load

Tons

141, 600 
435, 200 
860,300 
228, 000

146, 000 

135,600 

510, 400

1,370,700

Tons per 
sqmi

140 
92 

127 
644

184 

182 

270

158

1 Load estimated for 5 months. 
1 Load estimated for 1 month.

The relation of monthly load of dissolved solids to 
monthly streamflow for Delaware River at Trenton, 
N.J., is shown in figure 55.

0 100 200 son 400 500 BOO 700 800 900 1000 MOO 1200 
MONTHLY MEAN DISCHARGE, IN THOUSAND CUBIC FEET PER SECOND

FIGURE 55. Variation of dissolved-solids load with discharge, Delaware River at 
Tnenton, N.J., 1949-51.
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curves for the Lehigh River at Catasauqua and the 
Delaware River at Easton and Trenton are shown on 
figure 56. The corresponding curves on a different 
scale are shown for the Schuylkill River at Berne, 
Potts town, and Philadelphia. The duration curve for 
the Lehigh River at Catasauqua also is plotted at this 
scale for comparison. The greater the variation in the 
concentration, the steeper is the slope of the duration 
curve. The concentration of dissolved solids obviously 
varied more widely in the Schuylkill River at Berne 
than at any of the other five locations, probably 
because of a steady inflow of acid mine drainage diluted 
by varying quantities of overland drainage from pre­ 
cipitation. The water of the Delaware River at Easton 
shows the least variation in concentration of dissolved 
solids, as well as the least concentration.

These duration curves are an interpretation of a 
short record of the past. They tell us, for example, 
that the dissolved-solids concentration of Schuylkill 
River water equaled or exceeded 300 ppm 76 percent 
of the time at Berne (1948-52 water years), 26 percent

of the time at Pottstown (1945-51 water years), and 
11 percent of the time at Philadelphia (1946-56 water 
years). One cannot say with certainty that these 
same statements can be made for any other years. 
The duration curves can be used to make reasonable 
estimates of conditions in the future, provided the 
controlling conditions are the same as those in the 
years in which the records were obtained. Excessively 
dry or wet years, or radical changes in land use or 
industrial development might, however, change the 
position or shape of the duration curve. Even for 
the years plotted there is variation from year to year. 

The extent of this variation is shown on figure 57 for 
the Schuylkill River at Berne and for the Delaware 
River at Trenton. Here are plotted duration curves 
of specific conductance (which is proportional to dis­ 
solved-solids concentration). Duration curves for each 
of the 4 years at Berne and each of the 12 years at 
Trenton lie within the shaded areas. At Berne the 
average difference between the curve for any 1 year
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PERCENT OF TIME CONCENTRATION EQUALED OR EXCEEDED THAT SHOWN

FIGURE 57. Range in position of duration curves of dissolved-solids concentration for two stations.
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and the mean curve is about 5 percent of the conduct­ 
ance; at Trenton it is about 15 percent.

SEASONAL VARIATION IN CONCENTRATION OF DISSOLVED SOLIDS

Seasonal changes occur in the concentration of dis­ 
solved solids because of seasonal influences on the 
distribution of precipitation and runoff. Water that 
soaks deeply into the ground remains in contact with 
the soil or rock for days or months and during this time 
dissolves more mineral matter than overland flow that 
runs off quickly. Much of the water that enters the 
soil percolates to the water table and eventually is 
discharged into the streams. In the late summer, 
especially in a dry season, streams are fed largely by 
ground water, and at such a time the concentration of 
dissolved solids is highest. The water of spring 
freshets usually has a low concentration of dissolved 
solids because much of the runoff is snowmelt that has 
not penetrated the ground. Frozen or saturated soils 
sometimes decrease the opportunity for infiltration and 
cause a relatively large direct runoff in winter. Con­ 
sequently, in the Delaware River basin above Phila­ 
delphia, the stream water has a dissolved-solids con­ 
centration generally above average in the late summer 
and early fall (July to October) and lower than average 
in the winter and early spring (December to May).

JAN FEB MAR APR MAY JUNE JUL AUG SEPT OCT NOV DEC

FIGUEE 58. Average monthly conductance, Delaware River at Trenton, NJ. 
(October 1944 to September 1956), and Schuylkill River at Berne, Pa. (March 1948 
to September 1952).

Low river-water hardness in winter and high river- 
water hardness in summer is shown clearly on figure 58 
by the specific conductance of the Delaware River at 
Trenton and the Schuylkill River at Berne. At 
Trenton, in March and April, the water has only 75 
percent of its average conductance. The conductance

then rises until, in August, September, and October, 
it is greater than 125 percent of the average. Seasonal 
change in hardness is also characteristic of the seasonal 
change in conductance of the water of the Delaware 
River at Easton, the Lehigh River at Catasauqua, 
and the Schuylkill River at Pottstown and Philadelphia. 
The Schuylkill River at Berne, however, varies in a 
slightly different manner (as shown by the dashed line 
in figure 58). At Berne the specific conductance is 
approximately 70 percent of the average in January to 
April and then in October increases to a maximum of 
greater than 140 percent of the average. The variation 
in conductance (and dissolved-solids concentration) is 
somewhat greater at Berne than at the other five loca­ 
tions, as has already been shown in figure 56.

For each of these six locations the monthly variation 
in dissolved-solids concentration is shown in figure 59. 
Note that in this plate a more compressed scale has 
been used for the three Schuylkill River stations (right 
side of illustration) than for the Lehigh and Delaware 
River stations.

COMPOSITION OF DISSOLVED SOLUS

In additon to the concentration of dissolved solids, 
the composition of the dissolved material is important. 
The concentration of dissolved solids in water of the 
Delaware River at Trenton is nearly 50 percent greater 
than at Easton, but the dissolved solids have sub­ 
stantially the same typical composition 28 percent 
calcium, 15 percent magnesium, 7 percent sodium plus 
potassium, 26 percent bicarbonate, 17 percent sulfate, 
and 7 percent chloride plus nitrate when calculated as 
equivalents. The dissolved solids in the Lehigh River 
water are similar in composition except that, owing to 
mine drainage entering the Lehigh River by way of 
some of its tributaries, there is more sulfate and less 
bicarbonate. Some of the tributaries are acid from 
mine drainage, although the Lehigh River at Cata­ 
sauqua is not. These facts are shown graphically in 
figure 60 in which the chemical compositon of the water 
at the six locations listed in table 32 is given by bar 
charts. The relative hardness and mineral content of 
the typical water at these six locations are also shown.

The water of the Schuylkill River is more mineralized 
and harder than the water of the Lehigh River or of the 
nontidal part of the Delaware River. The water at 
Berne is a calcium and magnesium sulfate water and is 
acid owing to mine drainage. Typically its dissolved 
solids have the composition: 20 percent calcium, 20 
percent magnesum, 5 percent sodum and potassium, 
5 percent hydrogen ion (acid), 49 percent sulfate, and 1 
percent chloride plus nitrate, expressed as equivalents.
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FIGURE 60. Typical chemical character of water at six stations.

The dissolved minerals are therefore chiefly calcium and 
magnesium sulfates plus sulfuric acid. As the Schuyl- 
kill River flows downstream it mixes with Maiden 
Creek, Tulpehocken Creek, and other tributaries which 
flow through limestone regions in the Great Valley 
(pi. 1). These tributaries are alkaline, and neutralize 
the acid water of the Schuylkill River. Consequently 
at Pottstown the water is no longer acid, contains 
bicarbonate as well as sulfate, and has a lower concen­ 
tration of dissolved solids than it had in the headwaters 
above Berne. At Pottstown and Philadelphia the 
dissolved solids usually are composed of 26 percent 
calcium, 17 percent magnesium, and 7 percent sodium 
plus potassium, on an equivalent basis. The percent­ 
ages of bicarbonate and of chloride plus nitrate increase. 
The increase of the latter may be due to pollution in the

more populated and industrialized downstream reaches 
of the stream, as well as to tributary or ground-water 
inflow.

The cumulative concentrations of the mineral con­ 
stituents of the Schuylkill River water are shown on 
figure 61. The river water decreases in mineral content 
more sharply between Berne and Pottstown than 
between Pottstown and Philadelphia. This sharp 
change in mineralization means that the inflow above 
Berne is more mineralized than that downstream. A 
given volume of water dissolves more minerals from a 
given area in that part of the basin above Berne than 
in the part below. It is particularly evident that 
sulfate is added principally above Berne. Bicarbonate, 
which was absent at Berne, is added in increasing 
quantities downstream.
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FIGUBE 61. Cumulative quantities of chemical constituents in Schuylkill River.
water.

It has been shown that the concentration of dissolved 
solids generally varies with the discharge, and it might 
be expected that the composition of the dissolved 
solids also would depend upon the discharge; that it 
does not for most of the six selected stations is shown 
by figure 62. In this plot the percentage composition 
of the dissolved solids is shown for typical high and 
low flows at each of the six stations. In the Lehigh 
River at Catasauqua the composition is virtually 
uninfluenced by discharge. In the Delaware River at 
Easton and at Trenton the only effect of discharge is 
an increase in the bicarbonate-sulfate ratio at low flows. 
In the Schuylkill River at Berne the proportion of the 
dissolved minerals is almost the same at high or low 
flows, except for an increase in acidity at low flows. 
In the downstream parts of the Schuylkill River, change 
in flow rate has no significant effect on the composition 
of the dissolved minerals.

20 30 40 50 60 70 
CUMULATIVE PERCENT OF CHEMICAL EQUIVALENTS

FIGURE 62. Comparison of composition of dissolved solids for selected periods of 
high and low flow at six stations.

DAILY VABIATION IN CHEMICAL QUALITY

The time during which certain critical concentrations 
are exceeded is also of considerable interest. Figure 
56 provides this information for dissolved solids. 
From these plots, for example, one can determine that 
in the Lehigh River water at Catasauqua, Pa., the 
dissolved-solids concentration equaled or exceeded 127 
ppm in 10 percent of the days, 104 ppm in 25 percent, 
84 ppm in 50 percent, 70 ppm in 75 percent, and 60 
ppm in 90 percent. This information is also given in 
table 35, as is the equivalent information for specific 
conductance, hardness, and the concentrations of a 
number of chemipal constituents.

As an example of the usefulness of these data, the 
U.S. Public Health Service standards require that the 
sulfate concentration of drinking water should not 
exceed 250 ppm, except where a better supply is not 
available (U.S. Public Health Service, 1946). It is 
apparent that surface water at the six stations con­ 
sidered in table 35 would all contain less than 250 ppm 
of sulfate almost all the time, except for the Schuylkill 
River at Berne, in which the sulfate concentration 
would exceed the recommended limit somewhat more 
than 50 percent of the time.

Table 35 was compiled by first plotting the con­ 
ductance values of daily samples and drawing duration 
curves for conductance at each station, similar to the 
duration curves for dissolved solids in figure 56. Next, 
for each station, the relation of conductance to the



150 WATER RESOURCES OF THE DELAWARE RIVER BASIN

concentrations of each constituent was established for 
the concentration range exhibited by the samples at 
that location. From the specific conductance duration 
curve the values of conductance that were exceeded in 
10, 25, 50, 75, and 90 percent of the days were deter­ 
mined and listed. Finally, for each value of con­ 
ductance in the table, corresponding concentrations 
were also tabulated. The resulting table 35 then gives 
the conductances or concentrations that were equaled 
or exceeded in the percent of days shown, for the 
period of record. Insofar as conditions such as pre­ 
cipitation, runoff, temperature, land use, and pollution 
remain the same as for the period of record, such a 
table probably is a satisfactory basis for estimating 
the percentage of time during which the given con­ 
centrations may be expected in the future.

The usefulness of the data may be illustrated by 
several examples. Water containing sulfate may be 
corrosive to concrete. There is some difference of 
opinion as to the threshold value at which corrosion 
becomes significant, but if it is assumed to be 360 ppm 
of sulfate, the Schuylkill River waters at Berne will be 
corrosive to concrete 25 percent of the time; water at 
the other five stations listed in table 35, however, would 
not corrode concrete. For the refining of sugar the 
recommended limiting concentrations of calcium and 
magnesium have been given as 20 and 10 ppm, respec­ 
tively (California Water Pollution Control Board, 1952, 
p. 199, 206).

Based on these criteria alone, the water of the Schuyl­ 
kill River is satisfactory for sugar refining less than 10 
percent of the time; the Delaware River at Trenton is 
satisfactory more than 75 percent of the time; and the 
Delaware River at Easton and the Lehigh River at 
Catasauqua is satisfactory at least 90 percent of the 
time. Such information should be useful in selecting 
industrial sites and in estimating the cost of treating 
water to assure that it will meet specifications.

CHEMICAL QUALITY OF WATER IN THE DELAWARE ESTUARY

The quality of the water above tidewater in the 
Delaware River at Trenton, N.J., was described in a 
previous section. The water at Trenton contains less 
than 126 ppm of dissolved solids and less than 8 ppm 
of chloride 90 percent of the time. The ocean water 
contains about 35,000 ppm of dissolved solids which 
includes about 19,000 ppm of chloride.

In the Delaware estuary between Trenton and the 
Capes, sea water mixes with fresh water; most of 
the mixing occurs between Philadelphia and Liston 
Point. The extent of encroachment of sea water is 
indicated by the concentration of dissolved solids and 
by the proportions of the various minerals in the dis­ 
solved solids. For example, sea water generally con-

TABLE 35.   Specific electric conductance (microhomos at 36" C) 
and concentration (parts per million) which were equaled or 
exceeded in percent of days shown

Lehigh River at Catasauqua, Pa., 
1945-52:

Sodium and potassium (Na+K) 
Bicarbonate (HCOa).. _____ -.
Sulfate (SOO               
Chloride (Cl).. ...... ....... ........

Delaware River at Easton, Pa., 1948-51:

Sodium and potassium (Na+K). ...

Sulfate (SOO            .
Chloride (Cl).. .....................
Dissolved solids _________  

Delaware River at Trenton, N.J., 
1945-56:

Sodium and potassium (Na+K). _ 
Bicarbonate (HCOa).. ________
Sulfate (SOO          ~
Chloride (Cl) _ ....................

Schuylkill River at Berne, Pa., 1949-52:

Sodium and potassium (Na+K).-..

Sulfate (SOO               
Chloride (Cl) __ ...... ...   .

Schuylkill River at Pottstown, Pa., 
1945-51:

Sodium and potassium (Na+K)....

Sulfate (SOO   ... ... ... ... ... ... ...
Chloride (Cl).          

Schuylkill River at Belmont Filters, 
Philadelphia, Pa., 1946-56:

Sodium and potassium (Na+K).... 
Bicarbonate (HCOs). ________
Sulfate (SOO         
Chloride (Cl) _        

Percent of days

10

200 
19 
6.6 
7.4 

22 
60 
4.0 

127 
74

118 
13 
3.7 
3.9 

43 
16 
3.4 

73 
48

210 
22 
7.5 
7.3 

62 
32 
8.2 

126 
86

872 
69 
42 
19

432 
6.5 

674 
360

510 
52 
22 
16 
53 

182 
13 

345 
220

470 
45 
19 
16 
75 

130 
17 

304 
190

25

162 
15 

5 4 
5.9 

17 
48 
3.3 

104 
60

105 
12 
3.3 
3.5 

36 
15 
3.0 

66 
42

176 
18 
6.1 
6.1 

51 
28 
6.6 

106 
71

765 
60 
37 
16 

us 
372 

5.8 
576 
310

446 
45 
19 
13 
47 

156 
11 

302 
191

410 
39 
17 
14 
65 

112 
14 

266 
166

50

130 
12 
4.3 
4.7 

13 
38 
2.7 

84 
47

91 
10 
2.8 
3.0 

29 
14 
2.5 

59 
36

140 
15 
4.9 
4.9 

39 
23 
4.9 

86 
56

553 
42 
26 
12 

ually ac 
257 

4.1 
400 
215

356 
36 
15 
10 
38 

120 
8 

241 
151

330 
32 
13 
10 
53 
89 
10 

214 
134

75

107 
9.8 
3.6 
3.8 
9 

32 
2.3 

70 
39

78 
8.7 
2.4 
2.6 

23 
13 
2.1 

52 
30

116 
12 
3.9 
4.0 

31 
20 
3.8 

72 
46

440 
32 
19 
9.1 

d 
193 

3.8 
304 
165

292 
29 
12 
8.0 

32 
95 
6.2 

197 
122

270 
26 
11 
7.7 

43 
73 
7.7 

174 
110

90

92 
8.3 
3.0 
3.2 
7 

27 
2.1 

60 
33

70 
7.7 
2.1 
2.3 

19 
12 
1.9 

48 
26

100 
11 
3.3 
3.5 

26 
18 
3.0 

63 
39

352 
25 
15 
7.1

147 
3.2 

236 
128

246 
24 
10 
6.5 

27 
77 
4.8 

166 
102

235 
22 

9 
6.2 

38 
62 
5.7 

152 
96

tains three times as much magnesium as calcium, 
whereas fresh- water commonly contains only half as 
much magnesium as calcium. The encroachment of 
sea water into the Delaware estuary is shown clearly in 
figure 63, both by the concentration and composition 
of dissolved solids. Sea water evidently encroached 
farther upriver in October 1955 than in June and July 
1956.

The extent of sea-water encroachment into the 
estuary depends upon a number of factors, among which 
are: (1) fresh-water discharge, (2) sea level, (3) tides, 
(4) winds, and (5) depth, shape, roughness, and con­ 
figuration of the river channel. In view of all these 
items operating to control salinity and the time usually
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FIGURE 63. Composition of dissolved solids in the ocean and in Delaware estuary.

required to reach equilibrium, the salinity rarely reaches 
a steady state. Instead, the interface or zone between 
fresh and salt water is usually moving up or down river 
in response to the character of the last or dominating 
influence. Movement of the salt front caused by a 
change in any of these factors may continue for some 
days, and several factors may change at the same or 
nearly the same time. Therefore, establishment of a 
definite quantitative relation between any of these con­ 
trolling elements to the position of the salt front is 
difficult.

Salinity in the Delaware estuary and the factors 
influencing salinity are discussed in a number of pub­ 
lications of which the following have been selected for 
reference: Cohen (1957); U.S. Corps of Engineers 
(1952); U.S. Corps of Engineers (1956); Durfor and 
Keighton (1954); Keighton (1954); Ketchum (1952, 
1953); Mason and Pietsch (1940): Parker (1955); 
Pennsylvania Department of Health (1935); Pritchard 
(1954); and Terenzio (1953).

SALINITY VARIATION IN THE KIVEK CROSS SECTION

If there were no fresh-water discharge into the estuary, 
the sea water, seeking its own level, would occupy the 
river channel to the head of the estuary at Trenton, N.J. 
However, fresh water does discharge into the estuary 
and, being less dense than sea water, tends to override it. 
In many estuaries the salt water forms a distinct layer 
on the bottom under the fresh water above (Parker, 
1955). The fresh-water flow erodes the salt-water 
surface, and the encroaching salt water assumes a wedge 
shape with the thin edge upstream; concomitantly, 
the fresh water above the wedge becomes somewhat

saline from admixture with the eroded salt water 
(Parker and others, 1955, p. 618-711).

In the Delaware estuary the mixing processes are so 
efficient that a definite salt-water wedge is uncommon. 
Although frequently there is no significant difference 
in salinity between samples from the surface and bottom 
of the estuary, the majority of samples from near the 
bottom do have a higher salinity than those from 
near the surface. In an occasional sample the water 
at the bottom is as much as 50 percent more saline 
than the water at the surface, but typically the con­ 
centration difference between the surface and the 
bottom is only 5-10 percent.

Although differences in concentration of salinity 
between the water in the right side, center, and left 
side of the river are observed, these differences are in 
general small and variable with respect to time and 
place. When and where these differences do occur, 
they are probably related to tributary discharge, water 
from fresh-water marshes, or discharge of industrial 
wastes.

SALINITY AND FREPH-WATER DISCHARGE

Large fresh-water flows in the estuary flush saline 
water seaward; conversely, low rates of fresh-water 
flow allow the sea water to encroach farther inland. 
For example, during July 1955, when the fresh-water 
discharge was one-fourth to one-sixth the mean annual 
discharge, the salinity at Chester increased throughout 
the month, owing to the encroachment of salt water 
(fig. 64). On August 10 the fresh-water discharge 
increased to more than double the mean annual discharge 
and saline water retreated seaward as shown by the 
marked decrease in chloride concentration.
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FIGURE 64. Effect on maximum daily chloride concentration in Delaware River at 
Chester, Pa., of a period of low flow and a large increase in flow.

The effect on the salinity of an increased or decreased 
fresh-water flow depends largely upon the duration of 
the flow in question. The flushing time may be defined 
as the ratio of the daily inflow to the total volume of 
water in that part of the river. Thus, at the mean 
annual flow (11,810 cfs at Trenton, N.J.), the flushing 
time for the Delaware estuary from Trenton to Marcus 
Hook is 12-13 days; to Reedy Point about 23 days; 
and to the Capes more than 90 days. A river flow 
of double the mean annual flow (as often occurs in the 
spring) may be expected to reduce the salinity at 
Marcus Hook for 1 week and at Reedy Point for nearly 
2 weeks. Low flows, such as occur in the later summer 
or fall, may -permit the salinity of the river to increase 
for several months. After a change in rate of flow 
the salinity comes to a steady state near Philadelphia 
sooner than it does downstream. Furthermore, at 
times of high river flows the salinity changes are at first 
most evident upstream, but ultimately greatest down­ 
stream; when the flow is substantially reduced, the

salinity increases first downstream but, after a steady 
state is reached, the percentage increase is greater 
upstream (fig. 65).

-4                            
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FIGITKE 65. Fresh-water discharge and salinity in Delaware River, July and August
1957.

During July and August, 1957, the fresh-water 
discharge at Trenton, N.J., decreased from more than 
3,000 cfs to less than 2,000 cfs. During July the 
chloride concentration at Reedy Island Jetty increased 
from about 5,000 ppm to 6,500 ppm near the end of 
the month. Farther upriver at Chester, Pa., the 
increase in chloride concentration was moderate in 
early July, but at an accelerated rate in late July and in 
August. In October and early November 1957 the 
discharge was low but increasing (fig. 66). During 
this period the chloride concentrations at Delaware 
Memorial Bridge and Chester decreased slightly. 
On November 16, 1957, the discharge increased to 
6,000 cfs more than double the discharge of the pre­ 
vious day. This discharge caused a decrease in 
chloride concentration which was greater, percentage­ 
wise, at Chester, Pa., than at Delaware Memorial 
Bridge and Reedy Island Jetty.

The flushing action of a large fresh-water discharge 
is also illustrated in table 36. High streamflow 
accompanying the hurricane of August 12-13, 1955,
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FIGUEE 66. Fresh-water discharge and salinity in Delaware River, October and 
November 1957.

flushed the saline water seaward in the entire estuary, 
but the flushing action was more marked at Chester 
and Marcus Hook than upstream or downstream.

TABLE 36. Effect of high streamflow on salinity in Delaware 
estuary, 1955

[Chloride concentrations, in parts per million, at high-water slack]

Date

Aug. 2.. 

Aug. 15.. 

Aug. 30..

Phila­ 
delphia

75 

17 

6

Chester

900 

70

Marcus 
Hook

1,200 

80 

10

Delaware Memo­ 
rial Bridge

2,650 (top) 
3,100 (bottom) 

450 (top)

180 (top)

Reedy Point

5,000 (top) 
5,650 (bottom) 
2,350 (top) 
3,400 (bottom) 
1,500 (top) 
2, 750 (bottom)

SEASONAL VARIATION IN SALINITY

The monthly variation of fresh-water discharge 
in the Delaware River at Trenton, N.J., is indicated 
in figure 67. The highest flows usually occur in 
March and April and the lowest flows in August 
and September. In late summer there is less 
direct runoff to dilute the ground-water discharge 
(which has a relatively high concentration of dissolved 
solids) and the wastes that are discharged into the

river; also, because of lower flows at this time, sea 
water encroaches farther upstream. The degree of 
salinity of the estuary therefore, usually correlates 
with the discharge of the river greatest in August 
and September and least in March and April.

The release of water from upstream reservoirs to 
augment low flows may be expected to retard the 
summer encroachment of saline water to the extent 
that the daily flows increase from the releases.
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FIGUEE 67. Average monthly discharge of Delaware River at Trenton, N.J., and 
average monthly sea level at Atlantic City, N.J., 1923-55.

SALINITY AND SEA LEVEL

The salinity of the estuary is also influenced by 
variations in sea level. Water tends to seek its hydro­ 
static level; when sea level rises, the level of salt 
water in the estuary rises also and salt water forces 
its way further upstream along the gently sloping 
stream bed.

A slow worldwide rise in sea level may be taking 
place (Parker, 1955, p. 622). In this region, sea level 
has risen more than 6 inches since 1930, and, if this 
rate continues, sea level here will rise two feet in 100 
years. Already Chester, Pa., has felt the effect of this

713-196 O 64 -11
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TABLE 37. Range in concentrations, (in parts per million) of mineral constituents in water of Delaware estuary

Constituents

Silica (Si02)___ ________________________
Calcium (Ca)___ _ __________
Magnesium (Mg)__ ________ ___
Sodium (Na) .___ _ _ _ _ __ __
Bicarbonate (HC03)_-_ __._-_-_____-______
Sulfate (S04)   _________ _ ___ _________
Chloride(Cl) ____________________________
Fluoride(F)_____________________________
Nitrate(NOs) _______________________ _
Dissolved solids _ __ __ ___
Hardness/as CaC03 __ _ _____

Bristol, Pa. 1

0. 8- 7. 3
7. 1- 23
1 7_ cq

. 6- 19
11 - 63
12 - 46
1.0- 22
.0- .2
. 8- 11

50 -209
23 - 91

Benjamin 
Franklin 
Bridge 

Phila., Pa.1

0. 8- 12
8.0- 27
2. 6- 13

. 3-127
10 - 64
13 -100

2. 8-190
.0- .5
. 1- 18

59 -380
22 -118

Location

Marcus Hook, 
Pa.1

1. 2- 16
10 - 75

3. 3- 147
2. 4-1, 240
.0- 71

17 - 409
3. 0-2, 530
.0- 20
.8- 19

73 -4, 500
32 - 792

Delaware 
Memorial 
Bridge 2

1. 9- 8. 7
16 - 91

4. 6- 212
9. 0-1, 800
4-32

46 - 553
1 1 -4, 750

.1- 1. 2

.4- 9.4
121 -6, 060
59 -1, 120

Reedy Point, 
Del.

2. 6- 14
25 - 153

7. 6- 379
33 - 3, 730

5 - 50
43 - 991
20 - 6, 610

.3- .9

.1- 5. 9
204 -12, 600

64 - 1,960

1 Based on once-a-month sampling, August 1949 to December 1957.
2 Based on 27 samples, July 1955 to May 1958.
3 Based on 35 samples, July 1955 to December 1957.

6-inch rise, for estuary water at Chester, usable for 
municipal supply until recently, is now too salty. 
If the rise continues, unabated, the salt front will 
advance farther and farther upstream and will 
eventually destroy more fresh-water supplies in the 
estuary and adjacent aquifers.

Sea level in this region also rises and falls in an 
annual cycle, as shown in figure 67 for Atlantic City, 
N.J. It is lowest in January and highest in September, 
the difference being about 0.5 foot. High sea level 
and low fresh-water discharge both favor sea-water 
encroachment, which consequently is often at maxi­ 
mum in September. The relatively high fresh-water 
discharge and low sea level during the first 3 or 4 
months of the year cause the waters of the estuary 
to be freshest at that time. This seasonal fluctuation 
of sea level is more spectacular than the slow world­ 
wide rise mentioned above but it is not nearly so 
harmful. The seasonal fluctuation is like a minor 
wave that accompanies a major flood wave and merely 
"goes along for the ride."

RANGE IN CONCENTRATION OF CHEMICAL CONSTITUENTS

As the fresh-water discharge changes from the high 
flows of winter and spring to the lower flows of summer 
and fall, and as other factors contribute to change in 
the salinity of the water, the general chemical quality 
of the water also changes. The extent of these varia­ 
tions is shown in table 37, in which the maximum and 
minimum concentrations of various constituents are 
summarized for five locations on the estuary.

The effects of discharge and sea level on salinity are 
shown by the following data compiled by Cohen 
(1957, p. 47) in which specific conductance is used as a

measure of salinity. All values shown are monthly 
averages.

Month

April 1956...-  ......................
May 1956.-.--          

Fresh-water
discharge at

Trenton,
N.J. (cfs)

28,700
21,600
31,000
18,300

Sea level at
Atlantic

City, N.J.,
(ft above
mean low

water)

2.73
2,38
2.38
2.06

Specific
conductance

at Reedy
Point, Del.,
(micromhos

at 25°C)

5,910
2,800

800
630

x Even though discharges in October and April were 
nearly the same, the salinity was much greater in 
October because of the higher sea level (by 0.35 ft). 
With sea level identical in November and April, the 
salinity was greater in November because of the lower 
fresh-water discharge. The flow in November was 
slightly larger than in May, but the salinity was 
greater because of the higher sea level (by 0.32 foot). 
In spite of the still greater fresh-water discharge in 
October, the salinity was high because the sea level was 
high. >

SALINITY AND THE TIDES

Sea level rises and falls twice daily in the Delaware 
estuary and produces two high tides and two low tides 
in each lunar day of 24 hours and 50 minutes. On the 
flood tides, salt water moves upstream; on the ebb 
tides it is flushed seaward. In the lower part of the 
Delaware estuary the concentration of dissolved solids 
varies during the day. The concentration is at its 
greatest just after high tide, when the water has stopped 
flowing upstream and is about to flow downstream 
(high-water slack), and is at its lowest just after low 
tide when the current is about to change its direction
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from downstream to upstream. Figure 68 shows the 
tidal change in water-surface elevation and the con­ 
current change in salinity at Reedy Island Jetty in a 
32-hour period.

Two high tides and three low tides are shown. 
Slack water, or time of no current, on this day at Reedy 
Island Jetty occurred about 3 hours after high tide and 
3 hours after low tide. The changes shown in specific 
conductance by the lower curve are based on sampling 
each half hour. The maximums and minimums of 
specific conductance occur later than the maximums 
and minimums of the water surface and are probably 
at the times of actual slack water.

The influence of the tidal cycle on salinity changes 
can best be understood by considering the way in 
which the tides move salt water upstream. Fresh 
water flows downstream to the ocean, and salt water

moves upstream against the fresh-water flow. The 
resulting gradation in chloride concentration ranges 
from a median of 5 ppm at Trenton, above tidewater, 
to 19,000 ppm in the undiluted ocean water at the 
Capes. Consider the estuary to be divided into 
longitudinal segments where the tide is high enough to 
reverse the flow. Each segment holds more water at 
high tide than at low tide. As the tide rises, the 
volume represented by the difference between low and 
high tide is filled by saltier water from the next down­ 
stream segment; the salinity increases at that location 
and reaches a maximum when the upstream tidal flow 
ceases at the slack following high water. As the tide 
ebbs, the water in the segment flows downstream and 
is replaced by fresher water from upstream. In this 
manner the river reaches its minimum salinity when the 
water ceases its downstream flow at low-water slack.

EXPLANATION; 
H.W,S.= HIGH-WATER SLACK 
L.W.S. = LOW-WATER SLACK
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FIGURE 68. Effect of tides on specific conductance at Reedy Island Jetty, October i»5«.



156 WATER RESOURCES OF THE DELAWARE RIVER BASIN

When the tidal range (the difference between the 
heights of high water and low water) is large, then the 
intertidal volume is a larger proportion of the total 
high-tide volume of the segment and the range of 
salinity is greatest.

In figure 68, for example, the range of the morning 
tide was 3.8 feet and the maximum specific conductance 
13,800 micromhos; the range of the afternoon tide was 
4.6 feet and the maximum specific conductance 15,200 
micromhos. The effect of the tidal range is further 
illustrated by the following examples for the Delaware 
River at Chester, Pa. (Keighton, 1954, p. 20).

Effect of tidal range on chloride concentration, Chester, Pa., 1949

Date

Aug. 6-7. __________ . _ . ________

Sept. 2-3 _______ . __   . _______

Oct. 15... __ . _   ...   _ . __ ..... ...

Range of 
tide (ft)

6.6 
5.3
5.7 
4.7 
5.0 
3.8

Chloride (ppm)

Maximum

358 
191
817 
555 

1,060 
805

Average

142 
143 
434 
430 
646 
643

In each of the three examples, the average chloride 
concentration is about the same for the two daily 
tides, but the maximum chloride concentration is 
greater following the tidal cycle with the greater range 
of tidal elevations. Although the daily variations in 
concentration are controlled by the tidal cycle, the 
average daily concentration is controlled by the average 
sea level and fresh-water discharge.

SALINITY AND THE WINDS

Strong winds, such as those that accompany a hurri­ 
cane, may temporarily raise the level of water in the 
estuary, especially in its lower reaches. Hurricane 
winds in the northern hemisphere rotate counterclock­ 
wise around the eye of the hurricane, as shown in 
figure 69. As a hurricane moves northward along the 
Atlantic Coast, the wind direction along the coast 
changes. For example, long before the hurricane 
reaches the latitude of Delaware Bay (Delaware Bay 
in position A), the onshore winds create high tides at 
the mouth of the bay. As the hurricane moves on 
northward, perhaps crossing the coast north of Delaware 
Bay (Delaware Bay in position B), offshore winds 
may then cause very low tides. If the hurricane path 
is inland, to the west of Delaware Bay (Delaware Bay 
in position C), the hurricane winds have less effect on 
sea level.

In addition to the effect of onshore winds raising sea 
level and offshore winds lowering sea level, strong winds 
may also drive water into or out of the bay. For 
example, as the eye of the hurricane (fig. 69) moves

A
X

/ / 
/

\ D

X

EYE 1 C

B
FIGURE 69. Hurricane winds relative to position of entrance of Delaware Bay.

northward well to the east of the bay, the winds at the 
mouth of the bay change from northeast to north and 
northwest (position D); this change drives water out of 
the bay and tends to lower the water level. A hurricane 
on an inland path as it approaches the latitude of Dela­ 
ware Bay (position E) would bring winds from the 
southeast that would drive water into the bay, and raise 
the water level. The effect of these and other factors 
on salinity in the Delaware estuary is shown by the 
following examples:

1. Hurricane Hazel, in October 1954, followed a path 
to the west of Delaware Bay. From October 14 
to 15, mean sea level at Atlantic City, N.J., not 
far from the mouth of the bay, increased by 1 foot. 
Winds from the south and southeast apparently 
drove water into the bay, for the mean river level 
at Philadelphia rose 2 feet. At Chester, Pa., the 
maximum daily chloride concentration increased 
from 1,030 ppm on October 14 to 2,120 ppm on 
October 15. Two days later, when the winds had 
subsided, both sea level and river level returned to 
normal and the chloride concentration at Chester 
decreased to 1,110 ppm, close to what it had been 
on October 14.

2. Hurricane Edna, in September of the same year, 
passed to the east of Delaware Bay. The east 
wind on September 10 raised mean sea level at 
Atlantic City 0.6 foot and raised the mean river 
level at Philadelphia 0.7 foot above the levels on 
the preceding day. On September 11, mean sea 
level increased another 0.4 foot, but the winds, 
by then from the northeast, apparently drove 
water out of the bay for the mean river level 
dropped 0.4 foot. At Chester the daily maximum



SURFACE WATER ITS VARIATIONS AND CHARACTER 157

chloride concentration rose from 1,050 ppm on the 
9th to 1,300 and 1,340 ppm on the 10th and llth. 
On the 12th, after the hurricane had passed by, the 
chloride concentration fell to 1,100 ppm and on the 
13th to 990 ppm.

3. Hurricanes are frequently accompanied by heavy 
rainfall in the Delaware River basin. The result­ 
ing fresh-water discharge, if large, may flush the 
saline water seaward. Hurricane Connie, in 
August 1955, like Hazel of the previous year, 
passed to the west of Delaware Bay. Winds at 
the mouth of the bay on August 12 and 13 were 
from the southeast. Mean sea level at Atlantic 
City rose 0.6 foot from August 11 to August 12, 
and an additional 0.6 foot on the 13th. The mean 
river level at Philadelphia rose also. However, 
heavy rain fell on the Delaware River basin on 
August 12 and 13, the discharge at Trenton in­ 
creased from 2,120 cfs on August 11 to 3,840 cfs 
on August 12 and 28,500 cfs on August 13. During 
August 11-15 the maximum daily chloride con­ 
centrations at Chester were 1,080, 955, 680, 140, 
and 70 ppm, respectively. Thus, in spite of the 
rise in sea level, the high streamflow resulting 
from the rain flushed the saline water seaward 
and decreased the salinity in the entire estuary 
(table 36).

POLLUTION AND CHEMICAL QUALITY OF WATEB

The concentration and nature of the dissolved solids 
in the water of the Delaware estuary may also be 
affected by municipal and industrial wastes. For 
example, it is estimated that municipal sewage con­ 
tributes less than 10 ppm to the chloride concentration 
of the Delaware River at Marcus Hook when the river 
flow is approximately equal to the mean annual flow, 
and perhaps as much as 50 ppm when the flow is one- 
sixth as great, as it may be in August, 'September, or 
October. Various wastes will also add dissolved min­ 
erals to the river water to an extent determined by 
their concentration and the quantity of the waste.

The quantities of wastes now being discharged are 
unlikely to make substantial or significant changes in 
the concentrations of dissolved mineral solids, except 
near the point of then* introduction. At tunes, however, 
concentration changes may be significant although not 
substantial. For example, according to the newspapers 
of April 9, 1952, 5,350 pounds of acetone cyanhydrin, 
a poisonous chemical, was accidentally discharged to 
the river at Bristol on the preceding evening. If, as 
estimated, the release required an hour, about 1 billion 
gallons of water flowed past the point of discharge and 
was available to dilute the poison. A concentration of 
0.6 ppm would result, which, although not large, is

significant because of the poisonous nature of the 
compound.

There is always the possibility that accidental dis­ 
charge of wastes will impair the chemical quality of the 
river water. In the event just cited the contaminated 
river water was unsafe for public supply. Industrial 
plants were closed to conserve the water already in the 
city reservoirs. Tidal action and streamflow eventu­ 
ally diluted the poisonous chemical, it was slowly 
decomposed by hydrolysis, and public water supplies 
were heavily chlorinated to oxidize the' remaining 
traces. A parallel problem might arise from pollution 
by radioactive wastes, but if that happens chemical 
destruction of the impurity might be more difficult.

D. W. Pritchard (1954) has studied pollution in the 
Delaware River model at the Waterways Experiment 
Station of the Corps of Engineers at Vicksburg, Miss. 
In the model, pollution appears to move downstream 
more slowly than the net downstream movement of 
water. Owing to tidal action, the pollutant spreads 
longitudinally (along the channel axis) as it moves. 
At lower discharge rates, pollution travels more slowly 
downstream and spreads less in a longitudinal direction. 
Isolated and somewhat concentrated segments of the 
pollutant become trapped in shore indentures or behind 
structures' and feed out into the main stream. This 
temporary entrapment contributes to the longitudinal 
spreading of the pollution.

Although municipal and industrial wastes affect the 
mineral content of the river water, the organic material 
that these wastes contribute to the river is frequently 
of greater concern. Unlike most mineral substances, 
organic pollutants are often removed by natural purifi­ 
cation processes through the agency of dissolved oxygen 
and bacteria.

Since August 1949 the city of Philadelphia, in coop­ 
eration with the U.S. Geological Survey, has made 
monthly determinations of dissolved oxygen (D.O.) and 
biochemical oxygen demand (B.O.D.) of the Delaware 
River water between Bristol and Marcus Hook, Pa. 
The dissolved oxygen is a measure of the oxygen 
available for destroying organic pollutants; the bio­ 
chemical oxygen demand is a measure of the oxygen 
required to destroy the organic pollutants in the presence 
of bacteria.

In August, September, and October, the river water 
is relatively warm and dissolves less oxygen than when 
cold. Moreover, the biochemical processes proceed 
faster in warm water and demand oxygen at a greater 
rate. During these months the low flow of the river 
and the high temperature of the water result in less 
oxygen to consume the organic pollutants. Conse­ 
quently, this season of the year is critical with respect 
to organic pollution in the river.
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In the table below information is given for samples 
from eight stations between Torresdale (Philadelphia) 
and Marcus Hook, Pa., as follows: (1) the percent of 
saturation with oxygen; (2) the percent of the samples 
that were less than 50 percent saturated; and (3) the 
river flow. In those years in which the average monthly 
river flow in August, September, and October was low, 
there were more samples with a low concentration of 
dissolved oxygen, and the average dissolved oxygen, 
expressed as percent of saturation, was low.

Year

1950- .............-. ...
1951............................
1952............................
1953............................ .
1954.. ____ .... _ ...
1955....................
1956.................... .
1957...................

Average 
dissolved 
oxygen 

percent of 
saturation

45.9 
51.4 
55.2 
43.5 
48.3 
54.4 
52.0 
40.1

Percent of 
samples less 

than 50 
percent 

saturated

48.6 
51.7 
34.3 
56.8 
47.8 
42.7 
45.3 
64.9

Average river flow

Annual 
(mgd)

8,659 
9,818 

13, 470 
8,418 
5,984 
8,805 
7,997 
5,616

August to 
October 
(mgd)

2,403 
3,455 
4,306 
1,620 
1,672 

14,310 
3,270 
1,435

PHYSICAL QUALITY

TEMPERATURE AND ITS VARIATION

Temperature readings of the river water were taken 
daily at several locations, usually between 7:30 and 
9:30 a.m., and are summarized in table 38. For the 
9 years of record of the Delaware River water at 
Trenton, the median temperature was 57°F, 10 percent 
of the readings exceeded 76 °F, and 10 percent were 
lower than 38°F. As compared with the Delaware at 
Trenton, the water of the Lehigh River at Catasauqua 
averaged about 4°F colder, that of the Schuylkill River 
at Pottstown was about 1°F colder, and that of the 
Schuylkill River at Philadelphia averaged about 1°F 
warmer additionally it showed a greater temperature- 
fluctuation range.

WATER TEMPERATURE 

AIR TEMPERATURE-

III
FIGURE 70. Monthly variation in Delaware River water temperature and air 

temperature at Trenton, N.J., 1944-52.

The monthly variations in temperature are sum­ 
marized for the Schuylkill River at Philadelphia in 
table 39 and for the Delaware River at Trenton in 
figure 70. The temperature of most surface waters of 
the basin is highest in July and August. The water 
temperature drops 2°-6° F in September, then roughly 
10°F a month until it becomes coldest in December, 
January, and February. It usually rises 4°-12°F 
each month until July. The water temperature 
increases in the spring and decreases in the autumn 
at about the same rate as the air temperature. The 
mean monthly water temperature is nearly the same 
as the mean monthly air temperature from March 
through June, but 2°-6°F warmer than the air tempera­ 
ture from July to February, for the water holds its 
heat longer than does the air. Because the lowest 
water temperature is limited by the freezing point and 
the air may cool below 32 °F, the temperature difference 
is greatest in December, January, and February.

An examination of the maximum and minimum 
temperatures each day for the Delaware River water 
at Trenton, N.J., shows that although the water 
temperature may vary as much as 12°F in a single 
day, the daily fluctuation is usually only 2°-3°F from 
November to May, and rises to an average daily range 
of 8°F in July and August.

For the Delaware River from Trenton to Eddystone 
there is no evident temperature difference between the

TABLE 38.  Temperatures (°F) which were equaled or exceeded in 
percent of days shown

Station

Lehigh River at Catasauqua, Pa., 1945-52..... ..
Delaware River at Trenton, N.J., 1945-56, exclud­ 

ing 1954-55..... ____ .. __ ,. _ -.- ..-.--....
Schuylkill River at Pottstown, Pa., 1945-50.   .
Schuylkill River at Philadelphia, Pa., 1946-52.....

Temperatures (°F) equaled or 
exceeded forindicated percent 
of days

10

73

76 
76 
79

25

66

71 
69 
73

50

52

57 
56 
58

75

39

42 
42 
42

90

34

38 
36 
37

TABLE 39.   Temperatures (°F) which were equaled or exceeded in 
percent of days shown, by months, for Schuylkill River at Phila­ 
delphia, Pa., 1946-52

Month

January

April.....                    

July                    -

November ...
T)PPP hpr

Temperatures (°F) equaled or 
exceeded for indicated percent 
of days

10

42 
43
50 
60 
69 
81 
83 
84 
78 
68 
61 
46

25

40 
40 
47 
56 
66 
76 
82 
83 
76 
66 
56 
42

60

38 
38 
43 
54 
63 
72 
80 
80 
74 
63 
52 
40

75

35 
35
40 
52 
59 
69 
77 
78 
71 
59 
47 
37

90

34 
34
38 
49 
57 
65 
75 
77 
68 
55 
44 
35
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right and left sides of the river. At Marcus Hook 
an apparent difference of about 1°F between the 
water on the Pennsylvania side and that on the New 
Jersey side may be a result of dissipation of heat to the 
water by industries in the Chester-Marcus Hook 
region. In this reach of the river there is more 
industrial development on the Pennsylvania side than 
on the New Jersey side.

FIUVIAI SEDIMENT

SUSPENDED SEDIMENT

James K. Culbertson (written communication, June 
1957), and John W. Wark (written communication, 
July 1959), both of the U.S. Geological Survey, sum­ 
marized the sedimentation data available for the 
Delaware River basin; much of the following section 
is based on information supplied by them.

All natural streams transport suspended sediment; 
the quantity, size and physical and chemical nature 
of the particles vary from time to time and place to 
place. Most of the sediment originates as the result 
of erosion but some comes from the activities of man 
in industry, mining, and agriculture. The quantity 
and nature of natural sediments are influenced by 
topography, precipitation, temperature, geology, soil 
conditions, and vegetative cover. Sediment is most 
effectively transported in narrow, steep channels in 
which running water flows turbulently. Where the 
flow is retarded or less turbulent, or the water tempera­ 
ture higher, the sediment has an opportunity to settle 
to the bottom. Reservoirs provide favorable conditions 
for sedimentation and may in time lose part or all of 
their storage capacity to settled solids; canals, naviga­ 
tion channels, and harbors may lose part or all of their 
effective depth and require dredging for maintenance of 
capacity.

In the construction of large reservoirs, provision is 
usually made for sediment storage in the reservoir 
below the outlets. In time these spaces fill with 
sediment, but the deposits of sediment are not confined 
to the lowest parts of the reservoir. The coarsest and 
heaviest materials settle out at the head of the reservoir, 
where the velocity of the stream first slackens, and 
some of the finer materials settle in the dead-storage 
space at the bottom of the reservoir. Consequently, 
the sediment occupies part of the original live-storage 
space as well as space reserved for sediment. Dredging 
of sediments from reservoirs has seldom been econom­ 
ically feasible, but in the future as reservoir sites become

occupied and it is no longer possible to abandon 
silted up sites and move to new ones, this situation 
will likely change.

Suspended solids are often removed from streams by 
settling or desilting basins constructed for the purpose, 
such as those in the upper Schuylkill River, which 
remove culm and silt. Settling basins are also used for 
the clarification of domestic and industrial water 
supplies and sewage. For a number of reasons, it is 
important to know the sediment regimen of the stream: 
(1) to plan the location and design of reservoirs, (2) to 
determine the nature of treatment to make the water 
suitable for domestic or industrial use, (3) to aid in 
planning and operation of waterways and harbors, (4) 
to help evaluate effects of natural and cultural environ­ 
ments on rates of erosion; and (5) to aid in planning 
for the control of erosion.

The sediment concentration in streams of the Dela­ 
ware River basin is less than that in many streams 
elsewhere in the United States. For example, during 
the water years 1950-57 the suspended-sediment 
concentration of the Delaware River at Trenton, N.J., 
was equal to or less than 5 ppm 30 percent of the time 
and equal to or less than 25 ppm 81 percent of the time. 
Nevertheless, large quantities of sediment are trans­ 
ported because of the high runoff in the basin.

The combined average annual suspended-sediment 
load during the water years 1954-57 for Delaware River 
at Trenton, N.J., Schuylkill River at Manayunk, 
Philadelphia, Pa., and Brandy wine Creek at Wilming- 
ton, Del., was approximately 1.4 million tons, or 158 
tons per square mile. If the same load per square mile 
applies to the remainder of the basin, a total of approxi­ 
mately 2 million tons of sediment left the basin annually. 
The annual load at Trenton ranged from 59 tons per 
square mile in 1957 to 342 tons per square mile in 1955. 
The high load in 1955 was the result of heavy rains and 
floods accompanying Hurricane Diane in August.

The daily loads at this station have ranged from less 
than half a ton per day to 1 million tons per day (August 
20, 1955). During the 2-day period, August 19-20, 
1955 the Delaware River carried about 1.8 million tons 
of sediment, or approximately 22 percent of the total 
load for the 8-year period, 1950-57. The daily load at 
Trenton exceeded 180 tons 50 percent of the time and 
900 tons only 5 percent of the time. Very large pro­ 
portions of the total erosion and resulting sediment 
load are produced by a few intense storms, and a high
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annual sediment load may occur in a year of low runoff. 
Nevertheless, there is a general tendency for annual 
sediment load to increase with annual runoff.

In the following table 40 the annual sediment 
loads at six stations are shown; the annual runoff at 
one station is included for comparison.

TABLE 40. Annual sediment load at six selected stations and annual runoff at one station for comparison

Index 
No. 

(pl. 10)
Station

Water year

1948 1949 1950 1951 1952 1953 1954 1955 1956 1957

Annual suspended-sediment load, in tons per square mile

155
181
203
208
210
230

Delaware River at Trenton, N.J _ ____ .....
Schuylkill River at Berne, Pa.. ...--.... __ . __ .
Perkiomen Creek at Graterford, Pa ____________
Schuylkill River at Manayunk, Philadelphia, Pa .......
Brandywine Creek at Wilmington, Del --

3,220

258

94.Q

1,150
QQ 9

7Qfl

74.2

64.4
135
147
365
92.3

576
217
511
211

1 200
214

9Q9

161
268
283
800
273

163
244

565
154

63.5
46.4

82.2
51.4

342
228

520
227

113
46.1

131
102

59
63.7

109
111

Annual runoff, in inches

206 Schuylkill River at Pottstown, Pa . 94. fi^l 21.10 19 24 27.95 31.84 16.51 18.83 22.61 19.71

For the water years, 1950-51, the yield for the Schuyl- 
kill River at Manayunk, Philadelphia, Pa., was more 
than five times as great as the yield for the Delaware 
River at Trenton. This difference reflects chiefly the 
influence of the extensive mining operations in the 
upper Schuylkill River basin. After 1951 the sediment 
yields at Manayunk and at Berne decreased sharply 
as compared to that of the Delaware River at Trenton. 
This decrease is a result of the construction and opera­ 
tion of several desilting basins as a part of the Schuylkill 
River Restoration project, the prohibition of discharge 
of coal wastes to the stream, and the removal of culm 
and silt by dredging. The high sediment yields of 1955 
are associated with the floods in the late summer of 
that year.

Part of the decrease in load for the Lehigh River 
for 1952, a year of high runoff, probably resulted from 
decreased mining in the region, as well as from the con­ 
trol of discharge of sediment to the river.

Working with data for the Brandywine Creek at 
Wilmington, Del., Guy (1957) found, after adjustment 
for rainfall intensity and season, a lower sediment yield 
for the period 1952 to 1955 than for the period 1947 to 
1951. In 1952, the Soil Conservation Service, in co­ 
operation with the Brandywine Valley Association, 
made recommendations for controlling erosion and alle­ 
viating floods in Brandywine Creek basin. Apparently 
the decrease in sediment yield is related to the improve­ 
ment of land use and the consequent reduction in 
erosion.

Records of suspended-sediment concentrations in 
parts per million and loads of suspended sediment in 
tons per day for streams in the Delaware River basin 
are given in U.S. Geological Survey Water-Supply 
Papers 1132, 1162, 1186, 1197, 1250, and 1290 for the 
water years 1943 through 1953. Records are available 
for most of these years for Schuylkill River at Berne,

Pa., Schuylkill River at Manayunk (Philadelphia), Pa., 
Lehigb River at Walnutport, Pa., Delaware River at 
Trenton, N.J., and Brandywine Creek at Wilmington, 
Del. Samples were taken intermittently or daily for 
shorter periods at a number of other localities. 9

TEANSPORT OF STREAMBED MATERIAL

The detrital materials washed from steep slopes by 
heavy rains and eroded from the beds and banks of 
streams in flood include not only the finer clay and 
silt, but also sand, gravel, cobbles, and boulders. Only 
the finer materials are transported by the streams as 
suspended sediment. The coarser materials that are 
transported move as bed load in the stream by rolling, 
sliding, or skipping.

The movement of detritus too heavy to be carried 
in suspension is especially evident after floods. Such 
evidence is provided by: (1) migration of gravel bars, 
(2) scour of channels in old bars, and (3) deposition of 
detritals from distant sources. Few satisfactory esti­ 
mates of the magnitude of bed load have been made, 
but judgment of experienced observers indicates that 
the bed load would probably account for about 10 
percent of the total load in the Delaware River basin.

USE OF WATER

WITHDRAWAL OF WATER IN THE DELAWARE RIVER
BASIN

By JOHN C. KAMMERER

The people of the Delaware River basin withdraw 
from its surface- and ground-water resources approxi­ 
mately 6.1 bgd excluding use for generating hydro­ 
electric power. About 95 percent of this amount is 
taken from streams, lakes, and reservoirs, and the

9 Sediment data are on file at the U.S. Geological Survey's Sedimentation Labora­ 
tory, Harrisburg, Pa.
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remainder comes from wells and springs. All but 1 or 
2 percent of the water withdrawn in the basin is used 
for municipal and industrial purposes (fig. 71).

MUNICIPAL 
1,200 t tx&Jx SUPPLIES'1

I , 100 H

I ,000 -)
!

900 H

SELF-SUPPLIED 
INDUSTR AL 

SUPPLIES

OTHER 
SUPPLIES 

(Rural and 
irrigation)

K * 15 4
& in 

NEW YORK PENNSYLVANIA

FIGURE 71. Withdrawal of water in Delaware River basin by type of source and 
type of supply

An additional amount, averaging 1.6 bgd in 1955, is 
used for the generation of hydroelectric power. The 
use of water for this purpose does not alter either the 
quantity or quality of the water.

Most of the water used in the basin is fresh, and can 
be used for drinking or most other purposes after a 
minimum amount of treatment. After the water has 
been used, it is usually discharged into the nearest 
stream and is therefore available for reuse by other 
municipalities and industries downstream. The only 
large withdrawals of saline or brackish water in the 
basin are from the Delaware estuary below Philadelphia. 
Almost all this water is returned to the river after use. 
Therefore, many of the data on withdrawals cited in 
this section include a significant but undetermined 
amount of reuse of the same water.

The region of greatest water withdrawal in the basin 
coincides with the most heavily populated region and

is centered at Philadelphia. The 11 counties bordering 
or near the estuary between Trenton, N.J., and 
Wilmington, Del., account for about 70 percent of the 
water withdrawn from the basin but have an area of 
only 30 percent of the total. Large amounts of water 
are also withdrawn along the Lehigh and Schuylkill 
Rivers.

The amount of water used in the basin (not including 
water for hydroelectric plants) is between 1,000 and 
1,100 gpcd, based on an average withdrawal of 6.1 bgd 
and an estimated population of between 5.7 and 6 
million. This per capita use is a little higher than the 
average for the 31 Eastern States, but it is only about 
one third as much as the per capita withdrawal in the 
17 Western States. The greater part of the per capita 
use of about 1,000 gpd in the Delaware River basin is 
withdrawn by large water-using industries. The per 
capita use of municipal supplies is between 60 and 220 
gpd in the larger communities of the basin, and all but 
50-60 gpd of this amount is delivered to commerce and 
industry by these municipal water systems.

The large water-using industries are steam-electric 
power and manufacturing industries, such as steel, 
petroleum, and chemicals. About 87 percent of the 
water used in the basin is self-supplied by industry. 
Of this industrial withdrawal which amounts to about 
5.3 bgd, approximately 5.1 bgd is from streams and 
180 mgd from wells. All but 5-10 percent of this water 
is returned to the basin after use.

The major diversions from the basin are for the public 
supply of New York City and for municipal and in­ 
dustrial supplies in or near Middlesex County, N.J. 
In 1955, 350 mgd was diverted from the upper Delaware 
River basin to the lower Hudson River basin for the 
use of New York City, and about 38 mgd was diverted 
from the basin in Mercer County, N.J., through the 
Delaware and Raritan Canal. Since 1951, the Chester 
Municipal Authority has been diverting water from 
the Susquehanna River basin (Octoraro Creek) into 
the Delaware River basin for the municipal supply of 
Chester. This addition to the water supply averaged 
about 13 mgd in 1955.

A large amount of water-use information on the 
Delaware River basin has been collected by various 
organizations and agencies during the past 10 years. 
Much of this information, including a classification of 
type of source and type of supply, was summarized by 
Kammerer (1957); his report was based in large part 
on information and estimates prepared by field offices 
of the Geological Survey. During 1957 and 1958, 
as contributions to the Corps of Engineers' survey of 
the water resources of the Delaware River basin, the 
Public Health Service compiled additional data on 
municipal and industrial use of water, and the Soil
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Conservation Service gathered information on water 
for irrigation and other rural use. As a result of ex­ 
change of water-use information among these agencies 
and the Geological Survey, a revised table of water- 
use data for 1955 (table 41) has been prepared. Addi­

tional data on withdrawals of ground water in the 
Coastal Plain parts of the Delaware Kiver basin were 
collected by Geological Survey personnel making 
ground-water investigations in those States. These 
data are summarized in figure 72 and table 42.
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FIGURE 72. Map showing ground-water pumpage in Coastal Plain of Delaware River basin.
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TABLE 41. Withdrawal of water in Delaware River basin by 
State parts of basin, 1955

[Source of data: Modified from Kammerer (1957, p. 9). Most revisions based on 
preliminary data for 1955 obtained in water-use studies made by U.S. Public 
Health Service (municipal and industrial supplies) and U.S. Soil Conservation 
Service (irrigation supplies). All data rounded to two significant figures]

Type of supply
Ground 
water 
(mgd)

Surface 
water 
(mgd)

Delaware

Total 
(mgd)

Municipal._                   10 27 37
Self-supplied industrial.              14 410 430
Irrigation.               1 0 1
Rural (excludes irrigation)._-__________ 314

Total                        28 440 470

New Jersey

Municipal._             __..... 64 1 38 100
Self-supplied industrial         _  ..... 61 »1,300 1,400
Irrigation___________._____________ 5 5 10
Rural (excludesirrigation)____________.... 10 1 11

Total.______.________......____ 140 1,300 1,500

New York

Municipal__ ......___.___........__ 3 > 7 10
Self-supplied industrial_________..._ ..... Oil
Irrigation_..._____________________ 000
Rural (excludes irrigation) __.____________ 213

Total.. .______-_______    5 9 14 

Pennsylvania

Municipal.    .  __._. .....     ... 41 3540 580
Self-supplied industrial_______.__________ 110 3,400 3,500
Irrigation______________________._ 022
Rural (excludes irrigation)_________...___ 22 3 25

Total_____-_____.____________- 170 4,000 4,200 

Totals of type of supplies

Municipal...._____..._______.......__ _. 120 610 730
Self-supplied industrial __________.___ 180 5,100 5,300
Irrigation___.________.__________ 6 7 13
Rural (excludes irrigation)_______.______ 37 6 43

Total (excludes hydroelectric power)_.___ 340 5,800 6,100

Hydroelectric power________._________ 0 1,600 1,600

1 Excluding diversion from the basin through the Delaware and Raritan Canal 
for use by municipalities and industries outside the basin, a diversion that totals 
38 mgd.

2 Excluding 350 mgd diverted from Delaware River basin to Hudson River basin 
for part of the municipal water supply of New York City.

3 Including diversions from Octoraro Creek in Susquehanna River basin, 13 mgd 
for municipal supply of Chester, Pa. (Chester Municipal Authority), and 20 mgd 
for Philadelphia Municipal supply.

TERMINOLOGY, UNITS, AND SOURCES OP INFORMATION

The data in table 41 and in most of the text, are for 
1955. Other years, mainly 1954, are identified in the 
heading of each of the other tables. All data are aver­ 
age for the year indicated, unless otherwise described. 
The principal sources of information used in preparation 
of this section are listed below.

Principal references on water-use statistics, 1949-57, by type of 
supply and State

Municipal and industrial: 1 
Basin wide:

Not subdivided: MacKichan, 1955 data (1957). 
Subdivided by State: Kammerer, 1955 data (1957). 
Subdivided by county: Barksdale and others, 1954 

data on ground water (1958); Barksdale and Graham, 
1951-52 data on ground water (1952). 

Delaware:
Not subdivided: MacKichan, 1955 data 2 (1957). 
Subdivided by county or city: Delaware Water Re­ 

sources Study Committee, 1954 data (1955); Marine 
and Rasmussen, 1953-54 data, mainly on ground 
water (1955).

Northern part: Rasmussen and others, 1955 data (1957). 
New Jersey:

Not subdivided: MacKichan, 1955 data 2 (1957). 
Subdivided by county or city: Tippetts and others,

1954-55 data (1955).
Lower basin part: Friel, 1952 data (1954). 

New York:
Not subdivided: MacKichan, 1955 data 2 (1957). 

Pennsylvania:
Not subdivided: MacKichan, 1955 data 2 (1957). 
Subdivided by county: Mangan and Graham, 1951

data (1953). 
Lower basin part: Interstate Commission on the

Delaware River Basin, 1954 data (1955). 
Municipal supplies only: 

Basin wide:
Subdivided by city: U.S Public Health Service, 1956 

data (1957), and similar reports for preceding years; 
Picton, 1953 data (1954); Malcolm Pirnie Engineers 
and others, 1948-49 data (1950). 

New York:
Subdivided by city: New York State Department of

Health, 1954 data (1954). 
Delaware, New Jersey, New York, Pennsylvania:

Not subdivided: U.S. Federal Power Commission,
1954 data on fuel-electric power (1957); U.S. Bureau
of the Census, 1954 data on manufacturing industries
(1957a); and 1954 data on mineral industries (1957b).

Pennsylvania:
Part of lower basin: Pennsylvania Water Resources 

Committee, 1952 data (1953).
' Information on irrigation and rural supplies is also given in cited publications by 

Barksdale and Graham (1952); Barksdale and others (1958); Kammerer (1957); Mac­ 
Kichan (1951); Marine and Rasmussen (1955); and Rasmussen, Qroot, and others 
(1957).

z Data for 1950, by each State as a whole, are given in MacKichan (1951).

The classification of types of supplies is: 
1. Municipal. Publicly or privately owned water 

system established mainly to serve a city, town, 
or residential development, but also usually 
supplying some of the water required by local 
commerce and industry.
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2. Self-supplied industrial. Water system established 
by an industry for its own use (water withdrawn 
by hydroelectric power plants not included in 
this study).

3. Irrigation: Water supplied to crops by a system of 
sprinklers or ditches.

4. Rural: Water for rural home, farm (other than for 
irrigation), lawn-watering and stock-watering pur­ 
poses, and not obtained from a municipal system. 

The words "withdrawal," "intake," and "use" (when 
not otherwise identified) refer to water taken from its 
source by pumping or diversion for one of the types of 
supplies described above. Most of the water is 
returned to the same or a different source of water 
soon after use, and this return water is identified by the 
words "discharge" or "discharged" in tables 44 and 45. 

Consumptive use is the quantity of water prevented 
from returning to a water source by evaporation, by 
transpiration from vegetation, or by incorporation into 
food products, industrial products or solidified wastes. 
However, in any evaluation of the water resources of a 
particular basin, diversion of water from that basin 
is equivalent to consumptive use because none of the 
water is returned to the basin. Discharge of used 
water to the ocean or bay may also be considered as 
equivalent to consumptive use because such water is 
no longer usable for most purposes. Water discharged 
to brackish water, as in the Delaware estuary between 
Philadelphia, Pa., and Wilmington, Del., is unusable 
for many purposes but still usable for others, hence 
that part that is equivalent to consumptive use is 
indefinite.

The statistics in most of the tables in this section 
have been rounded to two or three significant figures. 
Use of water for hydroelectric power is omitted from 
this section except in table 41.

SOURCES OF WATER

By far the largest withdrawals of water in the basin 
are from streams; in fact, more than two-thirds of the 
water withdrawn in 1955 Was from the Delaware, 
Schuylkill, and Lehigh Rivers, exclusive of all other 
tributaries. Inasmuch as most of the water withdrawn 
was soon returned to these same rivers, there was a 
large amount of water reused as it flowed downstream. 
The largest present use of Delaware River water is 
from the estuary between Trenton and Wilmington, of 
Schuylkill River water from Reading south to the mouth 
of the river, and of Lehigh River water in the Alien to wn- 
Bethlehem-Easton region.

More ground water is withdrawn from the uncon- 
solidated deposits of the Coastal Plain than from the 
consolidated rocks of the Appalachian Highlands, and 
the wells of largest yield tap the sand and gravel of the 
Coastal Plain.

At present the largest ground-water withdrawals in 
the Coastal Plain in the Delaware River basin are in 
Camden, Cumberland, Burlington, and Gloucester 
Counties, N.J., New Castle County, Del., and Bucks 
and Philadelphia Counties, Pa. The geologic forma­ 
tions from which most of this water is pumped are the 
Magothy and Raritan formations (nonmarine sediments 
of Cretaceous age), the Quaternary deposits, and the 
Cohansey sand (table 42).

TABLE 42. Withdrawal of ground water in Coastal Plain of Delaware River basin, by geologic source and type of supply for each county,
1956-57

[From W. C. Kasmussen, written communications, 19S8. All data rounded to two significant figures in million gallons per day]

State and county 
(within basin)

Delaware: 
Kent...     ........

New Castle _ _. ...

New Jersey: 
Burlington- ..........
Camden ___ ......

Cumberland ..........
Gloucester ___ .....
Mercer ......
Monmouth _ .. .

Salem........
Pennsylvania:

Philadelphia.... ......

Total........ .......

Geologic source

Nonmarine 
sediments 

of 
Cretaceous 

age

0

7 
0

12 
55 
0 
0 

16 
3.4 
0 
0 
3.2

.4
17

110

English- 
town 
sand

0

0 
0

1 
.41 

0 
0 
.88 

0 
.14 
.09 

0

0 
0

2.5

Wenonah 
and 

Mount 
Laurel 
sands

0

.38 
0

1 
3
0 
0 
.26 

0 
.1 

0 
1

0 
0

5.7

Vincen- 
town 
sand

0.40 
1.14 

.19 
0

.32 
0 
0 
0 
0 
0 
0 

.01 

.43

0 
0

1.5

Kirkwood 
formation

26.3 
»2.4 

0
3.3

1.3 
.2 
.14 

0 
.5 

0 
.03 
.01 
.3

0 
0

11

Cohan­ 
sey sand

0

0 
2

.33

.4 
2.8 

20 
.9 

0 
0 
.03 
.58

0 
0

27

Quater­ 
nary 

deposits

2.6

8 
*5.6

4.2 
.64 
.9 

2.8 
1.2 
.17 
.03 

0 
6

16 
2.5

50

Total

9.3 
2.5 

16 
8.0

20 
60 3.8" 

23 
19 
3.6 
.3 
.14 

12

16 
19

210

Type of supply

Municipal

4.5

6.6 
1.3

9.4 
43 
2.6 
7 
7.8 
.39 
.1 
.09 

2.9

6.2 
0

92

Self- 
supplied 

industrial

5.3

6.5 
6

3.7 
16 

.6 
9.3 
9.1 
2.7 
0 
0 
5.6

9.3 
19

93

Irriga­ 
tion

0.8

.04 

.2

4.5 
.4 
.26 

4.2 
.5 
.24 

0 
0 
.9

.16 
0

12

Rural

1.3

2.5 
.5

2.1 
1.1 
.38 

2.8 
2.1 
.22 
.2 
.05 

2.1

.05 
0

15

Total

12

16 
8.0

20 
60 
3.8 

23 
19 
3.6 
.3 
.14 

12

16 
19

210

1 Piney Point formation. 
 Cheswold aquifer.

3 Frederica aquifer.
4 Sand and gravel of Pliocene(?) age included.
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TABLE 43. Source and type of withdrawal by large municipal water systems serving areas within Delaware River basin, 1955

[U.S. Public Health Service (1956) and other sources]

Water system

Wilmington - __ ...... __ ... _

Merchantville-Pennsauken Water 
Commission.. _______ . ..

New Jersey Water Co _______
Trenton ___ ____________

Allentown ______________

Bethlehem. .. ______ . _ __ .
Chester Municipal Authority... _ 
Easton. _______________
Lower Bucks County Water Au­ 

thority. 
Norristown Water Co _ __ __ _
Philadelphia........   . ..
Philadelphia Suburban Water Co.. 

Reading ...--. . _ ...

County Source of supply

Average daily withdrawal'

Domestic, 
public, and 
commercial 

(mgd)

Industrial 
(mgd)

Total 
(mgd)

Maximum 
daily with­ 

drawal i 
(mgd)

Population 
served 

(thousands)

Delaware

25 39 149

New Jersey

   .do.....   ..... ......
- .do...       .

"WAlla

  -do              
  -do ._ -          .  

7.6

1.8 
6.6 

16

11

0.44 
.24 

10

19

2.2 
6.8 

26

29

33

100

35
82 

175

Pennsylvania

Lehigh..    ...........

Northampton and Lehigh. 
Delaware... _____ .. ...

Philadelphia _.-. -.. .
Delaware, Montgomery, 

and Chester. 
Berks

Springs and wells (about 70 percent), and 
Little Lehigh Creek. 

Wild Creek. .. .          ...     .
Octoraro Creek (Susquehanna River basin) . 
Delaware River (about 80 percent) and wells- 
Delaware River (about 60 percent) and wells.

Schuylkill River..           

Crum, Pennypack, Neshaminy, and Pick- 
ering Creeks.

Ant,ip.t,aTn anrl IVTairlfin P,r««ts

TotaL....... .   .........  ............................... ....... . . . .... ......

16.0

9.7
7 
2.7 
3

3.9

35 

9.6

4.2

10 
6 
2.0 
0

1.3

4.7 

7.3

20

20 
13
4.7 
3

5.2 
2390 

40

17

590

29

22 
18 
8.0

9.8 
500

57

24

>780

107

90 
100 
50 
50

55 
2,250 

500

130

3,870

1 Data rounded to 2 significant figures.
2 370 mgd treated.

TYPES OP SUPPLIES

MUNICIPAL SUPPLIES

The withdrawal of water in 1955 for municipal 
supplies averaged 730 mgd, including 13 mgd trans­ 
ported into the basin from Octoraro Creek (Susque­ 
hanna River basin) for Chester, Pa., and excluding 
350 mgd diverted from the basin for New York City 
and 38 mgd diverted through the Delaware and Raritan 
Canal to New Jersey cities and industries. Of more 
than 200 municipal systems in the basin, the 14 largest 
ones used 590 of the 730 mgd withdrawn, and served 
3.9 million people and a part of the local commerce 
and industry at a per capita rate of about 150 gpd 
(table 43). Probably about one-third of this amount 
was for residential use. The Philadelphia municipal 
water system is by far the largest municipal water 
system within the basin in terms of population served 
and water delivered to home, commerce, and industry. 
Trends in daily, monthly, and annual water use by 
the Philadelphia system are given in table 44.

INDUSTRIAL SUPPLIES

Industry is the big water user in the Delaware River 
basin and in the entire service area, it mainly draws 
water from its own private systems, but also uses much 
of the water distributed by municipal systems. Inas­ 
much as the streams are the largest readily available 
water sources in the basin, the principal concentrations

TABLE 44. Withdrawal of water by Philadelphia Water 
Department, 1946-57

[Data supplied by Philadelphia Water Department]

Year

1946. . ..
1Q4.7
IQ^Q

1949...  ..
1950-   ..
1951-  . 
1QKO

1953-   
1954..........
1955-      
1956-    
1QH7

Population
(millions)

2.15
2.16
2.17
2.18

Dai

Average

335
QKQ

358
351
341
348
355
370
368
370
352
352

y use of treated

Maximum

483 (July 14).-
477 (July 20) . .
423 (Aug. 17)..
456 (June 18)..

water (mg

January

321
343
354
323
328
334
347
346
360
360
361
346

i)

July

356
364
382
387
358
365
396
415
410
420
355
394

Average 
daily use
of raw wa­ 
ter (mgd)

362

388
390
376
376

of large water-using industries are along the main 
rivers, in and near the larger cities. Northampton and 
Carbon Counties, Pa., are the northern limits of most 
of the industrial as well as municipal use of water; 
Salem County, N.J., and New Castle, Del., are the 
southern limits, except for some small ground-water 
supplies.

The major use of water by industry is for cooling, 
including air conditioning; a small proportion of the 
water is used for processing, boiler feed, sanitation, and 
drinking. The largest water users are fuel-electric 
power plants. In 1954, 15 of these plants withdrew 
nearly 2.9 bgd in the basin, almost all from privately
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owned water systems on the Delaware, Schuylkill, and 
Lehigh Rivers. The withdrawal, more than 99 percent 
for cooling of condensers, was at a rate between 40 
and 135 gallons per kwhr (kilowatthour), and prac­ 
tically all the water was returned to the rivers after 
use (table 45).

The other largest water-using industries in the basin 
are steel, petroleum, chemicals, and paper. Statistics 
on industrial water use by purpose, source, or site are 
given in table 46. More than 95 percent of the water 
used by all manufacturing establishments is withdrawn 
by only 3 percent of these establishments.

TABLE 45. Withdrawal, discharge, and evaporation of water by steam-electric generating plants, Delaware River basin, by counties, 1954 
[Source of data: U.S. Federal Power Commission (1957) and original data on which that report was based. L=less than 0.05]

State and county

Delaware: 
New Castle ______ ___________ _____

New Jersey: 
Burlington________ _____
Hunter don___ _
Salem.

Pennsylvania: 
Berks. ______ _ _
Carbon____
Chester __ __ _ __ ___________ _ _
Delaware.- _
Montgomery _
Northampton __ _ ___ __ _ _ ____ ___
Philadelphia _ _ _ _

Total___ ____ ________________ _

Withdrawal (intake)

Total

(mgd)

210

256 
140
285

202 
82 
33 

300 
107 
28 

1,250

2,890

(gallons 
per kwhr)

84

81 
90 

135

43 
79 
48 
94 
46 
40 
75

2 73

Source

Municipal 
supply 
(mgd)

0.2

.3 

. 1 
4.2

0 
.8 
L 

. 1 

. 1 

.5 
1. 7

8.0

Self- 
supplied 

water 
(mgd)

i 210

256 
140 
281

202 
81 
33 

300 
107 
28 

1,250

2,890

Water 
discharged 
after use 

(mgd)

210

256 
140
282

202 
79 
33 

300 
107 
28 

1,250

2,890

Water evaporated

(mgd)

L

L 
L 

2.5

L 
1.6 

L 
L 
L 
L 

.2

4. 4

(percent)

L

L 
L 

0.9

L 
2.0 

L 
L 
L 
L 
L

. 2

1 Faline water (dissolved-solids concentration more than 1,000 ppm)'
2 Average.

TABLE 46. Withdrawal, discharge, and recirculation of water by manufacturing industries in Delaware River basin, by selected
counties, 1954

[Source of data: U.S. Bureau of the Census (1957a, p. 209-42,209-43). Data represent manufacturing establishments where average water withdrawal (intake) during 1954 was 
0.055 mgd (20 million gallons per year) or more; withdrawal is from municipal and self-supplied sources combined]

State and county

Delaware: 
New Castle-
Sussex ....

New Jersey:
Camden ...
Gloucester ...
Salem __ .

Pennsylvania: 
Bucks.. ___ .
Chester ___ ...
Delaware..
Montgomery.
Northampton
Philadelphia....

Total...

Total for Delaware and Hudson region 5 ._

Number 
of 

establish­ 
ments

37 
10

32
7 
8

21 
13 
34 
37 
30 

131

360

1,286

Withdrawal source

Municipal 
supply 
(mgd)

14

14 
25

2.7 
2.7 
8.2
8 O . £
8.2 

52

135

362

Self-supplied

Ground
water 
(mgd)

2.7 
5.5

11
2.7 
2.7

8.2 
2.7

8.2 
5.5 

11

60

211

Surface 
water 
(mgd)

41 
36

36
14 
8.2

208 
60 

318 
69 

211 
192

1,190

1,590

Saline 
water » 
(mgd)

30

8.2

74

2.7

is
134

830

Total 2 
(mgd)

88 
41

69 
41 
85

219 
66 

328 
85 

225 
274

1,520

2,990

Purpose

Process 
(mgd)

41 
2.7

19 
2.7 
5.5

11 
8.2 

16 
16 
11 
36

169

507

Cooling 
and air 
condi­ 
tioning 
(mgd)

33
38

19 
5.5

77

203 
49 

164 
63 

164 
186

1,000

1,970

Average 
discharge 
of water 
after use 

(mgd)

88 
41

63 
38
85

216 
63 

315 
82 

211 
266

1,470

2,820

Water con­ 
sumed in 
process or 
by evapo­ 

ration 
(percent)

0 
0

9
7 
0

1 
5 
4 
4 
6 
4

43

<6

Water con­ 
served by 
reuse or 
recircula­ 

tion > (mgd)

19
14

8 
90 

3

52 
47 

249 
38 
74 

461

1,040

2,580

1 Dissolved-solids concentration more than 1,000 ppm.
2 Total includes water for boiler feed, sanitary service, and other purposes.
3 Amount of additional water which would have been required had there been no reuse or recirculation of water.
4 Average.
5 Census area, roughly consisting of the Delaware and Hudson River basins plus the area between the two.
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IRRIGATION AND RURAL SUPPLIES

The withdrawal of water for irrigation in 1955 
averaged 13 mgd, and for rural uses other than irriga­ 
tion averaged an additional 43 mgd (table 41). The 
wells and other sources of water used for one or both 
these purposes are scattered throughout the basin, as 
contrasted with the areal concentration of water use 
by city and industry. Because the need for water 
for these purposes is so widespread and the quantity 
required at any given place is usually fairly small, a 
large part of the irrigation and rural supplies come 
from wells and springs.

Rural withdrawals of water (except for irrigation) 
are mainly for domestic purposes, stock watering, and 
lawn watering. The amount used is about the same 
from year to year, except in extremely dry or wet 
years, and much of the water is returned to the ground 
or stream after use.

The use of water for irrigation is generally small in 
this region, but it is significant for three reasons: 
(1) The actual rate of use during a growing season of 3 
months would be 52 mgd instead of a 12-month average 
of 13 mgd; (2) a large part, perhaps 90-95 percent, is 
consumptively used, and is therefore not available for 
reuse; and (3) the irrigation season is also the season of 
minimum streamflow and maximum water use for other 
purposes, and the different users may be competing 
for the same supply.

Within recent years, there has been an increasing 
use of water for irrigation in the Eastern States, 
especially by portable sprinkler systems. The U.S. 
Bureau of the Census (1956a, p. 282-283; 1956b, p. 60) 
reported 32,500 acres under irrigation in 1954 in Bur­ 
lington, Camden, Cumberland, Gloucester, and Salem 
Counties, N.J., and 4,300 acres in Kent and New 
Castle Counties, Del. These acreages represented in­ 
creases of 110 percent and 1,000 percent, respectively, 
of acreages irrigated in these two areas in 1949.

CONSUMPTIVE USE, REUSE, AND AVERAGE USE

Generally, consumptively used water is lost to 
further use for water supply because it has either 
returned to the atmosphere or has become part of a 
product or solidified waste. As described in preceding 
parts of this section, less than 10 percent of municipal 
and industrial supplies are consumptively used (tables 
45 and 46), whereas from 90 to 95 percent of the water 
used for irrigation in this region may be consumed by 
evaporation and transpiration.

The consumptive use of water in the Delaware River 
basin in 1955 may be estimated if it is assumed that:

(1)5 percent of the water withdrawn for municipal and 
rural use was consumptively used, (2) 3 percent of 
water withdrawn for industry was so consumed, and 
(3) 90 percent of that for irrigation was consumed. 
Water-use figures given in table 41 indicate that con­ 
sumptive use was:

Million 
gallons 
per day

Municipal supplies,_______________-___-----_-_--__-- 36
Self-supplied industrial supplies__ _ ____________________ 160
Irrigation supplies._________________________________ 12
Rural supplies______-____-_-__-------_--__-_-------- 2

Total. 210

But, in addition to these in-basin consumptive uses, 
350 mgd was diverted to New York City and 38 mgd 
was diverted to use in New Jersey via the Delaware 
and Raritan Canal. Although this total of 388 mgd 
(rounded to 390 mgd) is not necessarily consumptively 
used at its final places of use, as far as the Delaware 
basin is concerned the use is consumptive the water 
is never again available for reuse in the Delaware basin.

Thus the total consumptive use of Delaware River 
basin water, in 1955, was 600 mgd (210 + 390).

Downstream municipalities and industries reuse a 
substantial (but unknown) amount of the same water 
previously used and returned to the stream by up­ 
stream municipalities or industries. Even within a 
single industrial plant water may be used over and over 
again. Table 46 (last column) shows that if this type 
of reuse had not occurred, an additional 1.04 bgd 
would have been required in 1954 by manufacturing 
industries in 11 counties in the basin.

Most data in this section are expressed as average 
use for the year. Summer withdrawals are at a 
considerably higher rate than the annual average 
because of less efficient cooling with higher temperature 
water and also because of higher rates of water use for 
air conditioning, lawn watering, and irrigation. Water 
use from a municipal system on a maximum-use day 
may be as much as three times the use on an average 
day, and the maximum hourly use rate may be as much 
as 10 times the average daily rate (Henderson, 1956, 
p/363; Finch, 1956; and Hatcher, 1956).

If it is assumed that a maximum-day consumptive 
use of 200 percent of the 1955 average daily rate of 
consumptive use for municipal, rural, and irrigation 
supplies, and 110 percent for industrial supplies, then 
the maximum-day consumptive use and average out- 
of-basin diversions, which are equivalent to consump­ 
tive use, can be computed as:
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Million
gallons

Consumptive use within basin: per day
Municipal _____________-_----_-________ 72
Self-supplied industrial __________________ 180
Irrigation ______________________________ 24
Rural-________________________________ 4

Total- 280

Out-of-basin diversions 
(equivalent to consumptive use):'

New York City______.____-___-__-__-- 350
New Jersey via Delaware and Raritan

CanaL______________________________ 38

Total- 390

Grand total-_____________________

For effects of diversions on consumptive use, see p. 167.

670

By comparing this total with the information on 
average daily consumptive use given on page 167, we 
see that maximum-day consumptive use (670 mgd) is 
only 11.6 percent larger than average-day consumptive 
use. This small percentage increase is, of course, 
because the out-of-basin diversions constitute such a 
large part of total consumptive use of the basin's 
waters.

TRENDS IN USE

Few data on water use in the Delaware River basin 
prior to 1945 are- available, except for municipal 
supplies. Table 47 shows that during the past 60 years 
the withdrawal by nine of the largest supply systems 
has more than doubled. The population of cities 
served by eight of these supplies was 1,335,000 in 1890 
and 1,675,000 in 1900. If we take the average of 
these totals, 1.5 million, as the population served in 
1895 by a total of 257 mgd (table 47), the rate is about 
170 gpcd, compared with a rate of 150 gpcd for 14 
systems in 1955 (table 43). The comparison of these 
rates may be affected by some, or all, of the following 
factors: (1) Some of the urban population in 1895 was

TABLE 47.  Withdrawals, in million gallons per day, by nine 
large municipal water systems for selected years, 1895-1955

State and city

Delaware:

New Jersey:

Pennsylvania:

Philadelphia Suburban

18951

5.8

12
5.5

4.0
.8

2.8
220

6.5

19202

15

14
U8

12

7.5
310

1930S

14

19
18

6.7
340

21

1940

'17
818

1945*

14

'23
822

16
7.2

11
336

22
17

1950

799
825

9 341

1132

19535

20

20
26

18
19
13

370

39
17

1955 6

25

22
26

20
20
13

i«370

1243
17

1 Baker (1897).
2 American City (1920-21).
a Regional Planning Federation of the Philadelphia Tri-State District (1932).
4 U.S. Federal Security Agency (1945).
«Picton(1954).
e U.S. Public Health Service (1956).
7 Records of Camden Water Department.
8 Records of Trenton Water Department. 
» Records of Philadelphia Water Department.
10 390 raw.
11 American Water Works Association (1953). 
H American Water Works Association (1957).

not served by municipal systems; (2) waste of water 
was probably considerably greater prior to extensive 
use of metering; (3) modern household appliances 
cause an increase in domestic use; (4) many industrial 
plants that formerly used municipal supplies now have 
their own supplies, which greatly reduce the gallons per 
capita per day charged against municipal supplies.

An example of the effect of unforeseen events upon 
water use is the decreased use resulting from water 
shortage and the resulting water-conservation cam­ 
paign which occurred in New York City in 1949 and 
1950. Average consumption reached a high of 1,203 
mgd in 1949, dropped to 982 mgd in 1950 and still 
averaged no higher than 1,155 mgd in 1955, 4% years 
after water-use restrictions had been removed (New 
York City Board of Water Supply, 1956, p. 27; New 
York City Engineering Panel on Water-Supply, 1951, 
p. 20).

Trends indicated by existing records of water use are 
of limited value for forecasting water requirements, 
especially for long periods. Water requirements are 
dependent not only on population and industry, but 
also on changes in living standards, costs of water, 
changes in industrial processes, and the use of conser­ 
vation practices, including the reuse of water.

RELATION OF QUALITY OF WATER TO USE REQUIRE­ 
MENTS

MUNICIPAL SUPPLIES

The quality of water for municipal use is often evalu­ 
ated in terms of the U.S. Public Health Service Drink­ 
ing Water Standards (U.S. Public Health Service, 1946), 
which apply to drinking water and water-supply sys­ 
tems used by interstate carriers. In these standards 
the chemical characteristics are considered in two 
classes. For the first group the concentrations must 
not exceed the limits specified:

Parts per 
million

Lead-..---.---------------------------- 0.1
Fluoride---.-------------------------  1- 5
Arsenic._____________-_--_--__----------   05
Selenium____-__--_---_------_----------   05
Hexavalent chromium.-__________________ . 05

For the second group, certain limits of concentration 
are recommended, though are not mandatory:

Parts per 
million

Copper-________------_------------ 3.0
Iron and manganese together ______ . 3
Magnesium ___________--__--_------ 125
Zinc__.___________-__-_----_----- 15
Chloride.-.-------.-.-------------- 250
Sulfate---------------------------- 250
Phenolic compounds, as phenol__--_-_   001 
Total solids, desirable_________-_-_-- 500
Total solids, permitted (if better water

is not available)_ .__-------------- 1, 000
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Almost all surface water receives some treatment 
before it is used as a public supply. Most of it is 
filtered to remove sediment and disinfected by chlorina- 
tion. If necessary, the pH is adjusted by adding lime 
or soda to prevent corrosion of valves and conduits. 
Tastes and odors are removed by chlorination, by 
addition of activated carbon, chlorine dioxide, or ozone, 
or by aeration.

Hardness of water is principally due to calcium and 
magnesium and is calculated in terms of CaCO3 . 
Water having a hardness of less than 60 ppm as CaCO3 
is classified as soft; from 61 to 120 ppm, moderately 
hard; and from 121 to 200 ppm, hard. Water having 
a hardness of more than 200 ppm is rated as very hard 
and requires softening to be suitable for most purposes. 
Hard water requires an excessive quantity of soap to 
form a lather and deposits scale in vessels in which 
the water is boiled. Water that is too soft, however, 
may corrode the distribution mains, especially if the 
pH is low.

Most surface waters have small concentrations of 
iron and manganese, but ground water, or surface 
waters containing mine drainage or industrial wastes, 
may have relatively high concentrations of dissolved 
iron. Iron and manganese cause stains on procelain 
fixtures and on laundry. Fluoride is added to many 
municipal water supplies for the purpose of reducing 
the incidence of tooth decay in the permanent teeth 
of children who drink the water (Dean, 1936, 
p. 1269-1272).

INDUSTRIAL SUPPLIES

Each industry has its own requirements for water 
quality; even within a given industry, quality require­ 
ments may vary widely with variations in the process, the 
product desired, and the water available. In a single 
plant several distribution systems may have water of 
different quality for processing, for drinking, for cooling, 
for boiler feed, and for firefighting and flushing. A 
part of the water supply may be ground water and 
a part surface water, or all the water may be supplied 
from a single source, but may undergo different kinds 
of treatment, each appropriate to the special use of 
the water. The kind of treatment may be as simple 
as neutralization, filtration, settling, or aeration, or 
it may involve softening, distillation, or demineraliza- 
tion by means of ion exchange.

As an example of the kinds of water-quality specifi­ 
cations in industrial use and of their variability, limiting 
concentrations for steam boiler feed waters are given 
in table 48. Note that high-pressure steam boilers 
require water of much better quality than do low- 
pressure boilers.

Boiler water meeting these specifications will have 
little tendency to cause corrosion, embrittlement, scale

TABLE 48.   Suggested water-quality tolerance for boiler-feed water 

[Moore (1940); Lohr and Love (1954, p. 41)]

Hydrogen sulflde (H2 S)__ ..........
Total hardness, as CaCOs _____

Silica (SiO2)--.--   ...............

Carbonate (CO)).. ................
Hydroxide (OH)_._  .-._.____-  
Total solids 3  . --------- __ .,...-
Turbidity *........................
Color 5 ______________ ...
Sulfate-carbonate ratio (A.S.M.E.) 

(Na2SO4:Na2CO3) o. .............

Allowable limits (ppm) for indicated pressure 
(Ib per sq in)

150

15 
1.4 

25 
80 

5 
40 
50 

200 
50 

3,000-500 
20 
80

1:1 
8.0

150-250

10 
.14 

23 
40 

.5 
20 
30 

100 
40 

2,500-500 
10 
40

2:1 
8.4

250-400

4 
.0 

0 
10 

.05 
5 
5 

40 
30 

1, 500-100 
5 
5

3:1 
9.0

>400

3 
.0 

0 
2 
.01 

1 
0 

20 
15 
50 

1 
2

3:1 
9.6

1 Limits applicable only to feed water entering boiler, not to original water supply.
2 Except when odor in live steam would be objectionable.
3 Depends on design of boiler.
4 Parts per million of SiOz (Rainwater and Thatcher, 1960, p. 289).
5 Platinum-cobalt scale of Hagen (1892, p. 427-428).
6 American Society of Mechanical Engineers Standards.

formation, or foaming. Corrosion is partly due to acid 
or dissolved gases; embrittlement is associated with 
high concentrations of sodium carbonate or bicarbonate. 
Scale consists chiefly of calcium carbonate or calcium 
sulfate, and silica, substances that are deposited when 
their concentration becomes high owing to evaporation 
of the water. Foaming is caused by too high a con­ 
centration of sodium compounds or of finely divided 
suspended solids.

If the natural water does not meet specifications, it 
may be treated. Such treatment, depending upon 
requirements, may include filtering, softening, or 
adding chemicals to the boiler water to prevent scale 
from adhering to the boiler tubes. Sludge is removed 
from the boiler by blowdown and replacement with 
fresh water.

The quality requirements for water for many indus­ 
trial and other uses have been described by California 
Water Pollution Control Board (1952 ;'l954). Methods 
of treatment of public water supplies for industrial use 
and the characteristics of the raw and the treated water 
are discussed by Lohr and Love (1954). The treat­ 
ment of water for industrial and other uses is also 
discussed by W. H. and L. D. Betz (1953) and by 
Nordell (1951).

AGRICULTURAL SUPPDIES

In addition to the traditional farm uses of water such 
as stock watering, increasing quantities of water are 
being used in the Delaware River region for irrigation. 
Evapotranspiration discharges water vapor, but no 
salts, to the atmosphere. Consequently, salinity of 
water in the root zone increases unless rainfall or irriga­ 
tion is sufficient to leach out the excess salt. The 
amount of irrigation water required for leaching 
depends upon the salt tolerance of the crops and the

713-196 O 64 -12



170 WATER RESOURCES OF THE DELAWARE RIVER BASIN

amount of rainfall. Asparagus and sugar beets, for 
example, can tolerate a higher salinity than apples, 
beans, or strawberries.

When the proportion of sodium in water becomes too 
high, the sodium may undergo ion exchange with the 
soil. This deflocculates the soil and reduces its per­ 
meability to air and water, and thus retards or stunts 
plant growth. Irrigation water should contain suffi­ 
cient calcium and magnesium, in relation to sodium, 
to replace some of the exchangeable sodium in the soil. 
In addition, calcium and magnesium are essential plant 
foods. Too high a concentration of bicarbonate im­ 
pairs the quality of water for irrigation, for as evapora­ 
tion takes place, precipitation of calcium and mag­ 
nesium carbonates may occur; this precipitation 
increases the ratio of sodium to calcium and magnesium 
in the water.

Irrigation waters are classified for quality on the 
basis of: (1) total concentration of dissolved solids, 
(2) sodium adsorption ratio (SAR), and (3) residual 
sodium carbonate. These terms and the quality clas­ 
sifications based on them are discussed by Wilcox (1955), 
and by the U.S. Salinity Laboratory Staff, (1954). 
Such classifications of irrigation waters are of more 
significance in drylands regions than in the relatively 
humid Delaware River basin, where the root zone is 
leached by rainfall several times each year and where 
consequently the chemical quality requirements for 
irrigation water are less stringent.

Special problems are presented by irrigation waters 
containing industrial wastes, which may contain boron, 
metal ions, or other substances toxic to plants. Acid 
waters may corrode metal pipes of sprinkler systems 
and introduce toxic metals into the water. Saline 
irrigation waters may cause leaf burn. The tolerance 
limits for some such substances cannot be stated 
simply. For example, traces of boron (perhaps 0.1 
ppm) are necessary for good plant growth, but con­ 
centrations of 0.5 ppm are injurious to many plants. 
Other plants, however, tolerate as much as 2 ppm. 
Similarly, traces of copper or molybdenum appear to 
be essential for plant growth, but larger concentrations 
are toxic.

For stock-watering supplies, the chemical-quality 
requirements are roughly the same as those for drinking 
water for human beings. However, livestock and 
poultry generally can adapt themselves to higher 
salinity tolerances and to higher tolerance limits for 
some toxic materials than can humans.

The first effects of low-quality water on farm ani­ 
mals, such as cattle and chickens, are impaired 
lactation and reproduction; this results in lower pro­ 
duction of milk and eggs. Nitrate, fluoride, selenium, 
and molybdenum are toxic to animals. Blue-green

algae appear to produce poisons acting on the liver, the 
nervous system, and the skin; cattle, sheep, horses, 
and poultry have been fatally stricken as a result of 
drinking water with high concentration of blue-green 
algae (California Water Pollution Control Board, 
1952, p. 170-171).

An exhaustive compendium of data on the limiting 
or threshold concentration of potentially polluting 
substances, together with their likely sources and 
bibliographical reference numbers, is given by the 
California Water Pollution Control Board (1954).

USE OP WATER PROM THE DELAWARE ESTUARY

The largest use of surface water in the industrial 
area from Trenton, N.J. to New Castle, Del., is for 
cooling. Slight increases in salinity are of little con­ 
sequence for this use. Brackish water corrodes some 
metals, but corrosion may be avoided with properly 
designed equipment. Highly saline water cannot 
be used for drinking; it foams in boilers, corrodes pipes, 
valves, and machinery, consumes soap, and is undesir­ 
able in such industries as textiles, paper, and sugar 
refining. The deterioration of quality of Delaware 
River water caused the city of Chester, Pa., in 1951 
to abandon its Delaware River source and to develop 
a new water supply from Octoraro Creek in the Susque- 
hanna River basin.

In some places along the river, ground water is 
obtained from aquifers that are connected hydrauli- 
cally with the river. Where heavy ground-water 
pumping occurs close enough to the river, river water 
may flow into the aquifer. As a result of ground- 
water studies of sand and gravel aquifers between 
Trenton and Philadelphia, Leggette and Brashears 
(1954) concluded that "the Delaware River is the 
source of from 50 to more than 80 percent of the with­ 
drawal at existing well fields." A similar situation 
may exist along other parts of the river and estuary.

At present the ground water, at least in the aquifers 
above Philadelphia, is generally more mineralized 
than the river water, and in such places the infiltra­ 
tion of river water lowers the mineral content of the 
pumped well water. If, however, the salinity of the 
river water should increase and become higher than 
that of adjacent ground water, the water withdrawn 
from the wells would be more highly mineralized.

DEVELOPMENT OP THE WATER RESOURCES OF THE 
DELAWARE RIVER BASIN

In the preceding sections, the water supply and its 
variations, water use, and some of the water problems 
of the basin were examined. Reference was also 
made to several methods of developing and protect­ 
ing water supplies and to the hydrologic effects of 
such developments.
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The following discussion summarizes the principal 
methods of developing and protecting water supplies 
of the basin and presents comparisons of 1955 demands 
and estimated future demands with available, or 
potentially available, supply.

This discussion relates primarily to hydrologic 
aspects of development and is not intended as a recom­ 
mendation for or against any particular project or 
plan. In addition to hydrologic studies, investiga­ 
tions for any large-scale development must include 
economic, engineering, legal, political, health, recrea­ 
tional, and esthetic aspects, most of which are beyond 
the scope of this report.

INCREASING AND PROTECTING THE WATER CROP

The harvestable water crop, as discussed on page 24- 
33, can be increased principally by use of surface and 
subsurface storage. Surface water and ground water 
are not separate resources but merely different phases 
of the same resource. When selecting a source of 
supply the choice between surface water and ground 
water depends mainly on the following factors: (1) 
relative availability of water and suitable storage space, 
(2) costs of development and maintenance, and (3) 
water-quality requirements, both physical and chemical.

In future large-scale water-supply developments 
surface reservoirs will be most important in the Appa­ 
lachian Highlands, because in that part of the basin 
surface-storage sites are abundant and ground-water 
storage capacity is small. The opposite situation exists 
in the Coastal Plain; ground-water storage will be most 
important there.

SURFACE RESERVOIRS

The role of surface storage in increasing the water 
crop is discussed on page 31. Flood-control storage and 
amounts of storage required to maintain specified flows 
are discussed on page 133-134.

Many sites suitable for surface reservoirs are desirable 
sites for urbanization and industrialization, highways, 
railroads, and airports. Such activity may precede the 
need for storage so that the storage can be increased 
only at great expense or at less satisfactory sites. If 
any site is essential to a long-range plan of water 
development, acquisition of the site, or of development 
rights, before the site is Used for other purposes could 
save much trouble and expense.

Construction and operation of reservoirs on stream 
channels often have many effects unrelated to the 
primary purpose of development. For example, de­ 
velopment of hydroelectric power commonly causes 
rapid fluctuations in streamflow that may be detri­ 
mental to fish and wildlife and to water users for several 
miles downstream from the plant. On the other hand,

the storage capacity of such reservoirs may help to 
reduce damaging flood peaks. Construction of a 
water-supply reservoir might help to create recreational 
opportunities, but the existence of a dam in a stream 
may interfere with the migration of certain species of 
fish unless fish ladders are installed.

Formerly reservoirs were usually built for a single 
purpose and with little regard for other uses. In 
recent years, however, coordinated development of 
river basins is becoming a more common practice. 
Such development may include storage for several 
purposes, such as flood control, power development, 
irrigation, municipal or industrial water supply, and 
augmentation of low flows. Most of these purposes 
are conflicting, at least to some extent. For example, 
flood-control reservoirs should be kept as nearly empty 
as possible so that space will be available when needed 
to store flood waters, but reservoirs for water-supply or 
hydroelectric power should be kept as full as possible 
to provide water when natural flow is insufficient to 
meet demands.

Storage for conflicting uses has sometimes been 
provided in a single reservoir, particularly in the arid 
Western United States where runoff volumes are small 
relative to available storage space. For example, Lake 
Mead, on the Colorado River in Arizona and Nevada, 
has a capacity sufficient to store nearly twice the mean 
annual runoff from its drainage area. Consequently it 
was possible to combine storage space for water supply, 
power production, and flood control in a single reservoir.

Such a combination in a single reservoir would be 
much more difficult in the Delaware River basin. 
However, combination of conservation storage and 
flood storage may be practical at some of the large 
reservoir sites and some other uses have less divergent 
requirements that can be met readily by a single reser­ 
voir. For example, Pepacton and Neversink Reservoirs, 
in the upper part of the basin, store water primarily for 
diversion to New York City and secondarily to augment 
low flows in the Delaware River, in accordance with the 
U.S. Supreme Court decree that authorizes the diver­ 
sion. These uses are compatible, because water may be 
stored during periods of high runoff for release or 
diversion principally during periods of low runoff. 
Conflict over allocation of the stored water may occur 
during extended periods of low runoff.

Optimum development of water resources requires 
integrated planning and operation of surface storage 
facilities to best serve the many interests involved.

The combined storage capacity of the 10 major 
reservoirs existing or under construction (1959) in the 
Delaware River basin is about 1,410,000 acre-feet, a 
small part of the potential surface-storage capacity; the 
drainage area above these reservoirs is 1,840 square
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miles, or about 15 percent of the total area. Numerous 
smaller reservoirs exist but their total capacity is small.

Of this total capacity, 874,000 acre-feet is in the New 
York City system of reservoirs for water supply and 
low-flow augmentation, 289,000 acre-feet is in hydro­ 
electric power systems, 204,000 acre-feet is in flood- 
control reservoirs, and 44,500 acre-feet is in municipal 
water-supply reservoirs for cities within the basin.

The operation of the New York City system under 
the Supreme Court decree controlling that operation is 
important in the development of the water resources of 
the basin. The subject is discussed in the section 
entitled "River Master of the Delaware River."

GROUND-WATER DEVELOPMENT AND MANAGEMENT

DESIGN, DEVELOPMENT, AND OPERATION OF WELLS AND WELL FIELDS

In recent years, great progress has been made in the 
scientific spacing, design, construction, development, 
and maintenance of wells. The design and operation of 
wells or of well fields, to recover the maximum yield of 
ground water, is usually the responsibility of specialists 
outside the Geological Survey. It is appropriate here 
only to sketch examples of recent progress in the 
techniques of ground-water development.

The application of principles of ground-water hydrau­ 
lics is of particular importance in determining the proper 
spacing of wells, not only to minimize interference 
among pumped wells, but to obtain the maximum 
sustained yield from an area. The application of 
hydraulic theory to well spacing involves the determina­ 
tion of the aquifer characteristics such as the coefficients 
of transmissibility and storage, the geometry of the 
aquifer, and the relations of the aquifer to other aquifers 
and to aquicludes.

In the past the location and spacing of water wells 
usually have been dictated by convenience or by 
limitations of property ownership, rather than by hydro- 
logic factors. However, when ground-water supplies 
in an area become more intensively developed, the 
hydrologic factors that determine proper well spacing 
need to be considered. A useful parallel may be found 
in the petroleum industry where the "unit operation" 
of many large oil fields, which requires rational spacing 
of wells, has been practiced for more than 20 years. 
Unit operation results in a higher oil recovery at lower 
cost than could have been achieved by haphazard 
development.

Data are generally insufficient in the Delaware River 
basin to permit applying hydraulic theory to the 
problem of well spacing over large areas, but there is 
opportunity for steady improvement in the design of 
individual well fields in localities where the required 
data are available or can be obtained.

Many improvements have been made recently in the 
design and construction of individual wells, and these

improvements contribute to the more efficient recovery 
of ground-water supplies. Determination of the best 
well sites has been aided greatly by the increased use of 
test drilling, by geophysical prospecting, and by careful 
analysis of existing subsurface data. The application 
of modern sampling techniques and the use of electrical 
and radioactivity logs will give assurance that produc­ 
tive zones are located accurately, and further, that the 
physical and water-bearing- properties "or aquifers are 
best determined.

Many types of well casings and screens, each suited 
to a particular need, are now available. From analysis 
of cores or drill cuttings and examination of electrical 
or radioactivity logs, the best screen slot sizes can be 
selected, and the screens can be set accurately opposite 
the producing zones.

Other notable improvements in the design and con­ 
struction of wells include: (1) the refining of methods 
of mechanical underreaming and gravel packing by 
which the effective radius of a well and hence its yield 
may be increased to the proper size, (2) the availability 
of greatly improved pumps, and (3) the use of horizontal 
collector-type wells in areas where induced recharge 
may be utilized.

Advances also are being made continually in well- 
development methods. Well development consists of 
those processes that are used, after a well is constructed, 
to: (1) increase the yield, (2) prolong the productive 
life of the well, and (3) improve the quality of the water 
(particularly the physical quality by reducing or 
eliminating the sediment). Development of some wells 
may take several times as long as the time required to 
drill, case, and screen the well.

The development process increases the permeability 
of the aquifer adjacent to the well. Natural develop­ 
ment commonly occurs as a well is pumped, provided 
that the correct screen slot size was chosen. In this 
process a certain proportion of the smaller particles in 
the aquifer pass through the screen into the well and 
are pumped to waste. This process gradually produces 
an envelope of material surrounding the well that is 
coarser than that in the surrounding aquifer.

Physical processes of development include surging, 
overpumping, backwashing, bailing, the use of dry ice 
(frozen carbon, dioxide), and, in consolidated rocks, 
pressure fracturing and the use of explosives. All these 
processes are designed to achieve the same effect as 
that previously described.

Chemical processes often are as effective as, or even 
more effective than, the physical processes of develop­ 
ment. The chemical processes include the use of acid 
(particularly useful in limy sands like those in the 
Vincentown sand) and polyphosphate detergents.
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Proper maintenance of wells is fully as important in 
the efficient use of ground-water supplies as proper 
design, construction, and development of wells. Main­ 
tenance consists partly of a repetition or continuation 
of the processes of development and partly of the 
repair or replacement of screens and casing, and pump 
motors, turbines, or shafts. Maintenance problems 
are important, because they determine, in part, the 
extent to which drillers and water users will attempt 
development of an aquifer. Superior maintenance 
methods should extend greatly the usability of wells 
and aquifers.

AUGMENTATION OF GROUND-WATER SUPPLIES

Ground-water supplies are augmented when man's 
activities increase recharge to aquifers. This increase 
may be brought about in two ways: (1) by induced 
recharge, in which recharge from streams and other 
surface-water bodies or from precipitation is increased 
from the natural amount simply by lowering the water 
table or piezometric surface or (2) by artificial recharge, 
in which manmade facilities are used to add water to 
the aquifers. Artificial recharge includes infiltration of 
irrigation water withdrawn from streams, which in 
the Delaware River basin will probably always be 
relatively small.

In a sense, both these methods are forms of artificial 
recharge. The amount of recharge usually is less 
subject to direct control in use of the first method 
than in the second. Neither method permits an in­ 
crease in the water crop of an area unless: (1) under­ 
ground inflow is induced from adjacent areas (the gross 
supply in those areas is correspondingly reduced, how­ 
ever), (2) the water used for artificial recharge is 
imported by conduit from outside the area; or (3) the 
induced or artificial recharge otherwise would have 
been lost as evapotranspiration or as unused flood flow.

INDUCED KECHAKGE

Induced recharge is the water that seeps into aquifer8 
from streams, lakes, or swamps when the cone of 
depression around a pumping well or a well field inter­ 
sects a body of surface water. Induced recharge also 
may be considered to include infiltration of precipi­ 
tation in excess of the natural amount when such 
recharge results from an artificially lowered water table. 
The latter type of induced recharge generally is diffi­ 
cult to evaluate and is not discussed herein.

Induced recharge often is begun accidently in the 
early stages of well development in an area. As 
knowledge of hydrologic conditions accumulates, it is 
possible to plan ground-water development either to 
induce or to prevent recharge from a stream  a method 
of water conservation and aquifer management.

Where drawdown from a pumped well reverses the 
gradient between stream and well, gradients much 
steeper than exist in nature may become established, 
and under these circumstances much larger quantities 
of water will move from stream to aquifer than pre­ 
viously moved from aquifer to stream.

Where an aquifer is in direct contact with a body 
of surface water, such as a stream, the rate of induced 
recharge is directly proportional to the transmissibility 
of the aquifer and to the hydraulic gradient established 
in it by pumping. The recharge rate will be much 
less if a layer of clay or silt partially seals the aquifer 
from the stream, or if the area of contact between 
stream and aquifer is small. As an example, Barksdale 
and others (1958, p. 92-105) cite the Delaware estuary 
between Trenton, N.J., and Wilmington, Del., which 
lies along the intake areas of aquifers in the Raritan 
formation. Where a large area of an aquifer in the 
Raritan formation is exposed directly to river water, 
induced recharge is limited only by the capacity of the 
aquifer to transmit water from the channel under the 
prevailing hydraulic gradient, not by the infiltration 
capacity of the aquifer. In contrast, where the 
channel bottom is covered with clay, the induced 
recharge is negligible, even'though the transmissibility 
of the underlying aquifer is high. This relation exists 
because a layer of clay one foot thick may create as 
much head loss as 10,000 feet of aquifer material at 
any given rate of flow.

The desirability of inducing recharge depends on the 
quality of the waters involved as well as the quantity 
of the available supply. In most parts of the basin 
above Chester, Pa., the stream waters are as good as, 
or better than, the native ground waters; hence induced 
recharge is desirable insofar as water quality is a con­ 
sideration. However, induced recharge from the Dela­ 
ware estuary below Chester, under present conditions, 
would generally be undesirable because of the prob­ 
ability of contaminating large parts of the aquifers 
with water of poor quality.

There is substantial evidence that induced recharge 
from the Delaware River is already occurring in the 
Philadelphia-Camden area. An aquifer test on the 
Morro Phillips tract in Camden indicated that after 
2 years of operation a new well near the river would be 
delivering about 90 percent river water (Barksdale 
and others, 1958, p. 106).

The intimate relationship of water in the Delaware 
estuary to water in the adjacent aquifers dictates 
that great care must be taken either in the future 
development of these aquifers, or in planning for the 
dredging and deepening the river, or of channels 
connecting thereto.
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ARTIFICIAL RECHARGE

Artificial recharge has been practiced successfully 
in many areas where water is scarce and the cost is 
justified, especially in parts of the arid West. Barks- 
dale and DeBuchananne (1946) have described the 
artificial recharge of productive aquifers in New 
Jersey, outside the Delaware River basin. It may be 
many years before artificial-recharge practices are 
widely needed or adopted, but there are places in the 
basin where deep cones of depression in the piezometric 
surfaces warrant early consideration of recharge by 
artificial means. Among such places are the heavily 
developed parts of the Magothy and Raritan formations 
in the Philadelphia-Camden area, and, in Delaware, 
the Patuxent formation in the Delaware City area, 
the Cheswold aquifer in the Dover area, and the 
Frederic a aquifer in the Milford area.

Successful artificial recharge requires a dependable 
source of water and a means of putting the water into 
the aquifer or aquifers at a sufficient rate and at a low 
cost. The methods of recharge include the use of input 
wells, spreading basins, infiltration canals, or sprinkling 
systems. Selection of any particular recharge method 
depends on local geology and economics. These 
methods are described briefly in the following para­ 
graphs.

The use of input wells, usually to restore cooling water 
to an aquifer, is the most common method of artificial 
recharge in the East. On Long Island, N.Y., input 
wells are required for each air-conditioning well supply­ 
ing more than 100,000 gpd. The water circulates 
from a supply well to a recharge well through an air­ 
tight cooling system and is returned to the ground 
unaltered except for a slight rise in temperature.

Input wells generally must be supplied with non- 
turbid and chemically stable water to prevent plugging 
of the surrounding aquifer. This and many related 
problems of recharging aquifers through input wells 
are now undergoing research in several places, notably 
in Arkansas, Texas, and California, by the U.S. Geo­ 
logical Survey and other agencies.

One of the cheapest and most practical means of 
achieving artificial recharge is to build check dams on 
streams where they cross the intake areas of aquifers. 
Such dams would retard runoff to allow seepage to take 
place, increase the hydraulic gradient in the aquifers, 
and induce more water to move downdip beneath the 
confining beds. Artificial recharge can be accomplished 
also by constructing spreading basins shallow ponds, 
or pits that receive excess runoff during storms. The 
stored water seeps into the underlying aquifer for later 
withdrawal. The bottoms of such recharge structures 
must be maintained in a permeable condition, and 
either a steep hydraulic gradient or a zone of aeration

must be maintained between the water in the spreading 
basin and the water in the aquifer.

For more than 50 years Runyon pond at the Perth 
Amboy Water Works, N.J., about 26 miles northeast 
of the Delaware River basin, has been used effectively 
as a spreading basin to recharge the Old Bridge sand 
member of the Raritan formation at a rate of 0.6 mgd 
per acre (Barksdale and DeBuchananne, 1946, p. 727); 
such recharge basins are currently being used success­ 
fully on Long Island to receive the drainage from 
storm-water conduits.

Infiltration canals built on permeable substrata offer 
a means of inducing water that otherwise would have 
gone to waste as flood runoff to seep into, and be 
stored in, aquifers for later use. Such canals cost no 
more to construct than other canals or ditches of sim­ 
ilar size, but, because they tend to silt up, they cost 
more to maintain.

For several years, on farms at Seabrook, N.J., re­ 
charge has been accomplished by sprinkling. The 
water applied is waste water from a vegetable-processing 
plant. Barksdale and Remson (1956, p. 522) observe:

* * * at Seabrook, N.J., where recharge water is applied by 
sprinkling, no soil management has been necessary. The organic 
matter in the water is removed by biochemical action in the 
soil. The accelerated soil-forming processes and plant growth 
that accompany the irrigation seem to maintain and may even 
increase the infiltration capacity of the forest floor. Some parts 
of the Seabrook waste-water spreading area have received 4,000 
inches of water during the last 4 years and have suffered no 
apparent diminution of infiltration capacity. Gradual changes 
in soil structure over a longer period may produce adverse 
effects, but present indications suggest improvement rather than 
deterioration of the infiltration capacity.

Such high infiltration rates are possible only when a 
zone of aeration exists between the soil and the water 
table. If the capacity of the shallow aquifer or aqui­ 
fers is insufficient to transmit the applied water from 
the area, the zone of aeration eventually disappears 
owing to the rise in water table; waterlogging then 
results, and infiltration is reduced or eliminated. Siz­ 
able adjoining areas also may become waterlogged, if 
the local topography and water-table gradients are 
suitable.

Careful study of possible sites for artificial recharge 
is required to insure that the hydrologic conditions are 
favorable and that adverse effects from the recharge 
operation will not occur.

CONSERVATION MEASURES

Methods of conserving water receive little attention 
until water costs become high and competition for 
supplies becomes serious. Some conservation meas­ 
ures may increase the harvestable water crop; some 
may reduce the demand for water, an effect which is
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practically equivalent to increasing the water crop; 
still others may affect only individual users.

REUSE AND RECYCLING OF INDUSTRIAL WATER

Reuse of water in the Delaware River basin is impor­ 
tant, as it is in any highly developed basin. Most 
water used in upstream areas for industrial and munic­ 
ipal purposes returns, with altered quality, to the streams 
and aquifers where natural processes tend to purify it. 
Farther down the basin this same water is reused by 
other consumers, and the process may be repeated 
many times. Eventually the water is discharged to 
salty or brackish water in or near the ocean, where it 
is no longer suitable for most uses; however, it still is 
usable for such purposes as cooling in industrial and 
power plants provided these plants are equipped with 
noncorrosive pipes and fixtures. Frequently trouble 
arises when the wastes discharged exceed the purifica­ 
tion capacities of the streams and aquifers. Continu­ 
ation of the cycle of reuse is dependent either on pol­ 
lution control by treating used water before it is 
discharged or on removal of polluting wastes from the 
water supply before reuse.

In this region, large quantities of water that could 
be reused are discharged to salty or brackish water. 
On Long Island about hah0 the total quantity of water 
pumped is so discharged. New York City imports 
much of its water from headwater areas in the Catskill 
Mountains region and directly discharges effluents to 
salt-water bays and estuaries. Such water has not 
served other up basin municipalities or industries  
in this sense it is single-use water. Effluents from the 
Philadelphia-Wilmington area enter the Delaware River 
in a reach where salinity becomes appreciable, especially 
in low-flow periods, and the water is fit only for purposes 
such as flushing and cooling.

Temperature of the available supply is important 
in cooling. Surface-water supplies in this region usually 
range from about 32° to 90° F and most cooling systems 
in the area are designed for this range. Use of cooling 
towers and ponds, or design of systems for higher 
temperatures, permit recycling of the same water. 
Ground-water supplies have a much smaller tempera­ 
ture, range, commonly no more than l°-2°; the average 
temperature is ordinarily equal to, or only a little 
greater than, the average annual air temperature for 
the locality. Owing to their lower temperatures in 
summer, ground-water supplies usually can be recycled 
more times than surface-water supplies.

Recycling of water for some other uses is also possible. 
In some cases treatment may be required after each 
cycle.

The following data from Hudson and Abu-Lughod 
(1956, p. 16) indicate the potential magnitude of 
reduction in water requirements for some industries

by use of conservation methods. Conventional steam 
power plants require 40-135 gallons of water per 
kwhr (p. 164). With maximum conservation this 
quantity can be reduced to only 1-2 gallons per kwhr. 
Conventional steel plants require 30,000-60,000 gallons 
of water per ton of steel; the Fontana plant, in water- 
short California, requires about 1,400 gallons per ton. 
Most petroleum refineries require 18-34 gallons of water 
per gallon of crude oil, but some refineries have reduced 
their requirements to about 1-2 gallons of water per 
gallon of crude oil.

Wholesale reductions of this magnitude are not to be 
expected in a short time. However, as competition 
for water supplies and costs of development increase, 
greater use of recycling will inevitably result.

The cooling process usually consumes only a fraction 
of the water withdrawn. Recycling tends to increase 
that fraction but reduces the total withdrawal; in some 
plants only enough water is withdrawn to make up the 
the losses from evaporation. Recycling does not in­ 
crease the water crop, but the reduction in the with­ 
drawal requirement of a plant makes it possible for that 
plant to operate in a location where the supply is limited.

USE OF LOW-QUALITY WATER WHERE HIGH QUALITY IS NOT REQUIRED

Large supplies of water that are not suitable for 
domestic use are available and suitable for some indus­ 
trial uses. Many industries located on estuaries or 
bays use brackish water for cooling, which is an impor­ 
tant item in the total water requirements for this area.

Treated sewage effluent is a source of supply for some 
uses where brackish water is not satisfactory. For 
example, the Sparrows Point plant of Bethlehem Steel 
Company in Baltimore, Md., purchases about 70 mgd 
of treated sewage effluent, and it is planned to increase 
this to more than 140 mgd, the entire output of Balti­ 
more's treatment plant. Estimated cost in 1946 was 
1.73 cents per 1,000 gallons (Powell and Knoedler, 
1956, p. 73, 76).

ELIMINATION OF WASTEFUL PRACTICES

Where water supplies of good quality are, or have 
been, abundant, many cities provide water without 
metering. The individual customer then has little 
concern for leaks resulting from faulty plumbing, or for 
excessive use of water for irrigation of lawns and gardens, 
car washing, and other uses; consequently much water 
is wasted. Metering and increasing costs of water 
provide an incentive for reducing such waste.

In water mains, particularly old ones, large leaks 
often occur which not only cause considerable damage 
to streets and foundations, but also waste water. 
Smaller leaks may remain undetected for long periods 
of time. An adequate system for detecting and re­ 
pairing leaks could save considerable quantities of 
water and prevent costly damage.
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Water of good quality used for airrconditioning or 
other cooling processes, which alter only the temper­ 
ature of the water, is often discharged to polluted or 
brackish streams or bays where it is no longer usable for 
purposes requiring water of high quality. Under 
favorable conditions such water can be used to re­ 
plenish a ground-water supply that is overdrawn.

In many parts of the country, flowing wells have been 
allowed to flow uncontrolled for years or until the water 
in the aquifer was so depleted that the wells ceased to 
flow. This depletion indicates the indifference to waste 
which is common in all parts of the country even in 
the arid and semi-arid regions.

Wasteful practices sometimes cause increase devapo- 
transpiration losses and therefore decrease the water 
crop.

EVAPORATION SUPPRESSANTS

Evaporation losses from open-water bodies can be 
reduced by the application of certain materials that 
form a film over the water surface. Some such mate­ 
rials such as oil, are unusable because of objectionable 
properties. However, the waxy substances, hexadec- 
anol and octodecanol, and several chemically related 
materials, are colorless, odorless, tasteless, and nontoxic; 
moreover, oxygen and carbon dioxide seem to pass 
readily through the film formed by these substances 
(U.S. Bureau Reclamation, 1957). Tests made at Kids 
Lake near Oklahoma City, Okla., indicated that hexa- 
decanol film did not have any serious effects on the 
fauna in the lake and that the content of dissolved 
oxygen was not greatly reduced, even near the water 
surface (Harbeck, 1958b, p. 12-13).

Experiments to date have indicated different amounts 
of reduction in evaporation from ponds and lakes by 
use of a hexadecanol film. Roberts (1957, p. 741) 
stated that evaporation during the summer may be 
reduced by as much as one-third; Harbeck (1958a, p. 7) 
found an 18 percent reduction in evaporation from a 
pond in Texas. Research scientists in this field think 
that eventually savings of about 20 percent can be 
obtained during the months of May to September under 
normal conditions for water surfaces of limited extent. 
Methods of applying, detecting, and maintaining the 
film have not been perfected. Research by the Geolog­ 
ical Survey, the U.S. Bureau of Reclamation, and others 
is being directed to finding a solution of these problems 
as well as to determining the amount of reduction in 
evaporation to be expected.

To cite an example of what is hoped might be accom­ 
plished by use of evaporation suppressants: Suppose 
that the average annual evaporation at a particular 
site is 33 inches and that 70 percent, or 23 inches, 
occurs during the months of May to September; also 
suppose that the reduction of evaporation by application

of a film is 20 percent. Under these conditions a 
saving of 4.6 inches would result from use of the 
chemical film during the 5-month period. This is about 
1.25 million gallons per acre of water exposed.

Reductions of this magnitude are not expected to be 
a very large factor in the overall development of the 
water resources in the Delaware River basin because 
open-water bodies cover such a small proportion of the 
total area. However, the savings could be a matter of 
great importance to individuals, water companies, in­ 
dustrial plants, or municipalities depending upon ponds 
or lakes with inadequate supplies in storage at the be­ 
ginning of the summer season. For example, Wanaque 
Reservoir, one of the principal reservoirs for municipal 
water supply in northeastern New Jersey, went dry 
during the drought of 1957. If the average water- 
surface area for the period May to September was 800 
acres and if use of a film reduced evaporation 20 per­ 
cent, a saving of about 1 billion gallons would have 
resulted.

LAND-USE PRACTICES

Land-use practices that increase infiltration capacity, 
and thereby decrease direct runoff, may increase 
ground-water recharge and base flow of streams. This 
would increase the harvestable water crop. But when 
soil-moisture deficits occur, as they do in all parts of the 
Delaware River basin, particularly in the southern 
part, some of the increase in water absorbed by the 
soil is used to restore the moisture deficit, resulting in 
a decrease of the harvestable water crop. Measures 
which are usually considered conservation practices do 
conserve soil and moisture for growing crops, but may 
either increase or decrease the water crop. Effects of 
land-use practices upon infiltration rates are discussed 
on pages 33, 173.

The magnitude of the change in the harvestable 
water crop resulting from soil conservation practices 
in this region is unknown but probably is quite small. 
This is not to say that soil conservation practices 
are of little value or that they seriously deplete the 
water crop; rather, the limits within which man can 
affect the water crop are very small compared to the 
effects resulting from geologic controls. Soil- and 
moisture-conservation practices, in a year of margin­ 
ally deficient rainfall, may be the salvation of farmers 
whose crops are benefited, and doubtless the runoff 
will be reduced by holding precipitation longer in the 
area where it falls ("holding the raindrop in place"). 
Soil moisture thus may be built up and held longer than 
it would be held without such conservation practices; 
increased evapotranspiration will result. However, 
the benefits of these practices far outweigh any re­ 
duction that may result in the harvestable water 
crop.
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PHREATOPHYTES AND SWAMPLAND

Phreatophytes (Greek: "well-plants") are plants that 
obtain their water supply directly from the water 
table. Included, in this region, are such plants as 
goldenrod, pickleweed, reeds, giant reedgrass and wil­ 
low. This list is representative but by no means 
exhaustive. (Robinson, 1958, p. 76-77).

The problem of reclaiming water used by so-called 
nonbeneficial types of phreatophytes has received 
little attention in this region, because water generally 
is plentiful, and the phreatophytes have not become 
nuisances. Though phreatophytes are not a problem, 
substantial areas of waterlogged land, particularly in 
the Coastal Plain, are likely to be drained as changing 
conditions make land reclamation more attractive 
financially and as increasing demand for water en­ 
courages large-scale development of ground-water 
supplies. Such a combination of land reclamation and 
ground-water development might appreciably de­ 
crease the natural evapotranspiration loss and increase 
the water crop of the affected areas. One particularly 
large area (about 2,000 square miles) which may 
eventually be affected by such changes is the Pine 
Barrens (pi. 1).

PROTECTION OF WATER QUALITY

An abundant water supply is of little value unless its 
quality is suitable for the uses intended. Treatment or 
purification of some low-quality supplies is possible but 
expensive, and practical limits on the quantities of 
impurities in a given supply must not be exceeded if 
that supply is to be considered part of the water crop.

POLLUTION CONTROL

Suitable treatment of wastes before discharge 
becomes increasingly important as the volume of wastes 
increases. Failure to provide for such treatment may 
cause large reductions in the usable, and especially the 
potable, water supply.

The cleaning up of the Schuylkill River in Pennsyl­ 
vania is an outstanding example of what can be done to 
restore a polluted stream after it has become unfit for 
most uses. This program, begun in 1947 and com­ 
pleted in 1951, involved control measures to prevent 
discharge of wastes (principally coal washings and 
culm) to the river, channel rectification, construction 
of sediment-retention pools, and dredging of the sedi­ 
ment from the pools (Pitkin, 1956, p. 88-104).

Restoration of an aquifer that has become polluted 
is extremely difficult, and in some cases almost im­ 
possible. In South Philadelphia, for example, indus­ 
trial wastes of many kinds have so polluted the aquifers 
that it is doubtful if the pollution can ever be reduced 
to the point where the aquifers will produce potable 
water. When the source of pollution is eliminated from

aquifers that are not so badly used, natural processes 
gradually restore the utility of the aquifers.

SEDIMENT CONTROL

Sediment in streams is a troublesome pollutant; it 
decreases the storage capacity of reservoirs, and it 
creates a hazard to navigation in harbors and shipping 
lanes. Reduction of sediment movement increases the 
usability of the water supply, conserves storage space, 
and is a boon to shipping. Control methods include: 
(1) land-use practices that minimize erosion, (2) con­ 
struction of dams and pools for sediment retention, and 
(3) removal of sediment deposits from pools, stream 
channels, and harbors.

The Schuylkill restoration project in Pennsylvania, 
cited as an example of pollution control, is also an 
outstanding example of sediment control in the stream 
channels. Brandy wine Creek valley is an outstanding 
example of the control of sediment before it reaches the 
streams. The soil-conservation practices used in this 
valley have caused a significant reduction in the 
sediment load of Brandywine Creek (Guy, 1957, p. 2).

Cultivated land, even with the best of conservation 
practices, yields more sediment than grassland or 
forested areas in places where the climate, topography, 
and soils are similar (Colman, 1953, p. 213). Increased 
use of soil-conservation methods in the future may be 
expected to cause a reduction in sediment yield in the 
area, though any increase in the amount of cultivated 
land would tend to increase the sediment yield. The 
future sediment yields, relative to present yields, are 
unknown, but the sediment problems of the area will 
always be of considerable significance.

SALT-WATER ENCROACHMENT CONTROLS

The problem of salt-water encroachment is discussed to 
some extent on p. 10, 95, 98-103 and 150-157. Present 
methods of control consist of: (1) augmenting low flows 
in the Delaware River by releases from Pepacton and 
Neversink Reservoirs in New York, (2) the abandon­ 
ment of pumping from the parts of aquifers that have 
been invaded by salt water, and (3) limitation of 
pumping rates in aquifers subject to encroachment.

Additional surface-storage capacity above Trenton, 
N.J., may increase low flows and thus aid in reducing 
encroachment in the Delaware estuary. A great dis­ 
advantage of flushing salt water out with increased 
fresh-water flows is that the fresh water required 
eventually may be greater than that needed for all 
other nonwithdrawal purposes. The fresh water so 
used and discharged to the ocean may be too high a 
price to pay for control of salt-water encroachment, 
especially when and if demands for water become 
nearly equal to the supply that can be provided by
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reasonable development. Furthermore, if mean sea 
level continues to rise, increasingly larger minimum 
flows will be required from year to year to control 
encroachment.

A possible alternative to control by low-flow aug­ 
mentation is the construction of a low dam, or salt­ 
water barrier, in the lower estuary. Such dams have 
been proposed at various times for tidal reaches of some 
streams, including the Hudson River near New York, 
N.Y., and the Sacramento River near Suisun Bay, 
Calif. Notable success was achieved in the Miami, 
Fla., area with the placement and operation of such 
barriers in the Miami River and in numerous drainage 
canals ending in salt water (Parker and others, 1955, 
p. 587-591). Other existing barriers in the United 
States that are working satisfactorily are in the Charles 
River at Boston, Mass., and the Santa Ynez River, 
Calif.

A proposal has been made for a dam in the Dela­ 
ware estuary at a point below Wilmington, Del., and 
is the subject of a preliminary investigation by the 
U.S. Corps of Engineers to determine feasibility. The 
effects of such a structure would be far-reaching and 
complex. A fresh-water lake in this locality would be 
an extremely valuable asset because a large part of 
the water withdrawn for use within the Delaware River 
basin is withdrawn from the reach that the lake would 
occupy; however, comprehensive measures might be 
required to protect the quality of the water, and the 
dam and lake might interfere with various aspects of 
defense, shipping, and industry in the area. One of 
the most importan t considerations may be the increase 
in minimum flow required for control of encroachment 
if sea level continues to rise.

Aside from reduction of pumping, artificial recharge 
using surplus streamflow is the most promising method 
for control of salt-water encroachment in aquifers of 
the Delaware River region. Most other methods are 
far too expensive for use except where potential demands 
for water exceed available supplies.

The use of outpost wells to detect the encroaching 
of undesirable water is a recommended procedure. 
Three such wells have been put into service by the 
Corps of Engineers along the Chesapeake and Dela­ 
ware Canal (Rasmussen, Groot, and Beamer, 1958). 
The intake areas of the Magothy and Raritan forma­ 
tions are crossed by the canal just west of the bound­ 
ary of the Delaware River basin. Two wells are finished 
in the Raritan formation and one in the Magothy for­ 
mation for periodic sampling and measurement of water 
level. No contamination was recorded during almost 
2 years of measurement prior to preparation of this 
report (1958).

Control of salt-water encroachment in the Delaware

estuary is of particular importance to both ground- 
water and surface-water supplies. Where the quality 
of the water in the estuary is poor, induced recharge 
caused by heavy pumping of ground water results in 
the contamination and possibly the eventual ruination 
of the aquifers that are hydraulically connected with 
the channel.

INCREASING THE TOTAL FRESH-WATER SUPPLY

The advance of science and technology has been so 
rapid in recent years that new hope sometimes arises 
that man can alter the natural occurrences of the 
hydrologic cycle to increase the gross water supply or 
even bypass the natural cycle and produce fresh water 
directly from the sea.

WEATHER MODIFICATION

Recently improved techniques of artificially inducing 
precipitation have fostered a considerable amount of 
optimism, especially among the general public, that 
precipitation can be substantially increased in water- 
short areas.

The President's Advisory Committee on Weather 
Control, in its final report of December 31, 1957, 
concluded:

1. The statistical procedures employed indicated that the 
seeding of winter-type storm clouds in mountainous areas in 
western United States produced an average increase in pre­ 
cipitation of 10 to 15 percent from seeded storms with heavy 
odds that this increase was not the result of natural variations 
in the amount of rainfall.

2. In nonmountainous areas, the same statistical procedures 
did not detect any increase in precipitation that could be at­ 
tributed to cloud seeding. This does not mean that effects may 
not have been produced. The greater variability of rainfall 
patterns in nonmountainous areas made the techniques less 
sensitive for picking up small changes which might have occurred 
there than when applied to the mountainous regions.

Although early efforts to induce precipitation by 
cloud seeding have produced some encouraging results, 
the reliability and full potentialities of this procedure 
must await an improved understanding of cloud physics 
and more experimentation in cloud-seeding techniques. 
Whether or not additional rain can be produced in 
appreciable quantities is only part of the problem. If 
additional rain can be produced, the cost must be con­ 
sidered. But the cost cannot be estimated until more 
is known of the actual effects of cloud seeding. An 
unusually high cost would be justified if rain could be 
produced where needed when water supplies are crit­ 
ically low, but clouds suitable for seeding are rare 
during such periods. Some people believe that when 
rain is artificially induced in one area, some nearby 
area may be deprived of precipitation that might other­ 
wise have occurred. Such considerations and the
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possibility of damaging effects of induced precipitation 
may present difficult legal problems.

If the seeding of clouds does prove to be an effective 
method of increasing precipitation, the method is 
likely to be most applicable to the Western States where 
the depth of snow pack in the high mountains can be 
increased to provide additional water supply for the 
valleys in the summer months (Schaefer, 1956, p. 615).

SALINE-WATER CONVERSION

Methods of obtaining fresh water from saline sources 
have been available for a long time, but the costs are 
so high that converted sea water has been used only 
for small, special, and emergency supplies. Recent 
scientific and technological advances affecting this prob­ 
lem are of two general types: the first relating to new 
or improved conversion processes, and the second re­ 
lating to energy production. Much current research is 
directed toward both of these problems.

The most promising methods for conversion include:
(1) various modifications of the distillation process,
(2) freezing, and (3) electric membrane methods (elec- 
trodialysis). Costs of conversion by the last method 
decrease with decreasing mineral concentration of the 
water, consequently the method is becoming economi­ 
cally feasible in arid regions and may become feasible 
in humid regions for conversion of some brackish-water 
supplies such as those in the Delaware estuary below 
Philadelphia, Pa. On the other hand, minimum fore­ 
seeable costs of converted sea water (based on present 
energy costs) are far greater than costs of fresh water 
obtainable from reasonable development of streams 
and aquifers in the Delaware River basin region (Ellis, 
1954, p. 206).

All conversion processes require large amounts of 
energy, and the energy cost is one of the controlling 
factors in the attempt to develop such processes. 
Many new advances in energy production have been 
made, but a method of generating power at a cost 
much below costs of power produced by conventional 
methods is not yet in sight. If future advances do 
produce cheap power, the potentialities of salt-water 
conversion will increase accordingly.

Ocean-water conversion will be necessary in the 
Delaware River region only in the rather distant future. 
However, the conversion of tidal streams and other 
brackish supplies may be necessary, especially in the 
lower estuary region, in a relatively short time. The 
existence of the major metropolitan areas close to such 
large supplies makes their utilization doubly attractive, 
and such utilization would help to relieve the competi­ 
tion for supplies from the upstream reaches of the 
rivers in the region.

INTERBASIN DIVERSIONS

Diversion of water, both out of and into the Dela­ 
ware River basin, is important in the development of 
the region's water resources. Diversion out of the 
basin decreases the total water supply in the basin by 
the amount diverted but does not necessarily decrease 
the usable supply. For example, water diverted to 
New York City is excess streamflow that is captured 
during periods of high runoff. The diversion does not 
deplete low flows; instead, the low flows are increased 
by release of some of the stored water. The decrease 
in total supply could be harmful to lower basin users 
only if they needed a large proportion of the total 
supply for consumptive use.

Diversions to northeastern New Jersey through the 
Delaware and Raritan Canal and possibly by other 
means probably will increase considerably, because 
much of the available supply in that area is already 
developed. Diversion through the Delaware and Rari­ 
tan Canal is made with no compensating release to the 
river.

These diversions are the principal ones affecting the 
basin and are discussed in a following section, "River 
Master of the Delaware River."

Diversion into the basin from the Susquehanna River 
basin to meet the needs of the Chester, Pa., area prob­ 
ably will increase considerably, unless the quality of 
water in the Delaware River at Chester improves 
enough to justify use of that source again. The lower 
part of the Susquehanna River basin is also a potential 
source for additional water for other municipalities 
along the lower Delaware estuary, if needs there exceed 
supplies that can be obtained locally.

The upper part of the Susquehanna River basin was 
considered many years ago as a source for diversion to 
New York City but was rejected because of its remote­ 
ness. When Cannonsville Reservoir, on West Branch 
Delaware River, is completed and connected to the rest 
of the city's Delaware system, the Susquehanna River 
will be only about 12 miles beyond the limits of that 
system. Thus, the Susquehanna might eventually 
become a feasible source of additional supply, to supple­ 
ment either the diversions to New York City or the 
releases to the Delaware River.

Although all of New Jersey east of the basin is in­ 
cluded in what has been called the water-service area 
of the Delaware River, most of southeastern New Jersey 
is not dependent on the Delaware River basin. Local 
ground-water sources are more than adequate to meet 
foreseeable needs in parts of this area and may become 
important sources for diversion of water to the Camden, 
N.J., area in the basin and to coastal resort areas, such 
as Atlantic City, N.J.
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The Pine Barrens (pi. 1) cover an area of about 2,000 
square miles in the Coastal Plain of southern New 
Jersey. Within this area water demand is small, and 
is likely to remain small in relation to the potential 
supply unless irrigation greatly expands. The large 
natural storage capacity of the area, both underground 
and in swamps, causes relatively even distribution of 
runoff in time. Furthermore, additional storage capac­ 
ity may be used by pumping from aquifers in the 
Cohansey sand and Quaternary deposits.

If one-fourth of the average annual water yield 10 
from the Pine Barrens could be recovered feasibly by 
withdrawals from aquifers and streams, such with­ 
drawals would amount to 500 mgd or more. If a large 
proportion of the water is withdrawn from aquifers, 
the total might be somewhat larger than one-fourth 
the water yield because some of the ground water 
pumped otherwise might have been lost by evapotran- 
spiration. During the period of development when the 
water table was being permanently lowered, some of the 
water pumped would be derived from permanent de­ 
pletion of ground-water storage. Although yields of as 
much as 500 mgd from the Pine Barrens may occur only 
in the distant future, this source obviously is one of 
major importance.

COMPARISON OF AVAILABLE SUPPLY AND DEMAND

The total use of water commonly has been compared 
with available supply. Such comparisons, however, 
are misleading because total use may be several times 
greater than the available supply when the same water 
is used over again and again, as is done in the Delaware 
River basin with all water except that diverted to New 
Jersey and to New York City.

A significant and useful comparison is that of the 
maximum daily rate of consumptive use to the low 
flows of streams. Maximum use tends to occur at, or 
about, the same time as the minimum streamflow, and 
minimum streamflow approximates the limit of con­ 
sumptive use. (As defined on page 103, "streamflow" 
is the actual flow in a natural stream course and 
includes any water released from storage to augment 
water supplies.)

In making such a comparison, diversions to other 
basins are included in the consumptive use if they 
deplete low flows (as the diversion in the Delaware and 
Raritan Canal), but are excluded if they do not deplete 
low flows (as the diversion to New York City).

In 1955 the maximum daily rate of consumptive 
use within the basin was about 280 mgd and the diver­ 
sion from low flows to eastern New Jersey was 38 mgd. 
Thus the total of consumptive use was about 320 mgd.

i° Water yield (runoff plus underground outflow) is used here tjecause underground 
outflow in parts of this area amounts to 2 inches or more.

From table 29 the minimum 7-day flow that can be 
expected once in 20 years, on the average, was selected 
as the basis of determining the magnitude of the 
water supply with no further utilization of storage. 
The table applies to conditions that existed prior to 
1953. At Trenton, N.J., where the drainage area of 
the Delaware River is a little more than half the area 
of the entire basin, this minimum is 1,400 cfs, or 905 
mgd. By adding similar flows for remaining areas 
that are gaged and estimating runoff from ungaged 
areas, an estimate of about 1.7 bgd is obtained for the 
minimum 7-day discharge from the basin. This is 
more than five times the maximum rate of consumptive 
use in 1955.

The preceding comparison indicates that the quantity 
of water available was ample to satisfy consumptive- 
use requirements, but it does not make allowance for 
water needed for dilution of wastes and other non- 
withdrawal uses, particularly for salt-water control if 
it is to be accomplished by flushing the estuary with 
fresh water.

If Picton's forecast of future water demand (Picton, 
1956, p. 4) is correct and can be applied to this region, 
the 280 mgd of consumptive use within the basin will 
be increased by 76 percent to about 490 mgd by 1975- 
The Supreme Court's amended decree of June 7, 1954, 
authorizes a maximum daily diversion to eastern New 
Jersey of 120 mgd without compensating release to the 
river from storage. Thus the maximum daily rate of 
consumptive use (not including the out-of-basin 
diversions to New York City) may reach 610 mgd, an 
increase of about 290 mgd over the 1955 volume.

Storage must be used to meet the requirement of the 
increase in consumptive use and to maintain flows 
sufficient to protect the water quality in streams and 
estuaries. The amount of storage required to main­ 
tain specified flows, or allowable draft rates, is shown 
in table 30 for selected gaging stations. If storage 
capacity equivalent to 50 mgsm (million gallons per sq 
mi) of drainage area were made available n above each 
of the following listed stations, the approximate 
increase in allowable draft rate would be as shown:

Million 
gallons 
per day

East Branch Delaware River at Fishs Eddy, N.Y__. 350
West Branch Delaware River at Hale Eddy, N.Y__. 250
Neversink River at Godeffroy, N.Y_-_------------ 100
Lehigh River at Bethlehem, Pa___________________ 560

Total.. ______________________________________ 1,260

11 Fifty million gallons per square mile was chosen as a moderate value. As runoff 
ranges in different parts of the basin from an average of about 1.5-3 mgd, storage of 
such flows for only 1 month would represent 40-90 mgsm. Major storage projects in 
the Delaware River basin have capacities of about 130 to over 600 mgsm. Thus, 50 
million gallons is considered to be a realistic value in our calculations. O.O.P.
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These increases in storage are less than the capacity 
provided by dams in existence, under construction, or 
proposed for conservation storage and represent only 
a few of many possible developments for increasing 
water supplies. Thus, moderate development of sur­ 
face storage would provide abundant water to meet 
much larger demands than those predicted for 1975 
(610 mgd) and also to augment low flows.

The use of ground-water storage will add to the 
available supply in the Appalachian Highlands and 
probably will be the principal means of increasing 
available supply in the Coastal Plain.

Serious local problems frequently develop within a 
large area, such as the Delaware River basin, even 
though the large area has an abundant water supply. 
The metropolitan areas along the Fall Line in the basin 
and east of it have the greatest need because of the 
concentration of demand and the pollution of streams 
and aquifers in the vicinity. Most of the problems of 
these areas can be solved by provision of storage on the 
principal streams, development of nearby aquifers, and 
control of both pollution and salt-water encroachment.

One of the most severe problems is in the Wilmington, 
Del., area where water of the estuary is brackish. 
Ninety percent of the drainage area of Brandywine 
Creek, Wilmington's principal source of fresh water, is 
in Pennsylvania, and interstate competition for the 
available supply may arise. Conversion of brackish 
water at a cost competitive with natural sup­ 
plies would be of particular importance to this area. 
If demands exceed the supply available from local 
streams and aquifers, additional natural supplies might 
be obtained from the Susquehanna River basin, the 
Delaware River above the upper limit of brackish water 
or aquifers in the central part of Delaware. Competi­ 
tion for supplies and costs of development are particu­ 
larly important in the utilization of any of'these sources. 
If the proposed salt-water barrier in the Delaware 
estuary proves to be feasible and is constructed, it 
would provide an abundant supply of fresh water for 
this area.

In southern New Jersey, use of water in coastal 
resort areas and for irrigation in the interior may be 
expected to increase greatly. Local supplies are ade­ 
quate to meet any foreseeable need, except that water 
from the interior may have to be diverted to the coastal 
area to prevent or limit salt-water encroachment. In­ 
creasing needs in the Camden area may be met by 
development of storage in the Delaware River basin, 
by additional development of local aquifers, or by water 
from the Pine Barrens in south central New Jersey.

Irrigation requirements in the Coastal Plain can 
generally be met by local ground-water withdrawals. 
One-fourth of the average annual water yield amounts

to about 5-6 inches, and much larger withdrawals could 
be made when needed during unusually dry seasons 
because of the large ground-water storage capacity. 
Because irrigation of the entire Coastal Plain is unlikely, 
withdrawals in irrigated areas can be at higher rates 
than those assumed for the entire Coastal Plain.

In the Appalachian Highlands, most demands for 
large supplies will be met by development of storage 
on streams, although locally many smaller demands may 
be met by ground-water sources, particularly in lime­ 
stone 'valleys and permeable glacial deposits. Increases 
in water use throughout the area are to be expected, but 
the water requirements will probably never approach 
those of the area along the Fall Line, and most of the 
water crop from the upper part of the basin will be 
available to serve the metropolitan areas.

RIVER MASTER OF THE DELAWARE RIVER

By ROBERT E. FISH

Delaware, New Jersey, New York, and Pennsylva­ 
nia have large and varied interests in the Delaware 
River. Any major water-utilization project in up­ 
stream areas affects to some degree the interests of 
downstream States.

Efforts to effect an interstate compact concerning 
waters of the Delaware River were unsuccessful. Liti­ 
gation resulted in the decree of the U.S. Supreme 
Court in 1931 and the amended decree of 1954 (see 
p. 186-188). In entering the amended decree of 1954, 
the Court retained jurisdiction of the suit and desig­ 
nated as River Master the Chief Hydraulic Engineer 
of the U.S. Geological Survey, or such other engineer 
of the U.S. Geological Survey as shall at any time be 
designated by the Chief Hydraulic Engineer. The 
amended decree provides that diversions and releases 
of water be made under the supervision and direction 
of the River Master.

HISTORICAL BACKGROUND OF THE DELAWARE 
RIVER CASE

During the quest for water for New York City, water 
supplies of high quality that could be obtained by grav­ 
ity were sought. As its water requirements increased, 
additional supplies were sought farther upland. Con­ 
struction of the Croton water system was completed 
about 1911, the Catskill system in 1927. When de­ 
velopment was considered of additional sources for the 
time when the 1927 systems would become insufficient, 
the Delaware River basin was believed to offer the best 
source, and plans were made for a Delaware system. 
Original plans provided for diversion of 100 mgd from 
Rondout Creek, a tributary of the Hudson River, 440 
mgd from Neversink and East Branch Delaware Rivers,



182 WATER RESOURCES OF THE DELAWARE RIVER BASIN

and 160 mgd from other streams in the Delaware River 
basin.

The proposed diversion of waters of the Delaware 
River was a matter of interest and concern to all States 
of the basin. In an effort to resolve this problem, the 
States of New York, New Jersey, and Pennsylvania 
entered into negotiations for the equitable apportion­ 
ment of waters of the Delaware River. In 1925 and 
1927, representatives of the three States agreed upon 
compacts which, in each case, were ratified by the 
legislature of New York only. Following those un­ 
successful attempts to negotiate compacts, New York 
City proceeded with plans to construct reservoirs and 
aqueducts of the proposed Delaware system, and to 
divert such waters to its urban use. In May 1929, 
New Jersey filed in the U.S. Supreme Court its original 
bill of complaint seeking to enjoin the city from divert­ 
ing water from the Delaware River basin. Later, 
Pennsylvania became a party to the suit by interven­ 
tion.

Following 2 years of litigation the Supreme Court 
ordered the entry of a decree (May 25, 1931) which, 
among other things, permitted the State of New York 
and the city of New York to divert water from the 
Delaware River or its tributaries. The diversion was 
limited to the equivalent of 440 mgd. The decree also 
required construction of a plant for the treatment of 
sewage and industrial waste at Port Jervis, N.Y., and 
compensatory releases from the impounding reservoirs 
under certain conditions of as much as 305.5 cfs to the 
Delaware River. The decree further provided that any 
of the parties might apply for further action, and the 
Supreme Court retained jurisdiction of the suit. Di­ 
version did not begin until January 1, 1953.

New York City water consumption increased to un­ 
precedented rates in the years 1944-48, attaining an 
average rate in 1948 of more than 1.2 bgd. In four of 
those years the consumption exceeded the dependable 
yield of all the city's sources, but the needed water was 
supplied by heavy precipitation and an emergency con­ 
nection to Rondout Creek. Evidence was at hand that 
within the next 20 years the city would need more water 
than could be supplied by the addition to its water- 
supply system of reservoirs on Rondout Creek and 
Neversink and East Branch Delaware Rivers. To cope 
with the anticipated water shortage, the New York 
City Board of Water Supply in January 1948 began 
investigation of possible additional sources of supply. 
As a result of the investigation, development of West 
Branch Delaware River and construction of an im­ 
pounding reservoir near Cannonsville, N.Y., were 
recommended.

Concurrent with anticipation of needs in New York 
City, it became apparent in the downstream States

that areas of the lower Delaware River basin and of 
northeastern New Jersey would need additional water 
supplies within a few years. Consequently, another 
attempt was made by the States to solve the interstate 
water problem by a compact. The Interstate Com­ 
mission on the Delaware River Basin, a joint advisory 
board known as INCODEL, was established to formu­ 
late and recommend integrated programs for the de­ 
velopment of the water resources of the basin.

The compact recommended in 1950 by INCODEL 
was adopted, with some reservations, by Delaware, 
New Jersey, and New York; Pennsylvania, however, 
rejected it.

With the new compact thus stalled, New York City 
instituted a proceeding for modification of the 1931 
decree on April 1, 1952. The Supreme Court ordered 
that the petition by New York City for modification 
of the 1931 decree, a memorandum of the State of New 
York, and answers to the petition by the State of New 
Jersey and the Commonwealth of Pennsylvania be 
referred to Kurt F. Pantzer, of Indianapolis, Ind., as a 
Special Master, for consideration of the issues and report to 
the Court. After the formal hearings began, the State 
of Delaware was permitted to intervene. As a result of 
the proceedings, the Court entered its amended decree 
of June 7, 1954.

The Act of the New Jersey legislature referred to in 
paragraph V of the Court decree gave authority to the 
Commonwealth of Pennsylvania to construct a storage 
dam across the Delaware River at or near Wallpack 
Bend.

Two significant modifications of the 1931 decree 
found in the amended decree concerned diversions and 
release requirements at New York City reservoirs. 
New York City was permitted to increase diversions 
from the equivalent of 440 mgd to the equivalent of 
490 mgd upon completion and placing in operation of 
Neversink and East Branch (Pepacton) Reservoirs. 
The amended decree further allowed diversions of the 
equivalent of 800 mgd upon the completion of Can­ 
nonsville Reservoir. The modification concerning re­ 
leases was embodied in what was called the Montague 
Formula, which at times would require compensating 
releases from the reservoirs significantly larger than 
the releases required by the 1931 decree. The amended 
decree specified that the diversions and releases by the 
city would be made under the supervision and direction 
of the River Master.

It should be noted that construction of Neversink 
and Pepacton Reservoirs and diversion tunnels was 
nearing completion at the time the Court entered the 
amended decree. The diversion and the release works 
had been designed and built to comply with provisions 
of the 1931 decree.
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The plans for Cannonsville Reservoir and diversion 
tunnel were completed and construction was begun 
after the entry of the amended decree. As specified 
in the decree, the release works of Cannonsville Res­ 
ervoir are to be of such capacity as will provide a 
minimum aggregate release capacity from all the city's 
reservoirs in the Delaware River basin of not less than 
1,600 cfs under conditions of maximum depletion. 
Completion of the Cannonsville project is expected 
about 1963.

RIVER MASTER

By letter dated July 14, 1954, the Director of the 
Geological Survey notified the Governors of Delaware, 
New Jersey, New York, and Pennsylvania and the 
Mayor of New York City that Carl G. Paulsen, Chief 
Hydraulic Engineer of the Geological Survey, had been 
designated River Master to administer the provisions 
of the Supreme Court decree. He also invited them 
to designate representatives to meet with the River 
Master as an advisory committee in the organization 
of the Delaware River work.

The decree states that diversions and releases of water 
shall be made under the supervision and direction of 
the River Master. Conservation of the waters of the 
basin and studies of needs and developments are also 
among the duties of the River Master.

In the first few months after the entry of the decree? 
representatives of the River Master studied the prob­ 
lems involved and proposed a plan of operation. 
Transit times of flows between various gaging stations 
were determined from streamflow records, and operating 
procedures were initiated on the basis of these and 
other hydrologic relationships. Adjustments to results 
of those studies were made later, on the basis of actual 
operations.

The River Master established an office in Milford, 
Pa., for administration and performance of his duties 
and responsibilities. The River Master's office cur­ 
rently maintains the daily records of discharge at key 
gaging stations, amounts of water estimated to be re­ 
leased and actually released through the hydroelectric 
plants on Wallenpaupack Creek in Pennsylvania and 
on Mongaup River in New York, and estimated flow 
from the uncontrolled area of the Delaware River 
above the gaging station at Montague, N.J. An 
up-to-the-minute water budget based on these records 
is used to determine the amount of release from the 
New York City reservoirs that is designed to maintain 
the flow at Montague as specified in the decree. The 
water diverted from the basin by New York City and 
by New Jersey is also continuously recorded.

The River Master Advisory Committee continues to 
function for the purpose of reviewing with the River

Master operating plans and procedures for the Dela­ 
ware River under the terms of the decree.

Operations under the Montague Formula. Releases 
of water to be made during the early months of River 
Master operation, until Pepacton Reservoir was com­ 
pleted and placed in operation, were prescribed in the 
decree. The decree specified under this phase of the 
Montague Formula (par. III-B-l(a)) that releases be 
made by New York City from Neversink Reservoir 
for flow deficiencies in the Delaware River at Mon­ 
tague or at Trenton, N.J. This phase was effective 
June 7, 1954 to September 1, 1955.

The second, or current, phase of operation under the 
Montague Formula began September 1, 1955, upon 
the placing in operation of Pepacton Reservoir follow­ 
ing completion of Neversink Reservoir January 1, 1954. 
Under this phase the decree specifies (par. III-B-l(b)) 
that amounts of water be released by the city from one 
or more of its reservoirs designed to maintain a mini­ 
mum basic rate of flow at Montague of 1,525 cfs. The 
decree also specifies (par. III-B-l(c)(d)) that an 
excess quantity of water be released beginning June 15 
each year and continuing not later than the following 
March 15.

A third phase of operation will be introduced when 
the Cannonsville project is completed and its reservoir 
first filled to 50 billion gallons above the lowest outlet. 
Beginning on that date the prescribed minimum basic 
rate of flow at Montague shall be 1,750 cfs. An excess 
quantity of water would also be released as under the 
second phase.

Analysis of flow, Delaware River at Montague, N.J.  
The discharge of the Delaware River at Montague, 
N.J., includes the following components: (1) natural 
flow from 2,587 sq mi of drainage area; (2) water dis­ 
charged by two hydroelectric plants on Wallenpaupack 
Creek and Mongaup River (Rio Reservoir); and (3) 
water released from Pepacton and Neversink Reservoirs 
to supplement low flows.

For flows of 1,500 to 2,200 cfs at Montague, the 
times of transit of water from the various sources to 
Montague are approximately: 8 hours from Rio Reser­ 
voir; 16 hours from Wallenpaupack Reservoir; 33 hours 
from Neversink Reservoir; 60 hours from Pepacton 
Reservoir. Because Pepacton Reservoir is the major 
source of release water from New York City's reservoirs, 
the required release must be designed 60 hours ahead 
of need at Montague. The natural flow at Montague, 
therefore, must be estimated 3 days in advance, the 
power load at Wallenpaupack plant 2 days in advance, 
and the power load at Rio plant 3 days in advance.

Water is released from the two powerplants prin­ 
cipally for the production of power to help meet peak 
demands. The combined daily release from these
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plants at times amounts to as much as 2,800 cfs and at 
other times the release is zero. The preparation of 
estimates of peak power requirements involves many 
factors and unpredictable variations may arise during 
the 3-day forecast period. Estimates of powerplant 
operation are made available to the River Master's 
office by the power companies.

Natural flow from the uncontrolled area above 
Montague is estimated from daily reports of key 
gaging stations which indicate the runoff from about 
half of the 2,587 square miles. However, because this 
flow is estimated for Montague 3 days in advance, an 
increment of flow to be expected from forecasted 
precipitation is added, adjusted for soil-moisture con­ 
ditions and season of the year. This weather adjust­ 
ment to the natural flow recession is estimated from 
forecasts for 3 days obtained from the U.S. Weather 
Bureau.

The decree directs that the upstream reservoir releases 
be designed to maintain a minimum specified rate of 
flow at Montague. Involved is the transportation of 
reservoir water down a hundred miles of river channel 
to meet an estimated need determined 3 days in ad­ 
vance. When this water arrives at Montague along 
with uncontrolled flow and powerplant water, the total 
quantity should be equal to the specified rate.

RECORDS FOR 1956-57

The River Master makes reports at least annually to 
the Supreme Court concerning administration of pro­ 
visions of the decree. The annual report also includes 
records of the reservoirs, Delaware River at Montague, 
Delaware and Raritan Canal, and salinity in the lower 
river. The report year is from December 1 to 
November 30.

The following discussion of records was prepared for 
the two report years 1956-57 because they were the 
first complete years of River Master operation during 
the present phase.

Diversions by New York City. Water is diverted 
from Pepacton and Neversink Reservoirs in the 
Delaware River basin to Rondout Reservoir in the 
Hudson River basin. From Rondout Reservoir, water 
is conveyed through the Delaware Aqueduct to New 
York City.

During the period Dec. 1, 1955, to Nov. 30, 1957, the 
maximum prescribed diversion rate of the equivalent of 
490 mgd to New York City was not exceeded at any 
time. The city diverted about 143 billion gallons in 
1956 and about 145 billion gallons in 1957. 12

Delaware River at Montague, N.J. The flow of the 
upper Delaware River, including Neversink River, is 
measured at the gaging station, Delaware River at

12 Records of diversions from Pepacton and Neversink Reservoirs furnished by the 
Board of Water Supply, New York City.

Montague, N.J. The average annual flow of the river 
at this station for the standard period 1921-50 is 
6,580 cfs. Compared to this, the mean discharge for 
the 1956 report year (6,143 cfs, adjusted) 13 was lower 
than average, and that for 1957 (4,392 cfs, adjusted) 13 
was unusually low.

The effects of operation of the New York City reser­ 
voirs on flow of the Delaware River at Montague, N.J., 
are shown in figure 73, where the monthly flow as 
observed and as adjusted for change in reservoir con­ 
tents, diversions, and releases at Pepacton and Never­ 
sink Reservoirs are compared.

The effect of the reservoirs upon the flow at Montague 
is illustrated also in the daily flow-duration curves in 
figure 74. One curve depicts the duration of daily 
flows under actual river conditions during the 2-year 
period; the other indicates the estimated daily flows at 
Montague, had the two reservoirs not been constructed. 
The difference in position of the two curves shows the 
net effect of storage, diversion, and release at the re­ 
servoirs upon the flow at Montague. The difference 
between the upper parts of the two curves is largely the 
effect of storing water during high flows. The spread 
in the lower parts of the curves is largely the result of 
releasing water during low flows. The effects of diver­ 
sions are not readily apparent because the diversions 
were a small part of the total during periods of high 
runoff and their effects were obscured by the releases 
during periods of low runoff.

Usable capacities of Pepacton and Neversink Res­ 
ervoirs are 140,190 million gallons and 34,491 million 
gallons, respectively, above minimum levels for normal 
operation. Storage in the reservoirs varied markedly 
during the period December 1, 1955, to November 30, 
1957, as shown by monthly contents in figure 75. Net 
storage depletion during the period was 134 billion 
gallons. 14 Also shown by months in the plate are 
releases to Delaware River and diversions to New York 
City via Rondout Reservoir. In addition to the re­ 
leases, spillway flows totalled 34 billion gallons during 
April, May, and June 1956.

During this 2-year period the prescribed minimum 
basic rate of flow in the Delaware River at Montague, 
was 1,525 cfs. In addition to the prescribed basic rate, 
the decree provides for an excess release rate of 515 cfs 
or a total design rate of 2,040 cfs during the period 
June 15, 1956 to March 14, 1957. During the period 
June 15 to November 30, 1957, the excess release rate 
was 500 cfs, or a total design rate of 2,025 cfs.

The first directed release from Pepacton and Never­ 
sink Reservoirs for the 1956 low-flow period was made

is Adjusted for diversion and change in contents of Pepacton and Neversink 
Reservoirs.

i* Records of contents in Pepacton and Neversink Reservoirs furnished by the Board 
of Water Supply, New York City.
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June 17, and releases were continued almost uninter­ 
ruptedly until mid-November. At times, principally 
in August and early September, the releases needed to 
maintain the design rate of flow at Montague exceeded 
the capacity of the release works. The directed re­ 
leases in the 1956 report year totalled 65 billion gallons. 15 

For the 1957 low-fig w period, releases from the re­ 
servoirs were required during the period June 6 to

November 30, except for a few days. The required 
releases to maintain the design rate at Montague ex­ 
ceeded the capacity of the release gates on many days 
of this period. The directed releases in 1957 totalled 
68.6 billion gallons. 15

is Records of releases from Pepacton and Neversink Reservoirs furnished by the 
Board of Water Supply, New York City.
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FIGURE 75. Contents, releases, and diversions at Pepacton and Neversink Reser­ 
voirs, December 1955 to November 1957.

Diversions by the State of New Jersey. During the 
2-year period ended November 30, 1957, water was also 
diverted from the Delaware River through the Delaware 
and Raritan Canal. This canal begins at Raven Rock, 
N.J., about 21 miles upstream from Trenton; it passes 
through Trenton and terminates at the Raritan River 
in New Brunswick. The part from Raven Rock to 
Trenton was formerly the feeder canal for the aban­ 
doned barge canal constructed 1830-34. Discharge 
records are collected at the gage of the U.S. Geological 
Survey at Kingston, N.J. According to the decree, 
the State of New Jersey may divert water for use out­ 
side the Delaware River basin not more than 100 mgd 
(155 cfs) as a monthly average, with the diversion on 
any day not to exceed 120 mgd (186 cfs). The average 
diversion rates during 1956 and 1957 were 44.3 and 60.5 
mgd, respectively, and the decree limitation was not 
exceeded at any time.

Salinity investigations in Delaware estuary. Upstream 
reservoirs and other upstream river developments affect 
the salinity and movement of the salt front in the Dela­ 
ware estuary. As the effects may be either beneficial or 
deleterious to downstream interests, especially in the 
upper part of the estuary, the direction and magnitude 
of any change that may occur becomes a matter of con­ 
cern to all interests involved, therefore to the River 
Master. The annual reports of the River Master con­ 
tain data showing the extent of the saline-water invasion 
in the Delaware estuary during the low-flow season. 
The occurrence of salt water, and the salt-water en­ 
croachment problems in the Delaware River basin, are 
discussed elsewhere in this report.

DECREE OF U.S. SUPREME COURT

The decree of the U.S. Supreme Court in the case 
"New Jersey v. New York et al, Delaware River" is 
given below:

The Court, having considered the amended petition of the 
City of New York, joined by the State of New York, to which 
is appended the consent of the State of New Jersey, the answer 
filed by the State of New Jersey seeking affirmative relief and 
the answers filed by the Commonwealth of Pennsylvania and 
the State of Delaware, the evidence and exhibits adduced by the 
parties, and the report of Kurt F. Pantzer, Esquire, Special 
Master, and being fully advised in the premises, now enters the 
following order:

I. REPORT OF SPECIAL MASTER APPROVED. The 
"Report of the Special Master Recommending Amended De­ 
cree", filed May 27, 1954, is in all respects approved and 
confirmed.

II. 1931 DECREE SUPERSEDED. The decree of this 
Court entered May 25, 1931 (283 U.S. 805) is modified and 
amended as hereinafter provided and, upon the entry of this 
amended decree, the provisions of the decree of May 25, 1931, 
shall be of no further force and effect.

III. DIVERSIONS BY THE CITY OF NEW YORK 
ENJOINED EXCEPT AS HEREIN AUTHORIZED. The 
State and City of New York are enjoined from diverting water 
from the Delaware River or its tributaries except to the extent 
herein authorized and upon the terms and conditions herein 
provided.

A. AUTHORIZED DIVERSIONS.
1. 440 M.G.D. The City of New York may divert from the 

Delaware River watershed to its water supply system the 
equivalent of 440 million gallons daily (m.g.d.) until the City 
completes and places in operation its reservoir presently under 
construction on the East Branch of the Delaware River.

2. 490 M.G.D. After the completion and commencement of 
operation of the East Branch reservoir, the City may divert the 
equivalent of 490 m.g.d. until the completion of its proposed dam 
and reservoir at Cannonsville on the West Branch of the Dela­ 
ware River, provided, however, that in the event of an abnormal 
or unforeseeable interruption of its facilities, the City may divert 
in excess of the equivalent of 490 m.g.d. to meet its emergency 
requirements, but in no event shall such diversion impair the 
obligation of the City to make the releases hereinafter specified.

3. 800 M.G.D. After the completion of the Cannonsville 
reservoir, the City may divert the equivalent of 800 m.g.d.

4. Computation of Diversion. At no time during any twelve­ 
month period, commencing June 1, shall the aggregate total 
quantity diverted, divided by the number of days elapsed since 
the preceding May 31, exceed the applicable permitted rate of 
diversion.

B. CONDITIONS AND OBLIGATIONS IMPOSED IN 
CONNECTION WITH DIVERSIONS AND RELEASES BY 
CITY. The diversions and releases by the City of New York 
from the Delaware River shall be made under the supervision and 
direction of the River Master, hereinafter appointed, and shall 
be subject to the following conditions and obligations:

1. Compensating Releases The Montague Formula. The 
City shall release water from its reservoirs as follows:

(a) Until the East Branch reservoir is completed and placed in 
operation, on the day following each day in which the average 
flow in the Delaware River falls short of 0.50 cubic foot per second 
per square mile (c.s.m.), either at Montague, New Jersey (below 
the mouth of the Neversink River), or at Trenton, New Jersey



188 WATER RESOURCES OF THE DELAWARE RIVER BASEST

(0.50 c.s.m. being equivalent to a flow of 1740 cubic feet per 
second (c.f.s.) at Montague and 3400 c.f.s. at Trenton), the City 
shall release water from the Neversink reservoir at an average 
of 0.66 c.s.m. or 61.38 c.f.s.

(b) Upon the completion and placing in operation of the 
Neversink and East Branch reservoirs, the City shall release 
water from one or more of its storage reservoirs in the upper 
Delaware watershed. Such releases shall be in quantities de- 
designed to maintain a minimum basic rate of flow at the gaging 
station of the United States Geological Survey (U.S.G.S.) at 
Montague of 1525 c.f.s. (985.6 m.g.d.) until the Cannonsville 
project is completed and its reservoir first filled to the extent 
that 50 billion gallons above the lowest outlet are available for 
diversion and release, and of 1750 c.f.s. (1131.1 m.g.d.) thereafter. 
Compliance by the City with directions of the River Master 
with respect to such releases shall be considered full compliance 
with the requirements of this subsection (b).

(c) At the commencement of the calendar year following the 
completion and placing in operation of the Neversink and East 
Branch reservoirs and of each calendar year thereafter, the City 
of New York shall estimate and report to the River Master the 
anticipated consumption of water during such year to be pro­ 
vided for by the City from all its sources of supply. The City 
shall as hereinafter provided, release in the aggregate from all 
its storage reservoirs in the upper Delaware watershed, in addi­ 
tion to the quantity of water required to be released for the 
purpose of maintaining the then applicable minimum basic rate 
of flow as hereinabove provided, a quantity of water equal to 83 
percent of the amount by which the estimated consumption 
during such year is less than the City's estimate of the continuous 
safe yield during such year of all its sources obtainable without 
pumping. In any such year the City's estimate of anticipated 
consumption shall not exceed by more than 1}i billion gallons 
the actual consumption in any previous calendar year; and its 
safe yield in any such year, obtainable without pumping, shall 
be estimated at not less than 1355 m.g.d. after the Neversink 
and East Branch reservoirs are put into operation; and at not 
less than 1665 m.g.d. after the Cannonsville reservoir is put into 
operation. If, at any time after the completion of the Cannons­ 
ville reservoir and prior to the year 1993, the continuous net 
safe yield for water supply of all of the City's sources of water 
supply, obtainable without pumping, is increased by the de­ 
velopment of additional sources, such greater safe yield shall 
be used in determining the excess releases.

(d) The City of New York shall release the excess quantity 
provided for in subsection (c) at rates designed to release the 
entire quantity in 120 days. Commencing with the fifteenth 
day of June each year, the excess releases shall continue for as 
long a period, but not later than the following March 15, as 
such additional quantity will permit. Such period is hereinafter 
referred to as the "seasonal period". The excess quantity re­ 
quired to be released in any seasonal period shall in no event 
exceed 70 billion gallons. In releasing the excess quantity 
specified for any seasonal period, the City shall not be required 
to maintain a flow at Montague greater than the applicable 
minimum basic rate plus the excess quantity divided by 120 
days, or in any event greater than 2650 c.f.s., nor to release at 
rates exceeding the capacity of its release works. The City 
shall in each seasonal period continue its excess releases until 
March 15 or until the aggregate quantity of the flow at Montague 
in excess of the basic rate or in excess of such higher rates as are 
not the result of the City's prior releases, is equal to the total 

  specified excess quantity.
(e) The terms and conditions provided in subsections (b), (c), 

and (d) hereof shall continue to be applicable in all respects in the

event that the U.S.G.S. gaging station at Montague shall be re­ 
located at a point below the confluence of the Neversink River 
with the Delaware River.

2. Minimum Capacity of Release Works at Reservoirs of City. 
In constructing the Cannonsville reservoir, the City shall in­ 
stall release works of such capacity as will provide a minimum 
aggregate release capacity from all its reservoirs in the Delaware 
River watershed of not less than 1600 c.f.s. under conditions of 
maximum reservoir depletion.

3. Releases to be Continued in Spite of Interference. In the 
event that any works hereafter constructed by-public or private 
interests in the watershed of the Delaware River outside of the 
State of New York shall prevent the proper operation of the 
U.S.G.S. gaging station at Montague or interfere with the 
effective operation of the above release requirements by di­ 
verting water past the station or by intercepting the natural 
flow and storing it in reservoirs with an aggregate storage capacity 
in excess of 25 billion gallons, the City of New York shall con­ 
tinue to make the releases above specified which would be re­ 
quired in the absence of such interference, and appropriate 
gaging stations shall be established for that purpose.

4. Inspection Permitted. The States of New Jersey and Dela­ 
ware and the Commonwealth of Pennsylvania, through accredited 
representatives, and the River Master, shall at all reasonable 
times have the right to inspect the dams, reservoirs and other 
works constructed by the City of New York, to inspect the di­ 
version areas and the inflow, outflow and diverted flow of such 
areas, to inspect the meters and other apparatus installed by the 
City of New York and to inspect all records pertaining to inflow, 
outflow and diverted flow.

IV. TREATMENT OF PORT JERVIS SEWAGE. The 
effluent from the sewage treatment plant at the City of Port 
Jervis, New York, shall be treated so as to effect a reduction 
of 85 percent in the organic impurities and shall be treated with 
a chemical germicide, or otherwise, so that the B. coli originally 
present in the sewage shall be reduced by 90 percent. Un­ 
treated industrial waste from plants hi the City of Port Jervis 
shall not be allowed to enter the Delaware and Neversink 
Rivers. The treatment of such industrial wastes shall be such 
as to render the effluent practically free from suspended matter 
and nonputrescent. The treatment of both sewage and in­ 
dustrial waste shall be maintained so long as any diversion is 
made from the Delaware River or its tributaries.

V. DIVERSIONS BY NEW JERSEY AUTHORIZED 
UNDER SPECIFIC DEFINITIONS.

A. Authorized Diversions. The State of New Jersey may divert 
outside the Delaware River watershed, from the Delaware River 
or its tributaries in New Jersey, without compensating releases, 
the equivalent of 100 m.g.d., if the State shall not, prior to July 
1, 1955, repeal Chapter 443 of the New Jersey Laws of 1953, 
and if, when, the Commonwealth of Pennsylvania accepts the 
conditions as specified in Section 19 of that Chapter, the State 
of New Jersey shall join with the Commonwealth of Pennsylvania 
in requesting the consent of Congress to the agreement em­ 
bodied in Chapter- 443 of the New Jersey Laws of 1953 and an 
Act of the Commonwealth of Pennsylvania accepting the con­ 
ditions of such New Jersey Act.

B. Conditions and Obligations Imposed in Connection with 
 Diversions by New Jersey. The diversions by New Jersey from 
the Delaware River shall be made under the supervision of the 
River Master and shall be subject to the following conditions 
and obligations:

1. Until the State of New Jersey builds and utilizes one or 
more reservoirs to store waters of the Delaware River or its
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tributaries for the purpose of diverting the same to another 
watershed, the State may divert not to exceed 100 m.g.d. as 
a monthly average, with the diversion on any day not to exceed 
120 million gallons.

2. If and when the State of New Jersey has built and is uti­ 
lizing one or more reservoirs to store waters of the Delaware River 
or its tributaries for the purpose of diversion to another water­ 
shed, it may withdraw water from the Delaware River or its 
tributaries into such impounding reservoirs without limitation 
except during the months of July, August, September and 
October of any year, when not more than 100 m.g.d. as a monthly 
average and not more than 120 million gallons in any day shall 
be withdrawn.

3. Regardless of whether the State of New Jersey builds and 
utilizes storage reservoirs for diversion, its total diversion for use 
outside cf the Delaware River watershed without compensating 
releases shall not exceed an average of 100 m.g.d. during any 
calendar year.

VI. EXISTING USES NOT AFFECTED BY AMENDED 
DECREE. The parties to this proceeding shall have the right 
to continue all existing uses of the waters of the Delaware River 
and its tributaries, not involving a diversion outside the Dela­ 
ware River watershed, in the manner and at the locations 
presently exercised by municipalities or other governmental 
agencies, industries or persons in the Delaware River watershed 
in the States of New York, New Jersey and Delaware and the 
Commonwealth of Pennsylvania.

VII. RIVER MASTER.
A. Designation. Subject to the concurrence of the Director 

of the U.S. Geological Survey, the Chief Hydraulic Engineer 
of the U.S. Geological Survey, or such other engineer of the U.S. 
Geological Survey as shall at any time be designated by the 
Chief Hydraulic Engineer, is hereby designated as River Master.

B. Duties. The River Master shall either in person or 
through his assistants possess, exercise and perform the following 
duties and functions:

1. General Duties.
(a) Administer the provisions of this decree relating to yields, 

diversions and releases so as to have the provisions of this 
decree carried out with the greatest possible accuracy;

(b) Conserve the waters in the river, its tributaries and in 
any reservoirs maintained in the Delaware River watershed by 
the City of New York or any which may hereafter be developed 
by any of the other parties hereto;

(c) Compile and correlate all available data on the water 
needs of the parties hereto;

(d) Check and correlate the pertinent streamflow gagings on 
the Delaware River and its tributaries;

(e) Observe, record and study the effect of developments on 
the Delaware River and its tributaries upon water supply and 
other necessary, proper and desirable uses; and

(f) Make periodic reports to this Court, not less frequently 
than annually, and send copies thereof to the Governors of 
Delaware, New Jersey, New York and Pennsylvania, and to the 
Mayor of the City of New York.

2. Specific Duties with Respect to the Montague Release 
Formula. In connection with the releases of water which the 
City of New York is required to make under Par. III-B-l(b) 
of this decree, the River Master, in cooperation with the City 
of New York, shall, by appropriate observation and estimates, 
perform the following duties:

(a) Determine the average times of transit of the flow between 
the release works of the several reservoirs of the City and 
Montague and between the release works of other storage reser­ 
voirs in the watershed and Montague;

(b) Make a daily computation of what the average flow 
observed on the previous day at Montague would have been, 
except for that portion previously contributed by releases of the 
City or as affected by the contributing or withholding of water 
at other storage reservoirs, for the purpose of computing the 
volume of water that would have had to be released in order to 
have maintained precisely the basic rate on that day;

(c) Take account of all changes that can be anticipated in the 
flow from that portion of the watershed above Montague not 
under the City's control and allow for the same by making an 
appropriate adjustment in the computed volume of the daily 
release; and

(d) After taking into consideration (a), (b) and (c), direct the 
making of adjusted daily releases designed to maintain the flow 
at Montague at the applicable minimum basic rate.

C. Distribution of Costs. The compensation of, and the 
costs and expenses incurred by, the River Master shall be 
borne equally by the State of Delaware, State cf New Jerseyi 
Commonwealth cf Pennsylvania, and the City of New York.

D. Replacement. In the event that for any reason the Chief 
Hydraulic Engineer of the U.S.G.S. or the designee cannot act 
as River Master, this Court will, on motion of any party, ap­ 
point a River Master and fix his compensation.

VIII. NO PRIOR APPROPRIATION NOR APPORTION­ 
MENT. No diversion herein allowed shall constitute a prior 
appropriation of the waters of the Delaware River or confer any 
superiority of right upon any party hereto in respect of the use 
of those waters. Nothing contained in this decree shall be 
deemed to constitute an apportionment of the waters of the 
Delaware River among the parties hereto.

IX. DECREE WITHOUT PREJUDICE TO THE 
UNITED STATES. This decree is without prejudice to the 
United States. It is subject to the paramount authority of 
Congress in respect to commerce on navigable waters of the 
United States; and it is subject to the powers of the Secretary 
of the Army and Chief of Engineers of the United States Army 
in respect to commerce on navigable waters of the United States.

X. RETENTION OF JURISDICTION; NO ESTOPPEL. 
Any of the parties hereto, complainant, defendants or inter- 
venors, may apply at the foot of this decree for other or further 
action or relief, and this Court retains jurisdiction of the suit 
for the purpose of any order or direction or modification ofthis 
decree, or any supplemental decree that it may deem at any 
time to be proper in relation to the subject matter in controversy. 
The fact that a party to this cause has not filed exceptions to the 
report of the Special Master or to the provisions of this decree 
shall not estop such party at any time in the future from applying 
for a modification of the provisions of this decree, notwith­ 
standing any action taken by any party under the terms of this 
decree.

XI. COSTS OF THIS PROCEEDING. The costs of this 
proceeding shall be paid by the parties in the following propor­ 
tions: State of New Jersey, 26% percent, City or New York, 2$% 
percent, State of New York, 10 percent, Commonwealth of 
Pennsylvania, 26% percent, and State of Delaware, 10 percent.
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