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PERSPECTIVE

This report comprises two parts. The first part seeks to canvass, by

general categories, ground-water situations within the United States in

which nuclear detonation appears potentially advantageous as a tool for

water management, and to identify examples that might warrant intensive

study of feasibility scope. The canvass neither claims nor demonstrates

overall feasibility for any particular detonation.

Nuclear detonation would be no more than an alternative to conventional

engineering means for managing water. Regardless of the means, nuclear or

conventional, effectiveness of a management scheme may be limited by an

hydrologic feature remote from the principal management works (detonation site).

Thus, capability and acceptibility of the scheme can be judged only when the

whole hydrologic system is known intimately and rather widely.

Effects of nuclear detonation underground are relatively large in

dimension and exceedingly coarse in "finish." Such dimension and finish must

be in scale with thickness of strata and other dimensions of the natural

environment. Precise fitting of detonation effects to minute dimensions of

the environment is impossible. Principal side effects of detonation--air

blast (if any), ground motion, and both prompt and residual radiations--

must be of acceptable intensity lest nuclear detonation be socially or

politically impracticable.

The second part of the report treats, in general terms, the restrictions

on practicable detonation. Included are: (1) degree of uncertainty in

predicting the geometry and dimensions of a rubble chimney, the detonation

effect most likely to be applicable in managing ground water; (2) intensity

of ground motion and of air blast, which determine necessary removal distance

vi



from a population center to a detonation site; (3) expected initial

concentration of radionuclides introduced into the ground-water body,

and the relevant rates of dispersal and decay; and (4) economic and legal

considerations. Such restrictions are stringent, so that nuclear detonation

may prove to be practicable only in most unusual circumstances.

Information on the phenomena of nuclear detonation is, in certain

aspects, not sufficiently definitive at this time. Progress toward general

understanding and possible acceptance of nuclear detonation in the field of

water seems to rest in experimental detonations, each for some demonstrably

simple modification of a natural hydrologic feature. All agencies and

persons concerned with or potentially affected by such experiment should be

parties to the necessary pre-shot appraisals and, to the extent practical,

the experiments themselves.
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POTENTIAL APPLICATIONS OF NUCLEAR EXPLOSIVES IN DEVELOPMENT

AND MANAGEMENT OF WATER RESOURCES--PRELIMINARY

CANVASS OF THE GROUND-WATER ENVIRONMENT

By Arthur M. Piper

SCOPE OF THE CANVASS

An antecedent paper (Piper and Stead, 1965) has developed principles

and criteria by which to scale the hydrologic advantage that might be

realized from nuclear detonation, and by which to anticipate disadvantages

or prohibitory side effects. This paper reports on a preliminary canvass

of the ground-water environment, within the United States, to identify

areas and sites that conceivably offer such advantage.

The preliminary canvass has not included appraisals in the field;

rather, it has been based very largely on published hydrologic and

geologic information, and on judgments solicited from all the district

(State) offices of the Geological Survey. The published information

generally is cited in the text where appropriate and is identified in a

list of references which closes this report. Persons responding for the

several States are listed below; however, their conclusions have been

tempered by the writer as seems appropriate.

State Person(s)

Arizona Horace M. Babcock
Edward S. Davidson

Arkansas Donald R. Albin

Colorado Donald A. Morris
J. S. Odell

Connecticut John A. Baker



State

Florida

Georgia

Idaho

Illinois

Indiana

Louisiana

Maine

Massachusetts

Minnesota

Montana

Nebraska

Nevada

New Mexico

New York

North Carolina

North Dakota

Ohio

Oklahoma

Oregon

South Dakota

Texas

Person(s)

Clyde S. Conover

Robert C. Vorhis

Wayne I. Travis
Herbert A. Waite

John P. Monis

Malcolm D. Hale
C. M. Roberts

Alfred H. Harder

Glenn C. Prescott

John R. Williams

Richmond F. Brown
R. W. MacLay

Donald A. Morris

Chas. F. Keech

G. F. Worts, Jr.

Sam W. West
F. C. Koopman

Ralph C. Heath

Edward B. Rice

Quentin F. Paulson
Frank A. Swenson

John J. Molloy
Stanley E. Norris
R. J. Pickering

Perry R. Wood

Reuben C. Newcomb

Lewis W. Howells
Frank A. Swenson

Charles H. Hembree
Peter R. Stevens
Trigg Twichell
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State Person(s)

Wisconsin C. L. R. Holt, Jr.
K. B. Young

Wyoming Donald A. Morris

This report comprises two parts. The first and principal part seeks

only to canvass, by general categories, ground-water situations within

the United States in which nuclear detonation appears potentially advan-

tageous as a tool for water management, with typical examples that might

warrant intensive study of feasibility scope. Potentials for training,

diverting, or regulating streams are not considered. The second part of

the report deals briefly and generally with the practicability of

detonation--specifically, with certain present deficiencies of knowledge

as to the geometry of rubble chimneys, with principal side effects of

detonation, and with economic and legal considerations.

The canvass neither claims nor demonstrates overall feasibility for

any particular detonation. In this connection, nuclear detonation would

be no more than an alternative to customary engineering means for managing

water--for intercepting the natural movement of water, for detaining water

in storage, or for conveying water for use by man at a place or time, or

both, that water would not be available naturally. Regardless of the

means, nuclear or customary, capability of a management scheme may be

limited by an hydrologic feature remote from the principal management

works. Thus, capability and acceptability of the scheme can be judged

only when the whole hydrologic system is known intimately and rather

extensively.
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In general, technical feasibility of a detonation would hinge

principally on engineering design to accommodate relevant aspects of

not only the hydrologic system but also the surrounding environment.

In this context, the effects of nuclear detonation are relatively large

in dimension and exceedingly coarse in "finish." Such dimension and

finish must be in scale with thickness of strata and other dimensions of

the natural environment. Precise fitting of detonation effects to minute

dimensions of the environment is impossible. Principal side effects--air

blast (if any), ground motion, and both prompt and residual radiations--

must be of acceptable intensity lest nuclear detonation be socially or

politically impracticable. In detail, these and the many other aspects

of comprehensive engineering design are beyond the scope of this paper.

As to economic feasibility of nuclear detonation, the concluding

section of this report presents an overall perspective. However, one

aspect of such feasibility is unique and appropriate for this introductory

statement. In specific terms, the tentative fee announced by the Atomic

Energy Commission (in 1964) for a nuclear explosive of 10-kiloton yield

is nearly 60 percent of that for one of 2-megaton yield (Piper and Stead,

1965, p. 12-14)--that is, a 200-fold increase in energy yield does not

double the fee. Thus, economic feasibility is much more likely to be

realizable under a detonation of large yield, rather than of small yield.
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Among the principal effects of nuclear detonation (Piper and Stead,

1965, p. 21-85), the one most likely to be useful in managing ground water

seems to be the rubble-filled collapse chimney that results ordinarily

from a fully contained underground detonation. General frequency of

advantageous applications of the rubble chimney is inferred to be about

as follows: (1) Appropriately positioned and sized (according to energy

yield of the detonation) to create an extremely permeable conduit breaching

a confining bed or a partition in an aquifer system--in other words, by-

passing a zone in which natural movement of water is constrained. In

concept, such a by-pass would be sought where it might enlarge or prolong

the water yield from the aquifer system. (2) Contained wholly within an

aquifer of small average transmissibility and acting as a "big well" to

present a relatively very large infiltration surface to the aquifer.

Purposes would include increasing the yield recoverable from the aquifer,

facilitating or accelerating recharge, or injecting an intractable fluid

waste at appropriate depth below land surface. (3) Combined with a

terminal subsidence crater at land surface, and reaching downward to a

saturated zone, to realize the twofold function of storing surplus runoff

transiently while accelerating or prolonging recharge of the zone. A

throwout crater could perform the same dual function; for a particular

explosive energy, it might afford severalfold more usable storage volume

but would have much less reach vertically from land surface. (4) In

massive impervious rock, to afford underground void space for storing

usable water (to be recaptured by subsequent pumping) or for disposal of

intractable fluid wastes. Ordinarily, this application would arise only

if cost per unit volume of space was not limiting.
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Such are the general situations in which hydrologic advantage might

be gained by nuclear detonation in the ground-water environment. In

principle, rubble-filled chimneys in multiple could impart great transmis-

sibility to an aquifer system over an extensive area. Ordinarily,

however, cost of such an application of nuclear detonation would be

prohibitory, to an extreme degree.

General categories of potential nuclear-detonation applications will

be derived according to major ground-water provinces of the conterminous

United States. Figure 1, adapted from Thomas (1952) and McGuinness (1964),

outlines these provinces.

POTENTIAL FOR NUCLEAR DETONATION, BY GROUND-WATER PROVINCES

Pacific Border Mountains

Hydrologic setting

As here described, the Pacific Border mountains include, along the

coast in succession southward, the Olympic Mountains of northwest

Washington, the Coast Ranges of Washington and Oregon, Klamath Mountains,

and California Coast Ranges to the latitude of San Francisco. Inland,

the province includes the Cascade Mountains of Washington, Oregon, and

northern California; also the Sierra Nevada of east-central California.

In the Coast Ranges of Washington and Oregon, the province includes

a paleo-marine basin some 300 miles long and 50 miles wide, in which

dominant siltstone is interbedded with generally earthy sandstone and with

volcanic rocks (Love and Hoover, 1960). The volcanics constitute roughly

one-fourth the aggregate stratigraphic thickness. The rocks are deformed

into open folds whose axes trend about northward, and are cut by some

faults. Their base has not been reached in a few oil-test holes as much

as 12,880 feet deep in Oregon and 11,002 feet deep in Washington.
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Fig. 1--Ground-water provinces of the conterminous United States
(adapted from Thomas, 1952, and McGuinness, 1964)
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These interbedded sedimentary and volcanic rocks are not known to

include extensive fresh-water aquifers capable of yielding as much as 50

gallons a minute to wells of ordinary construction (Thomas, 1951, pl. 1).

The volume of water in underground storage doubtless is relatively little.

Shallow aquifers locally, and deep aquifers probably generally, contain

brine in concentrations known to exceed 10,000 ppm (parts per million) at

some places.

Inland, the Cascade Range--about from the latitude of Seattle, Wash.,

on the north to that of Red Bluff, Calif., on the south--is largely an arch

of layered volcanic rocks, along the crest of which occurs a succession of

prominent volcanic cones. Much of the rock is massive and of small perme-

ability; however, some is fragmental and by inference should.be moderately

to highly permeable. Potentially productive aquifer systems may exist

locally and the volume of water in ground storage may be moderately large;

however, neither has been demonstrated. So far as is known, all the ground

water is fresh to any likely depth of penetration by wells.

Remaining parts of the Pacific Border province--the Olympic and

northern Cascade Mountains of Washington, the Klamath Mountains and Coast

Ranges of extreme southwestern Oregon and northwestern California, and the

Sierra Nevada--are formed by intrusive igneous rocks and by rocks of

sedimentary and volcanic origins, which are older than those described thus

far and which extensively are metamorphosed. Closely folded and complexly

faulted areas are common. The mean permeability of the rocks, and volume

of water stored in them probably are the least among all parts of the

province. By inference, aquifer systems commonly are neither extensive

nor productive. In the northern Cascades and the Sierra Nevada virtually

all the ground water presumably is fresh; in the Klamath Mountains and

Coast Ranges, however, the ground water is notably mineralized locally.
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In terms of mean yearly supply, the Pacific Border mountains are

well watered. They include, in western Washington, the areas of greatest

precipitation and greatest depth of runoff in all the conterminous United

States (Piper, 1965, pl. 1-3). Because their population is somewhat sparse,

and because their industries generally have modest water requirements,

currently and prospectively their overriding hydrologic function is to

generate the through-flowing streams of adjoining lowlands.

Ground-water storage being limited and aquifer systems generally

being not extensive, discharge from the ground is insufficient to sustain

a large summer flow in numerous streams. Thus, a sharply diminished

streamflow in summer characterizes much of the region. In consequence,

certain local water supplies that are derived from small streams either

are seasonally inadequate or offer little or no undeveloped capacity to

meet future growth. In such circumstances nuclear detonation to manage

ground water could be advantageous.

Potential nuclear applications

Summer streamflow deficiency, as at Ashland, Oregon.--The city of

Ashland, Oreg., population about 9,100 in 1960, derives its water supply

from Ashland Creek and a small reservoir on that stream. The system spills

water during the wet months in most years but is intermittently short of

water in dry years. An enlarged reservoir on the creek, to hold storage

sufficient for the summers and the infrequent very dry year, would lose

considerable water by evaporation.
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As a conceivable but hypothetical alternative, a rubble chimney by

nuclear detonation might provide evaporation-free stand-by storage that

would be filled by surplus streamflow available in the wet months, and

that would be drawn down by pumping when necessary. A potential site in

the Ashland Creek basin would be in granite, 4 to 5 miles (6 to 8 kilometers)

south of the city margin and 2 to 3 miles upstream from the present dam and

reservoir. Potential sites to the southwest, along!McDonald Creek or Little

Applegate River, would be in granite or meta-volcanics as much as 8 miles to

the southwest (13 kilometers) from the city. Thus, depending partly on

whether or ndtthe present dam on Ashland Creek is a rigid structure, a

detonation as great as 100 kilotons could be considered. A detonation of

that magnitude would afford, within a rubble chimney of standard dimensions

(Piper -and Stead, 1965, p. 21, 30), a storage volume of nearly 300 million

gallons (1.1 million cubic meters). The volume would be about 60 percent

of a year's full requirement by the city and probably more than maximum

dry-year deficiency in the present supply. Depth of emplacement would be

as much as 1,860 feet. Access to the chimney for replenishment by stream-

flow, and for draft by pumping, presumably would be easiest through an

inclined hole "whipstocked'. into the chimney near its bottom. From the site

on Ashland Creek, water would flow to the city through the existing water-

supply works. A site on McDonald Creek or Little Applegate River would

require a ditch or pipeline along any of several seemingly feasible routes.

Geologic, hydrologic, and engineering analysis in the field would be

necessary to appraise the validity of concepts here suggested as examples.

-10-



Summer water deficiencies in general.--The preceding example typifies

a condition that is common in the province--rocks of nominal permeability

and water-storage capacity, and a repeated summer deficiency of water for

domestic and stock supplies. Thus, utility of the land may be drastically

limited. In concept, such a limitation might locally be eased considerably

by one or several rubble chimneys to capture winter runoff and, possibly, to

capture some local ground water by "big-well" action. Specific sites would

need be identified by field studies. Overall feasibility may be contingent

on a future need for more intensive use of range land.

Here, and throughout this report where relevant, it must be emphasized

that the "big-well" version of a rubble chimney cannot, of itself alone,

enlarge the long-term yield of which a particular aquifer system is capable.

Basin-wide or aquifer-wide, the limit of long-term yield is either the

recharge potential or the transmissibility of the aquifer system at some

point between area of recharge and area of withdrawal. However, at a

particular'point in an aquifer of small or moderate transmissibility, the

"big well" may be a likely means of developing the full capability of the

aquifer. This follows because the large peripheral surface of the rubble

chimney--that is, the "big well"--is tens or even hundreds of times more

likely to intercept an average number of water-bearing openings, than

is a conventional drilled well.
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Flood management in summit lakes.--The higher parts of the Cascade

Range generate troublesome snowmelt floods rather frequently. In central

Oregon, two summit lakes--Waldo Lake and Diamond Lake--head streams in

which management of such flood runoff is a recurrent necessity. The two

lake basins offer volume capacity for detaining the excess runoff in

temporary storage. However, this is precluded because esthetic con-

siderations and both current and prospective use for recreation, make it

desirable that each lake be held reasonably close to a constant level.

The two lakes are in volcanic terrane and presumably are perched.

Permeable zones in the underlying rocks presumably are discontinuous or

circuitous, owing to which the vertical movement of'water is impeded. In

this situation, a rubble chimney of sufficient vertical reach might under-

drain the perched zone sufficiently that excess snowmelt would discharge

vertically downward while lake level fluctuated little. The locations being

some tens of miles from population centers and major structures, a detonation

as large as a few hundred kilotons probably could be accommodated. Site of

detonation would be adjacent to the particular lake, but sufficiently

removed for a gate structure to control flow from the lake into the chimney.
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Assuming a fully contained detonation, a chimney of standard

dimensions, and an energy yield between 100 and 500 kilotons, depth

of emplacement would be from 1,900 to 3,200 feet (570 to 960 meters).

Assuming porosity of the rubble to be 25 percent (Piper and Stead, 1965,

p. 35-36), upward run of the chimney would be about from 1,000 to 1,800

feet (320 to 540 meters) above shot point and top of the chimney would be

from 810 to 1,400 feet (250 to 420 meters) below land surface. Such a

range in potential dimensions affords considerable flexibility in matching

size and position to the spacing of permeable zones in the volcanic rocks.

Many geologic and hydrologic details of the two lake basins will need

be explored intensively before technical feasibility of these particular

nuclear applications would be known. If feasibility becomes established

for these, the same means might be considered for stabilizing the levels

of other summit lakes, in Washington as well as in Oregon.

These lake-level stabilizations, and land drainage generally, would

be simplified if the rubble chimney ran upward to, or nearly to, the land

surface. Such a result from a nuclear detonation at the minimum depth for

assured full containment (scaled depth 400 feet or 120 meters) could be

realized if porosity of the rubble was about 15 percent or less. (Piper

and Stead, 1965, idem.) With detonation at twice this depth, porosity would

need be less than about 8 percent. On another hand, a rubble chimney

running about to the land surface, with little or no rubble thrown out--that

is, a so-called retarc--might be achievable by detonating at a scaled depth

about between 175 and 200 feet (55 and 60 meters). Criteria need to be

developed for scaling, fairly definitively, percentage bulking of collapse-
chimney rubble in rocks of diverse kinds and at depths of detonation ranging
from that of full containment to that of the maximum-volume throwout crater
(scaled depth 150 feet or 45 meters).
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Disposal of intractable fluid waste.--A long-standing principle for

disposal of an intractable fluid waste, radioactive or chemical, is that

it be injected deep underground through a drilled well, into a zone where

it can remain indefinitely without hazard to man. Repenning (1960,

p. 53-60) narrows the worthwhile possibilities to two types, as follows:

(1) A natural reservoir in a permeable rock stratum, having an hydraulic

trap formed by overlying and underlying confining beds deformed in a

syncline, by wedge-out of a sandstone tongue between confining beds, by

an unconformity or fault that truncates the sandstone bed, or by some

combination of such features. (2) An artificial reservoir formed in

impermeable shale by hydrofracturing or by explosion. Due regard would

need be given to natural pressure heads and hydraulic gradients in the

reservoir stratum and in any overlying fresh-water aquifer system(s).

Obviously, to demonstrate existence of a competent disposal area requires

stratigraphic, structural, and hydrologic information in comprehensive

detail.

Should a disposal facility be desired at some future time in the

northern part of the Pacific Border mountains, the most likely general

areas would be in the paleo-marine sedimentary basin alluded to previously,

about 75 miles southwest of Seattle and 50 miles west of Portland, respec-

tively. The most common type of potential reservoir rock probably would

be thin-bedded earthy sandstone interbedded with shale. In such rock a

rubble chimney by nuclear detonation might be the most practicable device

for easy injection of the waste fluid.
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In the southern part of the province, along its boundary against the

contiguous segment of the alluvial valleys and basins, the most promising

general area for disposing of fluid waste has been identified by Repenning

(1960, p. 61-63) as "the eastern side of the Central Valley of California,

as far south as Fresno * * *. Here, south of the Stockton arch, the

geologic environment to be sought is a thick sandstone bed tonguing west-

ward into impermeable shale units and along its eastern end warped upward,

truncated, and sealed by an overlying younger shale unit. North of the

Stockton arch westward-thinning sandstone tongues are less abundant and

have not been warped and truncated to the east. A study of hydrologic

conditions might reveal places where eastward migration would be slow

enough to stay within safe limits." Here, nuclear detonation would seem

to be less advantageous than to the north, in Oregon and Washington.

Any such injection of fluid waste would need be far below all fresh-

water aquifer systems and below any recoverable and potentially marketable

natural resource. Minimum depth of injection probably would be in the

order of 3,000 feet (1,000 meters). Assuming nuclear detonation to form

the injection sump, an explosive energy-of several hundred kilotons could

be contained.
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Alluvial valleys and basins

Geologic and hydrologic setting

Included by the Alluvial Valleys and Basins province are the Puget-

Willamette lowland of western Washington and Oregon; the Sacramento, San

Joaquin, and smaller valley plains of central and southern California;

and the extensive Basin and Range province which comprises virtually all

Nevada, western Utah, southern Arizona, southwestern New Mexico, and small

parts of adjoining States. Areas transitional to adjacent provinces exist

in southern Oregon and contiguous parts of Nevada and northeast California,

also in southeast New Mexico and adjacent Texas (fig. 1). Isolated

alluvial valleys, analogous hydrologically to those'of the areas just

listed, occur also in the Rocky Mountains and southern Unglaciated Plains

provinces (fig. 1, areas 4 and 7, respectively).

The lowland plains of the province here considered contain the

greater part of the population, the industry, and the intensive irrigated

agriculture of all the Pacific Slope within the conterminous United States.

Included are the metropolitan areas of Seattle, Wash.; Portland, Oreg.;

San Francisco and Los Angeles, Calif.; Reno and Las Vegas, Nev.;

Salt Lake City, Utah; Tucson and Phoenix, Ariz.; and Albuquerque, N. M.
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Valley fill.--In the aggregate, alluvial plains constitute the land

surface over about half the region. All these plains have been built by

erosional debris from the highlands that bound most of the province, and

from the numerous isolated mountain ranges that are dispersed within the

province. Among the several basins, thickness of this erosional debris,

or " valleyfill," commonly is hundreds ur even thousands of feet. Much

of the valley fill is fine. grained. Interspersed are sheets, lenses, and

tongues of coarser but commonly not well assorted debris--sand and gravel--

which constitute numerous and complex aquifer systems. Within these systems

hydraulic discontinuities are common in both the vertical and the horizontal

directions, owing to the three-dimensional pattern of coarse- and fine-

grained materials, to irregularities of the rock surface over which the

fill was deposited, and, locally, to young faults.

Excepting the Puget-Willamette lowland, this province is generally

arid or semiarid. In southeastern California and southwestern Arizona, it

includes the area of least precipitation in the conterminous United States;

much of it generates only ephemeral runoff, very commonly nominal in amount.

Thus, its sources of water for use by man are the through-flowing perennial

streams which rise on adjacent highlands, and the aquifer systems which have

been mentioned. In numerous basins there is no perennial stream and the

aquifer system is the sole perennial source of water.

In the valley fill, aggregate capacity of the aquifer systems to store

water is very large--manyfold greater than that feasible of being created

by reservoirs along the streams. Capacity to yield water is considerable

over many parts of the province--single wells commonly yield several

hundred or even thousands of gallons a minute. Elsewhere, however, water-

yielding capacity may be small.
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Natural replenishment varies greatly from one valley or basin to

another. On the one hand, replenishment by precipitation in excess of

potential evapotranspiration generally takes place only in the northern-

most part of the province, in the Puget-Willamette lowland, (Piper, 1965,

pl. 2). Further, through-flowing perennial streams offer continual

replenishment in the Puget-Willamette and Sacramento lowlands, extensively

in the Gila River sub-basin, and locally elsewhere. Among such areas,

water in the alluvium generally has a small content of dissolved solids.

On the other hand many basins, especially those of smaller extent and

those lacking an out-flowing stream, are replenished only infrequently by

ephemeral flash runoff. Among these, water in the deeper parts of the

alluvial fills and that in the central part of the several basins, commonly

has a moderate to large content of dissolved solids.

Prevalence and concentration of these mineralized waters increases

generally toward the south and the east. Thus, they occur only locally

in south-central Oregon, in concentrations usually less than 3,000 ppm.

However, they are extensive in the south half of the San Joaquin Valley,

of south-central California, at depths less than 500 feet beneath the land

surface; concentrations exceed 3,000 ppm along the west side of that valley.

In southeast California and western Nevada, mineralized waters occur in most

of the undrained basins, in concentrations ranging up to and somewhat

beyond 10,000 ppm. In western Utah, in the lower Colorado-Gila river

basin, and in western New Mexico they underlie extensive areas, generally

less than 500 feet below land surface but in some districts 1,000 feet or

even more. In these southernmost and easternmost parts of the province,

concentrations range up to and beyond that of ocean water--35,000 ppm.

The most extensive area of this most concentrated water occurs in the
vicinity of White Sands, N. Mex. (Feth and others, 1965).
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The water supplies of the lowland plains--the perennial streams and

the ground-water bodies--have been explored and developed virtually from

end to end of the province. As of 1951, drafts substantially in excess

of natural replenishments had resulted commonly in California except in

the Sacramento lowland, extensively in southern Arizona, locally in

southwestern New Mexico and adjoining Texas, and locally in southern Utah

(Thomas, 1951, pl. 2). In most of these areas the zone of

permanently unwatered valley fill has both deepened and enlarged laterally

(McGuinness, 1963). Owing principally to this heavy draft, water of

inferior quality has encroached, or threatens to encroach, on the pro-

ductive aquifers of coastal basins in California, locally in the San

Joaquin Valley of California, and locally in Arizona.

The Puget-Willamette lowland excepted, water-supply stringencies

presently are common among the alluvial valleys and basins; under the

drive of the nation's greatest rate of population increase, these strin-

gencies can only become more severe, not less. The ground-water sources,

already under heavy draft in certain areas, must be developed to the

utmost by every feasible means for artificially replenishing the aquifer

systems, also for stabilizing and where possible increasing their perennial

yields. Probably in no other part of the United States will the impelling

force for optimum management of the ground-water sources be greater in the

next few decades.
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Bedrocks.--Rocks of diverse origins--volcanic, intrusive, sedimentary,

and metamorphic--not only form the mountains and highlands which bound

much of the province and the mountain ranges which are dispersed within

the province, but also underlie all the alluvial plains. Geologic

structure is moderately complex; faults, both major and minor, are the

outstanding structural features although folds are conspicuous locally.

The sedimentary basin of principal concern is the Central Valley of

California, to which reference has been made; structurally and strati-

graphically this is a downwarp some 500 miles long and 60 miles wide,

chiefly in sandstone and shale in a maximum stratigraphic thickness of

at least 50,000 feet.

Generally the bedrocks are of low permeability, have a capacity to

store water which is insignificant in comparison to that of the over-

lying valley fill, and lack extensive and productive aquifer systems.

Exceptions to this generalization include the Central Valley and other

sedimentary basins in central and southern California, in which sandstone

aquifers are extensive and locally contain fresh water of usable quality

to moderate depth below land surface (deeper aquifers contain brine).

The other notable exceptions are aquifer systems in carbonate rocks. In

southeastern Nevada, in the general vicinity of Las Vegas, such systems

are moderately extensive and known to be capable of yielding a few hundred

gallons a minute to adequately constructed wells. Similar conditions can

be inferred, but are largely unproven, in northeastern Nevada and north-

western Utah.
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Nuclear detonation in the valley fill

Despite the prospective urgency for optimum ground-water management,

advantage from nuclear detonation in the alluvial valleys and basins is

rather stringently limited. Specifically, in valley fill: (1) Ordinarily

most of or all the volume in the standard cavity of detonation would

translate to the land surface, where a subsidence crater would form (Piper

and Stead, 1965, p. 37-39); at many places, such subsidence would be

undesirable or intolerable. (2) For contained detonations smaller than

about 20 kilotons, the rubble in a chimney of collapse commonly bulks

slightly, but not greatly; consequently, in aquifers or in coarse-grained

materials generally, aggregate void space and permeability within the

chimney would be somewhat more, but not grossly more, than in the adjacent

undisturbedfill. Magnitude of this increased permeability cannot be judged

from information at hand. For detonations in this range of energy yield,

minimum depth of emplacement would range about from 400 to nearly 1,100

feet--in other words, this range of yields probably would accommodate a

large majority of potential detonations in valley fill. For detonations

greater than about 20 kilotons, however, generally the rubble does not

bulk appreciably and would not be significantly more permeable than the

adjacent undisturbed fill. (3) In the chimney of collapse, confining beds

or fine-grained strata within the zone of aeration would be displaced downward

and, within each displaced disc, might be disrupted. Thus, vertical

permeability within the chimney presumably would be greater than natural,

but to a degree that has not been measured and that would depend in part

on the thickness, texture, and spacing of fine-grained beds within the zone

breached by the collapse chimney.
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In dimensionless terms, hydrologic advantage from a contained

nuclear detonation in water-bearing valley fill commonly could be

realized only if replenishment were accelerated above the natural rate.

To such an end, a subsidence crater might serve as a sump collecting,

and temporarily storing, water which was available transiently on the

land surface and which would waste if not collected. Further, the

chimney of collapse might serve as the conduit for accelerated replenish-

ment, either if its average permeability is greater than that of the

natural surrounding material, or if the chimney effectively breaches a

confining bed or beds above the regional water table, or both. Under-

draining a natural perched water body or water-logged irrigated land

would be special cases. The general water-management objective would be

to stabilize and prolong a present rate of water draft that exceeds

natural replenishment, or to sustain a draft greater than the present.

Quantitatively, effectiveness of a nuclear detonation in valley fill

generally would be commensurate with the difference in permeability, if

any, between (1) the disarranged material within the collapse chimney and

(2) the valley fill in its natural state. Currently, magnitude of this

difference is conjectural, although probably it is not large. Criteria

by which to estimate the difference in permeability must await experimental

detonations under a variety of relevant situations. Until such criteria

are at hand, there is no adequate basis for judging where nuclear detonation

in valley fill might offer a water-management advantage.
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In several districts of southern California, also at least one

district of southwestern Arizona, aquifer systems in valley fill are

compartmentalized locally by young faults. Thus., across such a fault

ground-water heads may differ and movement of water may be impeded,

both substantially. In principle, rubble chimneys by nuclear detonation

could breach the fault barriers were there an advantage in so doing.

Generally, however, present patterns of water use and the legal rights

of individuals in that use presume that the barriers will remain intact.

Legal considerations would, at this time, virtually prohibit a breach.

Nuclear detonation in bedrock

Because the region here considered is semiarid or arid, as has been

stated, water-supply deficiencies of its bedrock areas are acute locally

and near-perennial. Generally, very little uncommitted surface water is

available that might artificially be charged into bedrock aquifer systems

to increase potential yield. Thus, it seems likely that, largely if not

exclusively, a water-management advantage from nuclear detonation could be

realized only from the "big-well" aspect of a rubble chimney. Most

likely such application seems to be at communities in or at the margin of

isolated bedrock blocks, whose water supplies are from springs or small

streams having undependable dry-season flows.

One such community is Eureka, in central Nevada. Its population is

about 1,000; required yield of an adequate water supply would be about

130,000 gallons a day on the average, or 47.5 million gallons (180,000

cubic meters) a year. The most feasible, fully adequate conventional water

source probably is a well field in Diamond Valley about 10 miles (16 kilo-

meters to the north. Owing not only to the relatively long distance but

also to the required pumping lift, about 1,100 feet (335 meters), this
source has not been tapped.
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Alternative to this conventional source, a rubble chimney by nuclear

detonation seems possibly feasible hydrologically and competitive in cost.

It could serve both as "big well" and as an underground storage reservoir

having a capacity equivalent to a year's requirement by the community.

Tentative specifications and characteristics would be as follows:

1. A site in Pinto Canyon to the south or Eureka Canyon to the

north, as near the community as is feasible. A removal

distance of 3 to 4 miles (5 to 6 kilometers) would be

required on the basis of onset of damage to structures in

Eureka. Such a distance would be from one-third to one-

half that to a well field in Diamond Valley.

2. Explosive energy from 15 to 20 kilotons, affording storage

capacity from 43 to 57 million gallons (160,000 to

220,000 cubic meters). Minimum depth 980 to 1,090 feet

(300 to 330 meters) below land surface or 500 feet (150

meters) below the water table, whichever is the greater.

Depth of the water table is not known to the writer.

3. Rock probably limestone but possibly volcanic, according to

precise location.

4. Replenishment by ground water and by intermittent streamflow

diverted into the rubble chimney when available. Auxiliary

works to desilt stream water might be necessary. Depth of

the water table being unknown, the pumping lift from chimney

to community is unknown; presumably, however, this lift would

be substantially less than from a well field in Diamond

Valley. Thus, the perennial cost of pumping presumably

would be less also.
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Water-supply deficiencies analogous to that at Eureka exist at

Austin, also in central Nevada; at Goldfield, in west-central Nevada;

and at Virginia City, in northwestern Nevada. These scattered examples

span only the central part of the alluvial-valleys province. Whether

other possibilities exist for advantageous nuclear detonations is not

shown by information at hand.

-24-



Columbia Plateau

General features

The Columbia Plateau (fig. 1) is a region of moderate relief and

intermediate altitude, formed largely by volcanic rocks of diverse kinds

extruded during several epochs of the Tertiary and Quaternary periods,

interlayered with so-called lake beds, and overlain locally by alluvium.

Aggregate thickness of these rocks is several thousand feet. Pre-Tertiary

rocks of sedimentary, volcanic, and intrusive origins underlie all the

region and crop out in areas of relatively small extent in central and

east-central Oregon, southeastern Washington, and western Idaho.

The geologic structures generally are comparatively simple--folds with

gently dipping flanks, a few moderately sharp monoclines, and a few faults.

Principal structural depressions in the volcanic rocks include: (1) the

Yakima, Quincy, and Pasco Basins of south-central Washington, where a well

8,400 feet deep did not reach the bottom of the volcanics; (2) the Harney

Basin of southeastern Oregon--a transition between the Columbia Plateau

and the Basin and Range province--in which the deepest well penetrated

tuffaceous claystone, shale, and a little tuff to a depth of 4,000 feet

and then continued in volcanic rock with a few interbeds of claystone to

a total depth of 6,480 feet; and (3) the arcuate Snake River downwarp

which sweeps across southern Idaho and extends westward into Oregon,

which is some 300 miles long and 50 miles wide, and in the western part

of which tuff, silt and sand, volcanics, and local intrusives may be as

much as 18,000 feet thick (Love and Hoover, 1960).
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The principal two population centers, Spokane and Yakima, Washington,

respectively had about 182,000 and 43,000 persons in 1960; 23 other cities

had more than 10,000 persons. Employment is largely in irrigated agri-

culture and in lumber and timber products.

The main stem and perennial major tributaries of the Columbia River

traverse the plateau but their flow is generated largely on adjacent

mountainous provinces to the north, east, and west. Of itself, most of

the plateau is semiarid and generates little runoff. However, parts of

the plateau that are but little dissected and that contain certain younger

volcanic rocks store, transmit, and discharge ground water in very large

relative amounts. Such conditions account for the unusually well-sustained

base flow in certain stream reaches, including that due to the Thousand

Springs along the Snake River in south-central Idaho (McGuinness, 1963,

p. 35; Meinzer, 1927, p. 42-79; Piper 1948, p. 516-518); they account

further for certain irrigation wells of extremely large capacity, also in

south-central Idaho. Even the older and more massive volcanics that form

most of the plateau have moderate average permeability and at many places

yield several hundred gallons a minute to drilled wells. However,in some

districts where they are deeply dissected, such rocks are devoid of water

above the level of principal streams, to depths of hundreds of feet below

the interstream uplands. Locally, they contain perched water bodies,

upheld by structural or other traps.
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Unconsolidated deposits (so-called lake beds) interlayered with the

volcanic rocks are most extensive in south-central and southeast Oregon

and southwest Idaho. Commonly but not universally they yield less water

than the enclosing volcanics. Locally the finest-grained of these

unconsolidated deposits are confining beds, which enclose weak artesian

aquifer systems. Unconsolidated alluvium that overlies the volcanics

affords a productive aquifer locally--especially the tongues of glacial

outwash gravel along the Columbia River and other present streams (Newcomb

and Brown, 1961), and in now-dry melt-water channels of northeast Washington.

In general, ground water of the Columbia Plateau now is developed

extensively for rural-domestic, stock, municipal, and irrigation supplies.

With a very few local exceptions, its dissolved-solids content is less

than 500 ppm and it is suitable for all ordinary uses. It is capable of

sustaining considerable further development. Probably the greatest

potential is that for joint ("conjunctive") management of surface- and

ground-water resources--charging surplus flow of streams into the very

large volume of porous but presently unsaturated volcanic rocks, where

and when such charging is practicable, and withdrawing the water so stored

during ensuing seasons and years of deficient natural water supply.
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Potential nuclear applications

Storage in basalt of the Snake River plain.--The eastern half of the

Snake River downwarp in southern Idaho is floored by young basalt which is

at least 2,000 feet thick, and whose transmissibility is uncommonly large.

Through this basalt, ground water moves generally westward at a present

mean rate of about 8,000 cfs (cubic feet per second), as is indicated by

the discharge from the Thousand Springs and other large springs along the

Snake River between Milner and King Hill (Thomas, 1952, p. 33). Yet a

very large volume of the basalt is unsaturated to a considerable depth

below land surface, over an area of several thousand square miles. In

the same area, surplus flow in the Snake River and its principal

tributaries--that is, stream water not usable within present or prospective

capacity of surface reservoirs--is in the general order of 0.25 million

acre-feet (300 million cubic meters) or more yearly, on the average.

Such surplus flow occurs during intervals of a few days' or a few weeks,

duration, in about half the years.
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To the end of optimum management of the water resource in this part

of the Snake River basin, the U. S. Bureau of Reclamation is considering a

plan to charge surplus streamflow into unsaturated basalt, and to develop

ground-water supplies in lieu of certain surface-water supplies, both

present supplies and prospective supplemental supplies. In broad terms,

hydrologic advantage in such a plan is certain. Limiting geologic features

include: (1) Extensively the basalt plain is mantled by deposits of fine

texture, largely of windblown origin, and of an infiltration capacity

considerably less than that of the basalt. Thus, should infiltration ponds

be used to accumulate the surplus streamflow during the short intervals that

it is available, those ponds would need be extensive and would suffer large

evaporation loss. Alternatively, many injection wells might serve. (2) At

least locally, fine-grained interbeds of sedimentary origin that exist in

the unsaturated basalt would slow the movement of water downward to the

regional zone of saturation.
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Nuclear detonation seems a potential means of countering these

limiting geologic features, and creating infiltration condu.ts having an

aggregate capability equal to the maximum potential rate of streamflow

surplus. According to local conditions, the most suitable product of

detonation might be either (1) a maximum-volume throwout crater, where

capacity for transient storage of water on the land surface would be

desirable; (2) a rubble chimney running to the land surface, or nearly so,

with a crater of minimum volume forming either by throwout, by subsidence,

or both; or (3) a rubble chimney by fully contained detonation, with one or

more drilled holes from land surface into the chimney.

Areas seemingly advantageous for infiltration by such means occur

west of St. Anthony and southwest of Idaho Falls, where depth of the

water table below land surface is, respectively, about from 50 to 100

feet and from 200 to 300 feet; also to the west, along the northern

margin of the basalt plain near the Little Lost, Big Lost, Little Wood,

and Big Wood rivers, as those tributary streams emerge from the bordering

mountains. Other potentially advantageous areas probably exist.

Emplacement sites could be as much as 15 miles (25 kilometers), or

even more, from any center of population or from substantial works or

structures on the land surface. Thus, a detonation having an energy

yield of several hundred kilotons could be considered if appropriate to

the particular hydrologic and geologic setting.
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Although hydrologic advantage seems certain, numerous aspects of

this potential nuclear application need comprehensive study before

overall feasibility could be established. In particular, criteria are

needed by which to scale explosive energy and depth of emplacement so

as to produce, in the particular basaltic rocks, a crater of minimum

volume plus a rubble chimney of maximum reach downward from land surface.

Under-drainage for deep recharge.--Perched aquifer systems that

conceivably might be under-drained to augment recharge to a deeper,

regional system are known or inferred to exist locally in the Columbia

Plateau province under diverse geologic settings. Generally, however,

areas where augmented deep recharge is known to be desirable currently

are the areas in which ground-water development is most extensive. There,

both perched and deeper aquifer systems are likely to have been put to use

and the rights of individuals to unimpaired use of the perched system are

likely to be confirmed in law. There also, structures and works that might

be damaged by a nuclear detonation are most numerous and most closely

spaced. These and related limitations would prohibit nuclear detonation

at many places, unless adverse interests were bought out.

Water perched in tongues of valley-floor gravel, above a regional

aquifer system that is pumped rather heavily, is known along the Umatilla

and Walla Walla Rivers in the vicinity of Hermiston, Pendleton, and

Milton-Freewater, in northeast Oregon; also along Mill Creek in the

vicinity of Walla Walla, in adjacent southeast Washington. These are

among districts in which the legal limitation against under-draining the

perched aquifer is uncertain but probably would be prohibitory.
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Water perched similarly in a gravel tongue is inferred to exist along

the upper reach of Crab Creek, above Wilson Creek, in central Washington.

Here the legal limitation may be less stringent but hydrologic information

at hand does not indicate a clear advantage from under-drainage.

In south-central Oregon, in the vicinity of La Pine and Chemult, a

100-foot-thick mantle of pumice and coarse volcanic ejecta contains water

perched 100 to 200 feet above the regional aquifer system in the layered

volcanic rocks below. Both the perched and the regional aquifers are

tributary to the Klamath River, their hydraulic gradients converging

southward to the north margin of Klamath Marsh. At a site about 5 miles

nearly south of Chemult, a 1-kiloton detonation just below the regional

water table presumably would be somewhat less than fully contained, and

might be expected to cause a rubble chimney running up into the pumice

mantle and terminating there in a relatively narrow crater. The site is

virtually unpopulated. Data at hand do not measure the transmissibility

of the perched aquifer system--that is, the expectable incremental recharge

of the deep system, nor do they show any compelling advantage from such

recharge.

As has been stated, in the deeply dissected parts of the province,

upland areas commonly are unwatered above the level of major perennial

streams. But in some such areas, known or inferred, perched water bodies

are held high above the regional water table by structural traps--that is,

by the gentle folds and the few faults mentioned above. In some instances,

under-drainage by nuclear detonation for deep recharge would be feasible

in principle. Currently, however, under-drainage is virtually precluded

because high-level water is at a premium for local uses and its conser-

vation is sustained by law.
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Under-drainage to abate water-logging.--One exception to the pre-

ceding generalization is afforded by the Quincy Basin, in central

Washington. There, owing to extensive irrigation in about the past two

decades, the saturation level of water perched in the uppermost few

layers of the basaltic bedrock has risen substantially. As a consequence,

drainage districts along the northwest margin of the basin are plagued by

incipient water-logging of the soil.

Here, the irrigated district occupies the bottom of a topographic

basin which is coextensive with a structural basin in the basalt. The

structural basin is the hydraulic trap that upholds the perched water.

Natural overflow of that water must be toward the west in large part,

through Babcock Ridge, to the adjacent reach of the Columbia River; the

overflow lip Or spill level is at least 500 feet above the river, by

inference. Conceivably, therefore, the incipient water-logging of the

irrigated land might be relieved by under-drainage through a number of

nuclear rubble chimneys alined beneath the eastern flank of Babcock Ridge.

Such drainage might need to span a front as much as 20 miles long. Hydro-

logic information at hand is not adequate to measure transmissibilities of

the basalt in the perched and regional zones, and so cannot suggest either

optimum spacing, hydraulic effectiveness, or overall feasibility of this

under-drainage possibility.

Near the area just described and about 25 miles south of Quincy,

under-drainage is an inferred possibility beneath the so-called Royal Slope

(the south limb of the anticline, Frenchman Hills, that closes the Quincy

Basin on the south). There a missile silo is drowned. Specific hydrologic

information is not at hand.
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"Big-well" possibilities.--The rubble-chimney "big well" might be

used to advantage in widely scattered parts of the Columbia Plateau

province, wherever the basalt layers are relatively thick and massive and

the few water-bearing zones are either fractures or partings between layers.

A rubble chimney integrating such zones within a considerable mass of the

rock could increase recoverable water to several times that from a

conventional drilled well of like depth. Likely areas include the basalt

plateau north of Enterprise, in northeast Oregon, and that in the vicinity

of Moscow and Grangeville, in north Idaho. Synclinal areas should be

superior in general. No specific sites have been identified.

Much of the basin of the Owyhee River, in southeast Oregon and south-

west Idaho, is a dissected north-sloping plateau of rhyolite with inter-

bedded tuff and "lake beds." This is productive livestock range in the

spring but is virtually unoccupied in other seasons because the only

perennial water sources are the deeply intrenched main stem and principal

tributaries of the river, and a few drilled wells of small yield. Stock

ponds, formed by low dams on intermittent and ephemeral streams, are

subject to heavy loss by evaporation and generally are not perennially

dependable. In principle, a rubble-chimney "big well" might provide not

only a greater ground-water yield but also supplemental evaporation-free

storage space that might be filled during the season of intermittent

runoff. If perennial water points of substantial capacity could be con-

structed in this way, increased livestock productivity and other higher

uses of the land might become feasible in the future if not presently.

In general, T. 39 S., Rs. 45 and 46 E., in Orejon appears to be a

promising area but the feasibility of specific detonation sites cannot

be weighed from information at hand.
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In central Oregon, in the John Day Ri,'er basin, andesitic lavas and

breccias and associated continental deposits (Clarno formation) crop out

in a fairly extensive "window" through -the more common and surrounding

basalt. Here the smaller streams are intermittent and the andesitic

rocks yield little water. Wells of conventional construction have found

inadequate supplies for the small communities, sawmills, and other users

of water in moderate amounts. Here also a rubble-chimney "big well"

might result in a larger ground-water yield and provide supplemental

reserve storage space that would be evaporation-free and that might be

filled while runoff is widespread. A promising area comprises the vicinities

of Fossil, Kinzua, and Mitchell. Again, choice of a specific potential site

or sites is not warranted by information at hand.
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Rocky Mountains

In the Rocky Mountains province (fig. 1), population is generally

sparse: few communities have as many as 10,000 inhabitants. Accessible

stream-water sources surpass virtually all local requirements, currently

and in the foreseeable future. Excepting those in alluvial fills of

certain valleys, aquifer systems are little developed; presumably they

are neither extensive nor highly productive over much of the region.

Mineralized ground waters, generally containing from 1,000 to 3,000 ppm

dissolved solids, at depths commonly less than 500 feet below land

surface but locally more than 1,000 feet, are moderately extensive along

the eastern fring of the province in Wyoming, also in certain valleys

in Colorado (Feth and others, 1965). No urgency for ground-water

management has been identified.

However, nuclear detonations might be advantageous in disposal of

intractable wastes--either fluid wastes deep below usable fresh-water

bodies, or solid wastes in the unsaturated zone above the water table.

The vicinity of the National Reactor Testing Station, in southeast Idaho

adjacent to the Rocky Mountains province (fig. 1), is an example.

The mountains immediately north of the Testing Station are formed

by sedimentary and metamorphic rocks which are folded and doubtless are

faulted. Structural traps which could immobilize injected fluid have

been neither identified nor sought. In the absence of such a trap,

injection would need be below all usable fresh water. A rubble chimney

by nuclear detonation would afford, relatively, a very large peripheral

surface at which injection into the country rock could occur. Admittedly

the possibility in conjectural, pending the time when suitable geologic and

hydrologic conditions have been demonstrated at specific sites.
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As here considered, disposal of solid waste presumes ability to

produce a stable nuclear-detonation cavity in which the solids could be

stored, for a very long period of time when necessary. Only the more

massive, competent rocks would qualify but definitive criteria are not at

hand for selecting sites at which collapse of cavities would be delayed

sufficiently, even in such rocks. Assuming that definitive criteria will

develop ultimately, locations would be sought in the unsaturated zone above

the water table, where water infiltrating that zone could not transport a

soluble component of the waste into an underlying body of usable fresh water.

If these limitations can be satisfied, it would appear feasible conceptually

to store pelletized waste-products that could even be recovered subsequently

for reprocessing if some constituent were found later to be of value (Morris,

D. A., written communication, May 1965).
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Colorado Plateaus and Wyoming Basin

Structural and stratigraphic features

The Colorado Plateaus and the Wyoming Basin constitute a province

formed largely of sedimentary rocks in a fairly wide age span; volcanic

rocks occur along the southern margin and young intrusive rocks form

scattered masses of relatively small extent. In its western part the

strata are cut by several major faults into extensive blocks that form

plateaus at different altitudes. Elsewhere the strata generally are very

gently folded into a succession of sedimentary and structural basins

separated by upwarps and locally by uplifts. The principal basins are,

in sequence from the southeast (Love and Hoover, 1960, p. 23-37, 45):

San Jaun, very largely in northwest New Mexico

Black Mesa-Kaiparowits, in northeast Arizona and
south-central Utah

Southwest Utah

Paradox, astride the Utah-Colorado boundary line

Uinta, very largely in northeast Utah

Washakie-Sand Wash, astride the boundary between
northeast Colorado and south-central Wyoming

Red Desert or Great Divide, in south-central Wyoming

Green River, in southwest Wyoming

Wind River, in central Wyoming
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The principal sedimentary rock types, in general order of diminishing

abundance, are: (1) Shale, including mudstone and claystone, which in

most parts of the province makes up half or more.of the aggregate

stratigraphic thickness and which is especially prominent in the north

half of the province. Most notable stratigraphic unit--the Mancos shale--

is from 1,30 to 5,400 feet thick, is very largely homogeneous and somewhat

calcatreous, and locally has thin sandstone interbeds in its upper part.

Several other units of note are equally thick. Oil shale is prominent in

several of the basins, in units some 2,000 feet thick at the known maximum.

(2) Sandstone, much of which is earthy and interfingered with other rock

types. In the southern half of the province, the noteworthy stratigraphic

units include: the Nugget sandstone, which generally is not more than

1,000 feet thick; the Navajo sandstone, as much as 1,200 feet thick, fine-

grained, and very largely of quartz particles; the Coconino sandstone; and

the Weber sandstone, as much as 1,600 feet thick and, like the Navajo,

fine-grained and largely of quartz. (3) Carbonate rocks, limestone and

dolomite, which generally are subordinate in abundance. In the northern

part of the province, however, the Green River Basin has the 1,000- to

1,400-foot thick Madison limestone. (4) Salt and other evaporites occur

locally; most notable are the salt "anticlines" (accumulations by flowage)

of the Paradox Basin, in which salt makes up two-thirds of the Paradox

member of the Hermosa formation. (5) Coal of commercial grade occurs in

several of the basins; possibly most notable and accessible is that in the

Black Mesa-Kaiparowits area of Arizona and Utah. Gas and oil also occur

locally.
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Hydrologic setting

In general scale, the Colorado Plateaus and the Wyoming Basin are

water-poor. Average yearly runoff is less than half an inch and potential

evapotranspiration exceeds precipitation (Piper, 1965, pl. 2, 3). Thus,

the perennial streams--components of the Colorado, Platte, and Wind river

systems--are in very large part generated outside the province, on adjacent

mountainous areas. Within much of the province the streams are deeply

incised, and so are not easily accessible for local, extensive use.

Water-bearing alluvial deposits are scattered and only a few--

principally in the Uinta Basin of northeast Utah and at the foot of the

Wind River and Medicine Bow Mountains of Wyoming--are extensive and

potentially moderately productive. None have been developed intensively

to date (McGuinness, 1963, p. 38-39).

The most extensive aquifer systems are in sandstone, though some are

in limestone. Generally the productivity of these systems is low, and

wells commonly yield no more than a few tens of gallons a minute. The

Coconino sandstone of northern Arizona, however, yields several hundred

gallons a minute to certain wells. These are confined-water systems which

receive recharge along the basin flanks, and which generally yield fresh

water to moderate depths below land surface. Presumably there are con-

siderable differences among the heads on water confined in aquifers at

various depths in any particular basin. Mineralized waters occur widely

in the province, at depths from a few hundred to more than 1,000 feet

below land surface. The most concentrated exceed 35,000 ppm of dissolved

solids--near Moab, Utah, and rather extensively in the basin of the Little

Colorado River.
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On many interstream tracts, dependable ground-water developments in

small or moderate volume have been needed urgently to extend the grazing

range of sheep and cattle and to supply households and small communities.

Recently the urgency has been compounded severalfold in the southernmost

part of the province by a prospective demand for water in relatively large

aggregate volume for coal mining operations about to be started. Success

in such developments requires that well sites be chosen carefully, accord-

ing to stratigraphy and structure of the rocks; also that long-term

capability be appraised by adequate test pumping. Studies of this scope

in recent years, by the Geological Survey for the Bureau of Indian Affairs

and the Navajo Tribe, have shown that the risk of drilling unsuccessful

wells can be diminished nearly to zero (McGuinness, op. cit.; Harshbarger

and others 1953, p. 116-124).

On the whole, the Colorado Plateaus and the Wyoming Basin could use

far more water than can readily be developed by conventional means.

Consequently, the peculiar effects of nuclear detonation could be uncommonly

practicable as a means for closer management of known water sources.
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Potential nuclear applications

In the Colorado Plateaus-Wyoming Basin province, the rubble chimney

by deep nuclear detonation seems, in principle, to have numerous

potential applications, either (1) as a "big well" to achieve maximum

yield from one of the fine-grained sandstone aquifers or locally from a

limestone aquifer; or (2) as an inter-aquifer connector to integrate

heads and transmissibilities among two or more aquifer systems. Most of

the province being very sparsely populated, and potentially usable

aquifers occurring commonly as much as 1,000 feet below land surface,

detonations of several hundreds of kilotons may be feasible technically.

Each particular application would need be preceded by especially thorough

determination of the local stratigraphy, structure, and ground-water

hydrology. Short-term or local advantage but long-term or distant

disadvantage would be a distinct risk. For example, a "big well" might

potentially increase yield and diminish drawdown at its particular site

but, if pumped to capacity, might increase and accelerate drawdown at a

distance.

As has been stated, soft shale or claystone is the dominant rock type

widely over the province. For such rock, neither geometry of the collapse

chimney nor amount of bulking by the rubble of collapse is well defined by

information at hand. In these respects, fully definitive information is

yet to be developed for pre-judging the effects of nuclear detonation in

shale or claystone interlayered with water-bearing rock.

Five typical examples of potential nuclear aplications are outlined

below. At none of these are geologic and hydrologic conditions known so

explicitly as to assure that a nuclear detonation would be advantageous.
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Oljeto, Utah.--In the vicinity of Oljeto, which is in southeast

Utah near the Utah-Arizona boundary, water in the Cedar Mesa sandstone

is derived intermittently from surface flow of Oljeto Wash, and from

underflow in the tongue of alluvium that floors the wash. Part of the

potential recharge from these two sources is rejected because permeability

of the sandstone is extremely small. A nuclear detonation, forming either

a rubble chimney or a throwout crater of appropriate dimensions, might

substantially increase recharge into the sandstone and so increase its

dependable yield,

Sedona, Arizona.--The community of Sedona, Ariz., south of Flagstaff

on the Colorado Plateau, taps confined water in the'lower member of the

Supai formation, a member which comprises interbedded sandstone, mudstone,

limestone, and dolomite. Present wells are from 300 to 800 feet deep;

static water levels are from 100 to 600 feet below land surface. Yields

of existing wells are small but suffice for household supplies (Twenter

and Metzger, 1963, p. 95). A rubble chimney integrating heads and

transmissibilities among the several parts of the heterogeneous aquifer

might, as a single "big well," afford a dependable community water supply.

Navajo Reservation.--Over extensive parts of the Navajo Indian

Reservation--in northeast Arizona and contiguous parts of New Mexico

and Utah--the Coconino sandstone is the principal or exclusive source

for local water supplies. Capacity of this sandstone to store water is

very large but its permeability is small, so that the yield to wells of

conventional construction is small also.
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In these circumstances, a rubble-chimney "big well" in the Coconino

might have a dependable yield sufficient for irrigation on a modest scale,

or for municipal supply of a whole small community. An urgent need for

firm, moderately large community supplies may develop in the near future,

from the imminent mining of coal in the Black Mesa district.

Gallup, New Mexico.--Gallup and its vicinity, in northwest New

Mexico, suffers a chronic summer inadequacy in ground-water supplies.

At other seasons, however, it has an intermittent surplus from surface

sources. The country rock is very largely shale interbedded with sand-

stone, having poorly productive aquifers of small extent. Here a rubble

chimney might serve in dual capacity--as a "big well" integrating the

aquifers during the season of greatest ground-water draft and as an

injection sump during the opposite season, when surplus surface water

is available for recharging.

Shale being the dominant rock in this area, it is not certain that

a collapse chimney would form in the standard dimensions, with rubble

bulking about 25 percent (Piper and Stead, 1965, p. 30-37). Thus,

practicability of nuclear detonations in the Gallup area cannot be appraised

at this time.

Water-logged land.--In Wyoming, certain irrigated lands are water-

logged, from incipiently to seriously. Part of, if not all, such land

might be drainable into underlying unsaturated sedimentary rock through

rubble chimneys or throwout craters. Effectiveness would depend on the

relative volume of water to be drained, transmissibility of the strata

proposed to receive the drainage, and the differential head between the

water-logged tracts and the bedrock aquifer(s) of concern. Feasibility

cannot be appraised from information at hand.
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High Plains.

Geology and hydrology of the Ogallala formation

As McGuinness (1963, p. 39-45) points out, the High Plains are an

extensive remnant, some 800 miles long from north to south and as much

as 450 miles wide, of a vast alluvial apron that once extended eastward

from the flank of the Rocky Mountains to and far beyond the present

eroded margin of the apron in eastern Nebraska, central Kansas, and

"panhandle" Texas. Erosion has so cut back the apron that now it is

isolated from the Rockies on the west, and is reduced to narrow "waists"

in Kansas by the Smoky Hill River and in Oklahoma and Texas by branches

of the Red River. Between these two streams, the valley of the Canadian

River transects the full width of the apron remnant (fig. 1).

Over extensive areas, the original surface of the Plains is virtually

intact--an upland whose imperceptible eastward slope is interrupted only

by scattered shallow depressions, or "sinks," and locally by sand dunes.

Most notable area of dunes is in Nebraska, between the Platte and Niobrara

Rivers, where the original surface of the Plains is buried extensively

beneath the well-known Sand Hills.

Generally, the deposits of the alluvial apron contain a large

proportion of sand and fine gravel; they are notably better sorted than

much of the valley fill in the Alluvial Valleys and Basins province.

They are sufficiently uniform to be classified as a single stratigraphic

unit, the Ogallala formation. Locally this formation is as much as 500

feet thick, or somewhat more. In the aggregate it has an extremely great

storage capacity for water; wherever saturated thickness is sufficient,

it can yield from a few hundred to 1,000 gallons of water per minute, or

even more, to single wells.
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Especially in Texas, New Mexico, and Oklahoma, the Ogallala formation

has been tapped by tens of thousands of wells, largely for irrigation. In

Texas alone, total withdrawal has been about 5 million acre-feet yearly

since 1954; about 4.3 million acres was irrigated as of 1958. In two

decades, 1938 through 1957, about 36 million acre-feet of water was with-

drawn from the formation in Texas (Cronin, 1964). Much of this withdrawal

has not been replenished; in consequence, a considerable thickness of the

formation locally has been unwatered.

Its extensive dune areas excepted, the High Plains province cannot

yield water copiously over the "long haul." Precipitation on all the

province averages about 20 inches yearly, or 1 million gallons per day

per square mile. From the part of the province south of the Canadian

River in Texas, total surface discharge--seepage from springs and

transpiration by phreatophytes--probably averages no more than 75,000

acre-feet yearly, about 0.06 inch yearly, or 0.003 million gallons per

day per square mile (White and others, 1946, p. 390-391; McGuinness, 1963,

p. 41; Piper, 1965, pl. 1, 3). Presumably this total surface discharge

is equal to the natural recharge of ground-water storage in the part of

the province here of concern. Evidently, therefore, evaporation and

transpiration dissipate at least 99 percent of the precipitation.

Infiltration from precipitation is impeded extensively by impermeable

layers at shallow depth beneath land surface, especially by caliche.

The ground-water recharge occurs largely in the exceptionally wet years,

is small or zero in most years, and in a considerable part is constrained

within the "sinks"--in which storm runoff accumulates and either evaporates,

probably in large part, or infiltrates through solution openings in the

caliche.
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In contrast to this water budget of the southern High Plains, the

Sand Hills of Nebraska--that is, the northern segment of the Plains--

although receiving about the same amount of precipitation, dissipate

from 95 to only 75 percent of that precipitation and yield from 5 to

25 percent by surface discharge. That surface discharge is about equal

to ground-water recharge over the long term, is about from 1 to 5 inches

yearly or 0.05 to 0.25 million gallons per day per square mile, and is

in the order of 15 to 75 times greater than average recharge from the

High Plains segment in Texas.

Clearly, ground water beneath the southern part of the High Plains

province is both a shrinking resource and by far the chief source of

water supply available to sustain the local economy. The additional

supply conceivably available by optimum regulation of the lone perennial

stream--the Canadian River--is of little consequence in comparison with

the yield of which the Ogallala remains capable during several decades

yet to come. The destiny of the southern High Plains depends on its

adjusting to a diminishing, and ultimately vanishing, water supply while

using that supply with utmost effectiveness. Such is the background

against which potential advantage from nuclear detonation should be

assessed.
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Geology and hydrology of the consolidated rocks

The alluvial-apron deposits which have just been described rest on

truncated consolidated rocks, the surface of contact between the two

having small relief and sloping gently downward toward the east. The

consolidated rocks are very largely of sedimentary origin. To the west

they crop out and dip rather steeply eastward along the eastern foot of

the Rockies and of the Black Hills. About beneath the eastern edge of

the Plains, they pass across the axis of a very broad structural basin.

Still farther toward the east they rise gently and crop out successively

in wide belts.

These consolidated rocks include sandstone, siltstone, evaporites,

limestone, and dolomite in beds of widely variable thickness and in

somewhat complex alternation. Locally, and generally immediately beneath

the apron deposits, they yield usable water in a substantial quantity--

for example, (1) in Nebraska where the Brule formation (of Oligocene age)

is a fine-grained but fractured siltstone and yields generally moderate

but locally large quantities of water (Wenzel and others, 1946, p. 66-70);

(2) north of Lubbock, Texas, and in adjacent New Mexico, where limestone

(of Cretaceous age) yields as much as 900 gpm to a single well from

fractures or solution openings (Cronin and Wells, 1963, p. 12); (3) beds

of sandstone or limestone at various stratigraphic horizons, somewhat as

in the Unglaciated Central Lowland and Plains province next described.
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With few exceptions such as those just described, however, the

consolidated-rock aquifers generally yield much less water than does the

alluvial apron. Also, almost universally the consolidated-rock water is

so highly mineralized that it is unusable for common purposes (McGuinness,

1963, p. 40). Specifically, the dissolved-solids content is nearly every-

where more than 1,000 ppm and locally exceeds 10,000 ppm. Water in this

range of mineralization occurs generally from depths of 1,000 feet or more

below land surface in the northern part of the province in Nebraska, to

less than 500 feet in the southern part of the province, in the Texas

"panhandle" (Feth and others, 1965).

Possibilities in nuclear detonation

As has been implied, the urgent objectives of water management in

the High Plains province, in particular the southern segment of that

province, are to diminish consumptive uses of water, to minimize depre-

ciation of water quality during use, and to increase recharge to the

Ogallala formation. In all these the general objective is the longest

possible economic life for agricultural and industrial ventures within

the province, of which virtually all depend on ground water. Productivity

of individual wells is not generally of concern.

Nuclear detonation suggests itself as a potential tool for increasing

recharge to the Ogallala, in simplest principle by either subsidence

crater or throwout crater in a "sink," breaching layers of caliche or

other materials that may slow the infiltration of water, and affording a

large infiltration surface in the aquifer. The subsidence crater seems

preferable in that no explosion products would vent to the atmosphere.

Presumably a rubble-filled chimney beneath a virtually undisturbed land

surface could not be expected (Piper and Stead, 1965, p. 37.-39).
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Presuming that detonation would be in underlying consolidated rock,

at a depth such that the roof of the initial cavity would be immediately

beneath the Ogallala, energy yield generally would not greatly exceed

1 kiloton, maximum crater diameter would be about 100 feet, and maximum

crater volume would be about 9 acre-feet. A principal and possibly a

controlling physical limitation derives from the very intensive economic

development over much of the area--it may be difficult to find a site

sufficiently removed from existing works and improvements that the

prospective damage at the land surface would be acceptable. A principal

hydrologic limitation, generally not answerable from data at hand, would

be the mean rate at which storm runoff could be intercepted by a

particular subsidence crater and charged into the aquifer before being

dissipated by evaporation. However, the urgency of prolonging the

province's water supply is so great and the "sinks," or hypothetical

detonation sites, are so numerous, that rigorous evaluation of the

possibilities may be justified.

In east-central Colorado and adjacent northwest Kansas, several

intermittent streams rise on the High Plains and flow generally eastward

to form the Kansas River. They flow over, and are a potential source of

recharge to, the Ogallala formation in their headwater reaches. To the

end of detaining flood runoff and charging it into the Ogallala, craters

by nuclear detonation appear to be a likely possibility; the upper basin

of the Arikaree River is suggested as the most likely area.
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Being relatively thinly populated, the segment of the High Plains

here considered may afford feasible sites for craters by throwout, rather

than by subsidence. The throwout crater should provide the greater hydrologic

advantage because its volume and peripheral infiltration area are the

larger, severalfold. Data at hand are insufficient for designing target

dimensions of any single crater, or estimating the number of craters that

might be justified hydrologically.

The northernmost segment of the High Plains, the Sand Hills district

of Nebraska, offers no obvious opportunity of hydrologic advantage from

nuclear detonation. In that segment., Nature's devices that regulate the

local water supplies are very nearly ideal and best left undisturbed.

-51-



Unglaciated and Central Lowland plains

Geologic and hydrologic features-!

The unglaciated Central Lowland and unglaciated plains constitute

a vast segmented area in the interior of the United States (fig. 1).

Excepting the High Plains and the Gulf Coastal Plain, they encompass all

the unglaciated part of the Nation from the Rocky Mountains and Alluvial

Basins provinces on the west to Appalachia on the east. They include in

addition an isolated area in Wisconsin, Minnesota, and Iowa--a part of

the so-called Driftless area.

Being so extensive the province.is complex in many aspects. As to

climate, it ranges from arid in its extreme southwest part to humid over

much of its eastern half. Average yearly precipitation increases about

threefold from west to east--about from 15 to 45 inches. Depth of runoff

increases some 40-fold--from about half an inch to 20 inches and more

(Piper, 1965, pl. 1-3).

Much of the region is composed of extensive gently undulating plains

cut by relatively shallow and commonly terraced stream valleys. Its

western part, however, along the Rockies, has moderate to strong relief

and has numerous high plateaus and mesas.

1/ In large part adapted from McGuinness, 1963; Love and Hoover,

1960.
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Alluvial deposits of considerable extent and thickness, and of

moderate to large permeability and storage capacity for water, occur

only along major streams. Most notable in the province are the valley

tongues along the upper Missouri River and principal tributaries in

Montana and Wyoming, the lower Missouri and tributaries in Kansas and

Missouri, and the reach of the Ohio River that separates Indiana from

Kentucky. The alluvium is a productive aquifer nearly everywhere along

the two rivers. Additional water supplies as large as several thousand

gallons a minute can be drawn from it in favorable areas, especially if

supported by induced infiltration from the streams or by other forms of

artificial recharge.

The consolidated rocks of the region, which are almost exclusively

of sedimentary origin, are sources of water under widely diverse

hydrologic conditions, but their productivity generally is much less than

that of the overlying alluvial tongues already described. Their general

character and water-yielding properties are summarized below, by principal

basins of sedimentary accumulation, in succession from the northwest and

west.

Powder River Basin.--In northeast Wyoming and southeast Montana.

To a depth of several thousand feet below land surface the dominant rock

is shale (siltstone and sandy claystone are included) in which beds of

fine-grained sandstone are interspersed. The sandstone beds are the

aquifers; in them, water generally is confined under low head. Over most

of the basin wells yield no more than a few tens of gallons a minute. In

one district, however, in the Niobrara River valley near Lusk, the Arikaree

sandstone yields moderately to irrigation wells. Ground-water pumpage is

not great; capability for pumpage has not been determined.
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Williston Basin.--Southernmost part only, in extreme northwest

South Dakota and contiguous parts of North Dakota and Montana. Rock

types and water conditions much like those of the Dakota artesian basin,

which is next described.

Dakota artesian basin.--Eastward from the Black Hills uplift of

western South Dakota, to and beyond the boundary of the province. In

the area here of concern, the dominant rock type to a maximum depth of

some 4,000 feet is shale; in the lowermost part of this shale, sandstone

formations and members--principally the Newcastle, Fall River, Lakota,

and Dakota--form a seemingly continuous two-layered aquifer system. The

sandstones are of fine grain and only small or moderate permeability to

water. Naturally they held water under large pressure, of which a con-

siderable part has been dissipated by use during three-fourths of a

century. At depth, the shale-sandstone sequence is underlain by dolomite,

limestone, more shale, evaporites, metamorphics, and other rock types.

Certain of the limestone layers are moderately permeable and can transmit

water much more freely than the overlying sandstone aquifer system.

Additional stratigraphic and hydrologic features of the basin are described

as features of the Glaciated Central Lowland and Plains province.
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Denver Basin.--Eastern Colorado and contiguous parts of Wyoming,

Nebraska, and Kansas; northern and easternmost parts extend into the High

Plains province. Rock types and hydrologic conditions are analogous to

those of the Dakota basin, just described. The principal bedrock aquifers

are sand and sandstone, grit, gravel, and conglomerate in the Denver and

Arapahoe formations, which interfinger with the Dawson arkose; also in

the underlying Fox Hills sandstone.

Among the aquifers, average yields of wells are as follows, in

succession downward: lower Denver, 3 gpm (gallons per minute); upper

Dawson, 10 gpm; upper Arapahoe, 5 gpm; middle Dawson and lower Arapahoe,

50 gpm; lower Dawson, 75 gpm; upper Fox Hills, 40 gpm; middle Fox Hills,

10 gpm; and lower Fox Hills, 40 gpm. The lowest of these aquifers, the

Fox Hills, underlies nearly all the basin, or about 5,000 square miles.

As of 1960, water had been withdrawn from the Arapahoe formation for 77

years, during which time the head had declined more than 600 feet. During

the past three decades, withdrawal from the Fox Hills sandstone has caused

head to decline as much as 350 feet. Recharging and repressurizing the

aquifers is considered technically feasible, as will be discussed.

Salina Basin.--Astride the central reach of the Nebraska-Kansas

boundary, the northern half extending into the High Plains province. In

succession downward, its consolidated rocks include limestone and shale

of the Niobrara formation, the Benton shale, the Dakota sandstone, and

limestone of Permian age. The Niobrara and Benton produce little water,

whereas the Dakota and the limestone of Permian age yield moderately.

The water from the Dakota is locally salty; that from the Permian is

generally hard.
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Anadarko Basin.--In central and northwestern Oklahoma and northern

Texas, the western half underlying the High Plains province. In succession

downward, and generally from west to east, principal water-bearing zones

of the basin and its vicinity are as follows: (1) Quartermaster formation

whose upper part, the Elk City member, consists of as much as 200 feet of

red fine- to medium-grained sandstone, siltstone, and shale. Where sand-

stone predominates, wells tapping the member yield as much as 200 gpm of

moderately hard water. (2) Whitehorse group, which comprises sandstone

of fine to very fine grain, siltstone, dolomite, and gypsum. Sandstones

of the group supply water to hundreds of wells, of which many yield

500 gpm or more. Along the western *edge of the province, the water

becomes too salty for municipal or irrigation use. (3) Dog Creek shale

and Blaine gypsum, in which water occurs in solution-riddled gypsum beds.

Wells yielding as much as 2,000 gpm may be only tens of feet from others

of virtually no yield. The water is very hard, generally contains 1,500

to 2,000 ppm of sulfate, and locally is high in chloride. (4) Wichita

formation, which consists of fine-grained sandstone and red shale. Wells

yield 100 gpm commonly and as much as 250 gpm. At some places the water

is fresh to depths as great as 900 feet, but at others it is highly

mineralized. (5) Garber sandstone and Wellington formation, shale and

fine-grained sandstone in alternation, together form the principal aquifer

of central Oklahoma. Their combined maximum thickness exceeds 500 feet.

Their transmissibility being rather small the drawdowns in wells are large,

but wells commonly yield 100 gpm or more and some as much as 300 gpm.

Generally the water is moderately hard where it is potable but locally

is soft (owing to base exchange). Downdip, at depths greater than about

800 feet, the water becomes highly mineralized.
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All the water-bearing zones just described are of Permian age.

Interspersed with them are minor and local aquifers that generally will

yield sufficient water for household and livestock supplies, and more at

some places. Some yield water too mineralized for drinking, even from

depths as little as 100 feet.

Water-bearing zones in still older rocks include: (6) Vamoosa

formation of Pennsylvanian age, 250 to 600 feet of interbedded sandstone,

shale, and conglomerate. Wells in one certain locality yield.150 gpm;

elsewhere yields range from a few to about 100 gpm. The water is of

moderate mineral content; where potable it ranges from hard to soft.

(7) Boone formation of Mississippian age, average thickness about 300

feet, in large part limestone that is alternatingly-pure and cherty.

Owing to its many fractures, some enlarged by solution, the rock has

considerable transmissibility and sustains many perennial large springs

in the Ozark district. Water of the Boone is hard; excepting that it

is tapped by two small towns for public supply, the Boone is virtually

untouched. (8) Simpson group of middle Ordovician age, in which several

sandstone aquifers are within reasonable drilling depth in parts of the

Arbuckle Mountains and of the Ozark district. The water is highly mineral-

ized not far downdip from outcrops. (9) Roubidoux formation of early

Ordovician age, about 150 feet of interbedded sandsone and dolomite. In

northeastern Oklahoma, wells 800 to 1,000 feet deep (and locally deeper)

yield as much 4s 9Q .9e lre1 frnm the sandstone. The water is moderately

hard but dissolved-solids content is small. Early wells flowed by artesian

head but as of 1960 water Leyels werp gpyera. hundred feet below land surface

and still were declining. (10) Arbuckle group of late Cambrian and early
Ordovician age, cropping out locally in the Arbuckle and Wichita Mountains.
It is composed of limestone and dolomite that has been tilted, folded, and
faulted. Near outcrop areas, fresh water occurs to depths of at least 2,500

feet and individual wells have yielded as much as 2,000 gpm. Immediately

west of the Arbuckle Mountains, the aquifer is confined and wells will flow.
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Delaware and Val Verde Basins.--In southeast New Mexico and adjacent

Texas, partly in the area of transition between the Alluvial Basins and

the Unglaciated Plains provinces. The consolidated rocks include vari-

colored clay, shale, marl which in part is gypsiferous, chalk, limestone,

sand, sandstone, and conglomerate in diverse alternations. Ages span from

late Cretaceous into Triassic. In general, aquifer systems are neither

extensive nor highly productive. In numerous districts it is difficult

to obtain fresh ground water, even in the small amounts necessary for

household and livestock supplies.

Fort Worth Basin.--In central-northern Texas and adjacent Oklahoma.

The basin form develops at depth, below flat lying rocks of Cretaceous

age which are at the land surface and which contain the supplies of fresh

ground water. Principal aquifers are "sands"--commonly fine-grained and

locally quite unconsolidated--which alternate with sandy clay, gypsiferous

marl, and some thin limestone to make up the Woodbine sand and the Trinity

group. The sands are not highly permeable. When the sands were first

tapped, wells on low ground would flow but in the heavily developed areas

the water levels now are hundreds of feet below the land surface and are

still declining, although rates of draft have slackened recently as drought

conditions have eased.
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Ozark Highlands and vicinity.--The greater part of Missouri and

contiguous northern Arkansas, south of the Missouri River and west of the

Mississippi Lowland. At the heart of the Ozark uplift, in southeastern

Missouri, rocks of Precambrian age have neither extensive nor highly

productive aquifers. On the southwest and west flanks of the uplift,

however, the Precambrian is overlain by dolomite and limestone of Cambrian

and Ordovician ages. In these rocks, solutionally enlarged joints store a

large volume of water and transmit water at rates from small to very large.

From these rocks issue some of the largest springs in all the United States;

in the aggregate, the yield of all springs in the highlands is estimated to

average 3,250 cfs or about 6 percent of all runoff within Missouri. Most

of the spring discharge is unused.

A well that chanced to enter a principal solution channel, such as

those sustaining the large perennial springs, might have a yield limited

only by diameter of the hole and capacity of the pump, rather than by trans-

missibility of the aquifer. Few wells do so, however; the typical range

in yield of wells from 1,000 to 1,500 feet deep is 125 to 700 gpm.

Still farther from the center of the uplift, the Ordovician is over-

lain in turn by the Boone formation of Mississippian age, largely limestone

and a productive source of water as already described for the Anadarko

Basin. Stratigraphically above this, in west-central Missouri and in the

Arkansas River valley of west-central Arkansas, occur rocks of Pennsylvanian

age. In these the principal aquifer is the Atoka formation, of shale and

sandstone. Wells generally yield no more than 50 gpm, the most productive

rock being dense fractured shale adjacent to sandstone beds. The formation

is a notable source of water, not because it yields copiously but because

it is tapped over an extensive area.
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Illinois Basin.--Southernmost part only, largely western Kentucky

and contiguous parts of Illinois and Indiana. Most of the consolidated-

rock units thicken toward the center of the basin. Those units and

their water-bearing characteristics are described beyond, in stratigraphic

succession downward. The basin being synclinal, that downward succession

is identical with the sequence in which the units crop out at the land

surface, at progressively greater distances from the center of the basin

toward the adjacent structural highs. Notable among such highs are the

Nashville dome of central Tennessee and the Cincinnati arch of Kentucky,

Ohio, and Indiana. Lower Ordovician. strata crop out on both of these.
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The units are: (1) Sandstone and shale with numerous coal beds and

a few thin calcareous beds, Pennsylvanian age, greatest thickness somewhat

more than 2,000 feet. Only locally do wells yield more than 100 gpm.

(2) Alternating sandstone and limestone in upper part, predominant lime-

stone in lower part with thin shale at base, Mississippian age, thickness

(upper part only) 1,000 to 1,400 feet. Locally yields as much as several

hundred gallons a minute to individual wells tapping limestone or sandstone;

the water is hard. (3) Limestone and shale, Devonian age, about 400 feet

thick. Generally a poorly productive source of hard water, which commonly

is high in iron and hydrogen sulfide. (4) Limestone and dolomite, Silurian

age, greatest thickness 1,100 feet. A notable source of water, commonly

yielding several hundred gallons per minute to individual wells; the water

is hard and, like that in the Devonian, commonly high in iron and hydrogen

sulfide. (5) Limestone and dolomite alternating with--and about equal in

aggregate thickness to--sandstone, siltstone, and shale; Ordovician and

Upper Cambrian age, aggregate thickness 3,000 feet. Some dolomite strata

and certain sandstone beds are notable aquifers--to the south, the Knox

dolomite; to the north, the well known though indifferently productive

St. Peter sandstone in the Ordovician and the so-called Ironton-Galesville

sandstone a few hundred feet below the top of the Cambrian. The water is

typically hard and at least moderately mineralized. The mineral content

increases with depth, so that usable water occurs only at the margins of

the basin and in adjacent structural highs; in the deeper part of the

basin, the water is commonly a high-chloride brine. (6) Arkosic and

quartzitic sandstone, 2,200 feet thick, of Cambrian age. Within the province

here described, this unit is generally below the reach of ordinary wells.
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A notable and significant feature of limestone aquifers in the

Illinois Basin and its vicinity--also elsewhere--is that the solutionally

enlarged water-bearing openings generally do not reach to great depth

below the land surface and commonly are most numerous near streams. Thus,

in central Tennessee for example, about 75 percent of water-bearing

openings are within 100 feet of land surface, and 90 percent within about

350 feet. There are exceptions to this generality--the Murfreesboro

limestone of central Tennessee, which is water-bearing at a depth of

600 feet; also the Knox dolomite, which is water-bearing at depths of

1,000 feet and more.

Appalachian Basin.--Included within the Central Lowland is the

western and structurally simple fringe of Appalachia, from central

Alabama to northwest Pennsylvania (fig. 1). Consolidated-rock aquifers

correspond generally to those of the Illinois Basin just described. In

the northern part of the basin--in Ohio, Pennsylvania, and West Virginia--

these aquifers are principally sandstone beds that are interbedded with

shale; some are limestone and, locally, brittle shale. Productivity is

from small to moderate; where greatest, the yield of wells is about

from 50 to 75 gpm. Locally, water occurs adjacent to coal beds but in

that situation is usually of poor chemical quality.
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The central part of the basin, Kentucky, has correlatives of the

aquifers just described and, stratigraphically lower, thin limestone

beds interlayered with shale of Devonian, Silurian, and Ordovician ages.

Productivity ranges from very small for the thinnest-bedded limestone at

a distance from a stream, to moderate for relatively thick-bedded and

pure limestone. Few wells yield more than 25 gpm or are more than 100

feet deep. The water is hard to very hard, rather commonly contains

much sodium and chloride, and locally contains hydrogen sulfide.

In central Tennessee, the basin includes a segment of the Highland

Rim plateau. There, water is derived chiefly from solution openings in

the Warsaw and St. Louis limestones of Mississippian age, or from fractures

in the underlying Fort Payne chert. Commonly wells are no more than 200

feet deep and yields are from 10 to 20 gpm. Water may be very soft in the

mantle of surficial residuum, but in the unweathered rock the water is hard

and may contain objectionable amounts of iron and of hydrogen sulfide.

Excessively mineralized water is especially common just above the Chattanooga

shale of Devonian or Mississippian age.
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In the southernmost part of the basin--in north-central Alabama--

the common aquifers are limestone, dolomite, chert, and sandstone in

strata of Pennsylvanian or Mississippian age. Sandstone is the most

consistent producer although its yield is small or moderate; the

carbonate rocks produce erratically, although locally individual wells

yield more than 200 gpm.

Dissolved-solids content of the waters.--The preceding description

of ground-water occurrence in the Unglaciated Central Lowland and Plains

province has referred incidentally to chemical quality of the waters.

These references fail to bring out the essential generalization that--

excepting only southern Missouri and northwestern Arkansas, also small

districts in Kansas and Oklahoma--all the province is underlain by ground

waters containing 1,000 ppm (parts per million) or more of dissolved

solids, extensively at depths less than 500 feet below land surface.

Further, in several districts the dissolved-solids content of shallow

ground waters exceeds 3,000 ppm; it ranges up to and beyond the concen-

tration of ocean water--35,000 parts per million--in a moderately extensive

area in south-central Kansas and locally in north-central and southwest

Oklahoma, north-central Texas, and southeast New Mexico (Feth and others,

1965). Certain of these highly concentrated waters are nearly saturated

in sodium chloride, and issue from spring orifices. All these are "saline"

waters within easy reach by drilling, waters whose quality incipiently or

completely excludes them from many common uses.

This almost universal occurrence of saline waters not only requires

prudent management of the region's waters but also imposes very stringent

constraints on management practices, lest the saline water inadvertently

become mingled with, and depreciate the usable waters.
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General potentiality for nuclear applications

The extensive Unglaciated Central Lowland and Plains province

includes a major part of six States and the metropolitan areas of

St. Louis, Pittsburg, Denver, Louisville, Oklahoma City, and Nashville.

On the one hand it produces a considerable part of the Nation's fossil

fuels--oil, natural gas, and coal--and sustains diversified industry,

both heavy and light. On the other hand, in all its parts the province

includes extensive areas which are sparsely populated and whose economy

is agricultural. Thus, its current and prospective water requirements,

and the pressures for intensive management of its water sources, differ

greatly from one part of the province to another.

Away from valley tongues of alluvium, the province relies heavily

on consolidated-rock aquifers for its water--not only for household and

livestock supplies but also for municipal, industrial, and irrigation

supplies on a small to modest scale. In its eastern part, the province

generally is watered copiously in relation to current requirements and

to those in early prospect. There, unless the pattern of land use should

change substantially, pressure for widespread and intensive management of

the ground-water sources--in which nuclear detonation conceivably might

prove effective--is virtually dormant. Should such management become

widely urgent, numerous possibilities can be anticipated for a rubble

chimney by nuclear detonation to breach confining strata or structural

traps so that the yield capability of a large mass of water-bearing rock

could be integrated, or to open new conduits for recharge.
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In the western part of the province the yield capability of

numerous aquifers has been, or is in early prospect of being outpaced by

demands for water. Intensive management of the ground-water resource is

becoming urgent locally, to relieve such deficiencies of supply. Nuclear

detonation appears to be potentially advantageous in scattered and diverse

situations--in the "big well" application, both to increase the capture of

usable water from aquifers of small average permeability and as a device

for intercepting brine; or in the barrier-breaching application to augment

recharge or accelerate water movement. One extensive potential application

of nuclear detonation, and several local applications, are outlined beyond.

Others may be anticipated fairly widely, wherever and whenever a large

demand for withdrawal of water is concentrated within a small area.

In this province especially, the effectiveness of nuclear detonation

will be determined and widely will be limited by (1) the differential

heads naturally available to drive water from one level to another within

a single aquifer system, or from one aquifer to another; and (2) the three-

dimensional reach and heads of saline-water bodies that must be constrained

from intermingling with fresh-water bodies. The province over, these two

hydrologic limitations are known most imperfectly.
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Intercepting brine discharge along the eastern

edge of the Permian Basin

Area.--Reference has just been made to one potential, extensive

application of nuclear detonation in the Unglaciated Plains province.

The area of concern extends discontinuously along the eastern edge of

the so-called Permian Basin, from northern Texas into south-central

Kansas, a distance of about 350 miles. The immediate example is in the

basin of the Salt Fork Brazos River, in north-central Texas. Similar

situations are known or inferred to exist in each of the principal

valleys that drain eastward from the Permian Basin--in succession north-

ward beyond the Brazos, the valleys of the Red, Canadian, Cimarron, and

Arkansas Rivers (fig. 2).

Objective.--Generally, to improve the chemical quality of waters

in the several rivers, by creating a facility for intercepting certain

natural brine that discharges into those rivers, and that degrades them

for domestic supply, irrigation, and other potential uses. Non-nuclear

means of attaining this objective have been and are being studied by the

Corps of Engineers in collaboration with numerous other agencies including,

in Texas, the U. S. Geological Survey, the Texas Water Development Board,

and the Brazos River Authority.
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Figure 2.--Extent of the Permian Basin, location of principal brine-
discharge features, and location of Possum Kingdom Dam
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The nuclear application in principle.--The simplest means of up-

grading the quality of stream waters in the region of concern would be,

where feasible, to intercept brine as it discharges from the Permian

Basin and dispose of it separately. Conventional means for intercepting

the brine involve substantial uncertainties--specifically: (1) Sites

suitable for reservoirs to impound the brine at points of its discharge

are not certainly available. Further, unless it could be located down-

gradient a sufficient distance, impoundment would impose a greater-than-

natural head on the brine aquifer or aquifers; this greater head might

prove to be a sufficient driving forte that orifices discharging brine

would break out below the impounding dam. (2) The brine aquifers being

of small transmissibility, interception by pumping from a field, or

fields, of conventional wells may prove infeasible.

Two alternative nuclear applications are suggested in concept, to

create alternative facilities for intercepting brine: First, a nuclear

throwout crater in lieu of a conventional impounding reservoir. Such a

crater would be set below, rather than above, the head in the brine-bearing

formation; thus, there would be no superposed head causing brine to break

out downgradient from the crater. Brine intercepted by the crater-reservoir

would be extracted by pumping. Second, a collapse chimney or chimneys in

the brine aquifer, each upgradient from a natural brine orifice and in lieu

of a conventional well field. Each such chimney would act as a sump for

intercepting and collecting brine; in effectiveness it should be equivalent

to many conventional wells. Collected brine would be extracted from the

chimney by pumping and, as will be mentioned beyond, disposed of permanently

by some other means.
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Hydrologic and geologic setting, Brazos River area.--Flow from th'e

principal headwater branches of the Brazos River is impounded by the

Possum Kingdom Dam, which is about 190 miles north-northwest of Austin

and 95 miles nearly west of Dallas, Texas (fig. 2). The dam and its

reservoir regulate the flow to downstream areas for irrigation and

other uses.

Baker, Hughes, and Yost (1964) point out that the Possum Kingdom

Reservoir receives an average daily load of 2,800 tons of dissolved solids

by inflow; of this amount, 1,650 tons or 59 percent is made up of the

chloride and sodium ions, and 890 tons or 32 percent is made up of the

sulfate and calcium ions. The consequent concentration of dissolved

solids in the outflow from the reservoir is a disadvantage in use of

the water.

The dissolved sulfate load of the Brazos River evidently is derived

largely from dispersed small sources. However, much of the chloride load

is derived from a few sources--specifically, nearly 90 percent of that

load is from the Salt Fork Brazos River; 55 percent is from two tributary

streams, Croton Creek and Salt Croton Creek; and 48 percent is from the

smaller of the two tributaries, Salt Croton Creek. In the basins of the

two tributaries, substantially all the chloride is accounted for as brine

discharged from and near certain so-called salt flats (fig. 3). This

brine is nearly saturated in sodium chloride, its concentration being

about 250,000 ppm (parts per million).
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Figure 3.--Map and cross sections of the Croton Creek-Salt Croton Creek area
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In the Croton Creek-Salt Croton Creek area a discontinuous mantle of

unconsolidated deposits, generally on upland or terrace remnants and in

valley tongues, is underlain by two stratigraphic units of Permian age.

Aggregate exposed thickness of the two units in the area is about 1,000

feet. The upper unit of the two, the Whitehorse Group, consists of sand

and interbedded gypsum. Generally the sand is fine and either loose or

but slightly cemented; some is earthy. The lower unit, the Dog Creek

shale of the Pease River group, is largely shale interbedded with gypsum

and dolomite. Both units dip westward less than 1*.

According to Stevens and Hardt (1965), ground water in the Croton

Creek-Salt Croton Creek area occurs in a two-layer system--an upper layer

of relatively fresh calcium-sulfate water having a concentration generally

between 1,000 and 2,000 ppm, and a lower layer of the nearly saturated

sodium-chloride brine to which reference has been made. By inference

the two layers are hydraulically continuous, one with the other. The

upper, fresh-water layer is as much as 350 feet thick, beneath the upland

in the western part of the area. However, it thins to a feather edge at

the periphery of each of the salt flats. (See fig. 3, cross-sections.)

Thus, the bottom surface of the fresh-water layer--that is, the interface

between fresh water and brine--has the same general form as that of the

land surface, but less relief. Below the interface, brine saturates the

Permian rocks and presumably extends downward to great depth. Corre-

sponding hydrologic aspects over all the Permian Basin have been discussed

by McNeal (1965).
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The brine discharges at the land surface wherever the present stream

valleys cut below the interface between fresh water and brine. Principal

among such orifices are the salt flats whose location is indicated by

figure 3. Stratigraphically these orifices are in the lower 300 feet of

the Whitehorse group and the uppermost 50 feet of the Dog Creek shale.

However, this apparent stratigraphic zoning is probably fortuitous.

As has been pointed out, the largest brine discharge of the Brazos

River basin, by far, is that which occurs at and near the salt flat on

Salt Croton Creek. That particular discharge is approximately 1 cubic

foot per second or 720 acre-feet per.year, at a concentration of about

250,000 ppm. Mean flow of Salt Croton Creek is nearly six-fold greater,

or about 4,000 acre-feet; this mean combines the brine discharge which is

perennial, and fresh-water discharge whose components are intermittent or

ephemeral.

Both the fresh ground water and the brine move very slowly in the

Permian rocks, whose intergranular permeability generally is small and

in which the favored paths of movement presumably are bedding-plane

partings, fractures, and possibly solution channels. Being small, the

overall transmissibility of the Permian rocks becomes a limiting factor in

feasibility of the conceptual nuclear applications which will be described.

The nuclear applications in detail.--Steps to improve the chemical

quality of streams flowing from the eastern side of the Permian Basin

obviously should be taken first at the principal points of natural brine

discharge. If the first steps are successful, they might be repeated at

successively smaller sources of brine. In all the Permian Basin, a few

tens of sites might be found to warrant specific consideration.
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In the Brazos River basin first steps would be at Salt Croton Creek,

which has been shown to contribute nearly half the brine load that reaches

the Possum Kingdom Reservoir. Information at hand, already generalized,

suggests that this particular site may be suited to a nuclear application.

Additional sites in the Brazos River basin may or may hot be

feasible likewise; critical appraisal in the field would be prerequisite

to a sound judgment. In this connection, Hughes (1965) concludes that

four small sources may account for as much as 20 percent of the yearly

chloride load reaching Possum Kingdom Reservoir, but probably less than

5 percent during low streamflow. Feasibility of a nuclear detonation at

each of the small sources of brine is doubtful.

Two kinds of nuclear application have been suggested in principle-..

a throwout crater alternatively to a conventional reservoir, and a

collapse chimney or chimneys alternatively to a conventional well field.

Crater or chimney would act as a sump intercepting the brine; from either,

accumulated brine would be extracted by pumping and, for reasons to be

outlined, would be disposed of at some remote point.

Either crater or chimney would be credible where the brine discharge

is at a relatively large rate and constrained to a relatively small area.

However, only a crater is credible where the brine discharge is from

dispersed small sources but reaches a common channel downstream. In

proportion to the energy of detonation, a crater would involve less ground

shock and, consequently, less potential for damage to existing water wells

or oil wells in the vicinity. However, this smaller relative ground shock

might be offset by the practicality of a large energy yield and so of a

large-volume crater. A crater would be generally at a disadvantage

because explosion products would vent to the atmosphere.
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To determine the most effective size for a brine-intercepting crater

in the Salt Croton Creek basin is beyond the scope of this report. The

maximum is presumed to be about sufficient to contain all the runoff

from the basin in an average year. This would require an apparent-

crater volume of about 4,000 acre-feet below the water table or below

creek level. For maximum effectiveness, the crater should be located

where the zone of fresh ground water would be absent or thin--in other

words, where crater volume would be wholly or largely in the brine aquifer.

Required explosive energy would approach 100 kilotons. A site off the

channel but close at hand would permit bypassing any rain-generated flow

in the creek, when desirable,. but impounding the brine at other times.

A site downstream from the confluence of Haystack Canyon would intercept

any brine discharged or flushed from the two small salt flats in that

watercourse (see fig. 3).

A standard throwout crater having a volume of 4,000 acre-feet would

have a diameter of 1,160 feet and a depth of 310 feet. If fluid level

within it were pumped down substantially much of the time, say 100 feet

or more below the natural interface between fresh ground water and brine,

the crater should intercept the moving brine across a front greater than

its own diameter, possibly severalfold greater. Actual reach of such

interception would depend on a factor not now known closely--that is, on

mean transmissibility of the whole brine aquifer. In general, however,

an ultimate reach of about a mile is credible.
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In contrast to a throwout crater as just described, a collapse

chimney would involve neither air-borne explosion products nor air

blast. It would, however, involve greater ground shock. It would be

located up the hydraulic gradient from the brine orifices whose flow was

to be intercepted, and as close to those orifices as would be practical.

It would be of the greatest diameter and height feasible under the limi-

tation that its top should be approximately at the natural interface

between fresh ground water and brine. Top of the chimney being greatly

above or below the interface, either an undesirably large quantity of fresh

ground water would be intercepted, or an undesirably large volume of brine

might escape interception. These criteria for design impose a most severe

constraint on energy yield and placement of the nuclear explosive. Further

restrictions on the practicability of a nuclear detonation in this situation

are given on page 146.

Assume that, in the loose to weakly coherent sand and the shale which

together form the brine aquifer, a cavity would be formed in the standard

diameter and that the rubble of collapse would bulk to a porosity of 25

percent by volume (Piper and Stead, 1965). Then, under the conditions set

forth in the preceding paragraph, a detonation of about 1 kiloton could be

emplaced from 1 to 2 miles west to northwest from the confluence of Dove

Creek and Salt Flat Creek, the two streams that join to form Salt Croton

Creek (fig. 3). A detonation much less than 1 kiloton seems unlikely to

be highly effective. On the other hand, a non-cratering detonation much

greater than 1 kiloton appears not to be practicable within an effective

distance upgradient from the brine orifices.
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The standard collapse chimney from a non-cratering detonation of

this energy would have a diameter of 90 feet and a height (cylindrical)

of 180 feet. Its peripheral area would approach .100 times that of a

single conventional well at the same place and of the same depth.

Consequently, its potential capability to intercept percolating brine

would be commensurately greater than that of a single conventional well.

So that the collapse chimney would intercept the greatest possible

part of the brine that otherwise would reach natural orifices, its fluid

level would be held at the lowest practicable level much of the time, by

pumping. Intermittent pumping probably would prove most practicable.

Installation of a suitable pump probably would be simplest in an inclined

drill hole intersecting the chimney near its bottom. Effectiveness of

such an installation in intercepting natural brine flow cannot be estimated

quantitatively until mean transmissibility of the whole brine aquifer has

been determined adequately in the vicinity of the Salt Croton brine

orifices.

As has been stated, in the nuclear applications here proposed, it is

contemplated that intercepted brine would be conveyed to some remote place

for disposal. Such remote disposal seems necessary, whether a nuclear or

a conventional means is adopted for the interception.
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Transiently, intercepted brine could, in principle, be disposed of

locally by injection under pressure into a deep drilled well, or into a

0 /cavity or collapse chimney opened at depth by nuclear detonation.-

1/ A nuclear chimney for this purpose was considered in 1961 or
1962 Tn conferences at Forth Worth, Texas, among representatives of
Lawrence Radiation Laboratory, the Corps of Engineers, the Brazos River
Authority, and other agencies. (R. C. Baker of U.S. Geol. Survey,
written commun., Jan. 1966).

However, these considerations are critical: (1) The deep well or deep

chimney would be in rocks saturated by brine that presumably is

hydraulically continuous with the shallow brine of the salt flats and

natural orifices. (2) Assuming that it might be diluted severalfold

by indrawn fresh water, the brine to be disposed of each year would have

a volume of a few thousand acre feet. In comparison the volume of new

space created by even a major nuclear chimney would be small; that by

a conventional well would be negligible. (3) Deep injection of brine,

continued after the new space had been filled, likely would in time

increase the head on the shallow part of the brine aquifer and so might

accelerate the movement of brine to existing natural orifices, or cause

new orifices to form.
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Seemingly feasible means for permanent disposal of intercepted

brine would include the following: (1) Conveyance by pipeline to

some wasteland where it could evaporate and the solid residue could

accumulate indefinitely. Indefinite accumulation seems inescapable

because the chemical industry doubtless could not absorb more than a

very small fraction of the residue, as a raw material. (2) Injection

into adjacent oil fields to the end of "secondary recovery" of oil; for

this purpose the brine would need be diluted by four to five times its

volume of fresh water. (3) Deep injection at some remote place other

than an oil field, where delayed increase of head in shallow brine

aquifers would be unlikely or could be tolerated. (4) As a probable

last recourse, conveyance by pipeline to the Gulf of Mexico. Choice

among these and other possible alternatives for permanently disposing of

the brine is not a purpose of this paper.

Additional potential nuclear applications

Chadron, Nebr.--Chadron, near the extreme northwest corner of

Nebraska, is one of two cities in the State that draw water from streams.

Chadron is also chronically short of water. The nearest perennial stream,

White River, is 5 miles distant from the city and its water is of poor

quality. Accordingly, the city has sought to eke out its water demand

with a small reservoir on Chadron Creek some 5 miles to the south. This

reservoir is inadequate because base flow of the creek is very small,

average precipitation is little more than 15 inches yearly, and potential

evaporation is considerably more than precipitation.

By report, ground-water supplies in the Chadron area are exceedingly

small and uncertain. A 2,400-foot test well.1 mile east of the city was
largely in shale, and the few zones of sandstone and limestone penetrated
presumably did not yield water in sufficient quantity or the water was too
saline.
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At Chadron, a rubble chimney by nuclear detonation--if such a

feature would form in the thick body of shale--conceivably might afford

evaporation-free storage space sufficient for a year's supply of water.

It is presumed that the chimney could be charged by the intermittent flow

of several small streams. Definitive information would need be sought in

the field.

Repressurizing the Denver artesian basin.--Reference has been made to

dissipation of head in the Denver artesian basin, amounting to hundreds

of feet in and near the Denver metropolitan area within the three-fourths

century since the aquifers first were tapped. Withdrawal from the basin

has slackened recently, as the metropolitan area has- developed an adequate,

imported supply of water from streams. Nonetheless, moderate withdrawal

continues in suburban and remote areas and the artesian aquifers will remain

easily tapped during any water-supply emergency. Thus, decline of the head

has slowed but has not stopped.

Engendered by, but doubtless lagging after the decline in artesian

head, the land surface is believed to have subsided locally in the Denver

area. Were such subsidence to continue unchecked, structural damage might

be suffered by buildings and other works on the land surface.
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In principle, subsidence of the land probably could be slowed or

halted, and integrity of an emergency water source assured by repres-

surizing the artesian aquifers. The hydrologic situation is as follows:

The primary natural recharge areas are some 30 miles south of Denver, are

2,000 or more feet above the level of the city, and receive substantially

more precipitation than falls on the city. These recharge areas are

underlain by sand, gravel, and conglomerate of continental origin, in

which the functional aquifers are lenticular and random in both horizontal

and vertical spacing. By inference, recharge is discontinuous both

areally and in time; also, considerable head must be dissipated in the

recharge process, owing to the circuitous and discontinuous conduits open

for downward movement of the infiltrating water. Below the surficial

continental deposits of the primary recharge area occur the consolidated-

rock (sandstone) aquifers of marine origin that have been described.

These in turn crop out in extended but narrow areas of secondary recharge

along the flank of the mountainous province that adjoins the Denver basin

on the west. Again by inference, there must be substantial further losses

of head among the several sandstone aqui.fers and between all those aquifers

and the primary recharge conduits.

Hypothetically, a throwout crater or a rubble chimney by nuclear

detonation, transecting the continental deposits of the primary recharge

area, or breaching confining beds that are interleaved with the marine-

sandstone aquifers, or both, would virtually eliminate losses of head in

its immediate vicinity. Also the void space of crater and chimney could

capture and detain additional recharge that otherwise would be rejected

at the land surface and so run to waste.
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Thus, the immediate effect of crater or chimney should be a local

increase in head on all the transected aquifers, an increase that would

reach rather quickly far into the basin and should tend to slow or even

to preclude further subsidence of the land. The continental deposits of

the primary recharge area would be under-drained but, because the marine-

sandstone aquifers are of low or moderate permeability, new water would

reach the center of the basin only after a term of years, probably decades.

Information at hand is not sufficient for designing the most advan-

tageous geometry and dimensions of a recharge facility--throwout crater

or rubble chimney, or both--at this time. Facilities in multiple,

possibly in tens, well might prove to be justifiable technically.

Miami and vicinity, Oklahoma.--In the extreme northeast corner of

Oklahoma, at and near Miami, water for municipal and industrial uses is

withdrawn largely from the Roubidoux formation--sandstone, limestone, and

dolomite of lower Ordovician age. The principal aquifer is from 100 to

180 feet thick and its top is from 880 to 1,020 feet below land surface.

Other aquifers are tapped also, from as little as 450 feet to as much as

1,750 feet below land surface.

Tests on wells near Miami indicate not only that the principal

aquifer has moderate transmissibility (40,000 gpd/ft) and is effectively

confined (storage coefficient 1 x 10~4), but also that its yield is

influenced by barriers. Two local barriers are presumed--(l) the trap

formed by the Miami syncline, whose axis strikes about N. 30* E. about

4 miles west of Miami; and (2) the Seneca fault, which strikes about

N. 450 E. about 5 miles southeast of Miami. The Seneca fault intervenes

between the principal area of ground-water withdrawal and outcrops of the

principal aquifer in the Ozark district of Missouri, to the east.
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When the principal aquifer first was tapped in the Miami area,

about two-thirds of a century ago, the head on its water was sufficient

that the wells flowed at land surface. As withdrawals increased the head

has declined progressively (Reed, Schoff, and Branson, 1955), so that by

1964 pumping levels were about 750 feet below land surface in Miami, where

the decline of head has been greatest.

Two advantages from nuclear detonation in the Miami area might be

realized. First, a rubble chimney or chimneys breaching the Seneca-fault

barrier and thereby inducing a general and perennial increase in head on

the principal aquifer, and a consequent diminution of drawdown in wells at

and near Miami. Second, a "big-well" rubble chimney at individual points

of heavy withdrawal, to provide supplemental local storage within the aquifer

so that', during the intervals of maximum water requirement, withdrawal could

be prolonged but drawdown increase would be minimum. Information at hand is

not sufficient to fix dimensions and geometry of chimneys at specific locations.

In either of the nuclear applications just outlined, care should be

taken that the Chattanooga shale (of Devonian (?) age) is not breached.

The Chattanooga lies above, and confines the water of, the Roubidoux

formation (which, as has been stated, contains the aquifers of the Miami

area). The Chattanooga also isolates the Roubidoux from water of undesirable

quality in the Boone formation above. The Boone is of limestone and chert,

and carries water in ramifying fractures and solution openings. It crops

out over much of the county. At some places its water is acidic; at other

places its water is contaminated by industrial wastes or by sewage that has

infiltrated abandoned mines or has entered solution openings that are inter-

cepted by the water table.
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Ouachita Mountains, Oklahoma.--In southeast Oklahoma, the Ouachita

Mountains are formed of igneous rocks and metamorphic rocks of sedi-

mentary origin, both complexly folded and faulted. The water-bearing

openings are fractures and, locally, solution openings that afford little

capacity for storing or transmitting water. Yet precipitation averages

50 inches or more yearly. A throwout crater(s) to store water for use

in adjoining areas may become desirable in the future, although current

water requirements are served without extensive storage facilities.

Situations analogous to this probably are numerous and widespread over

the Unglaciated Central Lowlands and Plains province.

Arbuckle Mountains, Oklahoma.--In south-central Oklahoma, in the

Arbuckle Mountains, fractured and "cavernous" limestones of the Arbuckle

group are known to contain fresh water as much as 3,000 feet below land

surface. The aquifers are little developed. Additional replenishment

is at hand in the 5 inches of the 35- to 40-inch average yearly precipi-

tation that runs off. If the future should engender intensive management

of all water resources in the district, presently nebulous possibilities

for nuclear detonation might come to a head--possibilities for a throwout

crater(s) to store water on the land surface, to accelerate recharge of

the aquifers, or both; possibilities for a rubble chimney(s) to breach a

structural trap and so facilitate movement of water to some down-gradient

area of withdrawal; possibilities for a rubble-chimney "big well(s)" to

accelerate recharge on the one hand or, on the other hand, to achieve

maximum capacity in a single withdrawal facility. Again, presently

nebulous possibilities of these kinds probably are widespread over the

lowlands-and-plains province.
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Lawton area, Oklahoma.--About 90 miles west from the heart of the

Arbuckle Mountains (just discussed), at Lawton, several wells tap a

water-bearing zone in limestone of the Arbuckle group, about from 600

to 800 feet below land surface. Capability of individual wells ranges

widely, about from 0.1 to 20 gpm per foot of drawdown and from 25 to

600 gpm in the aggregate. Such variability in yield and the reported

logs of wells suggest that the water occurs in fractures, probably en-.

larged by solution, several tens of feet apart.

Before heavy withdrawal, the water was under sufficient head that

it flowed at land surface. Under current aggregate withdrawal of about

1.5 mgd, however, the water level in wells within the city is from 12 to

60 feet below land surface. Greatest withdrawal of record was in 1941

when, over a term of about 4 months, as much as 4 mgd, or somewhat more,

was pumped from five municipal stand-by wells for emergency supply to

adjacent Fort Sill.

The incomplete hydrologic history, just summarized, suggests that a

withdrawal severalfold greater than at present probably could be sustained

under an acceptable drawdown. A rubble chimney(s) in the "big-well" appli-

cation should, in principle, foster such optimum withdrawal at minimum

local drawdown. However, chimney(s) would neither diminish the remote

drawdown, beyond the area of withdrawal, nor increase the ultimate per-

ennial yield of the district.
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Glaciated Central Lowland and plains

Equally extensive with, and immediately north of that just described,

is the Glaciated Central Lowland and Plains province. Excepting the so-

called Driftless area of Wisconsin and adjacent States, it encompasses

all the north-central and northeast United States north of the Missouri

and Ohio rivers, from central-northern Montana eastward into and nearly

across central New York (fig. 1). Within it are the metropolitan areas

of Duluth, Minneapolis, and St. Paul, Minn.; Des Moines, Iowa; Milwaukee,

Wis.; Chicago, Ill.; Detroit, Flint, and Grand Rapids, Mich.; Indianapolis,

Ind.; Akron, Cincinnati, Cleveland, Columbus, Dayton, Toledo, and

Youngstown, Ohio; Erie, Pa.; and Buffalo, Rochester, and Syracuse, N.Y.

As thi's list of areas indicates, the east half of the province has a

considerable part of the nation's population and heavy industry.

Water in unconsolidated deposits

The Glaciated Central Lowland and plains differ notably from their

unglaciated counterparts to the south in one major respect--over the

consolidated "bedrocks" is a mantle of "drift," or rock debris, deposited

by the ice and meltwater of continental glaciers that once occupied the

region. Much of the glacial drift is fine-grained but, as in the valley

fill of alluvial basins in the West, interspersed layers of water-sorted

sand and gravel are sufficient in number and extent to constitute

productive aquifers in numerous districts.
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The mantle of drift is thickest in Michigan, between Lake Michigan

and Lake Huron (somewhat more than 1,000 feet near Cadillac), also in

the north three-fifths of Indiana. It is only slightly thinner in west

Ohio, northeast Illinois, north-central Iowa, east and north Wisconsin,

a considerable part of Minnesota, and a few other areas. Where so thick,

it constitutes a ground-water reservoir of three functions--specifically,

(1) it yields to numerous wells, commonly at least a few gallons or tens

of gallons a minute; (2) it helps to recharge, or imparts head to,

aquifers in the bedrock that underlies it; and (3) it tends to increase

and prolong the base flow of streams, and so helps to regulate natural

streamflow although, in general, it does not increase total runoff

notably. (McGuinness, 1963, p. 50; Piper, 1965, pl. 3.)

In certain districts the drift is of low permeability at the land

surface, so that streams are "flashy" and infiltration to ground water is

small. In others the drift mantle is extensively of low permeability

from top to bottom, so that even small and modest supplies of ground water

am not found generally. Among these are the districts underlain by fine-

grained glacial-lake deposits, along a part of the shores of the Great

Lakes; areas of thin or clayey drift in south Ohio and Indiana, south

and west Illinois, much of Iowa, north Missouri, northeast Kansas, and

east Nebraska; and areas in which the drift was derived largely from shale

and earthy sandstone, locally in west Minnesota and generally in the

Dakotas and in Montana.
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In these districts in which the drift generally is nonproductive,

"watercourses" form substantial aquifers locally; these are tongues of

sand and gravel, some buried and laid down by former melt-water streams

and others along present streams. Such watercourses are especially

productive along all the south margin of the glaciated province from

Nebraska and Kansas on the west through Ohio on the east. (McGuinness

1963, p. 52-53; 1964.)

Water of the drift and the watercourses is tapped throughout the

province for household, municipal, and industrial supplies and locally

for supplemental irrigation. That of the watercourses is tapped locally

in the west half of the province for full-scale irrigation. Withdrawal

has reached, or even exceeds, the dependable yield of these sources in

numerous areas, as in the Mill Creek valley north of Cincinnati, Ohio;

and the vicinities of Indianapolis, Ind., Louisville, Ky., and Chicago,

Ill. Areas of competition among alternative uses of the water are

becoming more numerous and widespread. Schmid (1960 and 1961) discusses

some of the complex problems that arise from this local intensive develop-

ment and competition.

Despite thorough development locally, watercourses of the province

are capable in the aggregate of yielding much more water than is with-

drawn currently. However, this capability is not in "new" water; rather,

it is but a pre-emptive part of the common supply that is in the streams

and in the ground together.
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That the glaciated province depends extensively on the unconsoli-

dated deposits for a part of its water supply is evident. It is equally

evident that water-yielding capability of these deposits ultimately will

be developed to the utmost, largely in conjunction with optimum impound-

ment of the streams. Such are obvious limitations and goals of water

management in the province. In this connection, water sources in the

unconsolidated deposits and in the streams have been made virtually

inviolate as against sources in the consolidated rocks, both by specific

statute and by general case law. For this reason in part, also because

recharge and water-yielding capability appear to be naturally very close

to optimum, nuclear detonation in the unconsolidated deposits as a tool

of water management in the glaciated province seems virtually foreclosed

at this time.

Water in consolidated rocks

Consolidated-rock units that underlie the drift are, in general,

extensions of those that constitute the unglaciated province to the south.

These rock units have been described in the preceding treatment of that

province. One additional basin of deposition is noteworthy here--the

Michigan basin (Love and Hoover, 1960, p. 13). Of the consolidated rocks

in this basin, about 47 percent by volume are carbonates, 23 percent.

sandstone, 18 percent shale, and 13 percent evaporites (anhydrite, gypsum,

and halite).
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The rock units of the Michigan Basin are, in stratigraphic succession

downward, or in sequence outward from the center of the basin at the base

of the drift: (1) Sandstone, siltstone, and shale in alternation, also

some coal, limestone, and gypsum; stratigraphic thickness 1,100 feet;

Pennsylvanian and Permian (?) age. (2) Shale, siltstone, and sandstone,

also some evaporites and carbonates; total thickness about 2,500 feet;

Mississippian and Upper Devonian ages. (3) Limestone, dolomite, anhydrite,

gypsum, and halite; aggregate thickness about 10,000 feet; Middle Devonian

to Early Ordovician ages; in this general unit the Salina formation, about

3,200 feet thick and of Silurian age, includes the greater part of the

halite in all the basin. (4) Quartz sandstone with some dolomite, as

much as 3,000 feet thick, Cambrian age, locally a notable aquifer.

In the glaciated province, the consolidated rocks are capable of

good yields of water to wells in part of, but not all, the area in which

the drift produces nominally or not at all. Notable productive areas of

this kind are in west Ohio and east Indiana, also north-central Missouri.

In other extensive parts of the province the consolidated rocks are

virtually unproductive of ground water. Where neither drift nor consoli-

dated rock is productive, in the subhumid to humid eastern half of the

province, reasonably dependable water sources generally are available in

streams. In the semiarid Dakotas and Montana, however, only the main-

stem reaches of the major streams have substantial perennial flows.

There, large-scale perennial water supplies are available only by

impounding the yearly freshet runoff (McGuinness, 1963, p. 53.)
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Over most of the central part of the glaciated province mineralized

ground waters are virtually unknown--specifically, over most of Minnesota

and Wisconsin, northeast Iowa, and northernmost Illinois. Exceptions

include: (1) along the shore of Lake Superior in its west half, waters

at less than 500 feet below land surface commonly contain 1,000 ppm or

more of dissolved solids; extreme concentration exceeds 35,000 ppm locally

near Ontonagon; (2) along the west shore of Lake Michigan, with an extreme

exceeding 10,000 ppm near Sheboygan.

Except in the central part as just described, the province's ground

waters commonly contain 1,000 ppm or more of dissolved solids beginning

at depths from less than 500 to more than 1,000 feet below land surface.

Greater concentrations occur: (1) north of the Missour River in Montana,

from 3,000 to 10,000 ppm; (2) locally in the basins of the Souris River

and the Red River in North Dakota, from 3,000 to more than 10,000 ppm;

(3) north of the Missouri River in central South Dakota and south-central

North Dakota, 3,000 to 10,000 ppm; (4) along the east flank of the Michigan

peninsula, also from 3,000 to 10,000 ppm (Feth and others, 1965).

Repressurizing the Dakota artesian basin

The Central Lowland includes one of two potential applications of

nuclear detonation for tfanaging ground water on a broad scale. Advantage

would be expected in the glaciated province, in the northeast quadrant of

South Dakota and contiguous North Dakota. However, limiting hydrologic

features would reach westward far into the unglaciated province, to the

Black Hills of western South Dakota (fig. 4). The primary objective would

be to repressurize the Dakota artesian basin in the area of greatest with-

drawals from that water source. Largely as an incidental effect, the

chemical quality of water from many wells should improve moderately.
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Figure 4.--Selected features of the Dakota artesian basin in South Dakota
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The nuclear application in principle.--By detonation at depth--where

feasible, in crystalline "basement" rocks (of pre-Cambrian age)--generate

collapse chimneys reaching upward sufficiently to (1) breach the

impermeable zone that, as is described below, commonly separates the two

"water sands" of the Dakota artesian basin; (2) breach impermeable strata

that, in the western part of the basin, intervene between the lower of

the two "water sands" and a still deeper aquifer of substantially greater

transmissibility and greater hydraulic head; or (3) do both these things.

The possibility of this application was suggested by Swenson (written

communication, 1965).

The hydrologic and geologic setting.--In grossly over-simplified

terms,.at most places the classic Dakota artesian basin has an upper and

a lower water-bearing zone or aquifer, and an intervening "impermeable"

confining zone. Each of the two aquifers appears to be hydraulically

continuous over much of, or all the basin. However, stratigraphic

continuity in a strict sense is somewhat uncertain. Stratigraphic names

usually applied are, in the part of the basin here of principal concern:

to the upper aquifer, Dakota sandstone; to the confining zone, Fuson

shale; and to the lower aquifer, Lakota sandstone. (See fig. 5.) For

convenience in this report these names will be used in the sense just

stated, with no geographic restriction.
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Figure 5.--Cross-sections of the Dakota artesian.basin



I
CicIl

I2
20
C

OIL~

Cre
oSilC,, Iofdston

Rie ekShore5
/ Frm, o n

A-A, in

C
O

O

.Y

44,
Static level af water n Madisonlimesone

0

ova

Static level oftcrater in Dakotasandstone (D) and Lokoto formation (L)

formation

r,

.0

\- ,l

northern South Dakota, about through Eagle Butte and Watertown

0-

Feet
6,000

5,000 E-

4,000

3,000 -

Sea Level 2,000 -

1,000 F

Sea level

1.000 -

2,000 -

3,000 i-

4,000

I

C
0

0

Static evel at water in Madison limestone~

/

Static level of water in Dakota
sandstone (D) and Lakoto formation (L)

D .o -

/?---

B-B; In central South Dakota, about through Rapid City and Huron

Figure 5- Cross-sections of the Dakota artesian basin

25 0 25 50 75 100 125 150 175 200 Mites

Locations of sections shown on figure 4.

Compiled tram numerous sources, including
Chiefly. Sotin and Petsch, 1954; Denson andothers,J964i Erikson, 1954 and 1955; Gries,
1943- Gries and Henkes, 19631 Littlefield,
1939, Sandberg, 1962. and Swenson, 1966.

-94-

I,

m

PFeet

3,000 r-

2000 -

1,000 F-

Sea Level

1,000 F-

2,OO0 F-

3,000 H0

4,000 F

0:

5,000

Sea level

i m F F i 0i w- - W
-- -- --

i t :l dA I - 1
I I I \ '. I I - I

F----
I --D

i

Nevicc, stle

skull 
crtek 

ihpls

Foll River fogmotion

to
so

t c 
es ocF

oa.yoo
tw

N

pe





The stratigraphic equivalent of the Dakota-Fuson-Lakota assemblage

crops out in the western part of South Dakota, along the'flanks of the

Black Hills. Eastward it dips into a syncline, whose axis trends about

north-northwest and passes about 50 miles east of Rapid City. Farther

toward the east the assemblage rises gently until, in the northeast

quadrant of South Dakota and adjacent Minnesota, it wedges out against

the crystalline "basement," which is of pre-Cambrian age. As a whole,

the Dakota-Fuson-Lakota assemblage and its equivalents thin eastward,

from a maximum of about 700 feet in the outcrop area to about 250 feet

as the wedge-out begins. Overlying the assemblage, and deformed with it,

is a region-wide thick confining zone. The syncline here briefly described

affords the hydraulic trap which contains the Dakota artesian basin.

Beneath the Dakota-Fuson-Lakota assemblage, in the outcrop area of

the Black Hills and on the western flank and along the axis of the

syncline, occur several formations which are about from 1,200 to 2,500

feet thick in the aggregate, and which are here of incidental concern

only. Lowest of these is the Minnelusa formation (of Pennsylvanian age).

Low in the eastern flank of the syncline, these formations thin and wedge

out successively.

In turn beneath the Minnelusa formation, there occur aquifers which

are critical in the hypothetical nuclear applications here analyzed--

specifically, the limestones of the Madison group (of Mississippian age).

These limestones are some 900 feet thick at the maximum, in the outcrop

area high along the flank of the Black Hills.
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In the eastern flank of the syncline the Madison group wedges out

beneath and, by inference, locally in contact with the Lakota or the

Dakota (fig. 5). In plan, this overlapping contact is belt-like, is in

the general order of 15 to 40 miles wide, and trends generally north

across the northeast quadrant of South Dakota (fig. 4). There its buried

eastern edge--the feather edge of the Madison group--is inferred to be

about from 65 to 100 miles east of the Missouri River.

Regional aquifers here of concern are the Dakota, the Lakota, and

the Madison group. Permeability and transmissibility are from small to

moderate in the Dakota and Lakota, but moderate to large in the Madison.

The Dakota and Lakota constitute the principal source of water for cities,

towns, and farms over much of the Dakota artesian basin. Information in

the files of the U. S. Geological Survey indicates that a total of about

40 mgd was withdrawn from these sandstones in 1960--about 36 mgd from

flowing wells and 4 mgd from pumped wells. The sandstones are developed

most intensively in the James River basin in eastern South Dakota, where

the total discharge in 1960 was about 16 mgd or 18,000 acre-feet yearly.

(Denson and others, 1964, p. 180.)

The limestones of the Madison group, principally the Pahasapa lime-

stone, are a common source of water only adjacent to the Black Hills, as

in the vicinities of Belle Fourche (Cox, 1962) and of Rapid City (Gries,

1943). Farther east, to and somewhat beyond the Missouri River, they have

been tapped and their waters have been sampled at a few widely scattered

places.
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In vertical cross-section, the Lakota and Madison make up a single

aquifer system in the form of a "lazy", or overturned, Y whose two

diverging limbs point generally westward and whose single stem points

generally eastward. Of this system, the Lakota forms the upper limb

and the stem; the Madison forms the lower limb (beneath the western part

of the State, fig. 5) and merges into the stem in the belt of Lakota-.

Madison contact which has been described. The Dakota overlies the upper

limb and stem of the "Y", and is separated from the "Y" by the Fuson

shale. Inferentially, there is relatively free hydraulic continuity within

the "Y"--that is, within and between the Lakota and the Madison. Between

the Lakota and the Dakota, however, the natural hydraulic connection is,

by inference, most imperfect. This geometry of the Lakota-Madison and the

Dakota has been demonstrated recently by Swenson (1966).

Natural recharge of this aquifer system presumably occurs, largely

or exclusively, in the outcrop area of the Black Hills. There, recharge

from seven principal streams as they cross the outcrop of the Madison

group is estimated by Swenson (1966) to be somewhat more than 50 cubic

feet per second, so long as the streamflow is sufficient this rate is

in the order of 35 mgd (million gallons a day) or 40,000 acre-feet yearly.

Total recharge to the Madison is unknown. Recharge to the Lakota and the

Dakota is inferred to be considerably less than that to the Madison.
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Over much of the artesian basin, the water pressure at land surface

originally was relatively large. For example, 45 miles northeast of

Aberdeen, S. Dak., at Britton, Darton (1909) reported the shut-in pressure

of a 1,000-foot well to have been 150 psi (pounds per square inch); the

equivalent static level would have been 350 feet above land surface.

Flow from that well, by inference from the Dakota, was 600 gpm (gallons

per minute). Also originally, water pressure in the Lakota was substan-

tially greater than in the Dakota, widely if not universally. Over the

years, however, as hundreds of wells have been drilled through the Dakota

into the Lakota, and as water has been withdrawn continually, artesian

pressure and artesian flow have diminished widely and substantially. For

example, as of 1951 the average shut-in pressure of wells then flowing

near Britton was about 10 pounds per square inch (Koopman, 1957). The

corresponding static level was 23 feet above land surface--that is, 320

feet below the static level of 1909. At about the same time, the differ-

ential of pressures in the Lakota and in the Dakota was widely less than

50 feet or 20 psi, and no more than about 125 feet or 50 psi. From one

place to another, the greater pressure occurred in either the Dakota or

the Lakota (Erickson, 1954). Areas of notably depleted head coincide

with areas of heaviest withdrawal, as in the valley of the James River.
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In and near the belt of Lakota-Madison contact, the head on

lower-limb (Madison) water appears to be currently in the order of 500

to 700 feet above the depleted heads on Lakota (upper-limb) water or on

Dakota water (fig. 5). This differential head affords an hydraulic drive,

actual or potential, to move water from the Madison into the Lakota

either where the latter formation is immediately above the Madison, or

through thinner parts of the wedge of Minnelusa formation where that

wedge intervenes. In other words, such is the drive that can move water

from the lower limb into the stem of the "Y" aquifer system. Eastward

from the belt of contact, all or part of the same hydraulic drive

potentially is available to move water upward into the Dakota, across

the intervening Fuson formation.
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Chemical quality of the water varies substantially from one part to

another of the aquifer systems. The geochemistry is not entirely clear,

but the following generalizations appear to be warranted: (1) In the

northwest quadrant of South Dakota, the Dakota and Lakota sandstones

yield sodium-chloride waters-k" whose concentration ranges about between

2,500 and 7,200 ppm. By inference, these waters had infiltrated outcrop

areas to the west and locally had become moderately concentrated because

circulation was impeded. (2) In the southwest quadrant of the State,

the Dakota and Lakota yield sodium-sulfate waters commonly, sodium-

bicarbonate waters locally, or, even.less frequently, sodium-chloride

waters. Concentrations are less than to the north--commonly between

1,600 and 3,200 ppm. (3) The Madison yields calcium-sulfate water whose

concentration increases eastward, from about 500 ppm near the Black Hills

to about 2,300 ppm in and near the belt of Lakota-Madison contact which

has been described. Such is the typical water in the lower limb of the

"Y" aquifer system. Although hard, this lower-limb water

generally is of more usable quality than the upper-limb Lakota water and

the Dakota water. (4) In the northeast quadrant of the State, the Lakota

stem of the "Y" aquifer system and the overlying Dakota yield sodium-sulfate

waters commonly, in concentrations about from 1,800 to 3,000 ppm. Less

common types include calcium-sulfate, sodium-chloride-sulfate, sodium-

bicarbonate-chloride, and sodium-chloride.

1/ This report follows the convention that in a "sodium-chloride"
water, for example, sodium accounts for 50 percent or more of the
aggregate chemical equivalents of all cations; chloride, 50 percent or
more of all anions. In a "calcium-magnesium" water, each cation equiv-
alent would be less than 50 percent of the aggregate but calcium would
be first, and magnesium second, in order of abundance.
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In partial explanation of this diverse water chemistry the writer

infers tentatively that, in and near the belt of Lakota-Madison contact,

the Lakota (and the Dakota?) water blends with Madison water injected

naturally from below and that, as it percolates farther eastward, this

blended water is modified by base-exchange softening and locally by

reduction of sulfate or precipitation of calcium and sulfate. Hydraulic

head to drive such injection exists, as has been stated.

The nuclear application in detail.--In the first hypothetical

modification of the natural hydrologic setting, an array of nuclear

detonations at the base of the Madison, within the belt of Lakota-on-

Madison contact, would be sized to generate collapse chimneys running

upward through the Dakota. Among the effects anticipated: (1) In the

immediate vicinity of each chimney, loss of head between the Madison, the

Lakota, and the Dakota would be virtually eliminated; this loss is

naturally some 500 feet or more, as has been stated. (2) Eastward, to

a radial distance of miles or tens of miles from each chimney, hydraulic

gradients in the Lakota and the Dakota should steepen severalfold; upward

movement of Madison water into the Lakota and Dakota should increase

commensurately. (3) Locally and to the east, potential perennial yield

of the Lakota and Dakota should be increased in quantity and extended in

time; further, dissolved-solids content of the yield should diminish as

influx of Madison water increases. (4) Westward from each chimney,

hydraulic gradients in the Lakota and Dakota should flatten and ultimately

should reverse; thus, there would be created a barrier against the

relatively concentrated sodium-chloride waters that are typical of the

Lakota-Dakota to the northwest. Such a barrier would further assure

improved chemical quality of Lakota-Dakota waters to the east.

-101-



In this first modification, minimum thickness of the strata to be

breached would be about 400 feet; maximum, about 1,000 feet. Thickness

of overburden would be about from 1,200 to 1,600 feet. In principle,

such dimensions would accommodate non-venting nuclear detonations about

from 25 to 500 kilotons, assuming that (1) the initial cavity of deto-

nation is wholly below the Madison; (2) a collapse chimney forms in the

standard mean radius and height presented elsewhere (Piper and Stead,

1965, p. 21); (3) the rubble of collapse bulks to a mean 25 percent void

space; and (4) in its upward run, the cylindrical segment of the chimney

just reaches the top of the Dakota. Under such limitations, the standard

collapse-chimney diameters would range about from 270 to 650 feet.

In a second hypothetical modification of the natural hydrologic setting,

collapse chimneys would be sized to breach both the Dakota-Fuson-Lakota

assemblage and strata that intervene between that assemblage and the under-

lying Madison group. Primarily, the intervening strata would be those of

the truncated Minnelusa formation (fig. 5). In effect, such chimneys would

widen the belt of Lakota-on-Madison contact toward the west (fig. 4).

Again, loss of head in the Madison-Lakota-Dakota aquifer system would be

virtually eliminated locally. Sites would be in central South Dakota but

hydrologic effects--increased and prolonged potential yield and improved

chemical quality of yield from the Lakota-Dakota--should be felt ultimately

far toward the east. Detonation would be in the Madison. Thickness of

strata to be breached, about from 400 to 1,000 feet; thickness of overburden,

generally from 1,200 and 2,000 feet. Technically feasible explosive energy,

about from 25 to 750 kilotons. Corresponding standard diameters of rubble

chimneys, about from 270 to 820 feet.
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A third hypothetical modification contemplates an array of collapse

chimneys breaching the Lakota and Dakota aquifers and the intervening

Fuson confining zone, in the northeast quadrant of South Dakota and

adjacent parts of North Dakota and of Minnesota. Head loss between the

Lakota and Dakota would be virtually eliminated at each such chimney. Any

advantages gained by the first and second modifications--increased and

prolonged perennial yield and improved chemical quality--would be extended

eastward and accelerated. Minimum thicknesses of the Dakota-Fuson-Lakota

assemblage and of overburden may be expected to be about 200 feet and

500 feet, respectively. Maximum thickness of the Dakota-Fuson-Lakota

may be expected to be about 350 feet; of overburden, about 1,500 feet

in the northeast quadrant of South Dakota and 3,000 feet farther west.

These dimensions, and the general limitations stated above, would accom-

modate detonations ranging from a minimum of about 18 kilotons to as much

as 300 kilotons in the northeast quadrant of the State and, in principle,

up to a few megatons farther west. Standard chimney diameter would be

about 240 feet from the minimum detonation of 18 kilotons, 420 feet from

100 kilotons, and 900 feet from 1 megaton.

In each of these three contemplated modifications of the natural

hydrologic setting, each rubble chimney would be many times more permeable

than the natural aquifers. Locally each should, as has been stated in

other words, bring the several modified aquifers to virtually a common'

pressure head--that of the aquifer having the greatest natural transmissi-

bility, the Madison. In this situation, the natural transmissibilities of

the several aquifers will determine both the long-term amount and the reach

of effects caused by each chimney, and the proper spacing of chimneys for

optimum effect, region-wide.

-103-



The available information, as generalized in this report, suggests

that tens, even hundreds, of nuclear detonations might be involved in

so repressurizing the Dakota artesian basin. However, a fully definitive

estimate of the potentialities would require comprehensive new information

as to the three-dimensional geometry, the transmissibilities, and the

hydraulic gradients of the several aquifer systems. Intensive and extensive

investigation and field tests would be involved. The fully definitive

estimate would require also a conclusive demonstration that, in the parti-

cular geologic and hydrologic setting of the basin, contained nuclear

detonations will follow the kind and the dimensions of effects that have

been summarized elsewhere (Piper and Stead, 1965). Presumably, such

demonstration would hinge on the results of test detonations, ultimately

at full' scale. The potentiality for repressurizing by nuclear detonation v.

that by conventional methods is reviewed critically on pages 163-165.

Other potentials in consolidated rocks

Storage.--Potential advantage from nuclear detonation in the glaciated

lowlands and plains derives in part from the generally low relief and

youthful stream valleys which characterize the province and which afford

relatively few good sites for conventional reservoirs on the streams,

especially reservoirs of small to moderate capacity to serve local needs.

Thus, opportunities for storage space that might be provided by nuclear

detonation presumably would be relatively numerous, especially where the

drift mantle is thin and neither the drift nor the underlying consolidated

rock yields water freely. In principle, the rubble chimney in off-stream

areas or the throwout crater along the streams satisfies this condition.
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Throwout-crater storage appears suited to areas such as the Lake

Agassiz plain and the Red River valley in North Dakota, and rather widely

in north and west Minnesota where "watercourses" are absent (McGuinness,

1964). The management purposes to be served would include (1) carrying

water over from the wet season, for dry-season supply in general;

(2) accumulating industrial waste during the dry season, for release when

streamflow suffices to dilute the waste adequately; and (3) holding cool-

ing water in sufficient volume for large-scale industry, where makeup

water is not readily available during the dry season.

Specific sites for likely rubble-chimney storage and subsequent

recovery of the water for general use have not been identified by the

canvass here reported.

Big-well applications.--Over much of the glaciated lowlands, in

particular the central part in the general vicinity of the Great Lakes,

the common consolidated-rock aquifers are limestone and dolomite. From

these aquifers, potential yield to conventional wells generally is no

more than moderate and commonly is small or even nominal. Even more

critical in regard to water management, the yield may vary greatly among

wells no more than a few tens or hundreds of feet apart--a hundred-fold,

or even a thousand-fold, range in yields per unit of drawdown is not

uncommon.
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Such variability is due to the nature of the water-bearing openings

that are most unequally spaced or enlarged, or both. It is in such

aquifers that the rubble chimney by nuclear detonation, in its "big-well"

version, should be most effective. Typical situations of the glaciated

lowlands, apparently suitable for a "big-well" facility, are described

below.

In east-central Wisconsin, an alternative or supplemental source of

water is desired for the expanding industrial-municipal area in the lower

valley of the Fox River, which drains Lake Winnebago into the Green Bay

arm of Lake Michigan. Present water sources are: (1) Fox River, which

is polluted and for which water-treatment costs are rising; (2) Lake

Michigan, which is some 35 miles to the east and in which pollution is

incipient and mounting; and (3) the St. Peter sandstone which is about

1,000 feet below land surface midway between Lake Winnebago and Lake

Michigan, whose water is saline, and from which the pumping lift is

increasing.
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A potential alternative source of water is afforded by the Niagara

dolomite which, in the area between the two lakes, immediately underlies

a mantle of drift (clay till, virtually impermeable) a few tens of feet

thick. The Niagara dolomite is about from 350 to 800 feet thick, dips

eastward, and passes beneath Lake Michigan.

Water in the Niagara is of good quality, is rather well sealed

against local pollution by the till mantle, and is confined above by the

till and below by a shale layer some 250 feet thick. From a natural

divide a few miles east of Fox River and Lake Winnebago, natural water

movement is in small part westward to the Fox River valley and Lake

Winnebago, but largely eastward to Lake Michigan. Permeability from one

point to another within the Niagara ranges about a thousandfold.

In this setting, an array of rubble-chimney "big wells" alined parallel

to and a few miles east of (downgradient from) the natural ground-water

divide could intercept water that now escapes eastward beneath Lake

Michigan. Emplacement in the uppermost part of the shale that underlies

the Niagara dolomite would contain a detonation of about 3 kilotons, and

would result in a standard chimney about 135 feet in diameter and 340

feet high. (Piper and Stead, 1965, p. 21, 31-37). Emplacement at the

base of the shale would contain a detonation of about 8 kilotons, would

increase chimney diameter by one-third, but would diminish upward run of

the chimney in the dolomite by about 30 percent. Thus, peripheral area

of the chimney, in the dolomite, would be about the same whatever the

depth of emplacement in the underlying shale. A definitive estimate of

water-yielding capability by such a multiple-"big-well" facility would

require exploratory drilling, aquifer tests, and (possibly) model studies.
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A somewhat different situation exists in northwest Indiana, in White

County, where fresh ground water occurs in sand and gravel members of a

glacial-drift mantle, generally in the upper few tens of feet of the

underlying bedrock (limestone, dolomite, or calcareous shale), and

irregularly in the bedrock (dolomite and dolomitic limestone) to an

additional depth of as much as 250 feet. The upper two of these three

functional parts of the water-bearing zone are known to be interconnected

hydraulically; the lowest of the three presumably is connected also.

The drift mantle is from 5 to 50 feet thick in the northern part of

the county, and as much as 250 feet.in the southern part. The bedrock

surface on which the drift rests is not smooth; the "highs" of that

surface are the areas in which the topmost part of the bedrock yields

water most freely. The water-bearing openings of the bedrock, even those

in the shale, are solutionally enlarged. Those at depth vary greatly in

spacing and in capacity to transmit water, as in the Fox River area of

Wisconsin, previously described.

In this instance nuclear detonation would seek to produce a rubble

chimney in the lowest of the three parts of the water-bearing zone. The

chimney would have a dual role--not only to serve as a big well in the

less permeable part of the limestone-dolomite aquifer, but also to provide

storage space that could equalize a variable rate of draft. Assuming

standard chimney dimensions, energy of detonation would be no more than

about 2 kilotons, depth of emplacement would be about from 350 to 500

feet, and new void space in the rubble would be about from 2 to 6 million

gallons.
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Also in Indiana, in Adams County in the east-central part of the

State, hydrologic conditions are analogous in general but different in

detail. Thickness of drift diminishes southward across the county, about

from 70 feet to 3 feet. The upper and most productive zone of the bedrock

generally is 60 to 70 feet thick. The third-ranking water-bearing zone is

about from 250 to 350 feet below the top of the bedrock. All these water-

bearing zones are considered to be interconnected hydraulically. The

bedrock is dolomite and dolomitic limestone with some shale. In it, at

depths greater than about 350 feet, there is a very little inter-

crystalline water and that water is notably mineralized.

Here the objective of nuclear detonation would be analogous to that

of White County but magnitude of the detonation would necessarily be less,

generally not more than 1 kiloton. Auxiliary storage space in a single

rubble chimney would be about from 1 to 3 million gallons.

Conditions in Ohio typify a common limitation of nuclear detonation

in limestone terranes. The west half of that State is underlain nearly

everywhere by limestone and dolomite aquifers in the Columbus and Delaware

limestones of Devonian age. These strata dip gently westward into Indiana,

northward into Michigan, and eastward into West Virginia and Pennsylvania.

Their aggregate thickness increases from about 200 feet near the Ohio-

Indiana boundary to 800 feet in central Ohio. In these rocks the water-

bearing openings are solutionally enlarged and irregularly spaced, as

has been explained in regard to other areas. At depths greater than about

200 feet from the land surface, the openings generally become few or they

contain saline water.
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A certain few zones are moderately permeable at most places and

generally yield several hundred gallons a minute to single wells. Where

such zones are not tapped by conventional wells, one might consider

rubble-chimney'big well' for consistently copious yields. In view of

the common 200-foot-thick zone of fresh water, however, detonations would

of necessity be fractions of a kiloton with consequent high cost in

proportion to dimensions of the chimney. Also, in much of densely

populated Ohio, acceptable sites for the relatively shallow detonations

may be difficult to locate.

If and when desalination becomes an established practice of water

management, the saline waters at depth in Ohio--and'widely elsewhere

(Feth and others, 1965)--would become generally usable, after treatment.

To that extent, present constraints on the feasibility of nuclear

detonation might relax substantially.

Waste disposal.--Because it contains a considerable part of the

nation's industry, the glaciated-lowlands province may be expected to

generate relatively large volumes of intractable fluid wastes, including

radioactive wastes. The province also affords widely spaced opportunities

for disposing of such wastes by injecting them into strata of low

permeability, deep below all usable fresh water. The rubble chimney by

nuclear detonation offers a means of injection at minimum pressure.
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The east half of Ohio is one of several areas that appear suitable

for such disposal of wastes, in either of two thick sections of shale.

The stratigraphically higher shale, of Devonian age, is thinly bedded,

black, and of very low permeability; it thickens downdip (eastward) from

about 250 feet in the central part of the State (where it crops out) to

3,000 feet near the Ohio-Pennsylvania boundary. The stratigraphically

lower saale, of Ordovician age, is greenish or bluish gray, soft, and

interlaminated with layers of hard limestone from 1 to 5 inches thick;

aggregate thickness is about 1,000 feet, of which from one-fourth to

one-half is limestone. Permeability is small. Downdip these shale units ex-

tend to depths of thousands of feet below land surface and below all known

fresh-water aquifers. Thus, emplacement depths of several thousand feet,

to contain detonations of some hundreds of kilotons, would seem to be

available.

Analogous potential disposal sites doubtless exist in strata of

similar age in Indiana. In the western part of the province, the Williston

Basin of the Dakotas and eastern Montana conceivably would afford disposal

sites in thick shale units of Cretaceous age. However, in that basin and

widely elsewhere in the province, coal, oil, and gas are extracted from a

wide range of depths. Obviously, disposal of waste fluids would be pre-

cluded where these fuel resources exist.

Suitability of such sites would depend on details of stratigraphy,

geologic structure and hydrology beyond the scope of this report. Further,

the proposal for such disposal assumes that a nuclear detonation in shale

would produce a rubble chimney of about the standard dimensions. Information

at hand is not definitive in this regard.
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Unglaciated Appalachia

The unglaciated part of Appalachia, the mountainous part of the

eastern seaboard of the United States, extends from central Georgia and

east-central Alabama into central and southeast Pennsylvania (fig. 1).

It comprises, from east to west, the well-known Piedmont, Blue Ridge,

and Valley and Ridge sub-provinces, also the high eastern fringe of the

Appalachian Plateaus.

The province is sparsely to moderately populous and in general is

very well watered. Precipitation diminishes northward; generally it is

from 50 to 75 inches yearly on the southernmost part of the province, at

least 40 inches yearly over the Piedmont and the Blue Ridge, and at least

30 inches yearly on the northern part of the Valley and Ridge sub-province.

Evapotranspiration is moderate even though the province is rather heavily

vegetated, because a considerable part of the area is moderately high in

altitude. Thus, runoff is copious--more than 40 inches yearly from the

high, southernmost part of the Blue Ridge, extensively more than 20 inches,

and in general at least 15 inches. In all the conterminous United States,

more generous streamflow occurs only from the highest parts of the Pacifc

Border mountains in Washington and Oregon (Piper, 1965, pl. 1-3). In

Appalachia, both precipitation and runoff are distributed somewhat uniformly

during the year, so that generally water supplies of all kinds are rela-

tively well sustained. At most places and nearly all times the readily

available supplies exceed the modest local water demands, currently and

prospectively.
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As to ground water, in very large part Unglaciated Appalachia yields

sparingly, moderately, or erratically (McGuinness, 1963, p. 57-60).

Most valleys of the Valley and Ridge sub-province are floored by tongues

of alluvium which contains much clay and little clean sand or gravel. In

consequence, these tongues are not promising as sources of large water

supplies. On the other hand, along either flank of the Blue Ridge, in

and near the foothills, there are "watercourses" of alluvium which is

coarse and permeable, though generally thin. Certain of these, princi-

pally those which have a perennial source of recharge in streams, can

yield sufficiently from ground-water storage to enlarge or prolong dry-

season water supplies substantially (Mundorff, 1950).

Consolidated rocks differ considerably in kind and in water-yielding

characteristics among the several sub-provinces. The Piedmont, eastern-

most of the sub-provinces, is an undulating land surface but little higher

in altitude than the coastal plain, underlain largely by dense rocks oI

diverse kinds--granite, metamorphosed volcanics, gneiss, and schist with

some quartzite and slate. There are a few down-faulted blocks of sand-

stone and shale. All these rocks, except along and near incised stream

valleys, generally are weathered to a depth in the order of 100 feet;

this weathered mantle is a highly consistent and generally dependable

source of the small water supplies necessary for single households. Water-

bearing fractures may penetrate the unweathered rocks beneath the mantle,

usually no more than a few tens of feet. In the incised valleys much of

or all the weathered mantle may have been stripped away, so that only the

fractures in the fresh rock yield water.
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Over all the Piedmont, few wells are more than about 150 feet deep

or yield more than a few gallons a minute. Most wells that have been

drilled deeper found little or no additional water, though a fortuitous

few have developed yields as large as a few hundred gallons a minute at

depths as much as about 1,000 feet. Waters containing as much as 1,000

ppm of dissolved solids are virtually unknown (Feth and others, 1965).

In these hydrologic circumstances, the most credible advantage from

nuclear detonation would seem to be the rubble chimney as a storage sump

to equalize a widely fluctuating demand for water on the part of a small

municipality or industry. However, no specific location for such a

facility to serve an existing water-management need-has been identified.

Like the Piedmont, the Blue Ridge sub-province is underlain by dense

crystalline rocks. However, the Ridge is an up-faulted block which rises

to moderately high altitude, from which erosion has stripped nearly all

weathered rock, and in which drainage empties many of the fractures. Thus,

ground-water productivity is small, as water demand is small in this sparsely

populated district. No potentially justified nuclear application has been

identified.

Consolidated rocks of the Valley and Ridge sub-province are limestone,

dolomite, sandstone, and shale in diverse alternations. Limestone and

dolomite are somewhat more prevalent in the south. All the rocks are

virtually unmetamorphosed. Characteristically in this sub-province all

have been deformed into a succession of elongate, rather sharp folds;

locally they are faulted. Whether the folds are anticlinal or synclinal,

differential erosion has lowered the weak rocks to form valleys and left

the resistant rocks to stand high, in ridges.
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The consolidated-rock aquifers in the Valley and Ridge sub-province

are largely limestone (including dolomite) to the south but limestone or

sandstone to the north. Consistently they yield some tens of gallons a

minute or more to individual wells over nearly all the sub-province.

Especially in valleys the limestone commonly is cavernous, owing to the

work of solution, and locally the land drains underground. A well that

happens to enter a large, unobstructed solution opening or cavern may

yield very copiously. On the other hand, another well close at hand may

intercept few water-bearing openings or may find the solution openings

filled with the clayey residuum from weathering; such a well would have

minimum yield. Few wells in the limestone increase in yield beyond a

depth of about 250 feet. Sandstone aquifers yield about as freely,

perhaps somewhat more freely, than the average limestone aquifer; also,

the sandstone aquifers yield more consistently and commonly to substantially

greater depth. Their yield is as large as several hundred gallons a minute

and may reach to a depth of 1,000 feet or more below land surface.

By inference there should be many barriers to free movement of water

in the consolidated rocks of the Valley and Ridge sub-province. Folds

and faults should create hydraulic traps. Shale or other impermeable rock

intervening between aquifers should cause substantial differences in head

among the several aquifers.

Water of the consolidated-rock aquifers generally is moderately hard,

but excessively mineralized water is all but unknown in the sub-province.

Only in a part of the sub-province in Alabama is the dissolved-solids

concentration known to exceed 1,000 ppm at depths less than 500 feet.
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In principle, hydrology of the consolidated-rock aquifer systems

in the Valley and Ridge sub-province lends itself to diverse potential

advantages from a rubble chimney by nuclear detonation--integrating the

transmissibility of a limestone aquifer, through the "big-well" function;

breaching structural traps that may intervene between areas of recharge

and withdrawal; or breaching a confining bed that intervenes between two

aquifers having substantially different heads, to integrate the potential

yields of the two. However, no specific sites that offer such advantages

have been identified. This lack of identified sites well may result from

lack of any current impelling force within the sub-province to enlarge

the water supplies readily at hand.

Within the province here considered is the high eastern fringe of

the Appalachian Plateaus, intervening between the Valley and Ridge sub-

province to the east and the unglaciated Central Lowland to the west.

Rocks of the Plateaus are extensions of those that underlie the Central

Lowland, as described already. In general their productivitity of water

is somewhat less than in the Lowland province--that is, moderate at best--

because the Plateaus, rising to fairly high altitude and being deeply

dissected, tend both to shed precipitation quickly and to be extensively

drained of ground water. Being sparsely populated and being currently

without large water requirements, these highest of the Appalachian

Plateaus suggest no sites for advantageous nuclear detonation.
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Glaciated Appalachia

Glaciated Appalachia is the northeastward extension, into and across

New England, of the mountainous seaboard province and sub-provinces just

described (fig. 1). The Seaboard Lowland of New England is analogous to

the Piedmont of the Province to the south. Together, the New England

Upland, White Mountain, Green Mountain, and Taconic sub-provinces are

analogous to the Blue Ridge, as the Hudson Valley is to the Valley and

Ridge sub-province. On the west the Adirondack sub-province is in part

analogous to the high Appalachian Plateaus, in that upwarped sedimentary

rocks (in part metamorphosed) form low mountains; it is unlike the high

Appalachian Plateaus in that crystalline rocks (intrusives and schists)

crop out in its central part. (McGuinness, 1963, p. 61-64.)

Unlike the glaciated Central Lowland which adjoins it on the west,

glaciated Appalachia has moderate topographic relief. Accordingly, its

mantle of drift varies greatly in thickness. On hilltops the mantle

commonly is thin and is composed of till; on slopes, even thinner and

discontinuous. In valleys, the mantle reaches a maximum known thickness

of about 300 feet but generally no more than 100 feet; also, commonly the

mantle is till below but stratified and assorted outwash above.

A considerable part of glaciated Appalachia is rural and rather

sparsely populated. At the other extreme it has much diversified "light"

industry and it contains the mainland boroughs of New York City, Boston

and all other metropolitan areas of New England, and in New Jersey the

cities of Elizabeth, Jersey City, Newark, Paterson, and -Trenton. Thus,

from one place to another its water-supply requirements range from very

small and widely dispersed to very large and sharply focused.
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The province is watered more generously than most others within the

conterminous United States. Yearly precipitation is 30 to 40 inches in

principal valleys and 50 inches or more on the highest areas. Runoff

exceeds 20 inches over the greater part of the province, generally exceeds

30 inches from the higher parts, and exceeds 40 inches from the White

Mountains of New Hampshire and the Adirondacks of northeastern New York

(Piper, 1965, pl. 3).

Over most of the province, water wells generally yield no more than

a few tens of gallons per minute. On hilltops and slopes, the generally

thin and locally discontinuous till yields erratically. In valleys and

over other lowlands, however, sand and gravel members in the stratified

drift yield fairly consistently and at some places in moderately generous

amount, though commonly the aquifer is thin and has small storage capacity

to sustain prolonged draft. Such aquifers occur in one of two situations:

(1) beneath outwash plains, of which principal examples are in the

vicinities of Schenectady and Albany in New York, along the Connecticut

Valley, and near the seacoast in Massachusetts and Maine; and (2) in

tongues or "watercourses" that underlie the valleys of existing perennial

streams, that underlie valleys not now occupied by sizable streams, or

that occupy former valleys now buried beneath younger drift. Other

factors being alike, the watercourses of present perennial-stream valleys

are the more dependable water sources.
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Optimum development of ground-water bodies in the glacial drift--

particularly, in the outwash--depends on test drilling or other means

of learning where saturated deposits are thickest, and on spacing wells

and sizing pumps according to transmissibility of the deposits. Some

possibilities for relatively laige developments doubtless are yet to be

discovered. One, but only one, application of nuclear detonation seems

credibly advantageous--specifically, blasting a sump into underlying

bedrock where that bedrock is not water-bearing, to compensate a widely

fluctuating rate of withdrawal from the drift. Because the drift mantle

and contained outwash generally are less than 100 feet thick, only a

fractional-kiloton detonation could be contained. Ordinarily, therefore,

a rubble-chimney sump would be precluded and the throwout crater becomes

the likely means to the desired end. No specific site favoring such a

nuclear application has been identified.

Also over most of the province, bedrocks yield water erratically and

in general meagerly. In scattered districts, however, the yield is

moderately large--as much as 1,600 gpm from one well in the Stockbridge

limestone, though the median yield of 104 wells in that formation is only

8 gpm (Petersen, R. G., written communication). Notable among the districts

having relatively productive bedrock aquifers are: (1) the Connecticut

Valley of Connecticut and Massachusetts, also an area in northern New

Jersey and contiguous New York, both underlain by sandstone and shale of

Triassic age; (2) discontinuously along the Hudson River valley and the

south margin of the Adirondacks, in northeast New York, underlain by

limestone or sandstone of Ordovician age; and (3) in northern Maine,

underlain by shaly limestone of Silurian age.
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Generally, the transmissibilities and distribution of heads of

aquifer systems in these bedrocks are poorly known: there has been little

or no urgency to explore them intensively because water supplies from

streams or lakes, or from the drift mantle, ordinarily are readily at hand.

Excepting districts such as those just listed, the common bedrocks

of the province are crystalline--intrusives, gneiss, schist, slate, and

marble. Excepting the marble, whose openings may have been enlarged by

solution, water in the crystalline rocks occurs very largely in fractures

or in weathered zones within about 200 feet below the base of the drift

mantle. Weathered zones generally are neither extensive nor thick; the

location of many is concealed by the drift. Yields to wells generally

are but a few gallons per minute each.

Highly mineralized ground water is all but unknown in glaciated

Appalachia. Only along part of the westernmost fringe of the province

is the dissolved-solids content of bedrock water known to exceed 1,000

ppm, at depths from less than 500 feet to more than 1,000 feet below land

surface.

Promising applications of nuclear detonation for managing bedrock

aquifer systems in glaciated Appalachia are very largely speculative.

The rubble chimney as a "big well" is a possibility in all the rock types,

especially in limestone and marble. However, the limestone terranes

commonly are lowlands and, in consequence, are more populous and have more

structures and facilities that might be subject to damage by detonation.

As a breach of a confining bed or of a structural trap, the rubble chimney

is a further possibility in any of the sedimentary rocks, more so in a

sandstone-shale sequence.
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Where both the drift mantle and the bedrock yield little water,

detonation to create storage space is credible, by means of either the

rubble chimney or the throwout crater. Such space might be attractive

for holding usable fresh water at relatively shallow depth below land

surface, or foi injecting intractable fluid waste at great depth. In

each instance, feasibility of the latter application would need be proven

by exploration competent to show the expectable rate at which any injected

fluid would move. In general, mobility cannot be judged from information

currently at hand.

Advantage from nuclear detonation in bedrock aquifers seems most

probable in the Connecticut Valley lowland, though even there no specific

site has been identified. In.Connecticut and southern Massachusetts,

this lowland is underlain by rocks of Triassic age--largely sandstone,

conglomerate, and shale with some limestone and siltstone; these are

interlayered with extrusive (basaltic) rock. All these rocks strike

north and dip generally east about 15', in a belt as much as 20 miles

wide. Stratigraphic thickness ranges from a feather edge on the west

to about 16,000 feet on the east, where the sequence terminates along the

so-called Great Fault.

Water-bearing properties of these Triassic rocks are poorly known,

except that variable and small to moderate permeability is implied by

the yield of wells--from less than 1 to about 500 gpm from wells as much

as 500 feet deep. Hopefully, the rubble-chimney big well, by locally

integrating discontinuous or poorly productive aquifers, suggests that

dependable short-term yields of several hundred gallons a minute might

be achieved.
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Atlantic and Gulf Coastal Plain

General features

Most extended of the eleven ground-water provinces which constitute

the conterminous United States, the Atlantic and Gulf Coastal Plain

stretches from Cape Cod in easternmost Massachusetts to the international

boundary along the Rio Grande of Texas (fig. 1). The province includes

the island boroughs of New York City, much of Washington, D.C., and the

metropolitan areas of Camden, N.J.; Wilmington, Del.; Norfolk, Va.; New

Orleans, La.; Memphis, Tenn.; and Houston, Texas. Its industries are

diverse in kind and very large in aggregate "volume." As in glaciated

Appalachia, water-supply requirements of the province range from small

and dispersed in many rural areas to very large and sharply focused in

the most populous, the industrial, and the irrigated areas. Even in the

northern part of the province, sizable water requirements are emerging

in rural districts as more and more farmers irrigate to bring their lands

to fullest productivity at a desired time. A fuller general description

is presented by Le Grand (1962).

Even though geographic reach of the province is so great, climate

varies only moderately. Virtually all the province is subhumd or humid;

no extensive area is semiarid or arid. Yearly precipitation is about

from 40 to 45 inches on the Atlantic plain and from 50 to 65 inches on

the Gulf plain except in Texas, where precipitation diminishes westward

to about 20 inches. Vegetation being lush except in the northernmost

part of the province, the evapotranspiration is fairly heavy and

potentially exceeds precipitation in southernmost Florida and in Texas.
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Runoff is somewhat more than 20 inches yearly in the extreme north

in New Jersey; diminishes southward to somewhat less than 10 inches in

the Carolinas, Georgia, and central Florida; increases to about 15 inches

locally in south Florida; generally is 30 inches or somewhat more in

westernmost Florida, across coastal Alabama, and into Mississippi; then

diminishes westward to about 15 inches at the Louisiana-Texas boundary

and to 1 inch or less in southernmost Texas. (Piper, 1965, pl. 1-3).

In geologic terms, the coastal plain is the upper surface of a great

wedge of relatively young sedimentary deposits that thicken seaward and,

at least in the upper part, are unconsolidated or weakly consolidated.

In age, the deposits range from Jurassic to Recent, and even historic

as in the extensive delta of the Mississippi River. Except possibly at

depths exceeding a few thousand feet, they are little deformed and in

general dip very gently seaward. Their lithologic and hydrologic charac-

teristics are summarized below by successive sub-provinces, largely as

adapted from Love and Hoover (1960, p. 4, 6-13) and McGuinness (1963,

p. 64-77).

Atlantic plain.--Along the Atlantic coast from Cape Cod southward

across the Carolinas, maximum drilled thickness of coastal-plain deposits

is 10,054 feet, in a test well near Cape Hatteras, North Carolina. There

the underlying rock was crystalline, as in the Piedmont sub-province of

unglaciated Appalachia, already described. Generally in this reach the

coastal-plain deposits include unconsolidated and interlaminated clay,

silt, sand, gravel, marl, and some limestone. On Long Island (New York)

and in adjacent New Jersey, the deposits are mantled extensively by

glacial deposits--largely sand and gravel outwash, but some clay and till.



On Long Island and in New Jersey, several sand and gravel members

in both the glacial and the coastal-plain deposits are tapped for water,

extensively and to depths in the order of 1,000 feet. The coarser aquifer

materials commonly yield 100 to 500 gpm or even more to individual drilled

wells; the finer sands, a few tens of gallons per minute. From these

sources, aggregate withdrawal as of 1960--for municipal, industrial,

irrigation, rural-domestic, and stock supply--was nearly 400 mgd in New

Jersey and 310 mgd on Long Island. Generally the water is low to moderate

in dissolved solids and neutral to slightly alkaline; hardness and iron

content vary from low to high and locally the water is corrosive. At

depths greater than about 1,000 feet, and downdip in virtually all

aquifers, the water is salty. Notable hydraulic discontinuities exist

among the several aquifers, but their magnitude and geographic reach are

obscured by effects of the widespread withdrawals. Management of the

aquifers--by artificial recharge (chiefly on Long Island) and constraints

on the spacing and withdrawal rates of wells--currently seeks to halt the

movement of salt water updip. (See deLaguna and Brashears, 1948; Graham,

1950; Suter and others, 1949.)

In Delaware the coastal-plain deposits appear to be potentially

nearly as productive as in New Jersey and on Long Island. Features of

ground-water occurrence are described by Marine and Rasmussen (1955) and

by Rasmussen and others (1960).

-124-



In the vicinity of Washington, D. C., the coastal-plain deposits are

largely clay and contain only a few, poorly productive aquifers; locally

a well must penetrate them 300 to 400 feet to obtain the few gallons a

minute needed for a household supply. Relatively close at hand, in the

vicinity of Baltimore, the deposits are of greater mean permeability,

even though they are far less productive than in New Jersey. Locally,

the aquifers have been contaminated by salt water from the estuary of the

Patapsco River and by industrial wastes (Bennett and Meyer, 1952). To the

south, in southeast Virginia, most of the water in coastal-plain aquifers

is slightly saline. Presumably this segment of the Atlantic plain is the

least promising for large ground-water supplies.

Across the Carolinas and Georgia, stratigraphy and hydrology of the

coastal-plain deposits change somewhat progressively to those that

characterize Florida. Representative features are described by Callahan

(1964), Siple (1957), and Wait (1962). Noteworthy is the proven existence

of fresh water at 2,880 feet below land surface at Parris Island, S. C., in

a 3,454-foot well. At no greater depth is fresh water known or inferred to

occur along all the Atlantic coast.

Florida.--All Florida is underlain by coastal-plain deposits, which

have not been bottomed by several tens of exploratory wells more than

10,000 feet deep. The deepest of these--14,455 feet, near the southern

tip of the State--was largely in limestone and dolomite with some gypsum

and anhydrite. The "panhandle" segment of the State has sandstone and

shale interfingered with limestone.
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The upper part of this limestone constitutes a very productive source

of fresh water, possibly the most productive ground-water source in all

the United States. As of 1960, withdrawal was about 1,500 mgd; most of

this was from the so-called Biscayne and Floridan aquifers and three-

fourths was formunicipaland industrial supply. Salt water fills the

Floridan aquifer locally, chiefly south of Lake Okeechobee, and generally

saturates all permeable zones at depth or offshore. Thus, the State's

ever-present necessity in water management is to constrain the spacing

and withdrawal rates of wells so that salt water is neither drawn updip

nor drawn in from tidal estuaries, drainage canals, or other canals.

Such control becomes urgent in periods of less-than-average precipitation.

Generally the fresh-water aquifers must be guarded also from contamination

against negligent disposal of domestic or industrial wastes. (See Cooper

and Kenner, 1953; Kohout, 1961; Parker and others, 1955; and Stringfield,

1936.)

Central Gulf area.--In the central segment of the Gulf Coastal Plain--

Alabama, Mississippi, Louisiana, and the inland reach of the so-called

Mississippi Embayment into Arkansas, Tennessee, and Kentucky--both coastal-

plain deposits and overlying Quaternary deposits yield ground water. The

latter are the more extensively developed and productive, especially in

the lower basin of the Mississippi River. They include the tongues of

alluvium that floor valleys of the major perennial streams in all States

of the area and--in Arkansas, west-central Mississippi, and Louisiana--

analogous tongues in former valleys now buried. Although generally not

so thick, these alluvial deposits have been penetrated by wells to depths

as great as 700 feet.
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Individual wells in the Quaternary deposits commonly yield several

hundred gallons per minute; the most productive, about 4,000 gpm.

Aggregate pumpage is several million acre-feet yearly, of which most is

for irrigation (principally irrigation of rice in Louisiana and Arkansas)

and for industrial cooling. Despite the widespread heavy draft, however,

the alluvial deposits have not been unwatered extensively except in the

Grand Prairie area of Arkansas.

The coastal-plain deposits thicken southward and may be generally

more than 30,000 feet thick along the shore. They have been explored by

wells as much as 15,729 feet deep in Alabama, 20,450 feet in Mississippi,

and 22,570 feet in Louisiana. In general they consist of intertonguing

and lenticular beds of clay, silt, sand, gravel, marl, and limestone; the

marl and limestone are more plentiful toward the east and at the greater

depths. All are poorly consolidated to some 10,000 feet below land

surface. Tens of salt domes occur at depth in the deposits in Mississippi

and Louisiana (and Texas).

The aquifers are the beds of sand, gravel, and limestone that nearly

everywhere are interspersed in the clay and silt. Commonly they yield

from a few tens to several hundred gallons of water per minute to single

wells and contain fresh water to depths that range from 1,000 feet or

somewhat more in Alabama to a known maximum of 3,550 feet in Louisiana.

By inference, however, the several water-bearing zones that generally are

encountered in each well are under substantially different heads. More

particular descriptions of the ground-water features are presented by

Carter and others (1949, in Alabama), Stephenson and others (1928, in

Mississippi), and Rollo (1960, in Louisiana).
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Salty water occurs locally near the coast in strata that generally

yield fresh water elsewhere, intervenes locally between fresh-water

aquifers both above and below, and occurs commonly at depth and downdip.

Locally the coastal-plain deposits yield little water within a crescent-

shaped belt that swings from west-central Alabama into northeast

Mississippi, also rather extensively in central and northwest Louisiana.

Texas and southeast Oklahoma.--In the westernmost segment of the

Gulf Coastal Plain, in Texas and southeast Oklahoma (fig. 1), the coastal

plain separates into bands that are alternately prolific and relatively

barren as producers of ground water. Also, in this segment the inland

margin of the plain is in part determined by geologic structure rather

than by simple stratigraphic overlap--specifically, the margin in west-

central Texas is the Balcones fault escarpment, along which the coastal

plain abuts the Edwards Plateau. Farther north the margin becomes

physiographically indistinct.
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The margin being so defined, the belt of coastal plain farthest

inland is generally rather barren of ground water. To the southeast,

the Wilcox group and the Carrizo sand of Eocene age, chiefly the Carrizo,

consistently yield fresh water freely to a maximum depth that probably

exceeds 6,000 feet. They dominate a belt that is about 75 miles wide

near the Rio Grande, narrows to about 25 miles midway across the State,

widens gradually to about 70 miles, then abruptly to about 125 miles near

the Texas-Louisiana boundary. Next in succession to the southeast is a

belt of slight water productivity about from 12 to 60 miles across. Next

is a productive belt about from 40 to 90 miles wide which comprises at

least six water-bearing zones and which locally extends to the coast.

In this particular belt and over a reach of some 25 miles northward from

the Rio Grande the aquifers are indifferently productive or contain salty

water. Finally, discontinuously along the coast in a belt roughly 20 miles

wide, the coastal-plain deposits yield poorly or are saline.
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Locally the productive aquifers have been and are pumped very

heavily for municipal supply, for irrigation of rice, and for industry.
Texas,

Outstanding is the Houston-Pasadena-Baytown area,/ which is among the most

heavily pumped ground-water areas in all the United States, and from which

pumpage was about 200 mgd in 1959. In three adjacent irrigated areas,

pumpage in 1959 was nearly 300 mgd. Draft so heavy raises diverse water-

management requirements--to determine, and heed, maximum sustained-yield

capabilities of individual aquifer systems; to constrain movement of salt

water landward from the Gulf and upward from deep permeable zones; and to

abate or preclude negligent disposal.of possible pollutants, both those

of natural origin and those generated by man. Ramifications of these

requirements would reach far beyond the scope of this report.

Recharge of the Grand Prairie region, Arkansas

Location and extent.--Reference has been made to the extensive

depletion of ground-water storage beneath and adjacent to the Grand

Prairie, Arkansas, owing to prolonged and heavy withdrawals to irrigate

rice. The area of concern is a component of the extensive lowland that

contains the Mississippi River and the terminal reaches of major tributary

streams, in the north-central part of the Mississippi embayment (fig. 6).

The area of particular concern is about 35 miles wide by 100 miles long

and trends about N. 30' W. across the Prairie, through Stuttgart, Arkansas.
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Figure 6.--Deposits of Quaternary age (stippled). in the Grand Prairie,
Arkansas, and contiguous areas
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- 131-





Hydrologic and geologic setting.--In the area of particular concern,

the Prairie is underlain immediately by deposits of Quaternary age (Recent

and Pleistocene ages undifferentiated) which comprise two general units:

(1) a relatively impervious upper zone, silt and clay, from 5 to 60 feet

thick; and (2) a lower zone, sand and gravel in which thin lenses of silt

and clay are interspersed, from 25 to 140 feet thick. The whole is from

75 to 200 feet thick. In the lower part, beds of sand and gravel make up

the principal aquifer in the Grand Prairie region (Sniegocki, 1964); mean

permeability is moderately large, about 2,000 meinzers.

Throughout the area, the Quaternary deposits are underlain by strata

of Tertiary age which include, in succession downward: (1) the Jackson

group, 100 to 350 feet thick, clay and sand with intercalated lignite,

not a source of water; (2) the Claiborne group, 750 to 1,400 feet thick,

sand with clay streaks and lignite, a source of water for deep wells,

typical permeability 800 meinzers; (3) the Wilcox group, 850 to 1,200 feet

thick, sand and clay with chalk and lignite, the sand yielding water that

probably is salty in large part; (4) the Midway group, 450 to 750 feet

thick, plastic clay with marl and limestone, not a source of water.

Under natural conditions, the lower zone of the Quaternary deposits

was saturated with water that generally was confined by the impervious

upper zone. It is inferred that this "shallow" aquifer system was semi-

perched above the "deep" system in the Claiborne group. For several

decades the shallow aquifer system has been pumped heavily for irrigation,

chiefly about 150,000 acres of rice. Draft has been much more than inflow,

which has been estimated to be about 135,000 acre-feet yearly (Engler,

Thompson, and Kazmann, 1945).
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Owing to the overdraft, as of 1954 the shallow aquifer system had

been partly unwatered over some 350,000 acres, its water level had

declined as much as 65 feet in the vicinity of Stuttgart, and about

2,000,000 acre-feet of water had been "mined." Locally, the saturated

thickness of aquifer had diminished so much that wells no longer yielded

sufficient water for economic irrigation. Feasibility of accelerating

recharge into the shallow aquifer system, by injection through drilled

wells, has been studied recently.

Contingent nuclear application.--As an alternative device for

accelerating recharge into the shallow aquifer system of the Grand Prairie

region, the standard collapse-chimney and subsidence-crater features of

a nuclear detonation offer some promise. However, this presumes that, in

the unconsolidated Quaternary deposits that form the system: (1) collapse

and subsidence would proceed in their standard dimensions (Piper and Stead,

1965, p. 30-39), and (2) collapse would impart substantial vertical

transmissibility to the upper zone of the deposits. The presumptions

would need to be proven by adequate preliminary tests.

In this contingent nuclear application, it would be desirable not

to disturb the deep aquifer system in the Claiborne group--in particular,

the Sparta sand member of the group--and yet produce a chimney and crater

of maximum radius. Hence, detonation would be as near the base of the

Jackson group as is feasible, at depths no greater than about 500 feet.

Thus, explosive energy would be little, if any, more than one kiloton.

Standard chimney radius would be no more than 50 feet, and subsidence-

crater volume no more than 10 acre-feet. Should the nuclear technique

succeed, tens of detonation sites would seem to be needed.
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Other potential nuclear applications

Throughout the province here considered, the common productive

aquifers are limestone or sandstone, in alternation with confining

strata of claystone or siltstone. Commonly several aquifers at differ-

ent depths below land surface are known or reasonably can be inferred.

Also commonly, heads on individual aquifers are known or inferred to

differ by tens of feet. Under such conditions the most likely appli-

cation of nuclear detonation would be to breach a confining bed or beds,

to the ends of accelerating recharge or of increasing the water yield

obtainable at a particular site. There are, however, three general

hydrologic limitations: (1) Because the coastal-plain deposits, to

depths reached ordinarily by water wells, generally are consolidated

weaklyor not at all, it is not certain that either a rubble chimney or

a throwout crater would form in standard dimensions or that a subsidence

crater would not form in lieu of a rubble chimney (Piper and Stead, 1965,

p. 21-45). (2) Effectiveness of any confining-bed breach might depend

very largely on the transmissibility, at some remote point, of one or

another of the aquifers connected by the breach(Piper and Stead, 1l65, p. 62-67).

Commonly the transmissibilities are not known in sufficient precision

that feasibility of a detonation project can be judged without intensive

pre-shot exploration. (3) Saline water being commonplace at depth or

downdip, negligent breaching of a confining bed could "trigger" salt-water

invasion of a fresh-water body. Again, commonly the feasibility of a

detonation project cannot be assessed without intensive pre-shot exploration.

Two representative possibilities for nuclear detonation are outlined

below. They have a common objective: accelerated recharge. Counterpart

situations should be numerous elsewhere in the province.
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In east-central North Carolina, near the city of Washington, pit

mining of phosphate rock is about to begin at a site along the Pamlico

River. Plans call for the pit site to be dewatered by pumping ground

water, initially at a rate somewhat greater than 60,000 gpm. It is

expected, however, that prolonged pumping at a rate so great would cause

salt water extensively to invade the fresh-water aquifer in areas adjacent

to the pit site, unless recharge in those adjacent areas can be, andis,

accelerated.

In the area of interest, the stratigraphy and water conditions of

the coastal-plain deposits are as follows:

Thickness,
feet

Land surface

50 Sand, saturated nearly to land surface,

water table 35-45 feet above sea level.

100 Clay, confining bed

50 Limestone, confined aquifer which is a
principal fresh-water source locally,
static water level 25 feet above sea
level or 10-20 feet below the water table.

800-1,400 Sand and clay in alternation, "sands"
water-bearing, static water level
generally lower in the deeper strata.

In principle, breaching one or more of the clay beds could lead to

accelerated recharge by under-draining higher strata into lower strata,

especially a breach of the 100-foot-thick clay that separates the shallow

sand from the underlying limestone. A breach by throwout crater might

be scaled to reach any depth desired, but an effective breach by rubble

chimney seems not feasible because a detonation of sufficient energy to

rupture the 100-foot-thick clay bed would not be contained.
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Beyond these gross considerations, effectiveness of detonation would

be determined by relative transmissibilities of the several aquifers.

These transmissibilities are not known in sufficient detail that effective-

ness can be judgedat this time.

The second representative situation involves the vicinity of Macclenny,

about 20 miles west of Jacksonville, northeast Florida. The generalized

stratigraphy and water conditions are as follows:

Thickness,
feet

Land surface

50-150 Sand, shells, silty clay, sandy clay, and
friable limestone that constitute a

shallow aquifer system. The limestone
yields moderate to locally large amounts

of water. Saturated; water table near
land surface and 75-100 feet above sea
level.

400 Clay and marl (Hawthorn formation), regional

confining bed.

300 Limestone, massive to granular (Ocala group)

upper part of so-called Floridan aquifer
and principal source of water in the area;
static level 55-60 feet above sea level and
20-40 feet below water table.

50-75 Dolomite, massive, in alternation with crystalline
dolomite and granular limestone (Avon Park
limestone); massive dolomite is a confining
medium.

> 500 Granular limestone and massive to finely
crystalline dolomite (Lake City and Oldsmar
limestones), lower part of Floridan aquifer
and potentially the greatest source of water
in the area. Massive beds confine water
locally.
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The site here of concern intervenes between an area of natural

recharge to the south and west, where the regional confining bed is

thin or discontinuous, and the Jacksonville area.from which 150 to

200 mgd is withdrawn. Locally, this withdrawal has dissipated some

of the head on the Floridan aquifer system.

Here, the objective of nuclear detonation would be to breach the

regional confining bed above the Floridan aquifer system. In effect

this would enlarge the natural recharge area toward the area of principal

withdrawal at Jacksonville, and would under-drain the shallow aquifer

system. Hopefully, this effect of detonation would compensate some of

the head loss in the Jacksonville area; multiple detonation conceivably

might compensate substantially all that loss.

A standard rubble chimney of sufficient height to breach the regional

confining bed seems unattainable--the required energy of about 10 kilotons

would not be contained. On the other hand, a standard throwout crater of

maximum volume would, in principle, be made by a 60-kiloton detonation at

the top of the Floridan aquifer. In such a crater, the wall would transect

all the shallow aquifer system and about the upper 40 percent of the

regional confining bed; the column of fallback, below the floor of the

"apparent" crater, would transect the lower 60 percent of the confining

bed.
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Obviously, practicability of nuclear detonation at the representative

two sites just described, and generally throughout the coastal-plain

province, depends on the dimensions of cavity, chimney of collapse, or

crater that would be produced in the ill-consolidated sediments involved.

These dimensions, for such sediments, are not established closely by

information at hand. This information is especially deficient in regard

to bulking of collapse-chimney rubble, which determines vertical height

of a chimney and, indirectly, determines whether a subsidence crater

forms at land surface. Tests to verify this and other fundamental dimen-

sions would need to precede any decision to detonate at full scale.

Should the effects of detonation in coastal-plain sediments prove

to have dimensions approximating those taken as standard for rocks that

are thoroughly consolidated (Piper and Stead, 1965), numerous potential

applications in the Atlantic and Gulf Coastal Plain province seemingly

are best suited to a throwout crater of minimum diameter and volume, but

maximum downward reach of fallback column. Such a product of detonation

would entail emplacing the explosive at a depth intermediate between that

for full containment and that for maximum crater volume. Criteria for

scaling the effects to be expected from emplacement at such intermediate

depths are desirable.
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Being populous and extensively industrialized, the Atlantic and

Gulf Coastal Plain province is and will be a source of intractable

wastes whose safe disposal is mandatory. Injection into saline-water

strata, by means of a deep rubble chimney to minimize the necessary

injection pressure, suggests itself. However, it should be presumed that

each such disposal potentially would jeopardize a part of the fresh-water

resource unless the contrary is proven beyond any reasonable doubt, by

rigorous demonstration that hydraulic connection between disposal site

and fresh-water source is impossible. Rarely will such demonstration be

easy or convincing.
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RESTRICTIONS ON PRACTICABLE DETONATION

General aspects

As an acceptable tool in managing ground water, nuclear detonation

seems probably limited to areas and typical sites such as those identified

by the canvass here summarized, according to the principles and criteria

stated elsewhere (Piper and Stead, 1965). Even further restrictions on

practicable detonation derive from: (1) some uncertainty as to dimensions

of cavity and collapse chimney formed by a detonation at depth; (2) side

effects of detonation--ground motion, air blast (if any), and dispersal of

radionuclides produced by the detonation; (3) comparative economics of

nuclear v. conventional methods; and (4) legal considerations. For each

of these restrictions, a general perspective is developed below.

Geometry of rubble chimneys

As has been stated, the effect of nuclear detonation most likely to

be applicable in managing ground water seems to be the rubble chimney.

To be successful, however, some such applications would require that the

chimney, in its upward run, be constrained within a particular stratigraphic

zone and that it not overbreak excessively, either upward or downward. Such

constraint implies ability to predict closely the dimensions of the chimney

resulting from a detonation of the designed energy yield in a particular

rock medium. Recent experience and studies have increased confidence in

predictions of cavity (and chimney) radius, but have somewhat diminished

confidence in predictions of chimney height. Relevant aspects of this

recent experience are summarized next.
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Thus, it had been presumed that (Piper and Stead, 1965, p. 21), on

detonation at non-venting depth in virtually all non-fragmental rocks:

(1) There would form a nearly spherical initial cavity whose standard,

or mean, radius was indicated adequately by the simplified equation

R =K.W/3R v = K l.W ..3. 0. . 0.0.0. 0 . 0. 0. 0
cv 1

in which Rc = radius of cavity

K = a multiplier, 14 for a dimension in meters and

45 for a dimension in feet. (This multiplier, and

analogous multipliers to follow, collect all

relevant dimensions, as well as the effects of

variables not expressed in the formula.

W = explosive energy, in kilotons

(2) By progressive collapse of the cavity roof, a rubble-filled chimney

would form in a diameter approximately the same as that of the initial

cavity and in a standard cylindrical height close to four cavity radii.

This presumption of height implied that, in the rubble, the porosity

imparted by collapse averaged about 25 percent of the bulked volume--that

is, according to the general experience of mining and quarrying.
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These standard dimensions were taken as the common, approximate

"yardstick" in the preceding canvass of potential nuclear-explosive

applications, without regard to petrologic differences in rock medium

from one site to another. Thus, dimensions experienced on detonation might

be expected to differ from the standard within ranges of + 30 percent of

standard cavity radius, between +100 and -75 percent of standard cavity

volume, and about by a factor of + 2 for cylindrical height of collapse

chimney (Piper and Stead, op. cit., p. 23, 36-37).*

*The writer takes the "height" of a collapse chimney to be the
vertical distance by which the roof of the initial cavity runs upward--
that is, he excludes not only the half of the initial cavity which is
below shot point but also a conventionalized hemispherical top which is
equivalent in volume to the upper half of the initial cavity. So measured,
height is one cavity-radius less than as reported commonly by Lawrence
Radiation Laboratory.

The possible effects of petrologic differences in rock medium had been

taken into account partially by Boardman, Rabb, and McArthur (1964), who

scaled cavity radius by the equation:

W1/3
R = K (h) . . . . ... . . . . . . . . . . . (2)

cv 2 (ph)

in which K 2 = an unique multiplier

p = mean density of the medium, above point of detonation,

in grams per cubic centimeter.

h = depth of burial in meters
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Mean values of the multiplier, K2, for a cavity radius in meters,

were derived to range from 78.1 for tuff (10 detonations), 65.9 for

alluvium (15 detonations), 63.6 for halite or rock salt (1 detonation),

to 60.6 for granite (2 detonations). Thus, cavity radius in a relatively

dense medium such as granite would be some 13 percent less than in a low-.

density medium such as tuff. In a particular medium, there might be

expected a variation of about 15 to 20 percent from the standard cavity

radius and, consequently, about 50 to 70 percent from the standard cavity

volume. Also, with detonation at 1,000 meters depth, radius would be

66 percent of that with detonation at 200 meters.

As between the preceding two equations, (2) indicates cavity radii

moderately the larger in a low-density medium and at minimum depth for

containment, but the smaller in all mediums at the greater depths of

detonation.

In equation (2), the exponent in the denominator derives from a

principal thermodynamic characteristic for the expanding gas (vaporized

rock medium) by which the cavity is formed--specifically, from the so-

called adiabatic-expansion coefficient which is the ratio of specific heat

at constant pressure to specific heat at constant volume. A mean value of

the coefficient--1/4 or 0.250--is assumed from somewhat meager data on

gases other than vaporized rock.
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Very recently, Higgins and Butkovitch (1967) have further modified

the cavity-radius formula in two ways, in the form of:

Wl/3
R =K ____ .. (3)cv 3 ~)'.............3

wl/3
and R = K .B ._ . . . . . . . . . . (4)

cv 4..(ph). . .

These formulas introduce (1) two multipliers, K and K4, each unique to

its particular formula; and (2) a variable exponent in the denominator,

a, rather than the invariable exponent of equation (2).

The exponent o! is most significant. As in the original derivation

of equation (2), it equals 1/31 in which Tis the adiabatic-expansion

coefficient previously cited. However, it is derived by Higgins and

Butkovitch from thermodynamic computations for particular components of

the common rock mediums, with these conclusions: (1) for all dry silicate

rocks, the value of the exponent may be taken as very near 0.327; (2) for

dry rock salt, 0.311; (3) for dry dolomite, 0.329 or virtually the same

as for silicate rocks; (4) water contained in the rock medium diminishes

the exponent substantially, in silicate rocks to 0.299 at 10 percent

water (by weight) and to 0.271 at 30 percent. Thus, all values exceed

the invariable exponent of equation (2).

Assuming dimensions in meters, mean values of the multiplier K3 in

equation (3) range from 89 for alluvium (30 detonations) and dolomite

(1 detonation), 96 for tuff (11 detonations) and rock salt (2 detonations),

to 103 for granite (2 detonations). Expectable variation of dimensions

in a particular medium is about the same as for equation (2)--that is, as

much as 20 percent from standard cavity radius and 70 percent from

standard cavity volume.
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The term B, not here explained in detail, collects variables that

account for effects of the thermodynamic properties of the rock medium,

except those expressed in the exponent a. Numerical value of the term

ranges from 0.939 for alluvium, 0.975 for tuff, 0.986 for salt, to 1.03

for granite (Higgins and Butkovitch, op. cit.). Thus, the residual

multiplier, K4, approaches a true constant that expresses only dimension.

To this near-constant, Higgins and Butkovitch assign the fixed value of

100; as recomputed by the writer, their data from 45 detonations indicate

a mean value of 95 + 1.2 ( = 7.9).

Higgins and Butkovitch conclude that: (1) Radius of cavity (and

chimney) is determined--within expected errors in measuring the several

factors--by energy of detonation, depth of detonation, density of the

rock medium, and water content of the rock medium. (2) There is no

convincing evidence that cavity radius is influenced by shear strength

of the medium, unless such strength is a simple function of some property

of the medium that is accounted for in equation (4)k-most likely a function

of depth of detonation. If such a functional relation should exist, the

effect of strength of medium would be concealed in the multipler, K4.

Thus, when properties of the medium are.known in sufficient detail,

radius of cavity and chimney now can be projected within relatively close

limits, according to designed yield and depth of the detonation.
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At this time, however, chimney heights in non-fragmental rocks are

predictable only approximately--roughly between one-half and double the

mean for the particular explosive energy. This uncertainty must relate

to some physical property or properties of the rock medium, but such

properties have not been discriminated. Criteria for narrowing the

uncertainty seemingly await appropriate studies or tests. Until such

criteria are at hand, feasibility of the rubble chimney as a tool for

managing water is doubtful in those instances that upward run of the

chimney must encompass all of, or be constrained to, a designed strati-

graphic zone.

As a case in point, consider the rubble chimney or chimneys to

intercept brine discharge along the eastern edge of the Permian Basin

(p. 67). Here, exceedingly stringent limitations on chimney height

would apply. Specifically, the ideal chimney would transect all the

strata from which brine discharges at land surface, but would not over-

break upward into the overlying zone of fresh water from which numerous

small but indispensable supplies are drawn locally. Further, in the

Brazos River basin in particular, the fresh-water zone is relatively thin

and affords a minimum thickness of cover to contain a detonation. These

features of the physical environment leave virtually no room for error in

predicting upward run of a rubble chimney. So precise a prediction of

chimney height being impossible at this time, as has been stated, the

whole concept of chimneys as brine interceptors in the Brazos River basin

becomes untenable.
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Ground motion

Public acceptability of an underground nuclear detonation would

depend to a considerable degree on severity of the resulting ground

motion, and so on severity of the damage to structures on the land

surface. Potential for such damage is considerable in any population

center adjacent to a detonation site. In this connection, a population

center commonly is taken to comprise 200 or more persons residing within

an area of one-half square mile.

Potential for damage to structures is a subject much too complex

to be resolved within this summary report. The parameters include not

only the vibration frequency of each particular structure, but also the

frequency, amplitude, and duration of the ground motion. These several

aspects of the motion vary with energy of the detonation and distance from

shot point, also according to the kinds and spatial distribution of earth

materials between shot point and structure. Thus, only mean, order-of-

magnitude limits of damage potential are here summarized, with the

acknowledged hazard of over-simplification. In some situations the

structures expected to be most sensitive to damage would be dwellings of

ordinary frame construction; in- other situations the reverse might apply,

with greatest sensitivity in masonry or high-rise buildings or structures

such as an oil or gas pipeline, aqueduct, or bridge.
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Severity of the ground motion from a buried explosive is scaled

commonly in terms of the maximum velocity imparted to a particle at land

surface (Langefors, Kihlstrom, and Westerbert, 1958; Edwards and

Northwood, 1960; Duvall and Fogelson, 1962; Cauthen, 1964; and Mickey,

1964), or in terms of the acceleration of such a particle (Beers, 1966).

In these terms the threshold of perceptibility of ground motion has been

taken commonly at an acceleration of about 0.001 gravity unit (which unit

is 980 cm/sec2 or 32 ft/sec2), or a velocity in the order of 0.1 cm/sec.

Onset of minor damage to dwellings of ordinary frame construction--such

as opening of old cracks in plaster, forming new fine cracks, or dislodging

loose bricks--formerly had been taken generally at a particle-velocity

threshold of from 8 to 11 cm/sec. A "no-damage" limit was proposed by one

investigator to be set at 5 cm/sec. On the other hand, damage sufficient

to weaken the dwelling structurally, so that continued occupancy would be

hazardous, was found to require a particle velocity five- to ten-fold

greater than the minor-damage threshold.

In terms of acceleration, the foregoing limits would translate,

approximately, to about 0.07 g (gravity unit) for no damage, 0.15 g at

the minor-damage threshold, and 1.0 g or more for structural weakening.
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Contrasting with the limits just summarized--limits which derive

largely from the effects of blasting with chemical explosives--early

reports from the recent nuclear experiment near Hattiesburg, Miss.,

attributed cracked plaster and concrete-slab floors in buildings sub-

jected to a particle velocity of about 0.5 cm/sec or an acceleration

somewhat less than 0.01 g (Stead, F. W., 1967, written communication;

Lawrence Radiation Laboratory, 1967). Later analysis derived a particle

velocity of 1.1 cm/sec at Hattiesburg and did not substantiate damage to

concrete floor slabs (Kinnaman, R. L., written communication, 1968). At

Hattiesburg, the geologic setting was atypical in that detonation was in

one of several salt domes thrusting up into weak rocks of sedimentary

origin. Seismic-propagation velocity in the salt was considerably greater

than in the sediments. This beingso, conceivably the shock waves of the

nuclear experiment could have refracted at the uneven upper surface of

the salt mass and, seemingly, have propagated at anomalously large

velocity in the sediments.

Current planning for the "Bronco" experiment contemplates a minor-

damage threshold at an acceleration of 0..02 g--that is, at a particle

velocity somewhat less than 1 cm/sec (Kinnaman, Hendricks, and Johnson,

1967). Although this contempleted threshold is one-fifth as large as had

been generally accepted, it conforms to the final analysis of experience

at Hattiesburg. No threshold more tolerant seems warranted until evidence

from future experiments demonstrates that Hattiesburg is indeed anomalous.
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Ground motion caused by a fully contained detonation varies according

to the properties of the containing and transmitting mediums, by a factor

as great as 5 at the damage threshold of 0.02 g. It is least in dense

massive rock and greatest in a thick body of fragmental material such as

alluvium. Also, it attenuates with increasing radial distance from shot

point, about inversely as the square of the distance. Following equations

(5) and (6), which are modified after Kinnaman, Hendricks, and Johnson

(1967), scale acceleration and velocity, respectively, according to

explosive energy and distance from shot point.

0.7 - 2
a =k a W R . . . . . . . . . . . . . . (5)

a.
0.73 - 1.87

and v= k W R . . . . . . . . . . . . (6)
v

in which a = particle acceleration, in gravity units

v = maximum particle velocity, in cm/sec

ka = a multiplier, 0.503 for a hard-rock environment

and 1.006 for an alluvial environment.

k = a distinctive multiplier, 21.2 for the hard-rock
v

environment and 72.2 for the alluvial environmnet.

W = explosive energy, in kilotons

R = distance from shot point, in kilometers (strictly,

slant distance).

In the two equations, the respective multipliers are median values

that apply primarily to the transmitting and receiving medium; variance

among multipliers derived from single detonations is about from one-third

less to one-third more than the median. Further, the respective exponents

that apply to the terms W and R may be taken as sensibly the same in both

equations, within the variance of data thus far observed.
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Derived from equation (6), the following table shows the distances

beyond which particle velocity presumably would be less than 1 cm/sec--

that is, the minimum distances for reasonable assurance that frame

dwellings would suffer no more than nominal damage--from detonations

ranging between 1 and 500 kilotons. Distances to the outer limit of

perceptible ground motion would be about fourfold greater. On the other

hand, distance to the onset of serious, general damage to frame dwellings-

and generally of minor damage to large structures of steel and concrete--

would be in the order of one-fifth to one-tenth as great, only.

Radius of potential damage from a fully contained detonation

Energy, Hard-rock environment Alluvial environment
kilotons

Miles Kilometers Miles Kilometers

1

10

20

50

100

200

500

3.2

7.8

10.0

14.6

19.2

25.2

36.0

5.1

12.6

16.1

23.6

30.9

40.5

57.9

4.2

10.4

13.3

19.5

25.6

33.5

47.9

6.8

16.8

21.5

31.4

41.1

53.9

77.1
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Presumably, the hazard of injury to persons resulting from ground

motion would reach at least as far from shot point as the radius within

which structures are damaged extensively and loose objects are overthrown.

Obviously, injuries could be avoided by evacuating the hazardous area

before detonation. By so doing, minor damage to structures might be

acceptable if subsequent repair or indemnity was prompt. Even so, the

more populous regions of the United States would be virtually closed to

nuclear detonations of 50 kilotons or more; also, to many smaller

detonations because those smaller detonations would tend to be for water-

management effects of small scale, relatively close to a population center.

Particulars as to the ground-motion restriction on practicable detonation

at a specific site would depend obviously on details of engineering design

that are beyond the scope of this report.

Air blast

Within the scope of this report, effects of air blast are pertinent

only in regard to a venting detonation, as for a throwout crater to inject

water into ground storage. Comparatively little blast energy is transmitted

outward from shot point along the land surface. Thus, close-in blast

pressures generally are less likely to preclude a nuclear detonation than

would the intensity of ground motion, as just considered.
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Most of the blast energy is transmitted upward into the atmosphere.

There, owing to stratification according-to temperature and wind shears,

blast-energy rays bend (refract) upward wherever sound velocity decreases

as altitude increases, and vice versa. Thus, under the appropriate atmos-

pheric condition, the stronger blast-energy waves may "skip" across a zone

of silence and then return to land surface a few tens of miles or even 100

miles from shot point. In such a remote ring or rings, the energy may be

considerably focused so that minor damage to structures results, as by

cracking of plaster and breaking of glass. Such damage can be minimized

by deferring detonation until atmospheric conditions are not favorable to

the refraction of blast-energy rays as just summarized.

Full discussion of air-blast phenomena goes beyond the writer's

competence. The brief generalization presented here has been adapted

from Reed (1964).

Radionuclides produced by detonation

Of the many radionuclides produced by nuclear detonation, a part

emit radiations of such kind and energy, and have half-lives of sufficient

duration that--in natural waters, especially ground waters--they need be

considered serious biologic hazards. Among these, a few serve as key

nuclides in the sense that measures adequate to constrain hazard from the

few will suffice ordinarily to constrain the hazard from all.
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Assuming a non-venting detonation in the ground-water environment,

initial concentration of key nuclides in interstitial water of the shock

zone and the collapse chimney presumably might greatly exceed so-called

maximum permissible concentrations (Piper and Stead, 1965, p. 86-99.)

However such early concentration would diminish progressively, princi-

pally by radioactive decay and by adsorption onto the water-bearing

medium. Thus, acceptability of nuclear detonation becomes contingent on

rate of, and manner in which radioactivity would dissipate.

To generalize, nuclides having half lives shorter than about one

year ordinarily would have decayed to the "permissible" concentrations

in water withdrawn at the place of detonation after the lapse of six

months, or withdrawn at any time at a distance of a mile or more. Most

of the nuclides produced by detonation would so decay. This generalization

takes into account the amounts and the radioactivities of the several

nuclides produced. It construes a concentration to be "permissible" in

the sense of National Bureau of Standards Handbook 69 (U.S. Dept. Commerce,

1959)--that is, as the first-approximation of a standard for drinking water

to be ingested by the general population (168-hour week, 50-year term of

exposure), outside areas of "rad-safe" control. A specific radiation-

protection guide would need be determined for the particular environment

of each nuclear detonation proposed. The specific guide might be less

stringent than the "permissible" concentrations of Handbook 69, especially

if none of the water would enter food or drink.
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The preceding generalization is exemplified by the key nuclide 1131

whose half-life is 8.05 days and whose expected initial concentration in

the ground water would be about 2 x 106 greater than "permissible." Decay

alone would diminish the concentration to the "maximum permissible" within

21 half-lives after detonation--that is, somewhat less than 6 months.

Stated otherwise, in the case of nuclear detonation to create a water-

storage facility, water withdrawn at the place of detonation after a time

lapse of about 6 months would be expected to contain less than the "maximum

permissible" amount of 131 . Decay would go on likewise while water was

moving through shot point to some down-gradient place of withdrawal.

Specifically, assuming ground water to move at the extraordinarily fast

rate of 100 feet per day, the concentration of I131 would be expected to

decay to a "permissible" amount by the time the water had moved somewhat

more than 3 miles from place of detonation. Stated otherwise, in the case

of a nuclear detonation breaching a barrier to ground-water movement, water

withdrawn more than 3 miles away from the breach would be expected at all

times to contain less than the "maximum permissible" amount of I .31. In

most aquifer materials and under ordinary hydraulic gradients ground-water

flow rates are much slower than just assumed--by at least one order of

magnitude. Thus down-gradient distance from shot point to ground water

having, at all times, a "permissible" content of Il31 commonly would be

only a few tenths mile.
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Among the detonation-produced nuclides having half lives longer than

one year, H3 and Sr90 are the diagnostic two--for fission-fusion and all-

fission detonations, respectively. In this regard, relatively few deto-

nations for managing ground water appear likely in the hundreds of kilotons,

owing to environmental limitations. Detonations so large would be of the

fission-fusion type. Most detonations presumably would be of no more than

a few tens of kilotons and so could be of the all-fission type. Thus,

Sr90 would be the common diagnostic nuclide and the complications owing

to copious H3 (to be considered) would be obviated.

The half life of Sr90 is 28 years and its expected initial concen-

tration in interstitial water at the place of detonation would be about

104 greater than the "maximum permissible" in drinking water. Decay would

proceed so slowly that water withdrawn at the place of detonation would not

be suitable for human food or drink within a reasonable term of years

following detonation, although possibly suitable for other uses. Conceivably,

however, initial concentration might be diminished greatly if the chemistry

of the detonation were modified--for example, if the environment were made

oxidizing rather than reducing, with the possible consequence that Sr9 0

would in large part combine to form a silicate, presumably a silicate of

little solubility. The possibilities of modifying detonation chemistry

have been studied by Lawrence Radiation Laboratory (Johnson and Higgins,

1964, p. 44).
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Down-gradient from shot point, Sr90 would, in effect, advance at only

a fraction of the ground-water flow rate owing to exchange reactions with

materials of the aquifer--under an ordinary variety of environments, from

one sixtieth to one six-hundredth of the ground-water flow rate (Piper and

Stead, 1965, p. 108-111). Thus, in moving ground water the concentration

of Sr90 might be acceptable a few miles down-gradient from shot point.

The concentration to be expected under a particular detonation would.need

be estimated, from hydrologic features of the surroundings.

Tritium, H3 , would be the critical and diagnostic nuclide in the

few potential fission-fusion detonations. Half life being 12.26 years,

decay would need go on somewhat more than a century'before the initial

.3
concentration of H in the water of a rubble chimney and shock zone

diminished to the value "permissible" for drinking water. Generally, H3

would pass rather quickly to the oxidized form, tritiated water, and in

that form would disperse freely in the ground-water environment. Also,

it would exchange with chemically bound water of the aquifer matrix and

so would be retarded in comparison with the ground-water flow rate--

however, only from a few percent in clean siliceous sand to as much as

50 percent in an aquifer material that contained clay minerals in abundance

(Parsons, 1963).
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Generally, owing to this behavior of H3, a fission-fusion detonation

would be acceptable for ground-water management: (1) if the tritiated water

could enter food or drink, only if the aquifer system is of small perme-

ability, and the point of withdrawal is tens of miles downgradient from the

point of detonation, so tbat residence time of the tritiated water in the

aquifer would be at least a century; or (2) if the water use where wholly

separated from the food chain of humans, especially if dilution with non-

tritiated water were possible. In the latter case, it would be further

necessary that aqueous wastes from the use could be disposed of under

acceptable public-safety standards. Obviously, expected concentration and

dispersal history of H3 would need be appraised with special care in the

planning stage of each proposed fission-fusion detonation.

All the preceding discussion of nuclide concentration in ground water

pertains to non-venting detonations. In the case of a venting detonation--

for example, a detonation to create a throwout crater as a facility for

ground-water recharge--practicability might be further restricted on account

of air-borne radionuclides dispersed by the wind. Seriousness of such

dispersal would of course be peculiar to each detonation, to physical and

cultural features of the site and its vicinity, and to meteorologic conditions

at shot time. Hazard can be minimized by deferring detonation until the

meteorologic conditions are favorable. Even so, the relevent uncertainties

may be diverse and complex, much more so than can be resolved within the

scope of this report. A prototype appraisal of one hypothetical set of

such problems has been presented elsewhere (Piper, 1966).
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Clearly, the concentration and the dispersal history of biologically

hazardous radionuclides will stringently limit the practicability of

nuclear detonations for managing ground-water resources. For emphasis it

is reiterated that each proposal for such detonation must appraise the

nuclide phase with utmost care, according to relevant features of each

particular environment. In the present state of the art, a fully defin-

itive appraisal well may require both extensive and intensive exploration

of the environment surrounding the proposed detonation site.

Economic limitations

General features

In an earlier paper (1965), the writer has taken present overall cost

of a single nuclear detonation not exceeding 100 kilotons to be in the

general order of $1.5 million. That for a detonation of greater energy

yield would be only nominally more. These costs would cover not only the

current fee for the nuclear explosive itself but also a necessarily

intensive pre-detonation hydrologic appraisal, preparation of site, public-

safety measures, and post-detonation monitoring.

Cost being of such magnitude, a non-venting nuclear detonation to

create storage space.for water--either in a standard cavity, in the void

spaces of a rubble chimney, or in a standard crater-by-subsidence--would

not compete economically with conventional reservoirs on the land surface.

Generally, the economic disparity is about one order of magnitude. In

these circumstances, space by non-venting detonation would be justifiable

only by an urgency or an advantage that overrides the non-economic cost.
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On the other hand, space created by a maximum-volume throwout crater

seems currently to be potentially less costly than by conventional reser-

voir, provided that two conditions are met--specifically, if (1) volume is

more than about 10 million cubic meters (between 5,000 and 10,000 acre-

feet) and (2) substantialIy all the crater space is usable for storage,

without pumping to charge or empty the space, or both. A crater volume

exceeding 10 million cubic meters implies a detonation energy more than

about 200 kilotons. (About the same minimum energy yield seemingly applies

also to economic advantage for diversion channels, canals, and other cuts

by in-line throwout detonation.) From detonation energies so large, ground

motion and air blast commonly might be unacceptably severe, excepting only

areas at least 10 miles from any center of population or from existing

engineering works.
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Pumping to charge or to empty the crater space would introduce a

repetitive component of storage cost, a new component which would swing

the economic balance toward a conventional storage facility. On the

other hand, without such pumping, usable space in a crater commonly would

be limited upward by the highest level at which water feasibly could be

brought in by gravity flow, and limited downward by the lowest level at

which water could be evacuated by gravity. Space above the upper limit

would be inaccessible; that below the lower limit would be "dead." So

limited, usable space might be only a small fraction of aggregate space.

In water-bearing materials having substantial transmissibility, either

the upper limit or the lower limit may be fixed by the level of the water

table. Thus, the volume of usable storage space created by a venting

detonation, and its cost in comparison with that of an alternative facility

by conventional methods, are peculiar to the environmental surroundings of

each potential storage site. The economic advantage of nuclear v. con-

ventional method would need be appraised pre-shot, in each instance.
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As a recharge facility, the effectiveness of a nuclear-detonation

crater--either by throwout or by subsidence--would be in proportion to

the increased hydraulic gradient that could be imposed on the aquifer

to be recharged. Such increase would depend very largely on hydrologic

features at and in the vicinity of the detonation site, not primarily on

dimensions of the crater. Effectiveness would depend also on the increased

vertical transmissibility of earth materials between crater bottom and

aquifer, an increase which would vary according to lithology of the

materials and which cannot readily be generalized. Thus, potential

economic advantage of a nuclear crater for ground-water recharge would

be peculiar to environmental features of each site. Again, advantage

would need be appraised pre-shot, in each instance.

Rational economic limits on rubble chimneys to breach confining

strata or partitions between aquifers would, in general, be peculiar to

hydrologic and other environmental features at and surrounding each such

detonation site. The definitive feature--such as minimum transmissibility

in all the aquifer system that is involved--may be remote from the site.

Thus, a comprehensive economic appraisal would need precede each proposed

detonation, and would need compare alternative means for reaching the

desired hydrologic end--nuclear v. conventional. Commonly the conventional

will prove fully competent and less costly, freer from potentially bad side

effects, or both.
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Example of the Dakota artesian basin

Among potential opportunities for nuclear detonation to manage water,

as identified by the canvass that has been summarized, the one certainly

bolder than all others and the one seemingly offering the greatest hydro-

logic advantage is that to repressurize the Dakota artesian basin (p. 91).

This affords also a most instructive comparison of capabilities and

economics, nuclear v. conventional.

In the Dakota-basin, rubble chimneys from 240 to 900 feet in diameter

would breach strata from 200 to 1,000 feet thick so that (1) in the central

part of the basin, the Dakota and Lakota aquifers might be repressurized

and recharged from the underlying Madison-limestone.aquifer; and (2) in

the eastern part of the basin, the Dakota and Lakota aquifers might be

brought to a common, and generally greater, head. Through each chimney,

water might move from one aquifer to another with very small loss of head.

In the central part of the basin the greater head of the Madison--greater

by about 500 feet, at least locally--would be imposed on the Dakota-Lakota

with virtually no loss.

As between rubble chimneys and wells drilled by conventiona methods,

comparative effectiveness for repressurizing the Dakota artesian basin can

be assessed somewhat as follows:

1. Rejuvenated heads and recharge would spread radially from

the several chimneys or wells at rates determined very largely by

transmissibility and storage characteristics of the Dakota and Lakota

aquifers. Transmissibility of the Madison aquifer presumably would

not limit effectiveness. As the conduit for transmitting water

between aquifers, either chimney or well would have considerably

greater capability than necessary.
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2. Transmissibility of the Dakota-Lakota prbably is in the

order of 20,000 gallons per day per foot, and its storage

coefficient in the order of 1 x 104 (La Rocque, G. A., Jr., and

Swenson, F. A., oral communication, 1967). Assuming these values,

and appraisin", performance according to non-equilibrium principles

(Ferris, J. G., and others, 1962, p. 91-97, 106-110), rate of

recharge from a rubble chimney having a diameter between 200 and

1,000 feet (radius between 100 and 500 feet), presumably would be

about between 1.5 and 2.0 times that from a conventional drilled

well having a diameter between 12 and 24 inches. Clearly, the

advantage derived from the greater diameter of a rubble chimney

would be nominal only. In other terms, two drilled wells of the

diameter necessary for emplacing a single nuclear explosive could

be expected to equal the effectivenss of the largest rubble chimney,

at less cost and without the uncertainties and side effects of nuclear

detonation.

3. R. W. Stallman and F. W. Stead (oral communication, 1967)

estimate that rejuvenation of head in the Dakota-Lakota would reach

25 to 30 miles in one year, 75 miles in 6 years, and 100 miles in

13 years. At 75 miles--that is, at the general distance from

(1) the area in which the Madison and Lakota-Dakota aquifers are

inferred to be in overlapping contact (fig. 4) to (2) the James

River valley, which is the principal area of withdrawal from the

Lakota-Dakota--rejuvenation would be about 15 feet after 10 years

ad 100 feet after a century. Relative diameter, rubble chimney v.

conventional drilled well, presumably would have little effect on

these rates of rejuvenation.
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4. In estimating the effects here summarized, it is assumed

that rubble chimney or conventional well would penetrate the full

thickness of the Dakota-Lakota aquifer and all or a considerable

part of the Madison aquifer. Complete penetration obviously could

be certain in the case of a drilled well but, owing to major

uncertainty as to upward run of a collapse chimney, most uncertain

in the case of a nuclear detonation.

5. In concept, rubble chimneys of the dimensions contemplated

for repressurizing the Dakota artesian basin would involve deto-

nations having energy yields from a few hundred kilotons to possibly

a few megatons. Even with population centers dispersed as in

central and eastern South Dakota, sites that would both accommodate

detonations so large and satisfy hydrologic requirements are not

readily identifiable.

From the comparisons here summarized, feasibility of repressurizing the

Dakota artesian basin is not contingent on rubble chimneys by nuclear

detonation. Substantially the same results seem attainable by conventional

drilled wells at less cost, with greater certainty, and without disadvan-

tageous side effects.

Repressuring the basin is a recent concept, originating in the

demonstration by Swenson (1966)- of the stratigraphic and hydrologic relation

between the Dakota-Lakota and the Madison. The concept, with conventional

drilled wells seemingly the most likely means to the end, remains credible.
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Legal considerations

Obviously, a nuclear detonation could involve the risk of liability

for immediate injury to persons or damage to structures caused by ground

shock in the case of a non-venting detonation, or by air blast or dispersal

of air-borne detonation product- in the case of a venting detonation. In

respect to j uund shock, reasonably definitive criteria, which have been

summarized, indicate the necessary remoteness of a detonation from structures

that might be damaged, according to energy yield of the particular detonation.

Effects of air blast may range substantially according to meteorologic con-

ditions at time of detonation, as has been stated. Criteria, again

reasonably definitive, are at hand by which to foresee and await favorable

conditions. Thus, means are at hand for minimizing the liability arising

from ground motion or air blast.

Standards by which to measure injury or damage arising from ground

shock, air blast, or air-borne detonation products are currently neither

universal nor reasonably precise. Thus, extent of the liability risk so

generated would at this time be difficult to ascertain.

Beyond that which relates to immediate and local effects of a nuclear

detonation, is the additional risk of liability that might arise from

delayed or prolonged impairment of the rights of individuals in water bodies

whose natural behavior was modified. To measure the extent of such infringe-

ment would, at the least, require comprehensive and exhaustive appraisal of

hydrologic conditions both before and after detonation. Even so, results

could be inconclusive and extent of the liability risk not determinable.
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CONCLUSION

Nuclear detonation may yet become an accepted tool in managing

water, most probably in one of the several ways that have been summar-

ized. Admittedly, however, relevant information on the phenomena

associated with detonation is, in certain aspects, not sufficiently

definitive. Also, environmental, economic, and legal limitations are

stringent. In consequence, nuclear detonation may prove to be practi-

cable only in most unusual circumstances.

More definitive information should derive from test detonations

that currently are pending in resource fields other than water. Beyond

that, progress toward general understanding and possible acceptance of

nuclear detonation in the field of water seems to rest in experimental

detonation or detonations, each for some demonstrably simple modification

of a natural hydrologic feature. All persons and agencies concerned with

or potentially affected by such experiment should be parties to the pre-

shot appraisal and, to the extent practical, the experiment itself.

Experience with limited-purpose experimental detonations of this kind

seems to be indispensable for finally judging the potential of nuclear

detonation as a water-management tool.
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