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Abstract

Piper and Stead (1965) suggested several potential applications of
nuclear explosives in the development and management of water resources.
The Aquarius study began with an investigation of these potential applications
in Arizona.

The three district physiographic provinces of Arizona offered a wide
range of geohydrologic settings for study of modification by nuclear explosives.
Damming of surface water by bulking techniques including rock quarrying, -was
considered the most favorable application for analysis. A general discussion
of geologic and hydrologic conditions for a canyon site in North-central
Arizona is given. Groundwater recharge by cratering in alluvial materials is
rated as the second most favorable application and a site in Southeastern
Arizona, representative of a typical alluvial fan setting, is discussed. Other
applications are presented but hold less promise due to lack of geohydrologic
and nuclear explosion data necessary for proper evaluation.

In the review of potential sites for study, primary consideration was
given to distance of site irom population centers and to the quantity of -water
that could be developed and managed. For surface -water resource develop-
ment by nuclear explosions, additional considerations for site selection
included canyon shape for landslide, throw-out or rock-fill techniques, canyon
meanders necessary for diversion channels, low permeable rock types for
minimizing problems of radioisotope migration, and a clear identification of
any groundwater system that could be affected. In the site selection for re^
charge craters, considerations included adequate subsurface storage space,
aquifer characteristics favorable to recharge and recovery, subsurface
lithologic type and distribution that would permit control of radioisotopes by
either monitoring or removal, suspended sediment load of water source, and
estimated increased efficiency of artificial recharge over natural recharge.

Introduction

With the technology of his time, man continually strives to exercise
control of his water resources. Today he is on the threshold of employing
the newest and most dramatic technique--nuclear explosives-- to water re-
source development and management.

In 1965, Piper and Stead (1) presented several imaginative concepts for
modifying the geohydrologic system by nuclear explosives. Harshbarger,
et al (2), in 1967, -with the support of the Arizona Atomic Energy Commission,
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prepared a preliminary report on potential sites in Arizona for nuclear

cratering related to water management. This preliminary investigation was

expanded in 1968 into the Aquarius Project. The initial phase of this project,

as reported here, consisted of a general inventory of the geohydrologic

environments in the state in regards to the possible modification for water

resource development and the selection of two sites for detailed analyses.

Physiography and Geology of Arizona

The state of Arizona may be divided into three geographic provinces:

(1 ) the Plateau Uplands, (Z) the Central Highlands, and (3) the Basin and Range

Lowlands. (Figure 1)

The Plateau Uplands are characterized by buttes, mesas, and gently

sloping mountains -which have formed on predominantly sedimentary rock se-

quences. The combination of low precipitation (less than 10 inches annually)

and high potential evapotranspiration results in very small surface runoff in

the area north of the Little Colorado River. South of this river the Plateau

slopes upward to the Mogollon Rim where relatively high precipitation and

runoff have created a number of canyons along streams tributary to the

Little Colorado River. The northwest portion of the province is marrrpd by a

major through-flowing stream, the Colorado River, which has formed the

Grand Canyon. In the eastern half of the province from the Mogollon Rim to

the northern state boundary, sandstone formations provide considerable

storage for gronddwater; however, the fine grained nature of these units

restrains water recovery by wells except in areas where secondary perme-

ability has been created by fracturing.

The Central Highlands, which separate the Plateau Uplands from the

Basin and Range Lowlands, consist of rugged mountains of predominantly

igneous rocks. The combination of the high precipitation, (10 to 35 inches

annually) due to the altitude of the highlands, and the impervious character of

the rock comprise conditions for this province to yield the greatest amount of

surface runoff in the state. The occurrence of groundwater is limited to

small alluvial basins and fracture zones within the bedrock, and therefore is

of minor importance in the area.

The Basin and Range Lowlands are dominated by isolated mountain

blocks partially buried by their own detritus and broad alluvial basins. Pre-

cipitation is variable and closely reflated to topography. The higher precipi-

tation in the mountains provides the source of some surface runoff into the

valleys where a portion is consumed by evapotranspiration and the remainder

comprises infiltration. Large storms or local thunderstorms may produce

substantial surface flow in the valley streams; however, this type of flow is

ephemeral and highly variable. The rock materials in the alluvial basins pro-

vide a vast storage reservoir for groundwater. The variations of permeability

of the alluvial material result in a wide range of yields from water wells.

Possible Uses of Nuclear Explosives for Water Management in Arizona

From a detailed study of the many different types of geologic and hydro-

logic environments in the state, one could find numerous sites where nuclear

explosive concepts would have potential application in water management

programs. However, because of the many unknown factors both in nuclear
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engineering applications and in the geologic and hydrologic systems, the sites
and concepts must be considered as being preliminary in aature. The overall
technical, safety, and economic feasibility of a project would have to be
demonstrated by an in-depth study. With this provision, a general description
of possible concepts for suggested potential sites in each physiographic
province is presented.

In the review of potential sites for study, primary consideration was
given to the distance of site from population centers for safety reasons. From
a hydrologic standpoint the primary consideration was quantity of water that
could be developed and managed. (A cursory examination of the cost factors
related to the use of nuclear explosives indicates that economics are generally
more favorable for the larger projects. )

In the Plateau Uplands, high evapotranspiration losses and general
geomorphology combine to make large scale damming unrealistic in the area
northeast of the Little Colorado River. South and west of the Little Colorado
River the high precipitation and runoff and the through-flowing Colorado River
with its many tributaries have created a vast and varied system of canyons in
the generally flat-lying or gently sloping sedimentary rock sequences. These
canyons are predominantly steep-walled and present large variations in depth.
Bulk dam concepts, using either retarc, throw-out, or landslide techniques,
which are applicable in the many canyon sizes in the area, offer a wide range
of potential nuclear explosives for use in surface water management. Possible
concepts for any particular site would have to be evaluated from the standpoint
of the purpose and use of the dam. Several sites shown in Figure 1 are sug-
gested for feasibility study. A proposed 3̂ am site on Clear Creek, located
near the southern boundary of the Plateau Uplands, was selected for an in-
depth analysis of a nuclear engineering application. In the area of modifica-
tion of groundwater systems, nuclear explosives appear to have a limited
potential in the Plateau Uplands. Current information ou the effects of nuclear
explosives in a consolidated media indicates that induced fracturing in the
vicinity of the explosion does not extend radially outward at sufficient distances
to produce a significant increase in yield from a low-permeability aquifer.
However, the fine grained sandstone aquifers of the Plateau Uplands have
undergone some tectonic modifications which have produced anomalous zones
of fracture permeability and have significantly increased groundwater storage
potential. Wells in these areas, where they intercept one or more major
fractures, yield substantially more than wells in the unfractured aquifer. The
rubble chimney concept could have an application in such a situation where a
number of large fractures may be intercepted by the chimney and result in
significantly greater recovery from wells drilled into the chimney. This type
of well- chimney-aquifer system could offer decided advantages for a range
of operations involving recharge, storage, or recovery. Approximate
locations for potential applications of this concept are shown in Figure 1.

In the Central Highlands province, the high precipitation and runoff
have carved a complex system of canyons in predominantly igneous type rocks.
Although many of the streams of this area have been dammed by conventional
methods for a variety of purposes, many potential sites remain where nuclear
engineering concepts would be feasible. Although the Clear Creek site
mentioned above is located in a canyon of sedimentary rock in the Plateau
Uplands, it is believed that the method of concept analysis would be very
similar to potential nuclear engineering applications in the Central Highlands.

1177



The occurrence and development of graundwater is of minor importance
in the Central Highlands and therefore no study of nuclear engineering concepts
appears warranted for this area. When more data on groundwater and
fractured rock areas are obtained, nuclear engineering techniques may be
appropriately considered.

In the -wide valleys of the Basin and Range Lowlands surface flow
characteristics, evapotranspiration losses, and general geomorphology make
surface water damming by conventional methods unattractive. However,
•where major streams have cut across the mountain blocks steep walled canyons
are present. In these areas bulk dam concepts may hold promise. (Figure 1)

The higher amounts of precipitation on the larger mountain blocks of the
province contribute significant runoff in many small streams which drain
into the alluvial basins. This flow is quickly dissipated by evapotranspiration
and infiltration losses. Although the part of the infiltration that results in
groundwater recharge may be desirable, it is believed that evapotranspiration
often greatly exceeds infiltration in many areas. In order to capture most of
this surface flow before it reaches the basins a number of small dams would
be required. A nuclear quarry concept may show that a centrally located
quarry could provide aggregate at a low cost to a number of small nearby
damsites. The west side of the Chiricahua Mountains is an area where this
concept may apply.

The importance of groundwater in the Basin and Range Lowlands and
its widespread occurrence justify the careful study of any technique of
ground-water system modification and management. The lithologic variations
and dimensions of most basins are not fully defined; however, geological
events during the formation of the Basin and Range structures indicate that
a number of basins underwent alternating periods of interior and exterior
drainage, resulting in depositional combinations of sand, gravel, silt and
clay beds in various local and basin-wide depositional patterns. Groundwater
in these deposits may be found in a range of water table, semiconfined and
confined conditions. The potential yield and chemical characteristics of the
deeper aquifers generally have been unexplored and therefore have been
unappraised as to their present or potential importance in the development
and management of the shallower aquifers.

In applying nuclear engineering concepts to the groundwater system,
the principal objective would be to induce recharge to the aquifer that is
suffering a loss in hydrostatic head due to pumping by man. The nuclear
explosive concept of greatest potential appears to be a surficial feature,
like a single crater or row charge crater in a stream bed, which could
facilitate recharging the groundwater system, especially -where impermeable
strata may be retarding natural recharge. In effect, the natural line source
(groundwater recharge) and line sink (evapotranspiration losses) would be
replaced by a point source (groundwater recharge) and point sink (evaporation
losses). Controlling factors for recharge effectiveness would be the
permeabilities of materials in the crater vicinity, both vertical and
horizontal, and the available groundwater storage space in the area of
recharging. If the topography of the stream channel is pronounced, the
upstream lip of the single crater or row charge crater may be used as a
detention basin for desilting purposes. One site for study of the recharge
concept has been selected on a tributary to the San Simon Creek. Other
potential sites for similar applications are shown in Figure 1.
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When the feasibility of this recharge concept is demonstrated, an
additional use of this application may be considered. Along the route of a
canal aqueduct there may be areas of alluvial sediments of favorable
permeability and storage potential. In such areas, single craters or row
charge craters could be used for recharging and storing water underground
during periods of surplus flows.

In some alluvial basins water table aquifers that are undergoing
depletion are underlain by an aquiclude and artesian aquifer with a hydro-
static head higher than the water table aquifer. The concept of aquiclude
breaching by nuclear explosives may apply in such a groundwater situation.
The desired effect would be to utilize the high head of the artesian aquifer
for recharging the water table aquifer from below, through a rubble zone
in the aquiclude. Also, the chemical characteristics of the deeper water
may make it marginally acceptable for use and the flow into the water table
aquifer through the rubble zone could be an effective aid in mixing. Depend-
ing on the depth of the aquiclude and the competence of the overlying
material, this application could result in a subsidence crater at the surface
which could serve as a recharge point for the surface waters. Potential sites
for the aquifer breaching concept are shown in Figure 1. Better definition
of the deeper aquifer systems is definitely needed to evaluate properly the
potential of this application.

Rating of Nuclear Explosive Applications to Water Management in Arizona

A combined analysis of available information on nuclear explosive
engineering and geologic-hydrologic systems throughout the state permit
a rating of applications which warrant continued study of technical, safety
and economic feasibility.

Because of the numerous canyon environments in various rock media,
it is believed that dam concepts, either by bulking techniques at the site
or by nuclear quarrying nearby, hold the most promise for nuclear
explosive use in water management. Therefore this application is ranked
first and has been studied in detail for a site in the Plateau Uplands province.

The importance of groundwater in the southern part of the state makes
the recharge concept by cratering worthy of continued study. Natural
flows as well as surplus imported flows could be better managed by
utilizing the subsurface for storage, transmission and purification. This
application is rated second and has been studied for a site in the Basin and
Range Lowlands province.

A.quifer modification by rubble chimney or aquiclude breaching appears
to have only limited application and to be somewhat uncertain in effectiveness.
Better definition of certain hydrologic-geologic conditions may eventually
indicate ideal sites for these applications. Until then, these applications
must be rated third.

Rubble chimneys for waste disposal purposes have not been considered
in this study because no major disposal problems of relatively low volume
and high contamination were noted in the State. When and if such a problem
arises, the rubble chimney concept for disposal should be given consideration.
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Description of Sites

Mogollon Mesa - Clear Creek Area* - Dam Site

The southwestern margin of the Plateau Province is marked by the
Mogollon Rim, a spectacular fault scarp. The Mogollon slope dips gently
northward from the Mogollon Rim to the Little Colorado River Valley. The
region is marked by rugged canyons in the upper reaches of most major
streams. The Clear Creek area of study lies within the upper portion of
the Mogollon slope.

Clear Creek is an intermittent stream that discharges snowmelt in the
spring and is normally dry during the early summer months. It flows again
during the late summer from typical Arizona summer high-intensity storms.
Stream flow records at the proposed damsite from 1948 to 1965 indicate a
mean annual flow from 321 square miles of watershed of 55, 770 acre-feet.
During this period an annual high of 142,400 acre-feet and low of 12,610
acre-feet were recorded.

Pertinent stratigraphic units in the subject area include, in descending
order, the Kaibab limestone, Coconino sandstone, and Supai formation. The
Permian Kaibab limestone forms the surface over much of the Mogollon slope.
Along the Mogollon Rim it is about 300 feet thick, and consists of thin to
thick-bedded gray limestone interbedded with fine grained, lime-cemented
sandstone. The lower Kaibab member consists of massive, interbedded
limestone and limey sandstone with sporadic beds of nodular and cherty
limestone. Bedding planes are open, clay filled, and exhibit solution
channels. Solution cavities along the Kaibab-Coconino contact are common.
The permian Coconino sandstone of aeolian origin is white to buff, fine to
medium grained, quartzitic, and ranges in thickness from 250 to about
1, 000 feet in northern Arizona. The grains are well sorted, subangular to
subrounded, and moderately to firmly bonded by dominantly siliceous cement.
The Supai formation of Pennsylvanian-Permian age consists of 1, 500 to 2, 000
feet of red to brown, interbedded sandstone, conglomerate, siltstone, lime-
stone, and evaporites. In some areas an upper sandstone member is difficult
to distinguish from the overlying Coconino.

The gently dipping Mogollon slope roughly conforms to the dip of the
underlying formations, about 3° to 5 to the north and northeast. Numerous
transverse northwest and northeast trending low-dip and plunging anticlines
and synclines occur on the slope. Faults on the Mogollon slope similarly
trend northeast and northwest, are generally of small displacement and
nearly vertical. The regional joint system includes two principal sets which
are generally vertical and strike about north 55° west and north 30° east.

Groundwater near the southern, or upper, end of the Mogollon slope
occurs in the Coconino sandstone and underlying aquifers. Commonly, water
levels occur about 200 feet below the Kaibab-Coconino contact. Except for the
upper sandstone member, the Supai formation is essentially impermeable
and serves as an effective barrier, except where fractured, to all vertical
movement of water to rock units below the Supai.

-;'This section is summarized largely from U.S. Bureau of Reclamation,
preliminary investigation of the Wilkins Damsite. (3)
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The permeability of the unfractured Coconino sandstone is inherently
low; however, the permeability can be increased significantly by jointing
and fracturing.

Recharge to the Coconino sandstone occurs primarily along the Mogollon
slope. Direct precipitation, stream flow and snow melt percolate downward
through interconnected solution cavities and other openings in the highly
jointed and fractured Kaibab limestone, as well as through the Coconino
where it is exposed. This water may move downward through the Supai and
other underlying formations in areas of intense fracturing.

The proposed reservoir would lie within a narrow, nearly vertical-
walled canyon about 500 feet deep which exposes about 300 feet of the Kaibab
limestone and about 200 feet of the Coconino sandstone. There is little to no
alluvium within the canyon floor. Data from surrounding oil tests and water
wells indicate a total Coconino thickness at the site of about 600 feet.

As the concepts of dam construction by nuclear explosives were developed
in the study, it became apparent that certain considerations would weigh
heavily in future site selections. The canyon geometry--width, depth, and
angle of walls-- plays a major role in the determination of the concept,
whether it be landslide, throw-out, or rock-fill. Also, the presence of
meanders in the stream can greatly facilitate the construction of diversion
canals. In order to reduce the potential problems of radioisotope migration
in the subsurface, ideally the canyon rock should be impermeable and not be
a part of an aquifer system. If a ground water system does exist, it must
be clearly defined.

San Simon Basin - Cave Creek Area - Recharge Site

The Sam Simon Basin, in the southeast corner of Arizona, is part of a
structural trough that extends northwestward from Rodeo, New Mexico to
Globe, Arizona. (4) The particular area of interest in the study, the Cave
Creek area, is located on the western slope of the basin near the southern
boundary. Cave Creek drains about 40 square miles of watershed in the
Chiricahua Mountains and enters the basin near the small community of
Portal, Arizona. The watershed is about 6500 feet in average elevation and
receives about 20 inches of rainfall annually. Stream flow measurements
made near Portal from 1919 to 1925 indicate a high of 13, 540 acre-feet per
year and a low of less than 1, 000 acre-feet per year with an average annual
flow of about 6, 000 acre-feet. The predominant rock in the watershed is
rhyolite which produces a low suspended sediment load in the runoff.

As the runoff leaves the mountains and enters the basin it flows in a
somewhat poorly defined channel in the alluvium for about 10 mir.es before it
reaches the major stream in the basin, the San Simon Creek. Upon entering
the basin, the stream flow decreases as the water is lost to infiltration and
evapotranspiration.

The groundwater environment in the study area cannot be clearly defined
from the few wells drilled in the area. Lithologies from drillers' logs (5)
appear to be typical of alluvial fan deposits-- gravels, sands, silts and clays
in beds of highly variable lateral and vertical extent. The over-all ground-
water body in the area is considered to be under water table conditions,
however, several miles to the north the clay beds increase in thickness and
lateral extent, creating artesian conditions. From meager and widely
scattered data, the general groundwater system in the study area comprises
recharge near the 'mountain front and northeasterly movement to the discharge
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points in the San Simon Creek and in wells near the Creek. There is a
significant volume of unsaturated alluvial material in the upper reaches of the
fan similar to many alluvial fan environments in southern Arizona. This
unsaturated zone offers attractive possibilities for recharging surface flows
near the source and before the high evapotranspiration losses are incurred.
The advantages of the subsurface porous and permeable media for storage,
transmission and purification have been extolled many times.

A site for study of a recharge crater created by a nuclear explosion
has been selected on Cave Creek in the eastern half of section 8, Township 17
South, Range 32 East. At this location, the static water table altitude occurs
at approximately 3950, about 300 feet below the ground surface. Detailed
subsurface exploration by wells would be required to properly predict
radioisotope movement in the heterogeneous deposits of sand, gravel and clay.
Pumping tests from wells several miles to the north of the site show trans-
missivity values in a confined aquifer to be about 20, 000 gallons per day per
foot. The nature of the sediments described by drillers' logs near the site
suggests that an average specific yield value of 1 5 per cent may be realistic
for long term drainage and recharge calculations.

The most important parameter in the determination of the proper crater
size for a particular recharge rate is the value of the effective coefficient
of permeability. The heterogeneous nature of the alluvial material that will
be exposed as the recharging surface in the crater will permit a wide range
of infiltration rates to occur as the crater is being filled with water. Lateral
movement of water into sands and gravels may be expected to account for the
greater infiltration rates.

A major hydrologic factor that must be considered in any artificial
recharge proj ect such as this is the possible improvement in the system.
Natural recharge to some extent occurs on all similar alluvial fans; however,
data necessary for estimating this quantity is seldom available. Therefore, to
realistically assess the benefits of an artificial recharge project, recharge
under natural conditions should be determined first.

Summary and Conclusions

The hydrogeologic environments of Arizona are quite varied and offer
numerous sites for which nuclear explosives may have potential use in water
development and management schemes. In the central and northwestern
portion of the state, surface water damming in canyons by landslide, throw-
out or rock-fill techniques appear to hold the most promise for nuclear
explosive application. In the southern portion of the state, where ground-
water in the alluvial basins is a major resource, nuclear craters could
significantly enhance the recharge capability of the fan material.

For any concept of nuclear explosive use in the modification of the
hydrogeologic system it is apparent that considerably more data, for both
nuclear explosive effects and the particular hydrogeologic environment?
must be obtained before realistic in-depth economic and prediction analyses
can be performed.
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