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FOREWORD

One of the difficulties confronted in,advancing explosives-engineering is
that experimentation is both hazardous and expensive. This is particularly
true of engineering experiments employing nuclear explosives, because there is
a possibility that personnel located many miles from the center of the atomic
blast may suffer from fallout or the migration of radioactivity through ground-
water to public sources of drinking water. As a consequence, in order to
establish courses of instruction in nuclear explosives engineering, it is
necessary to use the special technique of deep consideration of a problem as a
substitute for a laboratory exercise. This paper represents a summary of one
such exercise in which students were assigned the task of performing the pre-
liminary engineering on a project which could, if implemented, have considerable
beneficial effect on a rather large area of the world. The possibilities of
this project coming into being are quite remote in our time, largely due to
the political ramifications and the current tendency to overemphasize the
hazards of anything pertaining to nuclear explosions. But, as a classroom
device, the use of the Project Analysis as a teaching tool has proved invalu-
able in training the students to think of the whole system involved rather
than a part of it. This paper, primarily a summary of a report submitted
by a student team in the course of Engineering with Nuclear Explosives at
Georgia Tech in the summer of 1968, speaks for itself in its inventiveness and
its expression of deliberate concern for the betterment of mankind. A minimal
amount of additional material was added by the senior author to draw attention
to recent related events and publications.

The students named the study "Project Pecos Bill" after an American folk-
lore character, a mythical super cowboy who invented roping and other cowboy
skills. During a very dry spell, Pecos Bill is said to have used a pointed
stick to dig the Rio Grande River and bring water from the Gulf of Mexico.
The poignant results of his work can be seen in the agricultural splendor
that is the Rio Grande Valley. The parallel to this present study is obvious.

Formerly at Georgia Institute of Technology.

1643



INTRODUCTION

After the U. S. Atomic Energy Commission established the Plowshare Program
in 1957 to investigate and develop peaceful uses for nuclear explosives, several
possible applications were considered that were primarily large scale excavations
of a magnitude greater than was economically feasible with conventional
explosives. To date, these peaceful applications of atomic energy have been
restricted to experimental blasts in several different media and depths, two
of the more recent being the gas-sands shot at Rulison, Colorado and the deep
blast in the igneous rock of the Aleutian Islands. Until early in 1969 it
was hoped that it might be possible to make a real excavation for a harbor on
the west coast of Australia to aid in the shipping of newly proven deposits of
iron ore. Unfortunately, that development was postponed rather indefinitely.

Nonetheless, many regions of the world could greatly benefit from applica-
tions of nuclear explosives. In spite of the emotional and political deterrents
involved in the use of nuclear explosives, the prime reason for their use is
economy. This is true even in this day of rapidly developing social conscience
about contamination of the atmosphere and hydrosphere. There is no less expen-
sive source of large quantities of energy and no less expensive way to move
large quantities of earth than with nuclear explosives. Man now possesses the
ability to control this explosive energy and from it derive enormous benefit.
Through such studies as this, it may be shown that nuclear explosive engineering
can be far less contaminating to the environment than the conventional alterna-
tive methods for doing the same job. To determine and examine the criteria for
such a task can be sufficient justification in itself. This report is such a
study.

The area chosen for this study was the chott region in central Tunisia and
Algeria, North Africa, Figure 1. This region is characterized by the series
of so-called dry lakes or "chotts" which stretch across a considerable section
of the northern Sahara desert region from the Gulf of Gabes in Tunisia on the
east to the eastern borderlands of Morocco on the West. The sections in
Tunisia and Algeria appear on the geographic maps to have been parts of a bay-
like extension or arm of the Mediterranian Sea which recently (geologically
speaking) have been cut off by the intrusion of sand bars and sand dunes. Con-
struction of a canal by nuclear excavation would open this area to the sea.

The immediate benefits of such an excavation are several:

1) A plentiful water supply could turn this arid land into a more
useful agricultural area. New developments in arid-agriculture
in Israel have shown that the problematic sand dunes can be a
blessing in disguise when combined with irrigation from salt
water sources such as seawater.

2) Tunisia has about one-third of the world's phosphate deposits.
The proposed canal would provide a sea route to within 25 miles
of those deposits and could conceivably make them more economical
to mine and market.
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3) Such a canal would provide ready access to vast petroleum de-
posits in east-central Algeria At present the petroleum pro-
duced in this area must be moved via pipeline over the Atlas
mountains to the coastal cities of northern Algeria.

The impact of such a project on the entire economic structure of both
Tunisia and Algeria is difficult to evaluate at this point. The very presence
of the waterway and relatively large lagoons would provide excellent opportunities
for recreational development. While considered fairly remote at present this
area is much closer to large population centers than many of the coastal African
cities now used by Europeans for recreational spots, such as Dakar, Agadir, etc.
Potential changes in humidity could enhance rainfall probabilities not only in
Tunisia and Algeria but possibly in other countries such as Libya and Egypt.
Salt farming, for centuries the prerogative of legendary Timbuctu, could take
place in various locations across north Africa with better production methods
and products. Indeed, cave paintings found in the southern Sahara suggest that
well established agriculture and much game (now restricted to savannah country
far to the south) once existed here. Obviously, the economic potentials could
be as great as there are imaginative minds and ambitious capital to bring them
about.

Project Pecos Bill, as it was originally conceived, would link several of
the larger chotts and would terminate at the Chott Chergui. The lack of con-
crete geologic and physiographic detail on the area and deeper consideration of
the proposed route to Morocco made it advisable to terminate it in the Chott
Djerid. While the possibility of extension of the project to full length is
good, engineering planning for that extension must wait until more adequate
information on the area becomes available.
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The Physiography of North Africa

The north coast of Africa west of Libya features a rather continuous
chain of mountains of moderate height. These mountains have their easternmost
expression in the highlands of northern Tunisia. South of this relatively
narrow mountain chain that characterizes northern Algeria and Tunisia is a
series of wide basins, the centers of which are commonly below sea level. The
climate in the area of the basins is predominately arid with an annual rainfall
of a few hundred millimeters. Even in the highlands the rainfall passes through
a "ten" year cycle and the monthly discharge of the Wadi Nabhanah varies through
the year from about 0.05 cubic meters per second to as much as 25 M-Vs. The
level of the fresh groundwater in the countryside surrounding the basins is
strongly influenced by the degree of accumulation of runoff in the so-called
dry lakes or "chotts" that occupy the central or deepest portion of the basins.

Despite the physiographic appearance of the chotts that suggests a geologic
history as an arm of the Mediterranean Sea, paleontologic evidence does not seem
to justify this assumption. The Chott Djerid is a basin caused by tectonic
movement during Cretaceous and Tertiary times and much of its present depth is
attributed to the scouring effect of the desert winds. Chott Fedjadj is located
between two prominent anticlines. The Tebaga Dome extends for approximately
100 kilometers (62 miles) along the entire southern boundary of the basin from
Chott Djerid to the easternmost point of Chott Fedjadj where another anticline
begins that extends roughly 20 kilometers (13 miles) to the Gulf of Gabes.
Along the northern reaches of the chott area a system of anitclines extends
approximately 250 miles from west of the Chott Djerid eastward to the Gulf of
Gabes. The Djerid Range of mountains formed by these anticlines reach
elevations greater than 600 meters, dropping off rapidly to the south to
elevations below sea level in the chotts.^

Terraces which rise a few meters above the saline flats of the sebkhas**
or more generally the haliferous stepps that surround the sebkhas, are vestiges
of a series of geologic events that date from the early Quaternary geomorphic
processes. These are best seen in the Cardium lagoon sequence which dates from
the Villafranchian. Many of the terraces are structural and contain intercala-
tions of massive beds of gypsum in the Villafranchian lagoonal facies which
locally includes a gypsiferous Cardium coquina. Gypsiferous surface deposits
on the terrace surfaces serve to protect them from erosion by the wind. No
doubt the fact that the evaporation rate is on the order of 5 to 10 times the
precipitation rate in this area helps to maintain these vestiges of earlier
times through the continual redeposition of dissolved salts in the surface
soils.^>4

The soils in the Chotts and directly east toward the Gulf of Gabes is an
alluvium of clay-marl with some sand and salt encrustation. The southeastern
shoreline of Djerid appears to contain a large proportion of sand with many
irregular dunes. Along the Fedjadj shoreline, clays that originated from
weathered limestone predominate. Further from the basin center, alternating
layers of clay and calcareous material appear on both sides of Fedjadj.

* Superscript numeral refer to the Reference list at the end of the paper.
** The term sebkha refers to the general flat plain area in which the dry lakes

occupy the most depressed position.
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Two fault zones extend perpendicular to the anticlines mentioned above in
the eastern section of the Chott Fedjadj. This region appears to be severely
faulted. One of these faults, crossing the Fedjadj at the mouth of the Nakrla
River (wet weather flow only), is located at the narrowest point of the chott.2»
This fault could pose a problem since large nuclear devices would be required
to excavate the channel here. The eastern fault line should present no problems
since it is not in an area where extensive excavation would be required.

The primary area of excavation obviously must be in the thirteen mile
area between the eastern points of the Chott Fedjadj and the Gulf of Gabes.
One obvious route extends along the Telman and Akarit Rivers, the former
flowing into Chott Fedjadj and the latter flowing into the Gulf of Gabes. This
route is primarily composed of undulating alluvium and sand with dune heights
up to about 75 meters. The drainage divide for the two streams is estimated
at 30 to 40 meters above sea level. While there is a possibility that this
height may be primarily the result of centuries of worked and reworked sand
dunes that are salt-cemented in part, there is an equal chance that they are
underlain by a rock level that is higher than in the chotts because of the
intersection of the anticline systems. Only geophysical and coring studies can
determine this point. The determination of paleoecological conditions in the
general basin area may give substance to one or the other possibility. However,
geomorphic tilting of the basin bottom may have favored fresh-water outflow
to the east from the chotts at one time while permitting marine flooding or
seepage through the sand dune "plug" at another.

Along this route 300-foot borings at one kilometer spacing would be
desirable. In the chott itself (Fedjadj) the same approximate depth of bore
hole could be maintained at a 3 kilometer spacing. Assuming uniformity of the
profile , this program could be extended into the Chott Djerid. Extra boring
or coring in the faulted areas should be used to define conditions better in
those regions. The alluvial soil along the route and the frequent fault zones
and anticline structures will serve to restrict shock wave propagation from
the nuclear blasting. At least one cratering experiment should be included in
the Chott Fedjadj to provide local material-constants for the cratering
equations.

Environmental Survey

In such a project, it is desirable to conduct pre-shot and post-shot
environmental surveys. Of the two, the pre-shot survey is more likely to be
time consuming and expensive, for it must set the stage for the post-shot
survey. Such an environmental study must include such topics as a qualitative
and quantitative radioactive analysis of typical surface soils, plants and
animals to determine the various routes taken by radionuclides into the food
chains. This should include all elements possible that might be produced in
the nuclear reaction (at least as groups) even though they have not been
established as necessary constituents of the nutritional (micro- or macro-)
requirements of living things.

The proposed canal would form an inland embayment from the Mediterranean
Sea from what is now the Chott Djerid and possibly sections of Chott Djerid.
The aquatic life of the chotts is probably similar (if it exists at all) to
that if the playa lakes of Nevada, consisting of some forms of algae, bacteria,
brine shrimp, etc., that are capable of enduring dessication during part of the
year. The water that occasionally fills the chotts is probably never in a
state that could be called "fresh" because of the ready availability of soluble
salts in the chott sediments and in the subsoils of the terraces and hills
surrounding the area. Consequently, the aquatic life of concern would be that
introduced by the opening of the chott area to the sea and it would primarily
be derived from the Gulf of Gabes.
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A preliminary survey of the marine life in the Gulf of Gabes indicates
that those which would quickly migrate into the seaway and inner salt water lakes
would be the sardines, pilchards, tunny, whitefish and sponges.5 Some ecologic
consideration also should be made of the possible local damage to aquatic life
in the Gulf by the outflow of the more saline and relatively warmer waters
from the flooded chotts.

The micro-organisms most likely to be involved in concentration of radio-
active traces of various nutritional elements are the phytoplankton. These
simple plants, characteristic of all aquatic environments, serve as food to
almost all levels of fish and other aquatic life. After they have died or
been killed by some environmental change, their organic and inorganic remains
serve as nutrients for other sea plants and bottom feeders. Lowman°>7 found
these phytoplankton to concentrate such induced activities as 65Zn, 57Co,
60Co, 5l+Mn, 5^Fe, i+5Ca, 41Ca to a greater extent than fission products. Since
these isotopes represent typical minor to major constituent ions in the salts
or residual clays described for the chott areas, they are certainly of concern.
In addition, 90Sr and 137Cs also may be concentrated by the phytoplankton in
relatively large quantities.

The radioactive materials produced by the nuclear explosions probably
will not present any hazard to the workmen concerned with construction of the
canal. However, once the seaway has water in it, the radioactive nuclides will
have the opportunity to diffuse into the aquatic environment. Since fish tend
to concentrate the ferrous metals, zinc and manganese, it would be advantageous
to minimize the content of these materials in the explosive devices. Use of
borated materials in the explosive devices might also help reduce the develop-
ment of induced activity in soil minerals. A continuous survey on the economi-
cally important fish species for about one year after introduction of water
into the area would be imperative. It is doubtful, however, that an effective
ban on fishing in the Gulf could be enforced for this period even if it were
desirable. Control of the chott area would provide sufficient data on radio-
nuclide retention by induced species of fish and plant life. Finishing the
seaway after the use of explosives will take at least a year so fishing
restrictions in the chotts could be maintained during this period.

The domestic animal life in the southern region consists of camels,
cattle, broad-tailed sheep and goats. The wildlife consists of gazelle,
antelope, fennec and small rodents. Bird life in this portion of Tunisia is
not rich but includes such species as grouse and bustards. Reptiles such as
monitors, horned vipers, and oil palm lizards are also found in the area but
in general do not constitute a common segment of the food chain.5>°

The land plant life in the area consists of shrubs, wild grasses and
bushy-joint fir. There are minor opportunities for small scale irrigation of
vegetables, forage crops, and dates in the area but the severe variation in
rainfall restricts the number of farms possible under such a system at present.
Most important economically are the olive and citrus groves, the former being
most prevalent along the more humid coastal areas between Gabes and Cekhira. °

Probability of migration of radioactivity buried in the debris of a crater
to plant roots in an irrigated farm under the hydrographic conditions of the
area is quite small within the lifetime of the radioisotopes produced. However,
foliar deposition from fallout would be a distinct possibiity within these
lifetimes. The relative uptake of various radionuclides from soils is
approximately the following:

Sr >> I > Ba > Cs, Ru > Ce > Y Pm, Zr, Nb > Pu.
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While it is unlikely that foliar adsorption to the exterior of the plant would
occur in that order, one might have to be concerned about the same group.
Actually, the heavy oil coating on the surface of the leaves of olive and
citrus trees would favor the penetration of those elemental, oxide, or ionic
forms that are most soluble in organic solvents. The fraction of radionuclides
formed that would escape from the crater would be small; nonetheless surveillance
of the plant consumption in the area should be maintained to minimize the
possibility of radionuclides reaching the food chain of man. Complete
quarantine for human and animal consumption of any vegetation until the comple-
tion of the project (2-5 years) would be an expensive and probably unnecessary
restriction to avoid contamination. More to the point would be the removal
and burial of all plant life near the excavation found to be significantly
contaminated and the establishment of a commission that would actively monitor
plant and animal life in the area to determine if any significant levels of
radioactivity develop.

The route chosen would enter the Tunisian Coast from the Gulf of Gabes
approximately 20 miles north of Gabes. Continuing on a west-south westerly
direction until it reaches the Chott Fedjadj, it then would run generally
westward until reaching the Chott Djerid. Table 1 lists the major population
centers that might see or experience some effects from the explosions and
their distances from the proposed route. Mass evacuation from these populated
areas probably is not needed nor advisable. For those closest to the seaway
development, careful preparation to prevent collapse of man-made structures as
a result of seismic waves generated by the blasts might be more important than
protection of the populace against radiation or fallout. Hopefully, the
excavation would be so adequately engineered that there would be neither
radiation nor fallout of any significance.

The economy of Gabes and the immediate vicinity depends on factors such
as the fisheries (largest and most important in Tunisia), small scale vegetable
crops, olive, almond, citrus trees and date palms, and moderate development of
grazing animals.5 The most important economic feature of this region, as in
most parts of Tunisia, is unemployment. Mobilization of the populace by the
government for road, dam, well digging and general construction helps to some
extent. The employment offerings of a major construction job such as this
seaway would help to provide political impetus to the project.

If found to be necessary, quarantine on the fisheries and fruit tree crops
could prove a temporary disadvantage to the area. If imposed, it would last
only until the completion of the canal. A nominal cost of relocation of the
populace to areas beyond a nominal 25-mile limit, if shown to be desirable, was
taken to be about $1500 per person. This cost would include transportation,
construction of temporary housing facilities, meals, and medical attention.
Minimization of factor is, of course, an advantage both financially and in the
development of public (local) support for the project.

On a long term basis, the advantages definitely outweigh the disadvantages.
With the seaway would come shipping, development of industries along the water-
way and general development of harbor areas. Resort areas could be made widely
available and a great expansion of the olive and citrus groves that thrive on
the near-shore night humidity could be undertaken. Fishing in the relatively
shallow basins that were the chotts could become as rich an industry as that in
the Caspian, Black, or Tiberian Seas. Salt cropping and possible industrial
development of the sea water trace elements or the salts leachable or mineable
from the soil deposits could become economic with the relatively cheap shipping
that could become a reality with such a seaway.
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Table 1 — Population Centers Near Evacuation Route
(in kilometers)

Category I
15,000 - 30,000

Gabes
Gafsa
Kabih
Tozeur

""ategory II
5,L;0 - 15,000

Katena
Mahares
Graiba
Maknassy
Matmata
Douz
Kriz

Category III
< 5000

El Guettar
Oum Semaa
Sabria
Jarsine
Rhidma
Djerbs
Oudref
El Hamma
Cekhira
Meheri Zebbeus
Meich
Sened
Isles of Kneiss
Chenva
Toujane
Arram
Tamerred

20
30
17
15

30
40
23
23
35
36
15

28
10
30
23
30
44
15
14
6
46
18
20
7

23
40
42
35
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Emplacement and Firing Sequence

The optimum yield for the devices, optimum depth of burial, and row spacing
were calculated according to these requirements. The proposed canal route
covers about 107.5 miles in Tunisia from north of Gabes to the Chott Djerid
and consists of five straight-line segments. A canal suitable for large ships
should have minimum dimensions 60 feet in depth and 1000 feet in width at sea
level. Segment A of the route begins some 18 miles north of Gabes and runs
southwest for 15 miles to Skret el Hamma. Segment B is 17 miles long, Segment
C is 16 miles long, and each of these two segments follow a west by northwest
direction terminating in the mid portion of Chott el Fedjadj. Segment D, the
longest, is 37 miles long, heads generally westward, and ends in the northeast
portion of Chott el Djerid. The last segment considered in this study is 23
miles long and terminates near the center of the Chott el Djerid which is
approximately 10 meters below sea level. The emplacement of the thermonuclear
fusion devices will be on the lines connecting the termini of the various
segments shown in Figure 2.

The route described above was chosen to provide maximum utilization of the
depressions which form the lake beds of Skret el Hamma, Chott el Fedjadj and
Chott el Djerid thus minimizing the amount of earth that must be moved. Safety
of the nearby populated areas from radiation and shock also entered into the
choice of some of the route segments. For example, Segment A could have been
shorter, but that would have endangered the cities of Metouia and Rhennouch.
Consequently, Segment A follows the ravine formed by the El Telmam River
northeast from Skret el Hamma, then across a watershed and into the El Akarit
river basin to the coast. An intervening mountainous area makes this route
even more acceptable because the range provides protection to the cities
mentioned above from shock and radiation.

With the exception of the village of El Hamma, Segments B-E are well
removed from population centers. El Hamma, at a distance of six miles from
the proposed route might have to be evacuated for a few weeks.

Cratering calculations of minimum device yields necessary to obtain a
1,000-foot wide channel, 60 feet deep gave values which varied from a minimum
of 100 kilotons to 300 kilotons along the proposed route according to the
topography. The following equation^ was used:

W-. i

where E = ground surface elevation above man sea level, meters

D = depth of canal below mean sea level at width L
o ^ o

d = depth of crater

W = width of crater at original ground-surface elevation

L = width of canal at depth D below mean sea level
o v o

Y = yield of device in kilotons

Typical data from this calculation are shown in Figure 3.
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MEDITERRANEAN SEA

ALGIERS

CHOTT ECH CHERGUI

Figure 1. The Chotts of Northern Africa

Figure 2. The Proposed Route Through the Tunisian Chotts
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For the most of the proposed route, the minimum device yield required
would be on the order of 150 kilotons. Therefore, the required spacing of
several 150 kiloton devices iT a row charge such that a smooth channel will be
formed is approximately 715 feet. Under such presumptions, a minimum of 790
devices with a total yield of 119 uiegatons would be required to cut the desired
107-mile long channel. Spacing relative to device size is illustrated in
Figure 4.

While the use of such small devices would be effective, it does not take
several factors into consideration. First, for device sizes from 100 kilotons
to two megatons, the rate of change of crater dimensions versus device size is
greater than the rate of change of device cost versus device size. In fact,
device costs versus yields from published AEC figures show a linear rate
increase which is not quite double for a 200-fold increase in yield of the
device. Hence, the device cost appears to be almost constant and relatively
independent of other considerations. It is evident therefore, that although
larger devices do cost more, a considerably smaller number of them would be
required to do the job with the result that the overall project device-costs
drop. Second, radiation levels resulting from the larger devices are not
substantially greater than that from the 150 kiloton devices, since activity
release is produced primarily from the fission "trigger" and not from the
energy-producing portion of the nuclear interaction. The fission trigger is
relatively constant in size and relatively similar amounts of activity are
released for dissimilar yields.

Based on these and other considerations, a device yield of two megatons
was chosen for the canal construction. This decision was made primarily
because a two megaton device is not so unduly large as to complicate handling
and (according to published AEC specifications) is capable of being emplaced
in a 30 inch diameter hole. In addition, the depth of burial for cratering
applications of a device of this size is approximately 1500 feet ... a reason-
able depth for drilling at a remote location, and certainly for one which is
near well developed oil fields.

Using two megaton devices to produce a navigational channel of 60 foot
depth, the width will vary from 1310 to 1400 feet depending on the surface
elevation. A calculation with the devices placed uniformily at 1530 feet
below the surface at a spacing of 1450 feet for the row charges gives a require-
ment of 390 devices with a total yield of 780 megatons. This scheme would
provide a savings of $140 million over the minimum megatonnage program.

The number of devices to be combined in a single detonation would be
limited to five. This number was obtained from calculations of probable surface
particle velocity induced by the nuclear explosions. The particle velocity,
v, was obtained from the equation^

R
• °-422 <

where R = radial distance from blast, 18 _<_ R _<_ 350 kilometers and Y = yield in
tons. A row charge of five devices or 10 megatons total yield would induce a
particle velocity of 3.0 cm/sec at 20 miles which is the average approximate
distance to the closest populated areas from the proposed construction route.
The plaster cracking limit of the particle velocity is 10 cm/sec. Greater
charges would crowd this arbitrary limit and cause difficulties because of
the large distance involved between the ends of the row.
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Figure 3. Minimum Device Yield as a
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Figure 4. Device Yield versus Spacing Requirements
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Each row of five devices will excavate 1.4 miles of canal. The detona-
tion order would be in alternate blocks of five devices returning to detonate
the remaining blocks after a short period allowed for activity decay. This
technique would be especially useful to prevent long distance on rushes of
water from the Gulf of Gabes that might result in severe erosion and deposition
of large quantities of loose sediment in the chott and canal bottoms, rendering
the seaway useless.

Post-Shot Civil Engineering

Once the craters are formed, the problem of completing the project is
mainly in the province of the Civil Engineer. He must analyze the final soil
and foundation conditions in the area, determine the best fallback slope and
slope stability, and determine the amount of clean-up excavation required and
the optimum means of accomplishing that.

Since the type of material being considered is alluvium with a small
amount of limestone, the most conservative design-^ would be to assume the
alluvium to be non-cohesive and to require a small angle of repose. The angle
chosen for this work would be about 28°. In the days or weeks allowed for
conditions in the excavation area to reach a state of safe working conditions,
both wind and occasional rain will act to stabilize the surface through erosion
of the fine loose material and cemetation by haliferous and gypsiferous deposits.
The least expensive procedure would be to use sufficient explosive to produce
a channel that would stabilize to the depth (and effective width) desired.
The alternate would be to use less explosives and operate with conventional
means (drag lines, dredges, trucks, power shovels etc.) to refine the canal to
the desired depth and width. Considering the remoteness of the area, the
"prefinished" job requiring minimum labor and machinery to complete would be
much more desirable. Figure 5 shows the proposed crater cross-section for such
a procedure with the effective navigational prism superimposed on it. The
large crater size would have the added advantage of eliminating the need for
operational maintenance such as periodic dredging of the channel to remove
alluvium accumulated from erosion and silting. In addition, the shallow side
slopes would easily allow for recreational beach development all along the
channel length. Since this is designed as a sea-level canal, no primary civil
engineering structures such as locks, dams or other hydraulic forms would be
required. Secondary development may lead to many structures and harbor support
facilities that are impossible to estimate in a primary analysis such as this.
In essence, the only earthwork required would be the final grading of the area
near the channel. The debris cast out from the crater is most likely to be
small or pulverizable by relatively simple machinery such as bull-dozers,
ditch diggers etc. and should provide no untoward difficulty in the finishing
work.

Reconnaissance

Should evacuation of the populace along the route of the seaway be
necessary, temporary evacuation centers could be built south of Arram. In
addition to the principal population centers around Gabes, Kebih, Kriz, Oum
Semaa, El Hamma, and Oudref, there are nomadic people who do not congregate
in any one center. On the assumption that 100,000 people might have to be
moved at a cost of $1500 per person, the outlay for evacuation would be about
150 million dollars. The facilities at the relocation centers may need to
sustain the population for a probable maximum of two years. In most cases
the residence time should be only a few weeks, but some of the villages along
the route may suffer sufficient damage that reconstruction or major repair
of structures would be necessary before replacing the population in the area.
In any event, special socialogical teams should go into the area early in the
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pre-shot survey periods to explain the reasons for the move, the local and
national advantages of the project, to help prepare people for the move should
it prove necessary and to instigate such repair and strengthening of existing
structures as necessary to prevent housing and superstructure (chimneys, over-
hangs etc.) collapse during the passage of the seismic wave.

Meteorologically, common winds are from the west or southwest with so-called
"hot winds" blowing off the desert whenever low pressure systems enter the
area. Figure 6 shows two areas for which the dose-rate was calculated for one
hour after the nuclear detonation. The isodose curves were developed from the
empirical equation

W h 2

for which the variables are

V = mean wind speed

S = wind shear

F = fraction of radioactivity escaping

W = fission yield

h = main cloud height

X = distance from ground zero and

x2 ~ x1 (v2/v1)(h2/h1)

The subscripts refer to two explosive events, (1) being some previous Plowshare
shot used as a standard. In the case here, the SEDAN shot was used as a
standard" and the wind conditions considered as double those observed in that
shot. The data shown in the illustration was programmed on a PDP-8 computer
using series of 5 two megaton devices at a 2000 foot spacing. Conclusions
drawn from this and other parameters were that each series of five devices
detonated should be followed by a week of cooling time before the next series
is shot. By following these measures, the radiation level at 25 miles should
be less than 15 mR/hr. at H + 1.

Both geophysical and radiological surveying should be made of the area
before, during, and after the blasts. This information can be used to guide
the decisions regarding re-entry of both the working crew and general populace
back into the area. Even use of seismic recorders at some distance from the
blast center could provide additional badly needed information about the
subsurface nature of the chotts and the barriers that separate them.

Economic Aspects

The cost of such a project is, of course, enormous from the layman's
point of view, but an overall project cost of the order of one billion dollars
does not seem so great when* measured against the financial gain this will
represent as an investment. It is proposed that the financial load be split
four ways with the United States and other interested countries 25 percent,
the World Bank 25 percent, the governments of Tunisia and Algeria 25 percent;
and the balance be provided by bond issues sold by an operating company for
whom operation of the canal is guaranteed for 50 years. At the end of that
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period renegotiation of the contract would be undertaken by the company and
the two participating countries, Algeria and Tunisia.

The loans from the principals would be secured at 3 percent (per 1968
money costs) because of the political advantages offered. The World Bank loan
would be at 5 percent and the commercial loan at 6* percent. The company would
contract through the USAEC for the devices desired and the latter will assume
the responsibility of construction, testing, transporting, and detonating the
devices. Other work would be contracted through the IAEC and interested
companies.

Not including the possible 150 million dollars required for populace
relocation, the total estimated costs (as of 1968) are shown in Table 2.
Note that the largest item is the cost for the nuclear explosives, calculated
at $600,000 9 per 2-megaton device. The harbor and port facilities are minimal
in this initial development. Additional harbor facilities will not be provided
by the company unless requested to do so by the governments of the individual
countries in which the harbor facilities are to be located. Even then the
company would undertake management services and the entire cost would be
underwritten by the government of the host country in whatever way would be
most profitable or expedient to do so.

Using a capital recovery factor of 6 percent^- to cover interest and
owner's return on investment for 50 years, the annual cost would be 51.1
million dollars. With bonds being paid off in semi-annual installments the
annual costs are 48.3 million dollars in addition to the 16.1 million dollars
required to pay off the 807.5 million dollars in fifty years. These payments
require that the excess of revenues over expenses annually should average
64.4 million dollars. In the currency of Tunisia, the total cost (not
including relocation expenses) would be 942.7 million dinar. At approximately
6 percent average interest on that money, the annual return necessary would
be about 60 million dinar. By comparison, the 1963 budget of the Tunisian
government was 59.95 million dinar.^^

Summary

It appears that the construction of a canal linking the chott region with
the Mediterranean Sea can be accomplished in a relatively short time with
nuclear excavation. With the limited overview afforded by this study, the
project appears technically and economically feasible. Extensive gathering
of additional detail must be required, however, in almost every area of the
program. Field surveys will be required to satisfy geologic, environmental,
and radiologic safety requirements, and every economic factor must be closely
scrutinized and developed so that the greatest possible reward be derived from
such a gigantic undertaking. The advances in current technology may help to
counter the effects of inflation, but for those involved in preparing the final
evaluation of such a project, the latest and most detailed data involving
device design, emplacement and cratering factors must be made available.

In any regard, the construction of such a canal should be considered in
the list of feasible peaceful uses of nuclear explosives in the Plowshare
program.

Although this is low according to current bank interest rates, it is a
conceivable value in non-inflationary "equilibrium" financial condition.
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Table 2 — Estimated Cost of Project (1968 Financial Rates)

Nuclear explosives

Emplacement

Port construction, harbors, and
clean up

Construction camps, access roads, etc.

Miscellaneous

Interest during construction

$234.0 million

105.8

108.5

115.3

27.0

97.0

$687.4 million
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