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EXPLORATION METHODS FOR THE CONTINENTAL SHELF: 
GEOLOGY, GEOPHYSICS, GEOCHEMISTRY* 

Peter A. Rona 

The continental shelf is an extension of the continent 
into the ocean. This fact determines both the occurrence of 
mineral deposits and methods used to seek these deposits. 

1. INTRODUCTION 

The problem of mineral exploration is the proverbial one of search­
ing for a needle in a haystack. Just as the needle Is a small object in 
the large haystack, economic concentrations of mineral deposits, includ­
ing oil, occupy a minute fraction of the earth's crust. Exploration 
methods aim to delineate anomalous quantities, that is, abnormal concen­
trations of the mineral being sought. Just as the needle is different 
from the hay, the mineral deposits are different from the surrounding 
crust. Their presence must be detected by measuring the distinctive 
physical properties such as size, shape, density, sound velocity, magne~ 
tism, electrical and heat conductivity, or the chemical properties such 
as composition, that reside in or are associated with the deposits. In 
the case of the needle, a method might be employed to detect Its mag­
netic properties; likewise, exploration methods are matched to detect 
the distinctive properties of different types of mineral deposits. 

The exploration method employed must have adequate resolution and 
penetration to detect the size and depth of burial of the deposit being 
sought. By "resolution" is meant the minimum size deposit that the 
particular method is capable of detecting. "Penetration" refers to the 
maximum vertical distance beneath the sea bottom that a particular 
method can detect a deposit. The resolution of a particular method 
decrea'ses as Its penetration Increases so that deeply buried deposits 
may be unresolvable. For example, the magnetic method used to search 
for the needle must be capable of penetrating through the haystack and 
resolving the tiny needle. 

In addition to resolution and penetration, the capability of dis­
criminating the deposit sought from its surroundingsdepends on the 
ratio of signal-to-noise of the method employed, which specifies the 
clarity with which the measured properties of the deposit stand out 
from extraneous effects. The results may be so noisy that the detecting 
signal Is obscured. Techniques of amplifying, filtering, and signal 
processing are designed to enhance the signal and suppress the noise. 

*Adapted from a paper presented in 1971 at the United Nations Inter­
regional Seminar on the Development of Mineral Resources of the 
Continental Shelf. 



Figure 1. The continental shelf is an extension of the con­
tinent into the ocean. Rocks of the continent extend be­
neath the continental shelf where they may be covered by 
sediment several kilometers thick (Courtesy of Robert S. 
Dietz and John c. Holden). 

Exploration methods usually obtain a two-dimensional profile of the 
quantity being measured along a line run across a region where the 
mineral deposits are thought to occur. A pattern of profiles along 
straight lines both parallel and perpendicular to the known or presumed 
orientation of the deposit being sought provides measurements to con­
struct a three-dimensional picture. The measurements are conveniently 
presented on a contour map which joins points of equal values and there­
by outlines areas of high and low values. The distance between profiles 
will determine the minimum lateral dimensions of a deposit that can be 
detected, just as the size of openings in a fishing net will determine 
the smallest fish that can be caught. An optimum line spacing must be 
chosen for the type of mineral occurrence being sought. 

The interpretation of the information obtained from mineral explo­
ration begins with a geological understanding of the mineral occurrence. 
The method selected and the measurements made must be thoughtfully 
tailored to obtain the information critical to detecting a particular 
type of deposit. The measurements obtained must be interpreted by com­
petent geologists and geophysicists. An important discovery can be 
overlooked for lack of goo~ interpretation. 
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2. OCCURRENCE OF CONTINENTAL SHELF MINERAL DEPOSITS 

The occurrence of the mineral deposit being sought must be consid­
ered in advance of the actual exploration because the method employed 
must be selected for the specific occurrence anticipated. Rocks of the 
continent underlie the continental shelf so that mineral deposits of the 
continental shelf would be expected to be similar to those of the adja­
cent portion of the continent with the addition of certain deposits 
peculiar to the marine environment (fig. 1). For purposes of explora­
tion, mineral deposits of the continental shelf can be divided into 
consolidated and unconsolidated, depending on whether hard or soft, as 
well as bottom and sub-bottom, depending on whether they lie on or 
beneath the sea floor (table 1). Consolidated mineral deposits include 
coal, limestone, common salt, sulphur, certain iron ores, and metal­
bearing hardrock deposits. Unconsolidated deposits include diamond­
bearing gravels, barite, glauconlte sands, manganese and phosphorite 
nodules, sea shells, and petroleum. The unconsolidated deposits may 
occur either as bottom or sub-bottom deposits. The consolidated 
deposits may be buried beneath thicknesses up to several kilometers of 
unconsolidated materials. Rocks are consolidated materials, and sedi­
ments like sand, silt, and clay, are unconsolidated materials. In 
addition to sea-floor deposits, a number of useful minerals may be 
extracted from seawater including borax, bromine, magnesium, potash, 
common salt, sulphur, and fresh water. The methods used to explore the 
continental shelf are adapted from methods developed to explore the 
continent (table 2). 

Table 1. Occurrence of Continental Shelf Mineral Deposits* 

Unconsol ldated 

Bottom 

Shallow beach or 
offshore placers: 
Heavy mineral sands 
Iron sands 
S 111 ca sands 
Lime sands 
Sand and grave I 

Chemical deposits: 
Manganese nodules 
(Co, NI, Cu, Mn) 
Phosphorlte nodules 
Phosphorlte sands 
G la ucon I te sands 

Sub-bottom 

Burled beach and 
river placers: 
Diamonds 
Gold 
Platinum 
Tin 

Heavy minerals: 
Magnet I te 
I I men I te 
Ruti le 
Zircon 
Leucoxene 
Monazlte 
Chroml te 
Schee lite 
Wolframlte 

Hydrocarbons: 
011 
Gas 

Conso 11 dated 

Bottom 

Exposed stratified 
depos I ts: 
Ironstone 
Limestone 

Chemical deposits: 
Manganese oxide 
Associated Co, NI, Cu 
Phosphori te 

Hydrocarbons: 
Coal 

*Modified from Cruickshank, 1970 

3 

Sub-bottom 

Disseminated 
massive, vein 
or tabular 
depos I ts: 
Coal 
Iron 
Tin 
Gold 
Sulphur 
Metallic sulfides 
Meta II i c sa I ts 

Dissolved 

Seawater 

Metals and 
sa I ts: 
Magnesium 
Sodium 
Ca le I um 
Bromine 
Potass I um 
Sulphur 
Strontium 
Boron 
Uranium 
Fresh water 
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3. GEOLOGICAL METHODS 

Geological methods provide the most direct, unambiguous information 
about depth below sea level, shape, and composition of the continental 
she 1 f. 

3.1 Bathymetry and Side-looking Sonar 

Bathymetry is the measurement of ocean depth and Is the single most 
routine and useful measurement made at sea. Sound travels much better 
through water than air and so is extensively applied in bathymetric and 
seismic methods. Bathymetric techniques are based on the principle of 
acoustic reflection, according to which a pulse of high frequency sound 
will be reflected by the ocean bottom at an angle equal to Its angle of 
incidence, like a ball bouncing off the ground or a ray of light 
reflected from a mirror. 

Depth is measured with an echo-sounding system which comprises a 
combined sound-source/receiver (high frequency piezo-electric transdu­
cer), usually mounted on the hull of a ship, and a graphic recorder 
(fig. 2) (Shepard, 1963). As the ship moves along, short pulses of 
sound are repeatedly projected at the bottom and the.round-trip trave 1 
time of the bottom-reflected pulse Is continuously displayed as depth 
below sea level on the graphic recorder which is calibrated for the 
known speed of sound through seawater. Each record provides a profile 
of the ocean bottom along the ship's track (fig. 3). When many profiles 
have.been obtained over an area they are compiled into a bottom contour 
map which depicts the shape of the ocean bottom by drawing lines to join 
points of equal depth (isobaths) (fig. 4) (Johnson and Jugel, 1968). 

Side-looking sonar systems are similar to standard echo-sounders, 
except that the sound transducer Is mounted to give a side-looking 
instead of vertical beam, In order to obtain a sonar display of the sea 
floor analogous to an oblique aerial photograph on land (fig. 5). Fan­
shaped beams of sound that are narrow In a horizontal plane and wide in 
a vertical plane are projected to either side of the moving ship's 
track. The geographical location and shape of ocean bottom features are 
determined along a swath bisected by the ship's track. The minimum size 
bottom feature that the system can resolve is limited by the horizontal 
beam width, the dynamic range, and the number of reflected sound pulses 
received from that feature. In short-range side-looking sonar, the 
sound transducer is towed some tens of meters above the ocean bottom and 
ensonifies a swath about one kilometer wide with a resolution of about 
5 meters (Chesterman et al., 1958; Clay et al., 1964). In long-range 
side-looking sonar, the sound transducer is towed near the sea surface 
and projects sound to a lateral distance of about 20 km with resolu­
tion of about 1 km (Rusby, 1970). Many overlapping side-looking sonar 
records may be combined into a mosald of the ocean bottom comparable 
to an air photo-mosaic on land. 
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Figure 3. Bathymetric profiles across the continental shelf 
off Miami, Florida, (from Kofoed and Malloq, 1965, fig.2). 
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Figure 4. A bathymei;ic map depicting the depth and shape 
of the· continental shelf off Miami, Florida, constructed 
from many:odndividu,al.bathymetric profiles, such as those 
shown in figure. 3, by. connecting points of equal. depth ~Tith 
contour lines (isobaths). From Kofoed and Malloy, 1965, 
fig. 1. 
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Figure 5. A side-looking sonar system in which sound sources 
are mounted to project sound laterally from a vehicle towed 
by a ship to obtain a sonar display of the ocean bottom 
analogous to an oblique aerial photograph {From Clay et al., 
1964, fig. 1). 

3.2 Photography 

The ocean constitutes an effective cover over the continental shelf 
because light Is rapidly attenuated by passage through water and scat­
tered by suspended matter. The amount of light at 100 meters below sea 
level Is a small fraction of that at the sea surface. The continental 
shelf can be photographed either at extremely close or far ranges but 
not at intermediate range. Deep-sea cameras operate by illuminating 
small areas from two to ten square meters of the ocean bottom and se­
quent1a11y taking pictures as they are towed within about 5 meters of 
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the bottom (figs. 6 and 7) (Hersey, 1967). Cameras mounted in airplanes 
and satellites flying at elevations of hundreds of meters to hundreds of 
kilometers above sea level photograph areas encompassing thousands of 
square kilometers revealing major features of continental shelves such 
as submerged river deltas, islands, channels, and sand bars. Films sen­
sitive to different portions of light spectrum reveal different 
features such as color variations and areas of abnormal heat on the con­
tinental shelf and in the overlying seawater. 

3.3 Bottom Sampling 

The only exploration method that proves the presence of a particu­
lar mineral deposit is sampling. Information obtained by sampling Is 
limited to the precise spot sampled. For sampling to be effective, the 
sampling location must be closely delineated by the exploration methods 
or a sampling pattern employed suited to the anticipated size and sub­
bottom depth of the deposit being sought. 

rRI l'PING 
WEIGHT 

. ' / \ \ ,~/ 
ral \ I.\~ 
r:-V,,.,._ " / ,- \/ . ,,., 
\' '\ 

/. \ 

i::::'. \ \ 
j.- .... -~· 11'· ~~ lllo{ 

B<HTOM COVERA<_;t. 

./\SH 
HOiJS!t,~G 

Figure 6. A deep-sea camera system consisting of a camera, 
stroboscopic flash, and triggering device designed to take 
photographs of small areas of the ocean bottom (From Owen, 
1967, figs. 8-4). 
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In the technique of coring, a core barrel consisting of a tube 
s.everal centimeters in diameter up to about 20 meters in length pene­
trates Into the sediments of the ocean bottom either by gravitational 
impact or mechanical vibration (fig. 8). The core barrel recovers a 
sample in the form of a vertical column through the ocean bottom 
(Shepard, 1963). Several cores can be collected in an hour on the con­
tinental shelf using a power operated winch to lower and retrieve the 
coring device on a cable. Standard coring devices are not suitable for 
penetrating rocks. 

Dredging is a technique to gather fragments of rocks exposed on the 
sea floor that are too hard and large to recover by coring. A chain 
basket or pipe suspended from the ship on a cable is dragged along the 
bottom in areas where echo sounding records and bottom photographs indi­
cate rock ledges or loose nodules and rock fragments (fig. 9). 
Information from coring and dredging may be portrayed as a map of the 
distribution of sediment and rock types (fig. 10). 

Drilling techniques are employed to recover samples of rock or of 
sediments beyond the penetration of conventional coring techniques. 
Ship mounted rotary, percussive, and vibratory drills of various sizes 
are capable of different penetrations. Drilling for oil Is done by 
rotary drills mounted on floating barges or on fixed platforms capable 

Figure 7. A deep-sea photograph showing about one square 
meter of the ocean bottom covered with manganese nodules. 
The individual manganese nodules are about the size of ten­
nis balls (7 to 10 cm in diameter). (Photograph by R. M. 
Pratt and Woods Hole Oceanographic Institution). 
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Figure B. A coring device shown while being lowered, at the 
instant of the hit, and while in the sediment (from Talwani, 
1964, fig. 9a). Thermister probes mounted along the core 
barrel measure the temperature gradient in the ocean bottom 
to determine heat flow (Gerard et al., 1962). 
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Figure 9. A dredge which is dragged along the bdttom on'a 
cable from a ship to recover loose rocks. 
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REFLECTION REFRACTION 
,/lfl/j .......... ~J....~ ................. 
r ' 

r~ ................... ~l.~ ............ ..... 
' ~ 

Shot 

Ocean bottom 

Figure 11. In the seismic reflection technique sound waves 
from a source at a ship bounce directly back to the ship 
from sediment and rock layers. In the seismic refraction 
technique the sound waves from a "shooting" ship travel 
along the sediment and rook layers before propagating back 
to a "receiving" ship. 

of penetrating over 5 kilometers through sediments (Petroleum Engineer 
Publishing Co.). Drilling in moderate water depths is so expensive that 
it is generally limited to targets identified by other methods rather 
than as an exploration tool. 

4. GEOPHYSICAL METHODS 

Geophysical methods provide indir~ct quantitative m~asurements of 
physical properties of sediments and rocks and are subject to varying 
degrees of ambiguity in their interpretation. · · 
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4.1 Seismic Reflection 

Seismic reflection Is the most useful method to delineate structures 
favorable to the occurrence of oil and other mineral deposits burled In 
or beneath the sediments which cover most continental shelves. Seismic 
methods utilize the fact that sound waves travel with different velocf· 
ties (expressed as kilometers per second) In different materials. The 
principle ts to Initiate sound waves at a point and determine at another 
point the time of arrival of the energy that Is reflected by df scontin­
uf tf es between different materials (f fg. JI). The discontinuities 
result from differences In the density of the materials and the velocity 
with which sound waves travel In the materials. The seismic reflectlon 
method unambiguously determines the relative positions of such discon­
tfnuftfes. 

The baste components of a sefsmf c reflection system comprise a 
sound source, receiver, amplifier, filters, and recorder (ffg. 12). 

GEOPHYSICAL EQUIPMF;NT 

FM osc I· SYNC TRIG I I • \\I 
I I I INTENSITY MOD 

POWER 
AMP 

SOURCE 

RECORDER 

100 CPS osc .......,. __ __. -
RCVR WITH 

FILTf;R, AGC a 
PRl•SUPPRUSION 

MATCHED 
Fii.UR 

~ J :m S\c>4C- lllf&,. ~ . · . . SURFACE 

TAii. 

~~ 'HYOROPHONE 

\ \ 

Figure 12. A seismic reflection profiling system including a 
repeating sound source, hydrophones to receive the sound 
reflected from sediment and rock layers, and amplifiers, 
filter~ and a graphic recorder to display the reflection 
(From Clay and Liang, 1962, fig. l). 
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Figure 13. A high resolution, shallow penetration (0.5 kilo­
meters) seismic reflection profile shows sediment-filled 
river channels cut in bedrock beneath the surface of a 
continental shelf. 

Penetration by different systems varies between about 1 meter and 10 
kilometers beneath the ocean bottom. Penetration is primarily deter­
mined by the amount of energy transmitted by the sound source in the 
low frequency range (less than 100 Hertz, i.e., cycles per second) 
because low frequencies of sound undergo less absorption in travel 
through sediment and rock layers than higher frequencies. The resolu­
tion of different seismic reflection systems varies between about one 
meter and hundreds Qf meters. Resolution Is related to the duration, 
peak frequency, and frequency content (bandwidth) of the acoustic signal 
transmitted. In general, the shorter the duration, or the higher the 
peak frequency, or the wider the bandwidth, the thinner the layer that 
can be resolved (Brillouin, 1956). Shortening of the signal duration 
limits the amount of energy transmitted resulting in decreased penetra­
tion. Raising the peak frequency (greater than 100 Hertz) also limits 
the penetration by increasing absorption losses. Widening the signal 
bandwidthdoes not restrict the amount of energy that can be transmitted 
and Is being developed as the most promising direction to achieve 
relatively deep penetration with high resolution. 

The state-of-the-art forces the user to choose between systems 
which achieve either high resolution o~ deep penetration. The choice 
depends on whether the objective is to find a relatively thin deposit 
In the upper several hundred meters sub-bottom (fig. 13) or a more 
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deeply buried thick deposit (fig. 14). Thin deposits that are deeply 
buried cannot be resolved by present systems. In either case, the 
deposit sought must be associated with density and sound velocity dis­
continuities in order to be detected by seismic reflection~ 

A variety of sound sources exists differing in their acoustic char­
acteristics (Kramer et aJ ., 1968; Ocean Industry, 1968). The low 
frequency energy component of e~plosive sources such as TNT, Nitromon, 
and Geofex (du Pont Blasters Handbook) can achieve penetration of several 
tens of kilometers at the expense of resolution. Explosive charges from 
about 250 grams up to thousands of kilograms are generally prepared and 
thrown over-the-side manually, which limits the repetition rate. Other 
types of sources repeat automatically at faster repetition rates, provid­
ing more sampling points to delineate reflecting interfaces which can 
change markedly over distances of one kilometer. Gas mixture sources 
generate explosions within Jong rubber hoses producing JON peak frequency 
(Jess than 10 Hertz), broad bandwidth signals with intermediate resolu­
tion up to about 6 kilometers penetration in unconsolidated rocks. The 
vibrosels source hydraulically drives metal plates to produce Jow fre­
quency (less than 100 Hertz), broad bandwidth signals which can be shaped 
and programmed to yield deep penetration with fair resolution. The pneu­
matic source or air gun suddenly injects a bubble of high pressure air 
(about 2000 pounds per square inch or 140 ki Jograms per square centime­
ter) into the water which commences to osci 11ate generating subsidiary 
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Figure 14. A low resolution, deep penetration (5 kilometers) 
seismic reflection profile shows salt domes (shaded) beneath 
the continental shelf off West Africa (From Templeton, 1970, 
fig. 7). 
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signals; the fundamental frequency and energy output Is controlled by the 
volume of air which may be adjusted from 1 cubic inch or 16 cubic centi­
meters (about 50 Hertz) for shallow penetration to 2000 cubic inches or 
32,800 cubic centimeters (about 5 Hertz) for deep penetration (fig. 15). 
Electric spark discharge sources generate an explosion by suddenly break­
ing water into its component gases which produces a broad bandwidth low­
to-intermediate frequency (50-500 Hertz) signal achieving penetration to 
several kilometers depending on the electric energy used (100-120,000 
Joules). The boomer is an electromechanical source consisting of two 
metal plates spring loaded against a coil which are suddenly separated by 
turning on and off a high voltage in the coil; the signal is of broad­
bandwidth and intermediate frequency (500-2500 Hertz) capable of several 
hundred meters penetration. Piezo-electric and magnetostrictive sources 
transmit high frequency (hundreds to thousands of Hertz) signals of short 
duration to achieve high resolution and penetration of a few hundred 
meters. Sources can be used in concert to obtain mutual characteristics 
if the shipboard handling problems do not become too difficult. 

In the operation of seismic profiling, a sound source and a receiver 
consisting of an array of pressure sensitive elements mounted inside an 
oil filled hose (fig. 15) are towed from the stern of a ship at speeds 
limited to about 20 kilometers per hour to reduce flow noise. The sig­
nals reflected from the ocean bottom and sub-bottom interfaces are 
received by the hydrophones, amplified, filtered, and continuously dis­
played on a graphic recorder (fig. 12). The reflected signals may also 
be recorded on magnetic tape to allow replaying and signal processing. 
The objective of signal processing is to increase the ratio of signal-to­
noise by suppressing the noise and enforcing the signal (Silverman, 1967; 

Figure 15. An air gun (30 cubic inch or 500 cubic centimeter 
capacity) mounted in a hydrodynamically stable towing ve­
hicle about 1.5 meters long (foreground) is one type of 
sound source used in seismic reflection profiling. An array 
of hydrophones is mounted in an oil-filled clear plastic 
hose (background). 



Neidell, 1968). Seismic signal processing has reached its most advanced 
development in the petroleum industry and has been neglected outside of 
industry owing to cost considerations (Schneider, 1971). 
· Reflection records are generally expressed In seconds of round-trip 

travel time to the reflector and back. The velocity of sound in the 
particular rock interval penetrated must be known in order to convert 
the travel time into thickness.· Interval velocities are computed from 
information on the change in travel time with increase in distance 
between source and receiver utilizing a buoy-mounted hydrophone and 
radio transmitter (sonobuoy) to receive and transmit the reflected signal 
to the ship (Clay and Rona, 1967). 

4.2 Seismic Refraction 

Seismic refraction complements seismic reflection in providing a 
more generalized picture of the structures beneath the ocean bottom, 
deeper penetration, and a determination of sound velocities In major 
sediment and rock layers (fig. 16). Like seismic reflection, seismic 
refraction utilizes the fact that sound waves travel with different velo­
cities in different materials. As in seismic reflection, the principle 
is to initiate such waves at a point and determine at another point the 
time of arrival of the energy. In refraction the sound wave is deflected 
from a straight line In passing obliquely from one sediment or rock layer 
Into another of different velocity (fig. 11). In entering a layer of 
higher velocity the sound wave bends away from the higher velocity zone 
toward the zone of lower velocity by an amount proportional to the velo­
city difference between the zones, in\a pattern that can be described 
according to principles of geometrical optics. Optical examples of 
refraction are the distortion of objects as seen through hot air or 
through the surface of water. From the measurements of the travel time 
of the sound wave from the sound source, through the water and· rocks, and 
back to a receiver, the travel path can be reconstructed, and the 
position of boundaries between layers and sound velocities in the layers 
can be deduced (fig. 17). 

The performance of seismic refraction involves the same basic com­
ponents as reflection: 1) sound source, 2) receiver, 3) amplifiers and 
filters, 4) recorder. The major difference is in the configuration of 
source and receiver which must be separated at least several times the 
distance of the desired penetration in order to be in the path of the 
refraction returns (fig. 11). To accomplish this separation requires 
either two ships, a "shooting" and a "receiving" ship, or a sonobuoy 
which performs the listening function of the receiving ship (Hill, 1963). 
As the travel paths of the sound waves are much longer than in reflection 
the higher energy sources such as explosives or large air guns must be 
used. Various arrangements Involving more than one receiver may be used 
in order to gain more information from different travel paths of each 
shot. 

The practice of seismic refraction is limited to situations where 
each layer has a sound velocity higher than the layer immediately above 
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Figure 16. Seismic refraction prof!les provide a generalized 
picture of major sediment and rook layers down to about 30 
kilometers beneath the ocean bottom •s in this example off 
Cape Hatteras, U.S.A. (From Worze1 and Shurbet, 1955, fig. 8). 
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Figure 17. The travel times of sound waves refracted through 

water, sediment ahd ro~k layers are plotted on a time-dis­
tance graph. The sound velocities through the different 
materials are derived from the slopes of the corresponding 
segments of the time-distance curve and the thicknesses of 
the layers from their intercepts on the time axis (From 
Smith, 1968, fig~ 2). 

it. and where. the veJocity contrast between Jayers is sufficientJy great 
to refract the energy. This means that the refraction method is bJlnd 
to a Jower veJocity Jayer underlying higher veJocity Jayers such as sedi­
ments· underlying rocks. 

4.3 Magnetic Method 

The tra.gnetic method is used to deJineate geological structures 
associated with petroleum, to measure thickness of sediment above mag­
netic basement rocks, and to locate concentrations of magnetic (iron­
bearing) minerals on or beneath the sea floor. The magnetic method 
depends on accurately measuring anomalies of the Jocal geomagnetic field 
produced by variations in the intensity of magnetization residing in 
magnetized sediments and rocks. The magnetization is due partly to 
induction in the earth's magnetic field and partly to permanent (rema­
nent) magnetization. The induced intensity depends primarily upon the 
magnetic susceptibility of the materials and the present magnetizing 
fteJd. Th~ susceptibility ls almost entirely controlled by the quantity 
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Figure 18. The sensor of the proton free-precession magneto­

meter is affixed to electrical cable by which it is towed 
behind a moving ship. 
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Dipole Equator 

Figure 19. Lines of force of the earth's magnetic field are 
aligned as if generated by an internal bar magnet. DN and 
DS are the north and south geomagnetic poles; NP and SP are 
the geographical north and south poles. (Arthur Holmes, 
PRINCIPLES OF PHYSICAL GEOLOGY, Second Edition, The Ronald 
Press Company, New York, fig. 726. Copyright 1965). 

of iron-rich minerals with magnetic properties, especially the mineral 
magnetite present in many volcanic rocks. Quartz, limestone, rock salt, 
and most sediments have very low magnetic susceptibilities. The perma­
nent intensity is recorded in the materials from exposure to previous 
magnetic fields which have varied in the past. 

Magnetic intensity measurements of the continental shelf are made 
with a magnetometer towed either by a ship or an airplane. The compo­
nents of a magnetometer are the sensing element towed on an electrical 
cable, electronic components to convert the output of the sensor into 
units corresponding to magnetic intensity (gamrras; l gamma= 10- 5 gauss), 
and a recorder to display the values. Two types of magnetometers in 
common usage are the fluxgate and the proton free-precession (fig. 18). 

24 



I 

t 

l 
I 
I· .. " 
r 

I 

Fluxgate magnetometers operate by sensing flux densities induced by the 
.external magnetic field in certain materials of high electrical permea­
bility. The fluxgate magnetometer measures relative magnetic intensity. 
Proton free-precession magnetometers (Hill, 1959) utilize the phenomenon 
of magnetic resonance of elementary particles. The proton free-preces­
sion magnetometer measures the magnitude of the total magnetic field 
consisting of the earth's regional field (fig. 19) plus the magnetic 
anomaly related to the materials of the ocean bottom (fig. 20). The 
earth's regional or reference field, knONn at all points (I .A.G.A., 
1969), Is subtracted from the total field leaving the residual field, 
which reveals anomalies associated with the sediments and rocks of the 
ocean bottom. The total field Is measured along a set of tracks spaced 
for adequate coverage and residual values are plotted and contoured to 
delineate the magnetic anomalies (fig. 21). · 

Computer techniques have been developed to obtain the residual 
field from the total field (Cain and others, 1964) and to calculate 
models of crustal structure from the magnetic anomalies (Talwani and 
Heirtzler, 1964). Thicknesses of sediments and depth of burial and 
shape of rocks with magnetic properties can be deduced from the 
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Figure 20. Profile of total magnetic intensity (top) made by a 
shipborne proton free-precession magnetometer over a sea­
mount (bottom) (From Talwani, 1964, fig. 6). 

25 



\ 
I 

I 

I 
I 
i 

0 1 2 3 km 
ALT= 160 m 

Figure 21. A residual intensity magnetic contour map (gammas) 
constructed from aeromagnetic profiles flown along north­
sou th lines. An anomalous magnetic "high" (center) is 
associated with an iron-bearing deposit. 

associated magnetic field. The interpretation of magnetic measurements 
is usually ambiguous. Many possible depths and shapes of magnetic 
source materials may account for the observed magnetic field (fig. 22). 
If either the depth or dimensions of the magnetic source materials is 
determined by seismic methods, then the other unknown quantity can be 
calculated from the associated magnetic field. Alternatively, the 
depths and dimensions of magnetic basement rocks can be determined 
empirically by comparing magnetic anomalies at locations where the base­
ment rocks are known from drilling with anomalies over unknown sites In 
the same region. 
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4.4 Gravity 

The gravity method, In common with the magnetic method, measures a 
field associated with the earth as a whole and influenced by local fluc­
tuations. The local fluctuations in gravity relate to variations in the 
density of materials, in turn related to geologic features such as 
intrusions of light material like salt, or heavy material like basalt, 
or displacements of materials with contrasting densities in faults or 
fo 1 ds. 

Newton's law of gravitation states that the force of attraction 
between two objects is directly proportional to the product of their 
masses and Is Inversely proportional to the distance between them. 
Gravity measurements are expressed in mJlligals. One milligal Is one 
thousandth of a gal, which is a unit of acceleration (1 centimeter/ 
second2 ) named after Galileo, and is roughly equal to one millionth of 
the total value of gravitational attraction exerted by the earth. The 
force of gravitational attraction exerted by the earth on an object of 
unit mass on its surface is not constant, but varies from place to place. 

AZ 

(c) 

Figure 22. Curves of magnetic intensity and one of the many 
possible distributions of magnetic materials which could 
account for each of the curves (From Parasnis, 1962, fig. 6). 
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Figure 23. A scientist adjusting a Graf-Askania shipborne 
gravimeter (Courtesy of B. P. Dash). 

A major part of this variation is related to the shape of the earth 
which is not a perfect sphere but is wider at the equator than at the 
poles and to the centrifugal force of a spinning earth. Superimposed 
on this gradual variation of the gravitational field are small varia­
tions caused by the density inhomogeneities in the earth's crust. The 
object of gravity measurements is to detect these small variations and 
relate them to geological structures. 

Gravity measurements at sea are made with gravimeters installed on 
ships (fig. 23). The LaCoste-Romberg and the Graf-Askania are two types 
of gravimeters in common usage in which changes in the force of gravity 
are measured by its effect on a weight at the end of a spring; the 
former type of gravimeter measures the force displacing the weight from 
an equilibrium position and the latter type measures the force necessary 
to restore the weight to an equilibrium position (fig. 24). In order 
to cancel the effects of horizontal and vertical accelerations of ship 
motion, the Graf-Askania gravimeter is mounted on a gyro-stabilized 
platform and the LaCoste-Romberg may be glmbal mounted with an auxili­
ary pendulum to establish true vertical. Observations are fed to a 
computer which eliminates extraneous accelerations and produces the cor­
rected observations due to gravity. The vibrating string is another 
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type of shipborne gravimeter which measures a change In frequency of 
vibration which is proportional to the acceleration of gravity (Wing, 
1969). Ships larger than several thousand tons displacement are favored 
as platforms for making gravity measurements because of their stability. 
The problem of extraneous accelerations is averted and the highest 
accuracy is achieved in the sea-floor gravimeter which is encased in a 
water-tight chamber, placed on the ocean bottom, and operated by remote 
control through an electrical cable to the surface ship. Accuracy of 
navigation during gravity measurements is essential because the E~tv~s 
correction arising from the Coriolis force experienced by moving bodies 
on a rotating earth varies significantly with ship's speed, course, and 
position (Worzel and Harrison, 1963). 

The observed value of gravity minus the value predicted by the in­
ternational formula for the earth's field gives the free-air anomaly 
(fig. 25). Bouguer anomalies are computed from the free-air anomalies 
after an allowance is made for the density deficit of water with respect 
to crustal materials and directly represent density variations below the 
sea floor. The corrected gravity measurements can be contoured to 
de 1 i neate gravity "highs" and !'lONs 11 if enough measurements over an area 
are available (ffg. 26). Hypothetical reconstructions of buried geo­
logical structures can be computed from individual profiles. As in the 
magnetic method, the interpretation of gravity measurements is ambiguous 

M 
6d 

Figure 24. The Graf-Askania and La Coste-Romberg gravimeters 
measure the forae of gravity (g) by its effect in displac­
ing a weight (6d) balanced by a spring (From Nettleton, 
1971, fig. 6). 
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Figure 25. Profile made by a Graf-Askania shipborne gravi­
meter across a trough-shaped depression in the ocean bottom 
(shaded). The difference between the earth's gravity field 
(dashed line) and the observed value of gravity (solid line) 
is the free-air anomaly which closely corresponds to the 
shape of the ocean bottom (From Talwani, 1964, fig. 1). The 
slope of the zero free-air anomaly reflects the change of 
gravity with latitude and the step at B is caused by a 
change of Eotvos correction due to change in the heading of 
the ship. 

because any gravitational field observed at the surface can be caused by 
an infinite number of different mass distributions, although every con­
figuration of masses gives rise to a unique gravitational field (fig. 
27). Gravity can only be interpreted if the number of possible solu­
tions can be constrained by information on the size and depth of source 
materials obtained from seismic methods (fig. 16). 

4.5 Electrical Methods 

Electrical methods utilize natural electric fields flowing through 
the earth (self-potential and telluric), applied direct-current fields 
(resistivity and equipotential), and applied alternating fields (induced 
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polarization and induction), to locate small scale features such as 
electrically conductive ore bodies. Voltages due either to natural or 
·artificial electrical currents flowing through the earth are measured 
between two electrodes inserted in the ocean bottom. Differences in 
electrical response between pairs of electrodes evidence differences in 
the resistivity of the intervening rocks. Electrical methods are com­
monly used on land and their application to the ocean bottom is 
presently in the stage of research and development. 

The self-potential method involves placing electrodes Into the 
ocean bottom and measuring naturally occurring anomalous potentials be­
tween them with a millivoltmeter or potentiometer. Anomalously high 
potentials result from electric currents flowing through sulfide and 
graphite ore bodies caused by associated naturally occurring electro­
chemical reactions. Self-potential anomalies have been observed 
associated with sulfide ore bodies beneath the continental shelf 
(Corwin et al., 1970). 

LIHIT OF PO.HIAN SALT 

AREA OF KNOWN} U///. 
SALT INTRUSIONS q///. 
GRAVITV·LOW 0 

0 

111L!S 
100 200 

I I l~O ,. l~O I I .b~ 
KILOl1ET-!S 

Figure 26. Gravity "lows" on a gravity map of the North Sea 
are associated with salt domes of lower density than sur­
rounding materials (From Smith, 1968, fig. 6). 
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Figure 27. A given gravity anomaly (top) may be explained by 
each of the mass distributions shown below (From Parasnis, 
1962, fig. 18). 

Telluric currents are electric currents flowing naturally through 
the earth on a broad scale that can be detected with pairs of properly 
spaced electrodes. The telluric method has been used to detect large 
scale anomalies in conductivity such as salt domes. 

Resistivity and equipotential methods consist of putting an elec­
tric current Into the bottom with two electrodes and measuring the 
potential differences with two other electrodes. The results indicate 
the resistivity of a layer in the earth whose depth Is proportional to 
the electrode spacing and whose dimensions are related to the symmetry 
of the lines along which the current flows. 

In Induced polarization a voltage is applied across two electrodes 
put into the bottom and shut off. The nature of the intervening material 
is inferred from the decay rate of the resulting current. Induced 
polarization and resistivity are generally limited in depth of penetra-
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tion to twice the minimum dimension of the ore body sought. 
In electromagnetic or inductlon methods an alternating current is 

set up in a wire loop. If a conducting body is present such a body of 
metallic ore, currents will flow in the body and can be detected with 
search coils. Electromagnetic methods have not yet be.en.applied suc­
cessfully at sea because of the high conductivity of sea water (Tooms 
et al.. 1965). 

lt.6 Heat Flow 

Heat is constantly being dissipated through the ocean bottom gener­
ated from the decay of radioactive elements within the earth. Hot spots 
may occur at sites of submarine volcanism, and very sobtle temperature 
changes may be related to the heat conducting properties of local bodies 
of rock. For example, higher rates of heat dissipation would be expec-

Metal content of soil 
(minus -80 mesh fraction) 

c=J < 50 ppm Cu 
<70 ppm Zn 

~ >50 ppm Cu 

~ 

Figure 28. A geochemical map showing anomalous concentrations 
of copper and zinc measured in soil samples directly over­
lying buried ore bodies (Hawkes and Webb, GEOCHEMISTRY IN 
MINERAL EXPLORATION, Harper & Row Publishers, 1962. Data 
for this figure were supplied by Chartered Exploration Ltd.). 
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ted over metallic ore bodies of high conductivity than over salt domes 
of relatively low conductivity. 

. Measurements of the amount of heat flowing through the ocean bottom 
are made with a heat probe called a "thermograd", an instrument consist­
ing of several heat sensors (thermistors) mounted at equal Intervals 
along a cylindrical probe or along the barrel of a sediment coring 
device, which is vertically inser~ed into the sediments of the ocean 
bottom (fig. 8). The vertically spaced thermistors measure electrical 
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Figure 29. A range-range electronic navigation system in 
which a ship's position is at the intersection of two circles 
concentric about shore-based transmitting stations (From 
Barnes, 1970, plate 3). Each circle is the locus of all 
points equidistant from a transmitting station. 
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resistance which registers on an accompanying recorder calibrated to 
convert the resistances to temperature differences which may amount to 
several tenths of a degree Centigrade or more over a 10-meter vertical 
separation (Bullard, 1963; Gerard et al., 1962; Langseth, 1965). To 
obtain heatflow, the measured temperature gradients are multiplied by 
the value of the average thermal conductivity of the sediments between 
the thermistors. The thermal conductivity is routinely measured on­
board ship in the simultaneously recovered sediment core (Von Herzen and 
Maxwell, 1959). The quantity determined ls the amount of heat emerging 
through a unit area of the ocean bottom In a given time expressed as 
mtcrocalories per second per square centimeter. 

A spectacular association between submarine heat flow and valuable 
metallic ore bodies ls described from the central rift of the Red Sea 
(Degans and Ross, 1969), where the temperature of bottom water is about 
10°C higher than that of surface water. Heat flow is not presently used 
as a standard exploration method at sea largely because of the great 

NAVIGATION SYStfM 

Figure 30. The satellite's signal is picked up by a tracking 
station (timel) which is relayed to the Computer Center. 
After computing future orbital parameters and a time cor­
rection, these are then relayed to an injection station 
which in turn transmits them to the satellite (time 2). The 
satellite stores the information and transmits it to earth 
intermittently (time 3 ). Shipboard systems with receiver­
computer equipment combines position information of the 
satellite with information on the position of the ship rel­
ative to the satellite to determine the ship's position on 
earth (from Thomas, 1966, fig. 15.). 
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variation in values observed within small areas and the large changes In 
water temperature over continental shelves. Statistical analysis of 
many clo~ely-spaced measurements at depth beneath the surface of the 
continental shelf is needed to accurately define anomalies. 

4.7 Radioactive Methods 

Radioactive methods are principally used to search for ores that 
are naturally radioactive or that are associated with radioactive min­
erals. They may also be used to locate minerals that emit characteris­
tic radlatfon when artiflcally stimulated (see radiometric methods under 
Geochemical Methods). 

Natural radioactivity occurs when certain atoms disintegrate, spon­
taneously emitting ~lpha particles (helium nuclei), beta particles 
(electrons and positrons), and gamma electromagnetic radiation. This 
phenomenon Is confined principally to four radioactive series Including 
the elements neptunium, thorium, and two types of uranium. The alpha 
and beta particles lose their energy In passing through matter and are 
not detectable under even a thin cove~ of sediments. The gamma rays can 
be detected through considerable thicknesses of material depending on 
the sensitivity of the instruments and the background effects due to 

T2 

Figure 31. Hyperbolic electronic navigation system in which 
a ship's -position "P" is at the intersection of two hyper­
bolae with foci at ihore-based transmitting stations. 
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cosmic radiation. Characteristic gamma radiation may be stimulated when 
non-radioactive minerals are bombarded by neutrons from a radioactive 
source such as californium 252 in the method of neutron activation 
analysis. 

Natural or stimulated radiation emanating from rocks Is detected by 
Geiger and scintillation counters. Geiger counters detect gamma rays by 
their effect of ionizing gas contained In the instrument to produce an 
electric current. Scintillation counters detect gamma rays by their 
effect of causing certain substances to emit radiation. ·The radiation 
intensities may be recorded as counts-per-minute or millirontgens-per-
hour. , 

Radioactive methods are used on land and have not yet been exten­
sively applied to marine work. The Geiger or scintillation counter can 
be encased and towed near the sea floor, as has been done In exploration 
for submarine phosphorite nodules enriched in uranium (Tooms, 1969). 
A neutron activation analysis system designed for towing near the sea 
floor has'been used experimentally to identify ore samples planted on 
the continental shelf (Ocean Industry, 1970; Noakes and Harding, 1971). 
Alternatively, shipboard measurements can be made on seawater, sediment, 
and rock samples. 

5. GEOCHEMICAL METHODS 

In geochemical prospecting the constituents in sediments and rocks 
and seawater are analyzed for Indications of the presence of ore bodies 
and petroleum. The chemical property measured is usually the content of 
some element that occurs In minute 11 trace11 quantities relative to other 
elements. The purpose of the measurement Is the discovery of abnormal 
chemical patterns, or geochemical anomalies, related to mineralization. 
Geochemical prospecting Is especially Important in the search for min-
erals that occur In quantities too small to be resolved by most · 
geophysical methods, as occurrences of such Industrially important 
metals as molybdenum, tungsten, and vanadium. · 

Chemical Indicators of the presence of a mineral deposit may dis­
perse hundreds to thousands of meters away from the deposit. The 
Indicators may disperse In solid,· liquid, or gaseous phases. The con­
centration of the indicator will decrease away from the source giving 
rise to a concentration gradient that leads back toward the source. For 
example, hydrocarbon gases like meihane, ethane, and propane, as well as 
brines from salt domes, may diffuse from petroleum deposits through over­
lying materials, to the ocean bottom (Kartsev and others, 1959). Metal 
Ions in solution can migrate through the agencies of weathering, leach­
ing, and transport in ocean ~urrents resulting in dispersion halos 
around the parent ore body (Ginsburg, 1960). Dispersion patterns can be 
Identified by the chemical analysis of samples systematically obtained 
on and beneath the ocean bottom and from the adjacent seawater. 
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Qualitative and semi-quantitative chemical methods are used to 
Identify and estimate concentrations of the principal and indicator ele­
ments In samples. The reliability of geochemical prospecting depends 
on the sensitivity and precision of these measurements, which can vary 
depending on the method, the presence of Impurities, and the competence 
of the geochemist. The analytical methods in most common use are sum­
marized In table 3. 

The results of sample analyses can be usefully portrayed by maps on 
which concentrations of different elements are contoured to delineate 
geochemical anomalies (fig. 28). The maps may reveal trends and gradi­
ents in concentrations of indicator elements, which may converge tONard 
a source mineral deposit. 

6. THE MARINE ENVIRONMENT 

The continental shelf Is covered by a layer of salt water up to 
about 200 meters thick. This means that a ship must be used as a stable 
platform for the execution of most exploration methods with the excep­
tion of magnetics, Jong-range photography, and certain electromagnetic 
techniques which can be flown (Powell, 1969; Undersea Technology, 1970, 
Oceanographic Ships and Submersibles of the World, Section E, p. 1-36). 
This .also means that Instruments immersed In sea water must be spec-
ial Jy packaged against water, corrosion, and the pressure of submergence. 

The progress of a ship over the sea or a submersible vehicle 
through the sea is Jess hampered by physical obstacles and, therefore, 
faster than that of a vehicle over most terrains on land. Sound energy 
transmitted to probe the earth is more effectively coupled through water 
than through soil zones on land. The ocean bottom Is Jess contaminated 
by mechanical and electromagnetic noise than Is the land, generally 
resulting in better signal-to-noise ratios In geophysical measurements 
at sea. Alternatively, operations at sea are even more weather sensitive 
than those on land because as soon as waves start building, the ship 
becomes unstable and the efficiency of men and instruments rapidly 
declines. Operations at sea frequently must be curtailed due to rough 
seas. The percentage of unfavorable weather conditions varies with 
region and time of year and can be approximately predicted from consid­
eration of synoptic weather maps compiled from prior years. 

The efficiency of shipborne seismic, magnetic, and gravity coverage 
generally results In cost savings over the application of corresponding 
methods on land. However, the cost of exploration drilling at sea is 
considerably greater than on land. The rapid rate of development of 
ocean exploration techniques acts to Increase the prices of equipment 
and services (Luehrmann, 1971). Airborne exploration offers the most 
rapid and inexpensive way to ga·ther certain information over a large 
area at sea, but is limited. in methods, resolution, and positional 
accuracy. 
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Table 3. Analytical Methods in ~eochemistry * 

FLAME SPECTROMETRY: Many elements emit characteristic radiation when 
vaporized In the heat of a flame. The elements are Identified by 
the wavelength of the spectral lines and their quantity estimated 
by the Intensity of the lines. 

EMISSION SPECTROMETRY: Almost all elements emit radiation of character­
istic wavelengths when vaporized and Ionized In the Intense heat of 
an electric discharge. As with flame spectrometry, the element Is 
identified by the wavelength and the quantity present Is determined 
by the Intensity of the spectral line. Flame and emission spec­
trometry are the basic tools of geochemical prospecting because of 
their capacity to conveniently determine whole series of chemical 
elements. 

GRAVIMETRY: Gravimetric methods Involve weighing the separated consti­
tuent. 

COLORIMETRY: A trace element Is made to form a compound that, when 
dissolved or suspended In a suitable liquid medium, absorbs or 
scatters light of characteristic wavelengths. 

TURBIDITY AND NEPHELOMETRY: These methods Involve, respectively, the 
unselectlve absorption and the scattering of light of all wave­
lengths by suspended particles of a precipitate containing the 
element to be determlned, 

SPOT TESTS: Some trace elements may be made to form colored compounds 
that can be displayed on paper. 

PAPER CHROMATOGRAPHY: Ions may be separated by their differential rates 
of movement In a solvent as It flows along a strip of filter paper 
and dries In different colored bands. The element Is Identified by 
color and the amount by width and color Intensity of the band. 

VISIBLE FLUORESCENCE: Samples containing uranium emit a visible lumi­
nescence under ultraviolet light when fused and cooled. 

X-RAY SPECTROMETRY: The Inner orbital electrons of atoms may be acti­
vated by x-rays In such a way that they re-emit x-rays of a 
wavelength that Identifies the activated element. 

RADIOMETRIC METHODS: Uranium, thorium and potassium are naturally 
radioactive. Non-radioactive elements may be made radioactive by 
exposure to neutrons generated In an atomic reactor. Both natural 
and artificial radioactive elements give off gamma radiation of 
characteristic energy. The element Is identified from the gamma 
ray energy and the quantity Is measured from the Intensity. 

ELECTRICAL MEASUREMEIHS - Polarography: A number of analytical methods 
depend on Instrumental determination of the electrical properties 
of solutions as a measure of the kind and concentration of ions 
dissolved In the solution. 

*After Hawkes and Webb, 1962 
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7. NAVIGATION 

Exploration and navigation go hand in hand because geological, geo­
physical, and geochemical information must be accurately located to be 
useful. The ship performing the exploration must be equipped with a 
position-keeping system capable of sufficient accuracy, repeatability, 
and range, to fulfi 11 the requirements of a particular exploration 
problem. 

Positions at sea are determined relative to known locations using 
visual and electronic Instruments with accuracies varying from l meter 
to many kilometers depending on the method and the conditions of Its 
use. Accuracies quoted by manufacturersof navigational systems are 
based on optimum conditions, and may be greater than accuracies achieved 
In actual operations. 

The traditional methods of visual and celestial navigation are sel­
dom adequate as primary navigation but are useful as verification and 
backup for more efficient electronic methods which utilize radio waves. 
Most electronic methods work by determining ranges from the ship to 
known locations, or the position of the ship on hyperbolic curves 
(Thomas, 1966; Chernof, 1971). The range methods utilize travel time or 
phase differences of electromagnetic signals transmitted between the 
ship and two radio transmitters at two different known locations to 
measure two ranges; the maximum operational distance Is generally line­
of-sight. The two ranges determine the radii of two circles, and one of 
the lntersectlonsof the circles is the position of the ship (fig. 29). 
Radar determines range and bearing relative ta an object such as an 
anchored buoy or landmark which reflects electromagnetic signals. Sat­
el l lte navigation systems determ•ne the position of the ship relative to 
the known position of the satellite from information transmitted via 
radio from the satellite to a shipboard receiver and computer (fig. 30). 

Hyperbolic methods utilize two pairs of transmitting stations at 
known locations and a receiver onboard the ship (fig. 31). The differ­
ence In arrival time or phase of electrorragnetlc signals received at the 
ship determines the position of the ship along a hyperbola, defined as 
the locus of all points along which the difference In distance to two 
foci (land-based transmitters) is equal. The ship's position Is deter­
mined by the Intersection of two hyperbolae. 

Electronic navigational systems utilizing other than radio waves 
Include doppler sonar and Inertial. Doppler sonar systems utilize the 
ref lectlon of sound waves from the ocean bottom in depths up to about 
300 m (Buford, 1969). As the ship moves relative to the ocean bottom a 
hull-mounted sonar transducer continuously emits sound waves at a fre­
quency which Is shifted by a value proportional to the ships velocity 
(Doppler shift). This lnforrratlon is displayed as a velocity and direc­
tion and Is Integrated by a computer to provide distance and course from 
an Independently known starting point. Inertial systems utilize a gyro­
scope to sense accelerations from which ships speed and direction are 
derived and integrated by a computer to provide distance and course from 
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an independently known starting point; the high cost of inertial naviga­
tion systems limits their application to exploration. 

At present the only electronic navigational systems with worldwide 
coverage are satellite and Omega (hyperbolic). Several other hyperbolic 
systems have permanent Installations but are limited In range up to about 
2000 kilometers. Shorter range systems can be commercially obtained to 
suit specific tasks. 

8. COMPOSITE EXPLORATION METHODS 

The choice of an exploration method ts guided by pure and practical 
considerations. The pure considerations emphasize the objective of the 
investigation and the type of information needed to fulfill the objec­
tive, Including the geology of the region to be Investigated and the 
anticipated rrode of occurrence of the mineral deposit being sought 
(Table 1). Cost, anticipated economic return, the availability of fund­
ing, competent manpower, instrumentation, ships, navigational control, 
and the conditions of work (accessibility, weather, etc.) in a given. 
region are important practical considerations. 

An exploration campaign should employ several exploration methods 
both concurrently and sequentially (table 2). For example, bathymetrtc, 
seismic reflection, magnetic, and gravity methods can be run concurrent­
ly from a single moving ship to provide complementary Information about 
the ocean bottom (Robinson, 1971). The aeromagnetlc method can provide 
rapid regional reconnaissance. Shipborne geophysical methods can pro­
vide more Information on selected areas and serve to guide geological 
and geochemical sampling. Estimates of additional field costs to obtain 
shipboard gravity, megnetic, and seismic refraction Information In com­
bination with seismic reflection data range as low as 10 percent (Dean 
and Kologinczak, 1970). The Information gained from such a composite 
Investigation reduces the uncertainties In interpretation and Increases 
the probability of discovery. 

41 



" 

9.alBLlOQRAPl:lY 

9. 1 Genera 1 

Brillouin, L. (1956) 11 "Science and Information theory," Academic Press, 
New York. 

Dean, R. E. and J. B. Kologinczak (1970) 11 "Total package exploration 
survey approach," 011 and Gas Journal, November 16 and 23. 

Freitag, J. s., T. L. Holcombe and J. A. Pew (1969), "Oceanographic and 
data processing Instrumentation aboard USNS KANE for Cruise Nine," 
Undersea Technology, Handbook/Directory 1969, Section A, 31-44, 
Reprint E6. 

Hill, M. N. (editor) (1963), "The Sea," 3, New York, Wiley - Inter-
science, 963 p. -

Holmes, A. (1965), "Principles of physical geology," The Ronald Press, 
New York, 1288 p. 

Long, F. S. (1969), "Redundancy gives RESEARCHER computer system high 
reliability," Undersea Technology, August, 35-40, Reprint R290. 

Luehrmann, W. H. (1971), "The high cost of offshore exploration," 
Oceanology, October, 24-29. 

Maxwell, A. E. (editor) (1970), "The Sea,"!!,, Part 1, New York, Wiley 
lntersclence, 791 p. 

Moody, G. B. (editor) (1961), "Petroleum exploration handbook," New York, 
McGraw-Hf 11, 25 chapters. 

O'Hagan, R. M. (1968), "Digital computer applications in the marine 
sciences," Undersea Technology, October, Reprint R227. 

POldell, A. L. (1969), "The cost of government research ships," Undersea 
Technology, Handbook/Directory 1969, Section A, 9-11, Reprint E3. 

Undersea Technology (1970) (yearly), Handbook/Directory, Compass Publi­
cations, Inc., Suite 1000, 1117 N. 19th Street, Arling-ton, Virginia 
22209, U.S.A. 

Turekian, K.K. (1968), "Oceans, 11 Prentiss-Hall, Englewood Cliffs, N.J., 
120 p. 

Wang, F. F. H. and M. J, Cruickshank (1969), "Technologic gaps in ex­
ploration and exploitation of sub-sea mineral resources, 11 Offshore 
Technology Conference, paper number OTC 1031, 1-286-298, 

9.2 Occurrence of Continental Shelf Mineral Deposits 

Cruickshank, M. J. (1970), "Mining and mineral recovery 1969," Undersea 
Technology Handbook 1970, A 11-21, Reprint E7. 

Hess, H. D. (1965), "The Ocean: Mining's newest frontier," Engineering 
and Mining Journal, 166, No. 8, 79-96. 

Mero, J. L. (1965), "The mineral resources of the sea," New York, 
Elsevier, 312 p. 

McKelvey, V. E. and F. F. H. Wang (1969), "Preliminary maps, World Sub­
sea Mineral Resources," U. S. Geological Survey, Miscellaneous 
Geologic Investigations, Map 1-632. 

United Nations (1970), "Mineral Resources of the Sea, 11 United Nations, 
Secretariat, Department of Economic and Social Affairs, Resources 
and Transport Division, 49 p. 

42 



---- -------------------------------------------

Worzel, J. L. (1968), usurvey of continental marglns, 11 Donovan, D. T. 
(editor), Geology of shelf seas, Edinburgh, Oliver and Boyd, 
117-152. 

9.3 Geological Methods 

Chesterman, W. D., P. R. Clynick and A. H. Stride (1958), 11An acoustic 
aid to sea bed survey, 11 Acustlca, 8, 285-290. 

Clay, C. S., J. Ess and I. Weisman (196li), "Lateral echo sounding of the 
ocean bottom on the continental rlse, 11 Journal of Geophysical 
Research, 69, 3823-3825. 

Emery, K. O. (1%6), "Geological methods for locating mineral deposits 
on the ocean floor," Exploiting the ocean, Transactions of Second 
Marine Technology Society Conference, 24-43. 

Emery, K. O. and L. C. Noakes (1968), "Economic placer deposits of the 
continental shelf," Technical Bulletin, ECAFE, 1, 95-111. 

Johnson, G. L. and M. K. Jugel (1968), "Recent developments Jn hydrog­
raphy," Undersea Technology, Handbook/Directory 1968, Section A, 
Reprint H-3. 

Kofoed, J. W. and R. J. Ma 1 loy ( 1965), "Bathymetry of the Ml ami Terrace,11 

Southeastern Geology, 6, 159-165. 
Owen, D. M. (1967), "A multT-shot stereographic camera for close-up 

ocean bottom photography," in Hersey, J, B. (editor), Deep-
Sea Photography: Baltimore, Maryland, The Johns Hopkins Press, 
310 p., 95-105. 

Petroleum Engineer Publishing Co., Fundamentals of Rotary Drilling: 
latest edition, Dallas, Texas. 

Rusby, S. (1970), "Long range side-scan sonar for use in the deep sea 
(G.L.O.R.1.A. Project), 11 Monaco, The International Hydrographic 
Review, 48, No. 2, 25-39. 

Sanders, J. E-:7 K. O. Emery and E. Uchupi (1969), "Micro-topography of 
five small areas of the continental shelf by side-scanning sonar, 11 

Geological Society of America Bulletin, 80, 561-572. 
Shepard, F. P. (1963), "Submarine Geology," Second edition: New York, 

Harper and Row, 557 p. 
Shepard, F. P. (1972), "Submarine Geology," Third edition: New York, 

Harper and Row, in press. 
Shepard, F. P., K. O. Emery and H. R. Gould (1949), "Distribution of 

sediments on East Asiatic continental shelf, 11 Allan Hancock Founda­
tion Publication, Occasional Paper No. 9, 1-64. 

9.4 Geophysical Methods 

Barnes, B. B. (1970), "Marine phosphorite deposit delineation techniques 
tested on the Coronado Bank, southern California," Dallas, Texas, 
Offshore Technology Conference, paper number OTC 1259, 11-316-330. 

Bullard, E. C. ( 1963), "The flow of heat through the floor of the ocean," 
Hill, M. N. (editor), The Sea, .b lntersclence Publishers, Wiley, 
963 p., 218-232. 

43 



L. ________ _ 

Cain, J. C., S. J. Hendricks, W. E. Daniels and D. c. Jensen (1964), 
"Computations of the main geomagnetic field from spherical harmonic 
expansions," NASA Report X-611-64-316. 

Clay, C. S. and P.A. Rona (1965), ·~tudles of seismic reflections from 
thin layers on the ocean bottom In the western North Atlantic," 
Journal of Geophysical Research, 70, 855-869, 

Corwin, R. F., W. C. Ebersole and P. WITde (1970), "A self potential 
detection system for the marine environment," Houston Offshore 
Technology Conference, OTC 1258. 

Dobrin, M. B. (1952), Introduction to geophysical prospecting," New York, 
McGraw-Hill, 435 p. 

Eve, A. S. and D. A. Keys (1956), "Applied geophysics in the search for 
minerals," Cambridge, The University Press, 382 p. 

Gerard, R., M. G. Lanseth, Jr. and M. Ewing (1962, "Thermal gradient 
measurements In the water and bottom sediment of the western 
Atlantic," Journal of Geophysical Research, 67, 785-803. 

Gurke, J. L. (1970), "Shipboard data acquisition :-why use a computer?," 
Compass Publications, Undersea Technology Handbook/Directory, 
A63-66, Reprint 08. 

Helland, C. A. {1963), "Geophysical exploration, 11 New York, Hafner, 
1013 p. 

Hill, M. N. {1959), "A shipborne nuclear spin magnetometer," Deep Sea 
Research, 5, 309-311. 

Hill, M. N. (19'b3), 11Single-shlp seismic refraction shootlng, 11 

Hill, M. N. {editor), The Sea, 3, lnterscience Publishers, Wiley, 
39-46. ...... 

I .A.G.A. Commission 2, Working Group 4, {1969), "International Geomag­
netic reference field 1965.0, 11 Journal of Geophysical Research, l!:!, 
4407-4409. 

Jakosky, J. J. {1960), "Exploration geophysics," California, Trija 
Pub Ji sh Ing Company, 1179 p. 

Kramer, F. S., R. A. Peterson and W. C. Walter {1968), "Seismic energy 
sources 1968 handbook," Bendix, United Geophysical Corporation, 
57 p. 

Langseth, M., Jr. { 1965), "Techniques of measuring heat flow through the 
ocean floor," In, Lee, W. H.K. {editor), Geophysical Monograph 8, 
American Geophysical Union, Washington, D.C., 58-77, 

Neidell, N. S. {1968), ·~ata processing for controlled energy acoustic 
sources, 11 Undersea Technology, October, 28-29, 44-46 .Reprint R23 l. 

Nettleton, L. L. {1971), "Elementary gravity and magnetics for geologists 
and seismologists," Wuenschel, Paul C. {editor), Monograph Number l, 
Society of Exploration Geophysicists, P. O. Box 3098, Tulsa, 
Oklahoma 74101, 121 p. 

Noakes, J.E. and J. L. Harding (1971), "Marine mineral prospecting by 
neutron activation analysis {abstract), 11 Geological Society of 
America 1971 Meeting, Abstracts with Programs, 800 p, 661. 

Ocean Industry {1968), "Sources of seismic energy for marine explora• 
tlon, 11 Ocean Industry, J., Nos. 5-6, 36-41, 87-94. 

44 

;; 



Ocean Industry (1970), 11Nuclear probe for underwater detection of 
minerals," Ocean Industry, 5, No. 10, 39-40. 

Parasnls, D. S. (1962), 11PrincipTes of applied geophysics," New York, 
WI ley, 176 p. 

Parasnis, D.S. (1966), "Mining Geophysics," New York, Elsevier, 356 p. 
Paterson, N. R. (1967), "Underwater mining - new realms for exploratlof\' 1 

Mining In Canada, April. 
Robinson, W. B. (1971), 11Geophystcs ts here to stay, 11 American Associa­

tion of Petroleum Geologists Bulletin,~ No. 12, 2107-2115. 
Romberg, F. E. (1961), "Exploration geophysics: A revlew, 11 Geological 

Society of America Bulletin, Jl:., 883-932, 
Schneider, W, A. (1971), "Developments in seismic data processing and 

analysis (1968-1970), 11 Tulsa Society of Exploration Geophysicists, 
Geophysics, 1§_, No. 6, 1043-1073. 

Senftle, F. E., E. D. Duffey and P. F. Wiggins (1969), 11Mineral explora­
tion of the ocean floor by in-situ neutron absorption using a 
Callfornium-252 source, 11 Marine Technology Society Journal, J., 
No. 5, 9-16. 

Silverman, D. (1967), 11The digital processing of seismic data, 11 

Geophysics, 22, 988-1002. 
Smith, D. T. (1968), 11Phystcs and sea-floor minerals," Contemporary 

Physics, 9, 565-585. 
Society of ExpToration Geophysicists: P. 0. Box 3098, Tulsa, Oklahoma 

74101, Geophysics. 
Talwani, M. (1964), 11A review of marine geophysics," Marine Geology, 

Elsevier, Amsterdam, 2, 29-80. 
Talwani, M. and J. R. Helrtzler (1964), 11Computation of magnetic anoma­

lies caused by two-dimensional structures of arbitrary shape, 11 in 
Computers In the mineral Industries, Proceedings of Third Annual 
Conference, Stanford and University of Arizona, Part 1, 480 p., 
464-480. 

Templeton, R. S. M. (1970), 11Geology of the continental margin between 
Dakar and Cape Palmas, 11 in Geology of the East Atlantic continental 
margin, Natural Environment Research Council, Institute of Geologi-
cal Sciences, Report No. 70/16, 209 p., 43-60. · 

Tooms, J. s. (1969), 11Some aspects of exploration for marine mineral 
deposits, 11 London, Institute of Mining and Metallurgy, 9th CollYllon­
wealth Mining and Metallurgical Congress, 12 p. 

Von Herzen, R. P. and A. E. Maxwell (1959), 11The measurement of thermal 
conductivity of deep-sea sediments by a needle-probe method, 11 

Journal of Geophysical Research, 64, 1557-1563. 
Wing, ·c. G. (1969), 11MIT vibrating string surface-ship gravimeter, 11 

Journal of Geophysical Research, 74 5882-5894. · 
Worzel, J. L. and J.C. Harrison (J963J;' 11Gravity at sea, 11 Hill, M. N. 

(editor), The Sea, 3, New York, Wiley - lnterscience, 963 p. 
134-174. -

Worzel, J. L. and G, L. Shurbet (1955), 11Gravlty anomalies at continental 
margins, 11 Proceedings U.S. National Academy of Sciences, !!,!_, 
458-469. 

45 



9.5 Geochemical Methods 

Degens, E. T. and D. A. Ross (1970), 11The Red Sea hot brlnest 11 Scientific 
American, 222; no. 4, 32-42. 

Glnzburg, I. 1.-n-960), "Principles of geochemical prospecting," New 
York, Pergamon Press, 311 p. 

Hawkes, H. E. (1957), "Principles of geochemical prospecting, 11 United 
States Geological Survey, Bulletin JOOO~F, 225-355. 

Hawkes, H. E. and J. S. Webb (1962), "Geochemistry In mineral explora­
tion," New York, Harper and Row, 415 p. 

Kartsev, A. A., Z. A. Tabasaransky, M. I. Subbota and G. A. Magllevsky 
(1959), ·~eochemical methods of prospecting and exploration for 
petro 1 eum and na tura 1 gas, 11 (translation from Russi an) ed I ted by 
P.A. Witherspoon and W. D. Romey: Berkeley, University of 
California Press, 349 p. 

Rainwater, F. H. and L. L. Thatcher (1960), "Methods for collection and 
analysis of water samples, 11 United States Geological Survey Water 
Supply Paper 1454, 301 p. 

Shapiro, L. and W.W. Brannock (1956), "Rapid analysis of silicate rocks:• 
United States Geological Survey, Bulletin 1036-C, 19-56. 

Smales, A. A. and L. R. Wager (editors) (1960), "Methods in geochemis­
try," New York, lnterscience Publishers, Wiley, 464 p. 

Tooms, J. S., D. T. Smith, I. Nichol, P. Ong and J. Whelldon (1965), 
'~eochemlcal and geophysical mineral exploration experiments In 
Mounts Bay, Cornwall, 11 in W. F. Whittard and R. Bradshaw (editors), 
Submarine geology and geophysics, London, Butterworths, 363-391. 

Yoe, J. H. and H. J. Koch, Jr. (editors) (1957), "Trace Analysis, 11 

New York, Wiley, 672 p. 

9.6 Navigation 

Bauss, W. (1963), "Radio navigation systems for aviation and maritime 
use, 11 New York, MacM i 1 lan. 

Bigelow, H. W. (1965), "Electronic surveying: Accuracy of electronic 
positioning systems,•rsupplement to the International Hydrographic 
Review, 6 September. 

Bowditch, N. T1966), American practical navigator," Washington, U.S. 
Naval Oceanographic Office, 1542 p. 

Buford, W. H., Jr. (1969), "Doppler sonar - a new navigation tool," 
Undersea Technology, March, Reprint R241. 

Chernof, J. (1971), "Navigation and positioning systems," Oceanology 
International, April, 42-45. 

Dunlap, G.D. (1969), "Dutton's navigation and piloting," 12th edition, 
Annapolis, United States Naval Institute, 715 p. 

Radio aids to maritime navigation and hydrography (1956), Monaco, 
International Hydrographic Bureau, Special Publication No. 39, 
481 p. 

Radio aids to maritime navigation and hydrography (1965), Monaco, Inter­
national Hydrographic Bureau, Supplementary Papers to Spec.Pub. 39. 

46 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~------



Symposium on electronic distance measuring (1960), Journal of 
Geophysical Research, 65, 385-528. 

Symposium on marine geodesy:-Columbus, Ohio (1966), Washington, 
U. S. Environmental Science Services Administration. 

Talwanl, M. (1970), 11Developments In navigation and measurement of 
gravity at sea, 11 Geoexploration, !, 151-183. 

Thomas, P. D. (1966), 11Terrestrlal and earth satellite navigation sys­
tems," Washington, U. S. Naval Oceanographic Office, Technical 
Report No. 188, 139 p.; Table 4 contains a summary of electromag­
netic and acoustic positioning systems Including accuracies and 
cos ts. 

Winston, E. J. (1970), "Underwater tracking systems," Ocean Industry, .2_, 
No. 10, 49-52. 

GPO 842 • 990 , 

47 


	TR_ERL_AOML_8 (pg. 1)
	TR_ERL_AOML_8 (pg. 2)
	TR_ERL_AOML_8 (pg. 3)
	TR_ERL_AOML_8 (pg. 4)
	TR_ERL_AOML_8 (pg. 5)
	TR_ERL_AOML_8 (pg. 6)
	TR_ERL_AOML_8 (pg. 7)
	TR_ERL_AOML_8 (pg. 8)
	TR_ERL_AOML_8 (pg. 9)
	TR_ERL_AOML_8 (pg. 10)
	TR_ERL_AOML_8 (pg. 11)
	TR_ERL_AOML_8 (pg. 12)
	TR_ERL_AOML_8 (pg. 13)
	TR_ERL_AOML_8 (pg. 14)
	TR_ERL_AOML_8 (pg. 15)
	TR_ERL_AOML_8 (pg. 16)
	TR_ERL_AOML_8 (pg. 17)
	TR_ERL_AOML_8 (pg. 18)
	TR_ERL_AOML_8 (pg. 19)
	TR_ERL_AOML_8 (pg. 20)
	TR_ERL_AOML_8 (pg. 21)
	TR_ERL_AOML_8 (pg. 22)
	TR_ERL_AOML_8 (pg. 23)
	TR_ERL_AOML_8 (pg. 24)
	TR_ERL_AOML_8 (pg. 25)
	TR_ERL_AOML_8 (pg. 26)
	TR_ERL_AOML_8 (pg. 27)
	TR_ERL_AOML_8 (pg. 28)
	TR_ERL_AOML_8 (pg. 29)
	TR_ERL_AOML_8 (pg. 30)
	TR_ERL_AOML_8 (pg. 31)
	TR_ERL_AOML_8 (pg. 32)
	TR_ERL_AOML_8 (pg. 33)
	TR_ERL_AOML_8 (pg. 34)
	TR_ERL_AOML_8 (pg. 35)
	TR_ERL_AOML_8 (pg. 36)
	TR_ERL_AOML_8 (pg. 37)
	TR_ERL_AOML_8 (pg. 38)
	TR_ERL_AOML_8 (pg. 39)
	TR_ERL_AOML_8 (pg. 40)
	TR_ERL_AOML_8 (pg. 41)
	TR_ERL_AOML_8 (pg. 42)
	TR_ERL_AOML_8 (pg. 43)
	TR_ERL_AOML_8 (pg. 44)
	TR_ERL_AOML_8 (pg. 45)
	TR_ERL_AOML_8 (pg. 46)
	TR_ERL_AOML_8 (pg. 47)
	TR_ERL_AOML_8 (pg. 48)
	TR_ERL_AOML_8 (pg. 49)
	TR_ERL_AOML_8 (pg. 50)
	TR_ERL_AOML_8 (pg. 51)

