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1 The principles and limitations of
geophysical exploration methods

1.1 Introduclion

This chapter & provided for readers with mo prior
knowledge of genphytical explonbon methods and =
pitched at an elememtary kevel. 1t may be pased over
by readers already familizr with the hasic princples and
limmitations of geophysical sarveying.

The wience of geophyscs applies the prinoples of
physics tothe stody of the Barth. Geaphysical investiga-
ans of the miterior of the Earth invobe taking measare-
mensxatar near the Farths surface that are inflnenced by
the miernal dstritmtion of physical properties. Analysis
of thew: mezssnrements can reveal bow the physical
properties of the Farths interior vary vertically and

Hy warking at different sles, geophyscal methads
may be applisd to 2 wide mnge of imestgations from
stuies ofthe entize Earth (global gerophysics; e.g. Bearey
& Ve 1996} to explonbon of 2 kocalesd megion of
the apper crust for engineering or ather purpases {&g.
Viogelsang 1965, MoCann dal. 1997} 1o the grophyscal
explomon methods {also refermed to & geophysical sur-
weying) discussed 1n this book, messrements within
peographically pestricted arezs are used to determmme the
distribeticas of physical properties at depths that eflect
the local subsarface gealoagy.

An akermative method of investigating sobsorface
gealogy B, of course, by drilling borehole, bt these
are expensive and provide information only at discrebe
locabons. Geophysical sureeying, akhough sometmes
prone to majar ambigities or oncertzintes of mierpre-
@tiom, provides a relatively mpid and cost-efectve
meams af deriving areally ditributed information on
sobsarface geology. In the explorbon for sobsarface
msourtes the methods are Gpable of detectmg and
dielinzating kool fazbares of potantial interest that conld
et b discowered by any realistic drilling programme.
Ceophymacal surveying does pot disperse with the need
fior drilling but, properly appbed, it can optimme sxplo-

ration programmes by meoominng the rmie of groand
coverage and minimizing the drilling equarement. The
impartznce of geaphysical explonabon & a2 means af
dernving mebwurface geological informaban is so great
that the basic principles and scope of the methods and
their mamn fizlds of applicabon should be appredated by
any practismg Farth scientist. This book provides 2 gen-
erzl imtrdnction o the main geophysacal methods in
widespread use.

1.2 The ssrvey methods

There &2 bmad division of geophysc] sorveying meth-
it into those that make o of natunl fields of the Earth
and theore that requeize the mputinio the ground of artf-
cally genented energy The natoml field methods tiline
the grnvitatioeal, magnetic, electmical and electmmag-
netic fislds ofthe Farth, searching for Iocal perturhations
in these naturlly occorring fields that may be caused by
oancealed gealogical features of ecomomic o other
interest. Artificial soame methods imohve the genem-
tian afloc] lectrical or electromesmetic fieks that mzy
e umed amalogously to naborl felds, or, in the mod im-
portant single gmup of grophysical surveying methods,
the peneratinn af saismic waves whose propagation ve-
lpcties and transmisdon paths throogh the sobamface
ame mapped to provide information on the dstmbotion
of geologicl boundaries at depth. Genenlly, natuml
fiedd methoads can prowide minrmaton on Earth proper-
ties o significantly greater depths and are logstically
more simple to carry oot than artificial source methods.
The Ltter, kewever, are capable of producing 2 mane
detziled and better resolved picture of the sobamface

Sevenral grophyscal merveyng methods can be med 22
seq ar in the air. The higher capital and openbing coss
asocizted with marme or airhorme work are offset by
the increased spesd of opembtion and the bensfit of
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beingahle toswervey ares where ground access & dhfficult
arimposible.

& wide onge of geophymcal merveying methods
exists, for each of which there is an “operive’ physical
property to which the method i sensitive. The methods
are Isted in'Table 1.1.

The type af phync] property o which 2 methed
responds dearly determines it range of applications.
Thus, for example, the magretic methed is very surable
for locating buried magretie om bodiesbecause of thiir
high magnetic sosceptibility. Similarly, sesmac or elec-
trical methods are suihle for the locabon of 2 barisd
water Ghis hacow satamated mck moy be detingnished
from diry rock by #ts higher seismic velooty and higher
electric] conductivity.

(eher comademations ko determmine the type of
methods emploved in a3 geophyscal explonbon pro-
carried oot from the 27 becoos of the high speed of
aperation. [n sach cses the dectrical orseismic methods
are mot apphcable, since these requite physic] conkc
with the groand for the divect ingut of energy.

CGeophysical methaods are often used in combination.
‘Thus, theinstial search for melbferces mineral deposits
often otilwes aithorne magnetic and electmmagnetic
surveying. Similarly rootine reconnasenoe of cont-
nental shel ares ofien inclodes Srmalanecos gravity,
magnetic and sesmoc sarveying. At the imterpretation
siage, ambiguity arimg from the msults of ane sarvey
methed may ofien be removed by comdderation of
resielis from a second survey method.

{izophysical explomban commeanly takes place in 2
maamber ofstages. For mample, m the ofhore ssarch for
cal and gas, an instial gravity reconmnaisan e SUTVEY MRy
rewveal the presapce of 2 large sedimentary bain that &
subseguently explored wsng ssismic methods. A st
round of selmic explombon may kaghbight aes of
partioalar interedt wisene firther detziled seismic work
nepids to be carried oot

‘The main fiekds of zpplication of geophysical surey-
ing, tagather with an mdication ofthe most appeopriate
surveying methods for each apphotion, are lisied in
Tabde 1.2

Exploration  for kydeocarbons, for metalliferoos
minerak and epwironmental applications epmsens
the main uses of geoplysical urveying. In terms of the
amaumt of money expendesd anremlly, ssismic methads
are the most mmportant techndques beose of thear
routine and widspread use in the exploration for ydm-
carbons. Sesmc methods are particolarly well soited to
the investigatian af the layered ssqoences in sedmentary
basins that zre the prirmary targsts for 1l or gs. On the
oither hand, sevmic methods are quite nnsoited to the
explorbon of igneces and metamarphic termins for
the near—surface, irmgular ore bodie that represent the
muain soarce of mellifercas minerals. Fxplortion for
ore bodbes i mainly carried out vsng electmmagnetic
and magnetic surveying methods.

In sevenal geophysical sorvey methods it & the locld
ariation in 2 measuresd parameter, relave to some nor-
mal hackground valoe, that & of primary inteest. Sack
ariation Batiributahle to 2 lecalived sobewrface zone of



Table 1.2 Cooplyncal mirveying pps

Application Appropriale aaney mothods®

Exploration for fnssil fucls joil, gas, coal 5,05, M, EM

Exphration for meallferous minerl M EME SRR

Exploration for bulk minend depois tand and graed) 5.4E}, (5

Exphoration forunderground water supplies E. 5 0GL{Rd)
naeringdConsincion she Investigation E. 5 Rd #GL

mmuqk:l Iyt gatione Rd, E EM. M, [5)
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distinctve physical property and pomable geclogical
importance. A& local varation of this type & known 25 2
propinpriad ansmaly. Forexample, the FEamk’ gravitatan-
zl Geld, after the spphotion of certzin cormections,
would everywhere be constant 1f the subsurface were of
urmform demity. Any lstenl densty vanabion asociated
with 2 change of mabmerface gealogy resulls in 2 local
deviation in the gravimtional Ged. Thi local deviabon
from the ctherwse consant gravi tona] field is mermed
b a5 2 gravity amamaly

Althoogh many of the geophysicl methods require
complex methodalogy and relztively advanced mathe-
rmatical treatment in interpeetabon, moch mformation
may be derved from a simple asemment of the wrvey
data This isilhusirated m the fillowing paragraphs where
a mamber af geophysical sureeying metheds ame apphed
ta the proflem of detecting and delineating a specific
gealogical feabare, namely 2wt dome. Mo terms or units
are defined kere, but the examples serve to illusirate the
way in which geophyaic] mreys can be apphied o the
salution of 2 particular geologacal prodlem.

falt domes are emplaced when a buried salt Lyer,
beczowe of is low density and ahbility to dow, mmes
thmagh overhymg denset stratz in a series of approx-
mately cybndrical bodies. The reing colames of salt
pience the owerlying smta or arch them into 2 domed
form A salt dome has physicl properties that are difer-
ent from the mermoending sechments and which enable i
detection by geophymical methads. These properties ane:
(1] 2 relativaly low dendty; (23 2 negative magnetic ms-—
ceptibility; {3} 2 relatively bagh progagatian velocity for
seismic waves; and {4} a high dectrical resistivity (specif-

i resistamce].

1. The rehively low densty of @it with et tois
sarmoundings renders the salt dome @ rone of anom-
aloasly low mas. The Earthk graviational Geld = per-
tarbed by sobmerface mms dmtribubons and the salt

dome therdor gives mee o 2 gravity anomaly that &
negative with respect to surmending aress. Figoee 1.1
presanis 3 contouTr map of gravity anomalies measared
over the firand Saline Sak Dome in east Texas, LS8 The
graviztional madings have Been corrected for effecs
which result from the Earth’s méabon, mregalar soface
reliaf 2nd mzional gealogy o that the contours retact
only variations in the shallow demsty strschure of the
ama resalting fom the locl gealogy. The locabon of the
=k dome & known from both drillng and miring oper-
abzans and ¥ subcrop & mdicated. 1t is readily apparent
that there s 2 well-defined negative gravity anomaly
centred over the st dome and the arrolar gavity con-
teaars retlect the circelar oudine of the dome. Clearly,
gravity surveys provide a powerful method for the loca-
tizn af feztmres ef this bype.

2. Al amilar chaacterstic of @l Bis negative mag-
netic sasceptibility, il details of which must be deferned
to Chagpter 7. This property of salt causes 2 local decrease
in the srength of the Farth’s magnetic Geld in the vicm-
ity of 2wt dome. Figure 1.2 presents 2 conbour map of
the strength of the megpetic field over the Cimmd Saline
Salt Dome covering the same area as Fig. 1.1, Readings
hawee been corrected for the large-scale vamatons of the
magnetic fiald with latitade, longitsde and time so that,
again, the contours retfect anly thoss variations rsulting:
foom variatons in the magnetic properties of the subsur-
face. Az expected, the salt dome & asociated with a2
negative magnetic ancmaly, althoush the megpetic low
i disphiced dightly fiom the centme of the dome. The
enample illnstmates that =i domes may e located by
magnetic werveying but the techmique & pot wideTy osad
as the asociated anomalies are wselly very small and
therefiome difficolt bo detect.

3. Seismoc mays normally propagate throogh salt at a
higher velocity than throvgh the sormoonding sedi-
ments. & conseqoence of this velocity dfference & that
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amy seBmc energy modent on the boondary of a salt
bady is partgticnsdinta 2 refractsd phase that & tramsmit-
ted thmuegh the @it and a ceflected phawe that travels hack
through the sarmanding sediments {Chapter 3). Thse
twa sesmc phases provide aiernative means of locabmg
a concealed =k body.

Fora serie ofs=ismic oys tmavelling fooma single shot
paint mino a fan of sremic detectors {see Fig. 5.21), ravs
tansmitted throagh any intervening salt dome will

traved at 3 higher average welodty than m the sarmond-
ing medizm and, hence, wall arrive relatively earty at the
recocting sie. By memns of ths “Gn-sdwobng' it &
possible to defneste sectiors of gmond which are
amoraied with anomaloasly shomt tevel bmes and
which may themfone be anderkin by 2 sk bady.

An adternative, and moree effective, approach to the
seimmc Joction of salt domes oblizes energy reected
off the mlt, a5 shown schematclly in Fig. 1.3, 8 mvey
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F'!. 1.4 Feriurksten oftcdloric cureni over the Hrpmooalle
Salt Deene, Teem, LEA (Sor expleration ofurstesee Chapter 7).
The dippled arc. represeni the subenep of the deme. (Redores
Eom Bomons & Leorardan 1948.)

configunaton of closehy-spaced chols and detectors is
maoved systermatically slong 2 profile line and the travel
tirmes of rays retflected back from amy sobanfare grologi-
cal mierfaces are measared. [Famlt dome isencounteesd,
mays reflected affits top merface will dedineate the shape of
the concegled body

4. Earth materials with apomelom eledrical esstvity
may be located ming eitherelectrical or electmmagnetic
geoplymical techpigqoes. Shallow feabares are normmally
mmvestigated usng artificial fisld methods in whack an
elecimic] oorment & inimdiced mio the groond and
polental differences betwesn paints on the gerface ane
measured to reveal anomalows material in the subsurface
fChapter B However, ths method is resricied m it
depth of penetration by the limiied power that cam be
mirndiced into the gmoand. Muoch greater penetration
can be acheswed by makmg oee of the nataral Farth car-
rents {ielloric cormens) genemted by the mobons of
charged particies in the soncsphere. These currents ex-
femil to great depths within the Earth and, m the absence
af any elecirically anomaloes materizl, flow pamalle] to
the surfuce. A salt dome, howeser, presemss zn anam-
alously high electrica] regstivity and electric corrents
preferentally flow around and over the wp of wach a

structure rather than throagh it This pattern of How
causes disiortion of the constant poten bl gradient at the
surface that would be ssorated with 2 homogeneoos
suhsarface and indicates the presence of the high-
resistivity =lt. Figure 1.4 presenis the resalis of a tellaric
current survey af the Hameslle Sakt Dome, Teos,
US54 The conbour yalses representquentities dearibing
the mxtent to which the tellaric correnss ame distineted by
subsarface phenomena and their configpration retfecs
the shape of the mbewnfire sk dome with some
S0COECY.

1.3 The problem of ambiguaity m
geophymcal inferpretation
If the intermal stmoctone and plysmcal properties of the
Farth were precissly known, the magnstude of any par-
toular geophyscal mesarement @ken at the Farth’s
surface could be predicted anigoely Thus, for example,
it would be possble bo predict the travel ome of 2 setrmic
ware retlected off oy boried liver or o determine the
vl afthe gravity or magnetic Geld at any surface loca-
ton In geophysical merveying the pmblem is the appo-
site of the abowe, mmely, to dedoce some aspect of the
Barth's imternal smochare on the bokds of geophysicl
messurements @ken at (or near to} the Farth's surface.
The former type of problem & knownas a dired problem,
the latter 25 an imreee problem. Wheress direct problems
are theoretically capebls of anambigyeos solibon,
immverse problems suffer from an inherent ambigesty, or
man-umigquenss, m the conchedans that m be drawn.

To exemplify this point 3 dmple analogy to
geaphymical sarveying may be considered In echo-
seunding, high-frequency acoustic pobes are Damemitbed
by @ transdiscer moanted an the hiell of a ship and echoes
returned from the s=a bed ame detected by the same
tmmmiocer. The tmavel tme of the echao is mezgmed and
comverted mio 2 water depth, mmaltiplying the travel ime
by the welodty with which sound waves trawel through
water; that i, 130ms! Thus an scha Gme of 010
indicats: a path length of .10 1500 = 1530m, ar 2
water depth of 15072 = T5m, since the pulse travels
dicwwm bo the s22 bed and back np to the ship

Using the mme principle, 3 smple wrismic sarvey may
be used to determmone the depth of a buried geclogicl
imterface (eg. the top of 2 Emestone lyer). This would
imvnlve generating a seismic pulse 22 the Farth's sardface
amid mezsurmyg the travel bme of 2 pulse reflected badk to
the surface from the top of the limestone. However, the



conversion of thiz travel fme into a depth requires
knowledge of the velocity with which the pulze travelled
along the reflection path and, unlike the velocity of
sound in water, this information & generally not known.
If 2 velocity & assumed, a depth estimate can be derived
but it represents only one of many possible solutions.
And since rocks differ significandy in the velocity with
which they propagate seismic waves, it iz by no means a
straightforward matter to translate the travel Gme of 2
seismic pulse into an accurate depth to the geological in-
terface from which it was reflected.

The solution to this particular problem, as discussed in
Chapter 4, & to mezsure the travel times of reflected
pukses at several offset distances from a2 seismic source
becapse the variation of travel time a2 a fonction of range
provides information on the velocity distribution with
depth. However, although the degree of uncertainty in
geophyzical interpretation can often be reduced to an
acceptable level by the general expedient of taking
additional {ind in some cases differemt kinds of) field
mexurements, the problem of inherent ambignity
cannot be circomvented.

The general problem i that significant differences
from an actual subsurface geological sitnation may give
rise to insignificant, or immeasorably small, differences
in the quantities actually measured during a geophysical
survey. Thus, ambignity arizes because many different
geological configurations could reproduce the observed
mezxurements. Thiz basic limitation resulz from the
unavoidable fact that geophysical surveying attempts
to solve a difficult inverse problem. It should also be
noted that experimentally-derived quantities are never
exactly determined and experimental error adds a

further degree of indeterminacy to that cased by
the incompleteness of the field data and the ambiguity
associated with the inverse problem. Since a unigue
solution cannot, in general, be recovered from a set
of field measurements, geophysical interpretation is
concerned either to determine properties of the
mbsurface that all posmible solotions share, or w
intmduce zsumptions to restrict the number of
admissible solutions (Parker 1977). In spite of these
inherent problems, however, geophysical surveying is
an imvaluable tool for the investigation of subsurface
gealogy and occupies a key mle in exploration

programmes for geological resources.
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