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Chapter I

Introduction

ln today's highly developed industrial society, the imponance of hydrogeology

may be attributed to its close relation to national economic activities such as

ensuring adequate supplies of drinking water and water for municipal, industrial,

and agricultural purposes; providing appropriate conditions for development and

exploitation of mineral resources; protecting the environment from agricultural

and industrial production; and the increasing concern of governments for public

health and safety,

Goals for hydrogeological investigations include:

l. Locating new ground-water resources

2. Developing an optimum scheme for utilization

3. Proposing measures for protecting quality and quantity, including

changing surrounding hydrogeological conditions

4. Proposing the most effective measures for protection of ground water

from pollution and depletion

This last task requires assessing the effects of all possible influences, both

natural and artificial, and their changes in time and space. With some reserva-

tion, we regard as natural, changes in climatic, hydrogeological, hydrochemical,

and analogous conditions. Effects such as changes in the chemistry of ground

water in the proximity of industrial, agricultural and municipal waste tips, or

changes in hydrogeological conditions due to industrial, agricultural, and urban

development are regarded as artificial.

Protecting ground water from pollution requires first identiffing the sites

where sudden or gradual changes in the physicochemical properties of ground
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water have occurred. Then it is necessary to propose and implement the

measures needed for remediation of the polluted waters and eliminatiOn of the

pollution sources. In cases where aquifer yield is threatened or hydrodynamic

conditions have undergone marked changes, ways of increasing water reserves

are proposed based on the results of hydrogeological investigations. The results

ol hydrogeological studies are also used for planning dewatering of mineral

deposits, improving soil in agriculture, constructing building foundations and

underground structures, storing hydrocarbons underground, and disposing of

industrial waste.

The principal tasks to be accomplished in a hydrogeological investigation are

the following: (l) establish the size and character of the hydrogeological struc-

tures, (2) identify interrelations between the various factors that influence the

ground-water regimen in time and space, and (3) recommend regulating methods

on the basis of the given criteria (geological, technical, economic, etc').

The goal of an engineertng-geology investigation is to provide the basic data

ro evaluate, as part of the engineering design, the interaction of the geological

environment with the proposed structure. The investigations should ensure that

the constructed facilities will be safe and economical with respect to both cost

and time of construction, and that the structure will not unfavorably affect the

geological environment. The degree of this interaction naturally depends on the

type of structure and the geological conditions. The results of a geological

investigation determine the method which is chosen for an engineering-geologic

survey. The principal tasks of an engineering-geologic investigation, which are

aimed at obtaining preferentially geotechnical information, are' briefly, the

following: to provide the data needed to study the possibility of constructing

engineering works with respect to the local geological conditions; to assess the

interaction between the geological environment and the planned structures, and

to propose an effective scheme for mitigating any harmful consequences of this

interaction: and to assist. in selecting construction procedures, construction types,

and uti l ization of natural building materials.

3

Hydrogeology and engineering geology are applied sciences. ln practice,

they mainly use the knowledge and data provided by geological, physical,

chemical, mathematical and biological studies. Also of importance are the results

of other applied sciences such as geochemistry, geophysics, biophysics and

biochemistry.

Using physical, astronomical, geological, and applied-mathematical data,

geophysics studies the natural or artificially generated physical fields of the

earth. Applied geophysics uses these studies to assist in determining geological

conditions in the earth's crust, exceptionally also in the upper mantle. The

earth's crust is inhomogeneous in general, and irregularities in geological

structure are inevitably reflected in the pattern ofthe contingent physical field.

The variations become more pronounced as the difference between the physical

properties of the inhomogeneity-producing body and those of the environment

become greater, and as the inhomogeneity comes closer to the earth's surface.

Applied geophysical methods are divided according to thc character of the

measured field (gravimetric, magnetometric, geothermal, geoelectrical, radio-

metric, nuclear geophysical, seismic and geoacoustic methods). Geophysical

methods are used in several variants, usually as surface methods (measurements

on the earth's surface), underground methods (measurements in boreholes,

galleries, shafts, and other works), and remote sensing methods. Field methods,

instrumentation, modes of elaboration and fundamental evaluation processes for

individual methods are described in several textbooks on geophysics (for

example, Telford et al., 1990; Mare5 et al., 1984; Sheriff, 1989).

In using applied geophysics for investigations in hydrogeology and

engineering geology, we will be concerned mainly with the uppermost parts of

the earth's crust. Surveys to greater depths are usually required when exploring

mineral deposits, conducting regional hydrogeological investigations, and when

prospecting for rnineral water resources. These conditions define, to a certain

extent, the specificity of geophysical investigations for hydrogeological and

engineering-geological pur-.ses, which require an appropriate subset of



geophysical methods and field and evaluation procedures. Another factor that

must be recognized and understood is the relationship between rock physical

properties and the hydrogeological and engineering-geological parameters.

However, the potential of applied geophysical methods in hydrogeological and

engineering-geological surveys has to be reasonably considered. In some cases

geophysical methods should be regarded primarily as indirect methods that

cannot completely replace direct field measurements (borings, test pits,

trenches). On the other hand, geophysical methods provide useful information

about the structure or physical properties of rocks and soils between boreholes

and, in favorable situations, may allow the number of direct measurements to

be reduced. There are, however, problems where geophysical methods are

irreplaceable (e.g., tracer tests in the study oftransport properties and protection

of ground waters). The primary benefit of geophysical methods is that they

provide data of higher quality and reliability to be used, for example, in

determining how ground water from a particular hydrogeological structure is to

be used, on additional engineering-geological surveys or construction processes

and, consequently, in reducing the cost of further investigations. The economic

effect itself appears only in the final phase; e.g., in locating a water supply well

at a site most appropriate to yield, or in selecting the most suitable damsite.

In order to ensure successful application of geophysical methods, it is

important to respect three principles: investigations must be integrated, they

must be carried o\t in proper stages, and they must be economical. The first

principle demands that a set of geophysical methods be chosen, first, with

respect to the physical properties of the environment and, second, with respect

to the type of the hydrogeological structure and engineering-geological condi-

tions, so as to obtain the maximum possible amount of useful information. The

second principle requires that geophysical methods, where appropriate, be

applied in all investigation stages, and that field investigations and data

processing procedures be organized so that geophysical data and the results of

special tests (hydrodynamic, physicomechanical, etc.) obtained at an earlier

5

stage might be used at later stages of investigation. Economics necessitates that

the scope and type of a geophysical investigation be designed so as to obtain the

maximum useful information at the minimum cost, and that duplication be

avoided by exploiting the results of preceding investigations to the greatest

extent. Close cooperation of a geophysicist with a hydrogeologist or engineering

geologist is another prerequisite for successful investigations.

This book is intended chiefly for srudents of hydrogeology and engineering

geology at universities and institutes of technology, and for practicing hydro-

geologists and engineering geologists who may find some basic information on

the use of applied geophysics in practice. The authors presume that the reader

is acquainted with geophysical methods at least as they are given in selected

chapters of Mare5 et al. (1984), Sheriff (1989), or Telford er al. (1990).

Therefore, only the principles of some specialized methods and procedures not

included in those books are included herein. Because we expect that the book

will also be useful to geophysicists engaged in hydrogeological and engineering-

geological practice, a summary of the most important hydrogeological and

engineering-geological terms is given in Chapter 2 to make the text more easily

understandable.

The following list of the most frequently used abbreviations of the main

geophysical methods and of important physical parameters should facilitate the

orientation of readers in the text. Symbols for hydrogeological parameters are

presented in Table 2.1.

LIST OF PRINCIPAL ABBREVIATIONS

AL Acoustic log

LES Lateral electrical sounding

PHL Photometry

GA Geoacoustic method

GGL-D Gamma-gamma log density

GR Gamma ray log



IM Inclinomet€rs P$ Apparcnt shalc porosity (%)

CL Caliper log C Yicld of well (m3 s'l), conccntration of radioaclivc elements
CRP Combined resisrivity profiling (Bq r-3)

MSL Magnetic susceptibility loE \ Filtrarion potential (mV)

GC Melhod of sliding contacis %h Shale volume frorn logs (%), ac.ording to shale indicalors
NCL,NNL Neutron-gamma and neuton-neutron log .t Exposurc rale (pA kg'l)
MAM Mise-ala-masse method Z! Atomaly of verti.al componenb of lhe carth's magnetic field

oRT open radioactivc tracers (nT)

PsP Pumped storage plan! d Borebole diamcter (mn)

I Ro Resistivi(y logging; indices denote the syslcm of cleclrodcs ap- / Frequency (Hz)

plied (l - laleral probe; n - noflhal probe: ml, mn - microlaleral A Deplh below ground surface (n)

and micronormal prcbes; LL - laterolog; MLL - microtaterolog) t, wave number

RL Fluid resistivity tog ,r Bed dickness (m)

RwP Radiowave profiling r Borcbole.adius (mm)

SRP Symmetric resistivity prcfiling v Velocity of water flow in lhe direction of borchole axis, sound

SP Self-poteldal method (surface and logging varian6) velocity, cla3tic wave velocity, propagalion velocity of electro-

TL Temperature log magnetic waves (m s'l)

VLF Very low frequency metbod vp, vr vM Compr$sional wave velocity ilt the rock medium, water and

vEs v€rtical elecirical sounding tbatdx, rcspeclively (m s'l)

IP Induced polarizrtion meihod v! Shear wave velocity in the rock nedium (m s{)

wPf Water pressure test LU, Av Potenlial difference (mv)

AT Aromaly of total vector of rhe earth's magnctic lield (nT)

LIST OF SYMBOIJ OF IMPORTANT PI{YSICAL PARAMETERS a Attenuation factor (m{)

,4 Amptitude (mV) 1 Conduclivity (S m'r)

,4' Rclalive complex parameter (ffh-l) Relative p€rnittivity of rocks and ground water, respectively

C Conccntralion of dissolved solids in ground water G l'l) ? Polarizability (%), viscolity

t Energy (J) d TemPcraturc ('C)

Ed Dynamic modulus of €lasticily (MPa) t Magnelic volume suscePtibility

I(, Coeflicient of deformalion calculaled from gaophysical data (';) \ thermal conductivity (W ml K'l), wave length (n)

PA, PD, PN Porosily from acouslic, density and ncutron logs (%) p Rcsistivi9 (0 m)
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Chapter 3

Geophysical Surveys for Hydrogeological Purposes

The methods of applied geophysics cannot be used to assess dircctl l, thc

presence of a ground-water body or an aquifer because they are invariably

confined to a certain geological body. Nevertheless, we can determine, except

in exceptional cases, the physical properties of the geologic medium, and thus

of an aquifer or aquifer system, on the condition that it differs markedly in its

physical properties from both the over- and underlying aquiclude. In such

circumstances the methods of applied geophysics generally allow us to establish

the thickness, depth and position of an aquifer (Section 3.1). In acidit ion, thev

can be used to determine characteristics of ground water and ground-water flow

such as total dissolved solids, density, temperature, f i l tration velocity, and velo-

city of f low; as well as aquifer l i thology, porosity, permeabil ity, transmissivity,

storativity, and degree of weathering and jointing of an aquifer or water-bearing

rock mass (Section 3.2).

3.1 Hydrogeological Structures and their Geophysical Models

The task of a geophysical survey is to assess the extent of individual elenrcnts

of a hydrogeological structure and classify them on the basis of their physical

properties. One of the basic elements of sedimentary hydrogeological structurcs

is the bed. Geophysical methods are used to determine the dimensions of beds.

their position in space, and occasionally, their deformational and physical

structure and physical properties. In sedimentary complexes, geophysical

methods may facil i tate the process of l i thological subdivision, determination of

total thicknesses and thicknesses ^findividual beds, depth to bascment, basemenr
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surfacc rclief and its tcctonic structure, the extcnt of a sedimentary basin and

sirnilrrr leatures. ln a crystall ine conple-u, geophysics can assist in tracing fault

zoncs and defining tectonics in general, determining rock contacts, thicknesses

and degree of weathering, thicknesses of sedimentary cover, and zones of

increased fracturing or the dominant strikes of fractures. rn karst areas the

assessmcnt of the degree of karstif ication is of major imponance.

3.1.1 Geological I leds and Geophysical Layers

, \  hc i i  is  a geological  uni t  def incd by i ts  l i tho logy.  L geophysical  l r ryer  is  a

t r i ru ler  bodv d i l fer ing f rom i rs  surroundings in  physical  propert ies,  such as

rcsistivitv and polarizabil ity for  ̂  qg:!.9llggl_Iry_.r, or density and elasric wave

propa!ation vclocity for a seismic lgygr. A gcological bed and geophysical layer

ncct l  not  bc idcnt ica i ,  and f rcqucnt ly  are not .  In  some cases a geophysical

rlcthod is able ro scparate a geological bed into several geophysical layers on

ihe b: is is  of  physical  propcr t ics,  whcrcas in  other  cases an ent i re geological

conrplcx a l )pears ns a s ingle gcophysical  laycr .  Accordingly ,  the sur faces

scprrrting individual geological beds need not correspond to boundaries between

physical ly  hornogeneous layers.

The most frequently used criterion for classification of a geoelectrical layer

is a difference in resistivity; lcss used are differences in polarizabil ity and

pernrrtt ivitv. A la1'er having the same resistivity parallel and transverse to its

bcdding throughout is considered a honogeneotrs isorropic geoelectrical layer

rvith a resistivity p. The geoelectrical parametcrs of such a layer are resistivity

p,  th ickness nr ,  longi tudinal  conductance S,  and t ransverse res is tance ?.

T = n p (3.1)

1'hesc paranrctcrs are dctermincd by interpretin g vertical electrical sounding

(VliS; curvcs. Where thc layer thickncss is sulficiently great relative to the

th ickr ,css of  the over ly ing complcx,  thc paramcters p,  m,  S and T can be
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determined unambiguously.  In  the case of  a schemat ic  three- layer  mediunr ,
however, the accuracy of the quantitative interpretation depends on the
interrelationship between the resistivit ies of the overlying layer p,, the rayer
examined p2and, the underlying layer p3i on the thickness of the layer relative
to that of the overlying complex; and on the definitude of the sounding curve;
i.e., on the accuracy of measurements and on the presence of complrcating
factors such as near-surface inhomogeneities and variations in topography. The
most  easi ly  in terpretablc curves are of  the H (pr>pz.(p3)  and K (pr<pr>p:)

types.  For  a measurement  error  usual ly  considered to be f rom 3 to 5%, layer
thicknesses can be determined with a maximum error of l5% . The interprelauon
of  the A- type ( res is t iv i t ies incrcase gradual ly  wi th depth;  1.s . ,  p l  (p1 <p3) and
the Q-type ( res is t iv i t ies c jecrease gradual ly  wi th depth;  i .e . ,  p t>p2>p3) curves
are least favorable; the error in thickness determination can be as much as l5
t imes greater  than the measurement  error ,  that  is ,  up to 45 to.75%.

The thickness and resistivity of a bed observed in a boring can als. be
determined unequivocally t:y taterar electricar sounding (LES). By comparing
geoelectrical parameters obtained from logging and vES results, both the
inhomogenei ty  and the anisotropy of  a bed can be establ ished (Fig.  3.1) .

For  layers that  are th in re lat ive to the th ickness of  the over ly ing Iayer ,  the
principle of equivalence wil l affect the interpretation. This means that sounding
curves measured above layers of identical longitudinal conductance s, w.here the
conduct iv i ty  of  the under ly ing complcx is  lower,  or  of  ident ica l  t ransverse
resls tance z,  where the conduct iv i ty  of  the under ly ingcomprex is  h igher ,  do not
d i f fer .  According ro the pr inc ip le of  equivalence,  the th ickness and resrst r ' i r ) ,
cannot be determined from a sounding curve, but only their product where r
equivaience exis ts  (F ig.  3.2) ,  o ,  thei r  quot ient ,  where s equivaience holds.  A
unique interpretation for thickness or resistivity requires that one or the other
be determined using an indepenclent mcthod. Methods used for this purpose are
resis t iv i ty  logging,  ref ract ion seismics or ,  for  th ickness cJeterminatron,  thr ,
geological  prof i le  in l t r red f rom a bor ing log.

S = m
p
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whcrc the thickncss of the layer is very small relative to that of the over-
ly ing complcx,  i ts  indrcat ion on the sounding curve may,  in  an extreme case,  be
conrpietcly abscnr due to the principlc of suppression (Koefoed, 1979).
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Figure 3.1 Relationship between the geological and geoelectrical model and the VES curve. (a)
vertical geological section. @) Borehole protile. (c) Ve(ical resistivity profile according to LES.
(d) Vertical resistivity prot'ile at logarithmic scale. (e) Sounding curve" (f) Interpreted verticai
r e s i s t i ' i r 1 ' p r o f i l e . 1 - l o a r n , 2 - s a n d a n d s a n d y g r a v e l , J - m a r l s t o n e , 4 - w i t e r t a b l e , J -
measurcd values of rarent resist ivi tv_
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Figure 3.2 Interpretation of vES curve near borehole Hv-r12, at pfsek near chrumec nadC i d l i n o u , C z e c h o s l o v a k i a : 1 - T u r o n i a n n r a r l s r o n e , 2 _ g r a v e l , - ? _ s a n d , 4 _ c l a y , j _ l o a m
(with interpreted values of resistivity given in 0 m). G is the geological'section lccororng robor ing resul ts;  A.  B'  and c.are al ternat ive sounding curve rnterpretat ions demonsrrar)ng rhepr incip le of  Iequivalencc;  I  is  the curve of  t ransversi  resistance.

The effect of the principle of equivalence may, in certain cases, be
eliminated by combining stationary and inductive soundings for K and e type
curves, and be reduced for H and A type curves (Karous inMaz6t. et ar.. lgg6.
Matveev,  1974).

In recent years, quantirative interpretation of vES curves has largely been
done on computers (Fig. 3.3). A correct interpretation however, requires that
two conditions be satisfied (Maskovd and Mazdd, l9g5): f irst, the calcurations
must be precise; second, a reasonable geological concept or model must be
incorporated in the interpretation process. Disregard ofeither can have a senous
negative impacr on the validity of the results of a geoelectrical survev for any
locality

Present-day interpretation procedures are based on the assumptron of a one_
dimensional medium. If th;^ assumption is not satisfied, the resurts of the
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interpretation wil l be incorrect and a two- or three-dimensional approach must

be ut i l ized (Dey and Morr ison,  1979).

o ,

VES No. 301 302 303  301 307 308 309 310 311 312 313

100 
[

i
I

lso 
I
b )

Figurc 3.3 Interpretation of VES curves. (a) VES cunes measured on profile P-3 in the Cheb
basin (CSITR). 0) Quantitative one-dimensional interpretation of VES curves in the form of
optimunr and extreme parameters (according to Johansen in Koefoed, 1979). I - optimum course
of bedrock rclief with high resistivity (granile), 2 - boundary between geoelectrical layers with
dif ierenL resist ivi t ies in sedinrentary cover where the formation with p<40 0 m is predominantly
shales and the formation with p > 40 0 m is predominantly psammites, 3 - extreme course of the
reiref . ; i th high resist ivi ty.

I f  the resist ivi ty in a geological bed changes graduaiiy in the transverse

dircct ion or, as is more usual, increases with depth, we speak of a gradational

ntediurn. In such cases, interpretat ion of sounding curves is very dif f icult .  A

gradational medium is most conimonly encountered in young, near-surface

sed imcntary  rocks .

It lost sedimentary beds display anisotropy of resist iviry, due to the internal

sifr . lcture of the bed, which implies that paral lel to the bedding or strat i f icat ion

thc rcsist ivrty, termed the longitudinal resist iviry br) dif fers from the transverse
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resistiviry (p1) normal to the bedding. For an anisotropic layer, the mean resisri-

viry (p.) is defined as the geometrical mean of the longitudinal and rransverse

resistivit ies

p^ = , l ; ,pt k1<o*(P,)

and the coeJficient of anisotropy

(3.2)

) - ;
i

( \  > 1 ) (3.1)

An anisotropic layer is manifested on a sounding curve by its mean

resistivity pm and a thickness X times its actual thickness. Therefore, the la1,er

th ickness cannot  be determined f rom a VES unless the coef f ic ient  of  anisorropr

is  known. This can be assessed by a combined analys is  of  res is t iv i ty ' logging

resul ts  and sounding curves.  F igure 4.12a shows an example of  res isr iv i t ies

interpreted from LES and VES results over an anisotropic layer. The coefficient

of anisotropy and the appropriate resistivity for interpretation of VES measure-

ments in the proximity were obtained by their comparison.

In hydrogeological investigations differentiation of layers according to

polarizobil iry 4 can be important. A relatively high polarizabil ity is found chiefly

in water-saturated clayey sands to sandy clays. Their anomalous polarizabil ity

is due to the fact that individual sand grains are covered, at least in part, with

a thin clay coating. Clean rvater-saturated quartz sand, pure clay and dry srnd

and c lay mixtures in  essence do not  polar ize (q< I  %) (F ig.  3.17b) .  To deter-

mine th icknesses of  polar iz ing sediments,  sounding by the induced polar izar ion

method (VES-IP) is used. Because of the anomalous polarizabil ity values above

unconsolidated sediments, the VES-IP is appropriate for exploration of shailow

Quaternary deposits.

A significant characteristic that allows individual layers to be differentiated

ts the veloct4r of seisnic rtnve propagation. A seismic /a-yer is a la-vcr rvithrn
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rr 'hich seismic waves propagate at broadly idcntical velocities. Depending on

bt ,Lrnc lerv dcpth,  thc rc lat ionship bctrvccn the veloc i t ies in  under-  and over ly ing

luvci -s .  t l rc  lcr rgth o1 ' thc nrcasurud prot i lo ,  and othcr  parametcrs,  a ref lected or

refracted rvave is used in a seismic survey; and accordingly, reflection and

refract ion seismic survcys are d is t inguished.  Broadly speaking,  ref lect ion

seismics is applred in investigations at grcater depths, whereas refraction seismic

methods are used mainly in shallow geophysical surveys. Accurate determina-

tions of depth from seismic measurements depends on a precise knowledge of

the vcrtical velocity profi le. A high precision in determination of the depth of

rc{ lcct ing or  rc f r rc t ing boundar ics (A/ l  < 10%) can be achieved by us ing the

rccorJs t r f  ecoust ic  rnd sc ismic logging;  i .e . ,  parametr ic  measurements in

bo rcho l cs .

Rock rlor.rlry' is one of the physical properties which is studied most

f rcquent ly .  Changcs in  rock densi ty  are ref lected in  changes of the gravi tat ional

SclLl . Tirc gnivitrrt ionll effect Ag of a horiz.ontal layer is proportional to its

th ickness m l ld  the d i f fercnt ia l  densi t t '  Ao

Ag = 2rx Lo nt (3.4)

u,hcrc x is thc gravitational constant. Since thc effect of the layer does not

dcpe nrJ on its depth bclow the ground surface, depth is very diff icult to establish

in interpreting gravity anomalies. The thickness nt, however, can be derived

from the gravitational effect and density. Therefore, the interpretation ofgravity

mcasurcments is chiefiy concerned with determining thicknesses of entire

rL ' ( l  i  rncntr ry  cornplcxes.

lYetl logging is most appropriate for differentiation of layers; logging

provides a wide range of possibil i t ies for differentiating layers based on various

phvsrcal  propert ies (Sect ion 2.3) .

Sedimentary layers rarely differ markedly in magnetic characteisrics. Mag-

netic surveys, horvever, may be of great assistance in studies of the bedrock of

scc l imcntarv basins.  In  th is  case,  i t  is  a uscfu l  tool  for  l i tho logical  d i f ferent ia t ion
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of the bedrock and location of changes in bedrock depth, especrally where the

changes are abrupt due to faulting.

3.1.2 Thickness of a Sedimentary Complex, Depth to Bedrock and Key
I-Iorizons

A layer of great areal extent which is traceable over a large area and differs

markedly from adjacent rocks is called a key geophysical layer. The boundary

between layers or media, broadly horizontal and with markedly different

properties, is called analogously a key geophysical horizon. The most imponanr

key horizon in sedimentary basins is generally the overburden/bcdrock interface.

Assessment  of  changes in the th ickncss of  basin sediments,  main ly  rhe

determinat ion of  up and down throws in the bedrock and local izat ion of  bedrock

highs and lows,  contr ibutes substant ia l ly  to  the general  knowledge of  the tectonic

st ructure of  a sedimentary basin.  The determinat ion of  bedrock h ighs and lows

is a major task for geophysical surveys and hydrogeological invesrigations of

shal low unconsol idated sediments.

In studies ol vcry thick sedimerucu-t contplexe.r, the total sedintent thickncss

or the depth to the bedrock surface is determining for the recognition of the

structure.  This problem is  s tudicd us ing geophysical  sounding mcrhods,  main l l ,

geoelectr ica l ,  and seismic and,  less f requent ly ,  grav imetry and decp-borehole

logging.

As bedrock general ly  d i f fers markedly in  res is t iv i ry  f rom sedimcnts.

geoelectrical nterhods can provide infornration on the thickncss of scdimcnrs

relatively uncquivocally and at a low cost. In the case where the bedrock has

higher res is t iv i t ies than the scdiments,  thc te l lur ic  and/or  magnetote l lur ic  mcthod

can be used. At the present t ime these methods are used only to a l imrted extent

because of the strong effect of horizontal inhomogeneities and distortions due

to industrial and stray currents.

For decper hydrogeological investigations, the relatively new method of

t ransient  sounding y ie lds resul ts  s imi lar  to  those obta ined rv i th  VES. Transicnr
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soun( j rngs requi rc  only  a l imired measur ing area as compared to vES. The only
disadvantage is  that  they cannot  be appl icd for  hydrogeological  invest igat ions of
dcpths lcss than about  50 m.

Gravimetry is used to advantage in regional surveys of large sedimentary

basins. As the densities of sedimentary complexes are usually lower than those

oi bcdrock, variations in sediment thickness are manifested in varying local

anomalies agr, u,ith the sediment thickncss being roughly proportional to the
grevl t ) 'anomaly.  To assess scdiment  th ickness more precisely ,  we need to know

the difierential density Ao; thar is, the difference between the mean sediment

dcnsity and the mean bedrock density. using thicknesses determined by borings

\\,e can find an empirical relation between the anomaly Ag, and thickness m

(Fig. 3.a). An accurate interpretation rcquircs a sufficiently uniform bedrock

dcns i tr '  .

o l

+ + + + - i + + + + +

4 l

The thickness of basin sediments can also be assessed by interpretin g setsmrc

measurements because there is usually a sharp contrast between the sersmrc

velocities in sediments and bedrock. seismic methods can, in many cases, also

be used to delineate boundaries between sedimentary complexes (Fig. 3.a).

The accuracy of interpreted seismic boundaries depends greatly on the

precision with which the distribution of velocities in the overlying complex has

been determined. The complex is usually characterized by the medium velocitl,

v* which is a weighted mean of velocities in individual homoge neous parrs or

layers. Another way is to determine the effective velocity of the overlying beds

v.6; it does not differ much from the medium velocity and is determinablc eirher

from the travel t ime-curves of reflected waves or from intersections of the travel

time curves corresponding to direct and refracted waves. Discrepancies between

thicknesses interpretcd from seismic measurements and those established from

borings indicates that an appropriate medium or effective velocity \r,as nor

chosen, or that geological conditions do not permit the vertical profi le to be

simpl i f icd as a homogeneous whole or  par ts  having constant  vcr t ica l  ve loc i t ies.

whcre the thicknesses of basin sediments do not exceed about 500 m, the

method of  ver t ica l  e lcct r ica l  sounding has proven sui table.  The tota l  rh ickness

of  sediments is  establ ished by successive in terpretat ion of  ind iv i t jua l

geoelectrical layers. For a preliminary interpretation of sediment thickness,

statistical-empirical methods are often employed. They use the total longitudinal

conductance of sediments S

^ m
J = _

Y l

(3 . -s;

where n is the total thickness of sediments, and p1 is the mean longitudinai

sediment rcsistivity. This presumes the resistivity of the bedrock to be much

greater than the resistivity of the sedimenrs themselves. This approach is used

chiefly bccause s can be unequivocally and simply determined from measurcd

VES curvcs wrthout  any e laboratc in terprctat ron.  To c ic tcrmir re s,  wc construcr
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! igurc 3,4 Profi le of Bouguer anomaly across Indian wells val ley, Cali fomia and models
interpreted from gravimetric and seismic measurements (Zbur, 1963): (a) Residual gravity
anomaly. (b) Vertical section interprered from graviry dara (Ao = 500 kg r-r). (c) Interpreted
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the tangent to the last points of the sounding curve at an angle of 45 degrees to

the AB/2 axis. The longitudinal conducrance S is the AB/2 value where the

tangent intersects the value p^ : I O m. The mean longitudinal resistivity of the

sediments is inferred from the data obtained at a site where the sediment

thickness (for example, from boring data) and the longitudinal conductance

(from VES results) are known. The method fails where the longitudinal

resistivity is so variable horizontally that its mean value cannot be determined.

Even in such cases, a plot of longitudinal conductance gives an indication of

bedrock topography and it broadly corresponds to the variation in thickness of

the over ly ing sediments (F ig.  3.5) .

I
_ _ l

10 1s  s  (Q- r )

trrigure 3.5 Rcsults of a tseoelectncal survev rn a Lrorderhnc part oi thc lltrhcrnrair (-rcl.lec\)u\
Basin between Chrudim and Vysok6 Mfto.  Facing pagc:  (a)  Geoiogicai  nap,  1b) N{ap of  )ong: ,
tudinal conductance of sediments ,l according to VES. 1 - Cenomanran, 2 - iower Turonian, j
- middle Turonian. 4 - upper Turonian, 5 - crystallne basement. Above: (c) Relatron between
longi tudinal  conductance,  S,  and th ickness,  m (p,  = Nn/LS = 5.8 O m).
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Figure 3.6 characteristic profiling (A) and sounding (B) cuwes of apparent resistivity po and
apparent polarizability ?t over unconsolidated sediments (according to ogilvi, 1967): (a) bedrock
ol 'h igher conduct iv i ty  than the unconsol idatcd sediment,  (b)  bedrock of  resist iv i tv  s imi lar  to that
of  scdinrcnlary cover,  (c)  bcdrock of  lower conduct iv i ty .
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Bedrock re l ie f  under th in unconsol idated sediments is  usual ly  determined

with geoelectrical resistivity methods or the Ip method, shallow refraction

seismics, gravimetry, or magnetics where the bedrock has a magnetic character.

once more, the method most frequently employed is vertical electrical

sounding. The total thickness of unconsolidated sediments is defined by quantira-

tive interpretation of vES sounding curves. very often only qualitative results

are assembled ( for  example,  an isoohmic sect ion,  F ig.  3.1 i ) .  In  a complex of

homogeneous sedimentary beds, the isoohmic section gives a picture of their

vertical distribution. In the opposite case, the isoohmic section indicates facies

changes. In optimum cases, where relatively homogeneous euaternary sediments

l ie  on a homogeneous bedrock,  the method of  doubre prof i l ing can be ut i l ized

to obtain a continuous determination of sediment thickness. The thickne ss of the

sedimentary cover can be determined from symmetrical resisriy,ity profl ing at

two spacings (Karous, 1977).

As unconsolidated sediments differ from underlying solirJ rocks in anontalous
polar izabi l i ty ,  thei r  th ickness can be determined and areas of  grearer  th ickness

located using induced polarization sounding (vES-Ip) or profi l ing (Ip) wirh

relatively short electrode spacings. This method has proven successful in

identifying Quaternary deposits even when they do not differ in resistivity from

adjacent rocks (Fig. 3.6).

where geoelectrical methods cannot be expected to be effective, shallow

refraction seisntic survey techniques may be employed. Shallow seismic

equipment uses a hammer stroke as the source of the seismic pulse, hence the

name hamner seismics. This method makes use of the contrast in velocities of

seismic waves in unconsol idated and under ly ing sol id  rocks.  In  a l luv ia l

sediments seismic waves propagate at velocities ranging from 100 to 900 m s-1.

whereas underlying weathered rocks display velocities exceeding 1500 to 2000

m s-1,  wi th sol id  rocks having even h igher  veloc i t ies.  In  water ,  se ismrc waves

propagate at  a veloc i tv  of  y  :  1500 m s- | ,  and thus seismics,  in  manl ,cases.

can dctermine the water  table as a seisnr ic  in ter face (see a lso sect ion 3.2.5) .  Thc
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dcpth of the seismic interface is determined from the travel-time curve. In

measurcments to shallow depths, two parts of the travel-time curves are used:

Hu*, corresponding to the arrival of the direct wave, and Hn*, corresponding

io the arrival of a head wave refracting at the shallow interface (Fig. 3.7). The

hrst part carries information on velocities in the near-surface (shallow) bed and

the other on the depth and shape of the refracting seismic interface, which is

rusull l l '  consistcnt rvith thc boundary bctween Quatcrnary cover and bedrock or

t i rc  * ,ute r  tablc .

F igu re3 .7  O r i g i no fd i r ec tu ' aveandheadwavewhe reH , l * i s t he t rave l - t imecu rveo f  t hed i r ec t
*ave (dw), Hn* is the travel-time curve of the head wave (hw) and r. and l. are coordinates of
the interscctions of direct and head wave travel-time curves. vl and v2 are the velocities of seismic
u'rves in scdinrentary cover and bedrock, i is the critical angle at which refraction takes place, O
is r i rc  p(rrnt  of  erplosion or  impact ,  and h rs the depth to the bedrock.

Tracing the rrrival oI the ri irect rrcve allows us to establish the velocity of

d i rcct  wavc propagat ion in  thc d i rcct ion of  measurement .  Thus,  for  example,  in

rnvestigating the course of a buried river channel, we can measure on a circle

centered on the source. Then since in the direction of the latest wave arrival the

waves propagate at the lowest rate, greater thicknesses of unconsolidated gravel

are presumed to occur  in  th is  d i rect ion,  def in ing the t rend (Fig.  3.8) .

To determine the depth to the scismic boundary, the entire shape of the
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reversed travel-time curves of head vvaves for a certain sector should be used.

There are a number of procedures used to establish this depth, the most

frequently uti l ized being the method of mean velocities and the ts mcthod. ln

both cases the medium above the seismic boundary is replaced by a medium

with a mean velocity v' which is used for the calculation or reconstruction of

its depth. Best results are obtained in a medium with a planar or nearly planar

seismic boundary.  Thc ex is tence of  e lcvat ions or  depressions ( i .e . , .a  markedly

curved boundary), the presence of a gradational medium with regard to the

velocity of seismic wave propagation causing development of diffracted waves.

and other phenomena render the resolution of seismic boundaries diff icult, and

special interpretation methods have to be applied (Mare5 et al ., 1984). The

accuracy of determination of depths to seismic boundaries depends on the

difference between the velocities yl and v2 above and below the boundary, and

on the preciseness of our knowledge of these velocities. In an ideal case the

error  in  depth determinat ion is  less than 10%.

I t
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Figure 3.8 Principle of the application of shallow seismics, as demonstrated when tracrng a
buned river channel fillcd with stream alluvium (Davis and De Wiest. 1966). I - pornt of
explosion.  r  -  ! ime of  d i rect  wave arr ival ,  J  -  unconsol idated sediments h l l ing the channel .  2
- solid underlying rocks.
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Bcsides the velocity of compressional waves yp, shear wave velocities v,

have reccnt ly  bcgun to be determined in seismic surveys GnZek,  1979;  Pro-

ceedings, 1983). Reflection ntethotls have also been used to investigate structures

occurr ing at  re lat ive ly  shal low dcpths (Schepers in  Sbornik ,1976;  Hunter  et  a l .

i n  P rocced ings ,  1989 ) .

3.1.3 Displacerncnt  or ' l 'hrow of  Key I lor izons

A displacement or throw of a key horizon in a tectonic zone may represent a

rcversc or nornal fault. In both cases the depth of the key horizon is abruptly

changed.  From the geophysical  point  of  v iew,  i t  is  usual ly  unimportant  whether

a downfault or a normal fault with drag flexure occurred because geophysical

methods can only measure the steepness of the angle at shallow depths. Dis-

p lacement  of  a key hor izon is  ind icated by a sudden change of  i ts  depth.  I f  the

change is small relative to its depth, it may be ignored in interpretation because

thc cficct of the throrv may bc lost in the inaccuracy of interpretation. On the

other  hand,  in  mln l  crses a quant i te t ive in tcrpretat ion ofdepth is  not  nccessary

fur  local izat ion of  a faul t ,  and s implcr  more equivocal  procedures may be used.

On a gravintetric map, a normal fault is indicated by the bending of or

concentrat ing of  isoanomalous I ines.  ln  a scct ion perpendicular  to  the faul t  l ine,

thc anomaly Ag is indicated by an abrupt change; i.e., a pronounced horizontal

grrd ient .  The mlgni tude of  the gradient  dcpends on the depth and re lat ive mag-

nr tuc lc  of  the throu,and on the d i f ferent ia l  densi ty  above and below the key hor i -

rLrn.  i r rg.  3.9 is  an e. ranrp lc  o i  a  rcs ic iual  anomaly Ag1 over  a faul t  a t  d i f ferent

r icpths;  thc cf iect  o i  d isp laccment  at : r  greater  depth is  shown by a smal ler  s lope

lor the Ag, curve. A lesser slopc, howcver, is not necessarily the manifestation

of a fault at a grcater depth. It may also represent an oblique displacement at a

shallower dcpth. For locating faults from gravimetric maps, Linsser's method

(iv{are5 et al., 1984), or maps of horizontal gravity gradients are used.

In bedrock with high magnctic susceptibil i ty , the magnetometric method may

Figure 3.9 Indicat ion of  a downthrow on a gravi ty prof i le.

aid in locating faults. A marked horizontal gradient of AIor Zuover a sedimen-

tary basin may indicate a throw in the bedrock.

A break in a refracting boundary is manifested by a characteristic distortion

of travel-time curves in refraction seismics. Two characteristic travel-time

curves correspond to the zone of a refractory boundary following a break; one

has the character of a wave diffracted on an edge and propagating beyond as a

refracted (Love) wave, and the other corresponds to a wave that entered the

refracting boundary behind the break through the bedrock. In most cases,

however,  onl l 'onc wave can be recordcd.  F igure 3.10 shows the character is t ic

of  a reverse t ravel - t ime curve above a break accompanied by a throu,  in  thc

bedrock,  or  se isnr ic  kcy ht t r izon.  The throw may be intcrprctcd t ' rom the

interrelation between the travel-time curves corresponding to the segments

before and after the throw. The depth of the refracting boundary and the

amplitude of the throw is, however, in most cases determined as the difference

in depths on either side of the fault. The travel-time curves of diffracted waves

may be used to deternr ine a more accurate locat ion for  the boundary edgc.
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l  igrr re -1.10 Character  of  rsvcrsc t r i tvc l - tuTle curvcs obtalncd by the refract ion method at  a throw
in A sersmlc rnterlace, where d is the se4tor of travel-time curve corresponding to rhe diffracted
u'avD at  thc edge oi  thc inte r lace D.

Geoelectrical mefiods are the primary methods used for locating faults in

hydrogeological investigations. If a fault occurs at a relatively shallow depth and

the separation is reasonably large, it can be regarded as a contact between two

rock types, and the resistivity methods and other variants of geoelectrical pro-

fi l ing prove most satisfactory (see Section 3.1.4). A fault with a relatively small

vertical scparation compared with its depth is identif ied by vertical electrical

sc. runding (F ig.  3.11) .  The faul t  is  revealed by a change in the apparent

resrstivity p. for a given optimum spacing. The optimum spacing is determined

from sounding curves as the spacing at which the difference in apparent reststi-

vity p, at both sides of the fault is significant. The values of apparent resistivity

for a given spacing can then be determined by resistivity profi l ing with an

optirnum spacing at both sides of the fault. Profi l ing with the electrode array

t - r
*  9r '

+  + l

Figure 3.ll Parameters derived from the VES curve for the location ofa throw in nonconoucrrve

. ' . . . '  .  .  .  bedrock (Karous,  1973).  (a)  Model  of  the throw. (b)  Cuwe of  tota l  longi tudinal  conducrance of
sedimcnts.  (c)  Values of  apparent  resist iv i ty  for  a g iven spacing.  (d)  Spacing value tbr  a g iven
apparent resistivity. (e) Isoohmic pscudosection.

perpendicular to the prof i le  is  most  su i table;  a longi tudinal  array does nor  pe rmi t

sufficient accuracy in determining the condition of the fault.

Anothcr parametcr which indicates the location of a laulr b1, its change is the

value rc of the electrode spacingAB, at which the given apparent resistivit;,was

measured. A downthrow in the bedrock or in a nonconductive key layer can also

be seen in the isoohmic pseudosection. A dislocation accompanled by down-

throw ls evrdent from the change of sounding curves on both sides of the throw.

Habberjam (1970) introduced a coefficient A for comparison of sounding curves

which is, in fact, a simple measure of the difference between trvo neighboring

sounding curves. Habberjam's coefficients attaln anomalously high values in

places of  a change in a sequence of  sounding curves;  i .e . ,  where res isr iv i ty

conditions are changed^ High A cocfficients thus indicate tectonic disturbance.

In terrains of variable relief, where the vertical throw of a key horrzon rs

smaller than the variations in relief, the methods described above cannol be

ernployed because the parameters would represent more or less chanqcs rn

ground sur face e lcvat ion.  A largql  number of  sounding curvcs has to hc uscd

+

x  ( m l



especially for an accurate location of a fault of a very small separation. The

sounding curves make it possible to dcfrne conclusively only the total longi-

tudinal conductance of the sediments S; according to Eq. (3.5), the mean

longitudinal sediment resistivity p1 is the second parameter necessary for

assess ing thedep thHo f  t hekeyho r i zon ( i . e . ,  t he to ta i t h i ckness rno f  t heove r -

lying sediments). The resistivity p' can be obtained by statistical analysis of a

rcpresentative set of sounding curves on either side of the fault (Karous, 1974).

3.1.4 Tectonics and Fault Zones

In igneous and metamorphic rocks, major ground-water accumulations and flows

are fbund in tectonically altered areas and zones and in weathered portions of

rock complexes. Water flowing through fractures in some rock types (l ime-

stones, dolomites, etc.) develops cavities which may be fi l led with clayey soils

or water. Tectonicall l '  disturbed zones are often characterized by a pronounced

change in rock physical properties allowing us to locate them directly using

geophysical methods. Where the changes are too small to give rise to

measurable geophysical anomalies, a fault zone may be located on the basis of

indirect indications, taking into account other characteristic features ofobserved

geophysical f ields such as shift ing or binding isolines, etc.

A strongly fractured zone can function as a drainage conduit or, if filled with

clayey material, a dam which impedes ground-water flow. In either case it is

exprcssed by a conspicuous reduction in resistivity. The most appropriate

method for its location is therefore geoclectrical profi l ing in all i ts variants,

especially resistivity profrl ing with the various electrode arrays (Fig. 3.12). The

most suitable are asymmetric electrode arrays; i.e., combined profi l ing, method

of combined middle gradient (Mare5 et al., 1984), etc. Symmetric profi l ing is

iess appropriate for locating thin slab-like conducting bodies because the

amplitude of the anomaly is easily hidden by the effects of surface inhomoge-

neities. Profi l ing with the electrode array perpendicular to the profi le l ine also

displays pronounced anomalics but f ield operations are fairly cumbersome. It is

) J

util ized when an additional task is to be performed; for example, the assessment

of a downthrow in nonconductive bedrock.
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Figure 3.12 Overvrew of resistivity profiling methods and typical resistrvity curves above a
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6 - conductive zone.
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Of the rcmaining geoelectrical methods that may be economically uti l ized for

tlctecting conductive zoncs, we recommend the electromagnetic methods using

light-weight portable instruments. The Slingram method, and the very low

frequency ntethod in its inductivc vcrsion (VLF), have proven most useful in

hyCrogeolo-eical surveys. Because transmitters for naval communication serve

as a sourcc for the primary field, the equipment for the VLF method has only

a measur ing componcnt ,  s impl i fy ing f ie ld surveys.

Tcctonic dislocations are also indicated by a decrease in density of the

r'.uilcrial f i l l ing fault z-ones rvhich rnay therefore producc negative gravity

linomliics. Decp far.rlt structures accompanied by block subsidence are

mani l 'cstcd by h igh gradients in  tht :  grav i ty  f ie ld.

Dislocations can also be located by rhermal prospecting and measurement of

CO. concentrations in soil gas, since they olten function as channels for rising

grounrl rvatcr and gascs. These mcthods dctect temperature anomalies and high

c()ntclrts oi ' COr or othcr gascs chicfly at the point where thermal or mineral

rvatcrs risc along faults. In such cases, measurements in winter months at

modcrlte depths arc appropriate. Remote sensing of temperatures using a

vchicle-mounted IR (infrared) indicator (Oelsner, 1977) is also a suitable

procedure. Measurements should be performed during the late night hours,

ideally shortly bcforc dawn. Tectonic dislocations are manifested principally by

a markcd decrease in tcmperature in summer and, in contrast, by a temperature

increase in winter (Fig. 3.13). The method is applicable even where all other

direct nethods for locating faults have failed. Deep structural l ines may also be

detcctcd by anonnlons concentratiorts of metallic elements in molecular form in

the ail or captured in artif icial sorbents (Fig. 4.26b and Section 7.8).

Locations of ground-water ascent are often reflected in anomalies in

sponlaneous polarization (SP), due to the development of a fi l tration potential.

The inflow of ground water into unconsolidated cover material is usually

rndicated by positive SP anomalies, whereas locations of leakage, for example,

i rom a reservoi r  are indicated by negat ive SP anomal ies (F ig.  3.14) .
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Figure 3.13 Temperature measurement, using IR method, in the area of the Central Gerntanl'
fault line (according to Oelsner, 1977). (a) Temperarure profile for the limiting wave length.
Xa = 500 m (horizontal arrows show the direction of vehicle movement; mean values arc
indicated by circles, venical arro*'s show faults according to IR method). (b) Geological section
based on borings and gradient gravity measurements. Pl - Rotliegendes, P, - Zechstein,
4 - Buntsandstein, f2 - Muschelkalk. 13 - Keuper, K - Quatemary.
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Figure 3.14 Examples of SP anomaly above a fault zone with ground-water flow. (a) Outflou,
of ground water (Stenzel and Szymanko, 1973). O) Site of infilrrarion (Ogilvi, 1962). I - cover
d e p o s i t s , 2 - l i m e s t o n e , J - f a u l t z o n e , 4 - w a t e r r e s e r v o i r , J - d i r e c t i o n o f w a t e r f l o w a l o n s
the fault zone.

A contact between two rock types, where there ts no drsplacement, ls

determrned using a geophysical method that distinguishes betwcen the physical

propert ies of  the rocks rnvolved.  Resist iv i ty  prof i l ing ln  a symmetrrc  vanar)r  ls

usually cmployed. Frequently '-.srstivity profihng with two elecrrode spacing-s

/ n = 0 , 2 4 , l n = 5 9 6 6
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( i .e . ,  rv i th  two depth ranges)

dc te r r t i ned  (F ig .  3 .  l 5 ) .
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is used, which permits the dip of the contact to be
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apparent resistivity. The degree of disruption is proportional to the ratio of the
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Figure 3.16 Radial resistivity measurement used for locating a fault zone on the basis of
resist iv i ty  anisotropy.  (a)  Geological  b lock diagram of  a faul t  zone.  (b)  Geoelcctr ical  model  wi th
anisotropic p late and the el l ipse of  resist iv i ty  anisotropy deterr l ined by radia l  resisrrvr l l
measurement.

In searching for dislocations of a significant width, we can also use geo-

physical methods used for the determination of the thickness of a wearhered

overburden;  that  is ,  ver t ica l  e lect r ica l  soundings and shal lo tv  ref ract ion seismics,

recognizrng the greatsr thickness of weathered rocks in the fault zoncs.

3.2 Determination of Hydrogeological Parameters of Geological
and Water Bodies by Geophysical Methods

Some hydrogeological parameters (for example, depth to ground water, direction

and velocity of ground-water flow, degree of fracturing, shape of the cone of

depression,  etc . )  can be d i rcct ly  evaluatcd f rom the resul ts  of  geophysical

/ .00 600 800 1000 m
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Figure 3.i5 Curves of symmetric resistivity profiling over the contact between Mesozoic and
Pa)acogene rocks (DZuppa, 1973) near Jeiova Ves nad Nitricou in the Strdiovsk^d hornatina
Highland (Slovakia): (a) Resistivity curves. (b) Section interpreted from VES and SRP. .l - SRP
curves. 2 - location of VES, .1 - borehole, C - loam and gravel, J - Mesozoic rocks
(lirncstone and dolonrite), 6 - Palaeogene rocks.

A magnetic survey may be used where the rocks along a contact have differ-

cnt  magnet ic  suscept ib i l i t ies.  In  th is  way boundar ies of  recent  vo lcanics,  and

bur icd volcanic laycrs can be locatcd.

.\ broadcr fault zone may bc indicatcd by a decrease in resistivity; in such

a cesc, synrmetric resistiviry profl ing (SRP) is used for its location. If a fault

zonc dcles not differ markedly in resistivity from the adjoining rock complex,

\\'c crin makc use ol its onomalous resistiviry anisotropy for its location, parti-

cu lar ly  i f  thc ad. lacent  rocks are c lect r ica l ly  inhomogeneous or  where vary ing

th ickncsscs of  conduct ive ovcrburdcn have unfavorable ef fects.  A faul t  zone

shor,' 's a higher resistivity in the transverse direction (transverse resistivity) than

in the longi tudinal  d i rect ion ( longi tudinal  res is t iv i ty) .  According ro the aniso-

tropy paradox, however, surface resistivity methods wil l show a higher apparent

rcs is t iv i ty  in  an array paral le l  to  the e longat ion of  the faul t  zone (Fig.  3.16) .

Thc anisotropy is measured by a symmetric resistivity procedure arranged in

rreveral (usually four) directions and with different spacings. The trend of the

fault zone is given by the orientation of the array which gives the maxrmum
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mcasuremcnts, on the basis of universally valid theoretical relations or models.

The remaining parameters, however, can only be assessed by correlation with

geophysical parameters (Table 3.1); furthermore, the correlations are valid only

within certain structures. For such determinations, both surface and logging

mcthods as well as remote sensing methods are employed.

With respect to the applicability of the hydrogeological interpretation of

geopht'sical data in prac(ice, and to the effcctiveness of an investigation,

pr imary at tcntron should be d i rected to:

- Thc quality of geophysical clata (Gn) and their transformation to the

iipparcnt (G,) :rnd real (Gr) geophysical parameters of a hydrogeo-

lor ica l  bt td1,  -  thc geophysical  in tcrpretat ion

- 'f he lccuracy of the hy,drogeological (Hr) parameters determined from

rhe gcophysical parameters (G,,, G.. or Gr) - the hydrogeological

r nterprctatlon

- Formulation of cquations for rcgression curves from the results of

parametr ic  measurements and the determinat ion of  the dcoroa  ̂ r

correlation bctween the parameters being compared

- A reasonable number of parametric data to ensure the reliabil i ty of the

calculated regression curve within the given range

Rcgrcssion relations, and the minimum numbcr of the measured parametric

pairs for a given confidence range for the examined hydrogeological parameter,

r re dc(crminrd b1 ' the methods of  mathemat ica l  s tat is t ics (see,  for  example,

Rek to rvs  e t  a l . ,  l 98 l ;  Sha rapanov  e t  a l . ,  1974 ) .

3.2.1 l - i tho logy and Shal iness

Dctcrmination of the basic l i thological rype from geophysical measurements is

lairh.' complicated and only in the simplest cases can a single geophysical

method suffice for this. Usually a set of surface and logging methods should be

emploved.

Table 3.1 Survey of geophysical methods and measured parameters with respect to therr
application in hydrogeology and engineering geology

Application in
Geophysical

methods
Measured parameter

symbol (unit)
Hydrogeology Engrneenng geology

Parameters that can be determined

Gravimetric

Gravimetry Acceleration of
(profiles, regular gravity g (m s-2)
or irregular nets)

Microgravimetry
(ground, mining
works)

Measurement of Gradient of gravity
venical  and acceleral ion
horizontal gravity dg dg dg ,^_2,
g rad ien t  a . ' a r ' t  

o  , ,

Iv[agnetometric

Air-borne Components of
magnetic survey, magnetic fteld T, Z,
ground magnetic H (nT) and their
and micromagnetic verticalgradient
measuremenls aT az .  ^  _, .-:-,-- (nI m '.)

dz  dz

Measurcnrent  wi lh Magnet ic susceptr-
kappameters b i ) i ty  x (SI  uni ts)
(mining works,
exposures)

Magnetic suscep-
t ib i l i ty  logging

Radiometrrc and nuclcar gcophysics

Airborne radio- F,xposure rate
metry, gamma ray .li 6n fg-r.t
survey, gamma Content oi elements
spectrometry K (%), eU (ppm),
(ground, bore- eTh (ppm)
holes,  mines)

Thickness of
sediments, changes in
bedrock surface,
major dislocations,
karstified layers in
limestones

Character of bedrock
of large basrn
structures, occurrence
of basic bodies in
crystalline basement,
tectonic contact of
volcanites with
sediments

S truc t u ral - geol og r cal
e iemcnts.  shalrness of
sediments

Del ineat ion of  quasi-
homogeneous blocks,
location of major
tectonic ines,  bulk
densitv in sirrr
(between points of
rnvest igatron),  undcr-
groLrrrd cavi t ies

Dclincauon oi quasr-
homogeneous blocks,
anrsotropy of rock
blocks, structural ele-
ments

Changes of  l i thologv
in exposures,
t renches,  gal ler ies,
borehole profile

Delrnr i tat ron ot  quasl '
homogeneous blotks.
changes ln l i thoiogv ol
rocks ( ln gal lenes and
boreholes)
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Tab le  J .  l .  con t i nued

6 l

Table 3.1,  contrnued

Ocophysical
ntcthod s

Mcasurcd parantc ler
syrnbol  (uni t ) Geophysical

methods
Measured paran)etcr

symbol (unit)

Appl icat ion rn

_- tlydrogcology Enginecring geology
App l i ca t i o r r  i n

Hydrogeology Engrnccr ing geology
Parameters that can be determined

Parameters that can be determined
Emanometry

Nlcasurement of
cosrnic radiat ion
i  n tensi  ty

Gamnra-gamnta
nrethod (mining
works,  boreholes)

Neu t ron-neu t ron
melhod (p i ts ,
m in i ng  wo rks ,
boreholes)

Ge otherrnal

Airborne and
ground survey
us ing  i n i r a red
nrctnc\1 (contsct-

N l cas r r r en ren t  w i t h
thcr [ ]ometcrs
(g round ,  m in i ng
works,  boreholes

Geoelcctncal

Vert ical  c lectr ical
sound ing

Resist iv i ty  pro-
t i l ing (ground,
m in i ng  wo rks )

Resist iv i ty  Iogging

Concentra(ion of Ra
emanation
O (Bq m'r)

Exposure rate

i  oe tg- ' )

Bulk densi ty
o (kg m-r)

Moisture content
IYo(%),  neutron
porosi tv
Pn  (%)

Temp€rature Faul ts
J  ( ' C )

Apparent  resist iv i ty
p" (o m)

Fault zones

Discontinuities in a massiff

Bulk density in silu
Total porosity

Moisture content in Jira
Total porosity

Discontinuities in rock
massi f

Sites of surface water infiltration and of hidden
ground-water discharge

Geothernral gradients

Water dynamics in boreholes

Depth to bedrock, Delimitation of quasi-
thickness of aquifer, homogeneous blocks,
throws degree of tectonic

deformat ion

Thickness of zone of weathering, faults,
fissures, cracks

Changes of lithology in bore profile

Interstitial aquifers, Degree of weathering
open porosity, fracture and of tectonic
aqui fers deformat ion

Self-potential
SP method
(ground)

SP method
(boreholes)

Induced
polarization (IP)
method (ground,
boreholes)

Mise-a-la-masse
method

Very low
frequency method

Natural potential
(filtration, electro-
chemical, redox)
AY (mV)

Induced potential
av, ,  ( r )  (mV),
primary potential
AV^" (mV),
apparent polarrza-
bi l i ty  in t ime r ,

a I/_ (r.)
. ^  / r \  -

LV.-

Rate of discharge
curve

v* (t,)
" vrP G2)

Specific complex
parameter

6  / r  l  -  -  / .  \
A .  -  

' l r \ ' l t  ' l r \ r 2 l

v

Potential difference
Av  (mV)

N'lagnetic compon-
ents Re Hz (Vo) and
Inr  Hz (%) of  e lec-
tromagnetic t-reld of
radiostations

Shape of cone of
depression

Si tes of  ground-water out f low, s i res of  inf i i t ra-
tion, ground-water flow parhs

Si tes of  corrosion of
water and olher
pipel ines

Lithological differen- Percolation propcnies
t iat ion of  borehole of  the medium,
prof i le,  interst i t ia l  d issolved sol ids in
aqui fers,  shal iness of  ground ware(
c lastrcs,  d issolved
solrds content  in
ground water

Thickness and area of  Assessment of
sandy aqui fer  in engineer ing-geologica)
clayey sediments and hydrogeological

condi t ions in a rock
mass i f

Appraisal  of  grain-s ize
distr ibut ion of  the
aqui fer  (permeabi l i ty)

Lithological differen-
tiation of sandy-ciayev
sediments

Direct ion and veloci ty  of  ground-water t )ow,
filtration and migration parameters of rocks

Trends of  d iscon-
t inui tes in rock massi f

Conductrve tectonrc l rnes and f racture zones
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Tab le  3 .1 ,  con t i nued

Tab le  3 .1 ,  con t i nued

Geophysical
ntethods

Mansured parametcr
symbol  (uni t )

Application in

tlydrogeology Engineering geology Appl icat ion in

Parameters that can be determined
Geophysical

methods
Measured parameter

symbol (unit)
Electromagnetrc
nrethod s

Ratio of vertical
magnetic field
components
Ilztlllzz (Vo) and
phase shi f r  d (deg)

Conduct iv i ty '

7  (S  m- r )

Wavc numbcr
r ( "  ( m ' )

Transi t  t ime of
radio signal r (s),
coefficient of
at tenuat lon 0 (%)

Transi t  t ime r  (s) ,
velocity of radar
rmpulse propa-
ga t i on  v  (m  s ' l )

Signif icanttectonic Cables,subsurface
lines meral pipelines,

dirrction of horizontal
boreholes

Cross-hole seismic
measurement and
measurement be-
tween mining
works

Vibration methods
(ground, mining
works)

Microseismo- Ampli tude I (mV),
logical methods activi ty N (s-t),
(ground,mining frequency/(Hz),
works) velocity of sound

propagation
v 1m s-1)

Ceoacoustic Activity N (s-r),
method(special relat iveampli tude
boreholes) , to(rV s'r),

frequency / (Hz)

logging Oesides those mentioned above)

Caliper log Borehole diameter
(mm)

Structural  e lements
and weakened zones,
deformation of rocks,
zones of  d iverse stres-
ses about mining
works

Dcformat ions of
ground surface, effects
of  explosives on stntc-
tures, oc-currence of
underground cavi t ies

Stressed zones in a
massif, effect and
changes in stress-
deformation process in
a massif, assessment
of  seismic i ty  of  the
area

Same as above

Dinr ic e lectro-
r : r3r : i lc t ic  prol i l ing
r l )Efv{ i , )

Ii:,.d iou,at,c
p ro l i l i ng

Elcctromagnet ic
measurements be-
t*,ecn boreholes
and gal ler ies

Radar (ground)

(airborne)

Lithological division of near-surface beds,
molsture content, salinity

Delimitation of quasi_
homogeneous blocks
and of discontinuites
in the massif

Ground-water table Cavities at shallow
depths, lithology of
near_surface beds,
faults, joint and fold
systems, changes in
lirhology and physical
properties of rocks

Thickness of euaternary deposits and
weathered layers, depth to bedrock

Depth to ground-water Delimitation of quasi-
table homogeneous blocks,

deformation of rocks,
young's modulus,
poisson's ratio

Depth ro bedrock of
major basinal struc-
lures

Porosity, fncturing, elastic moduli

Se i  sm  i c

Seismic refract ion
survey (ground,
mrnrng works)

Scrsmrc ret'iection
su:-vey lground.
mining works)

Acoustic and seis-
mic logging

Transir  t ime r  (s) ,
velocity of propa-
gation of compres-
sional vp and shear
waves v.  (m s- , ) ,
atienuation factor
d (m- l ) ,  ampl i tude
I (mV), frequency

f (Hz)

Del ineat ion of  an
aqui fer

Degree of  massi f
deformat ion

Borehoie drift
Directional survey

Temperature log

Aztmuth 9 and
incl inat ion 6
(deg) of borehole

Water temperature
f  ( ' c )

Fluid resist iv i ty  Rcsist iv i ty  of
log, also after water
water treatment p*, pm (0 m)
with NaCl

Photometry, also
after water treat-
ment with dye

Dynamics of  warer in borehole,  v ie ld of  int lo* ,

Vertical and horizontal flow rates,
f i l t rat ion velocr ty,  hyoraul ic  conduct ivrrv

Transparency of
water, concen-
tratron of dye
C  (mg  l - ' )
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Parameters that can be determined

Same as above



Metode Geofizice
S i m h o l r  r l  n a r a m e f r r  r l r  r i

Aplicatie in

masurat
Hidrogeologie Geologie

Inginereasca

Parametrii ce pot fi determinati
Gravimetrica

Gravimetrie(profi le, retele regulate
s i  neregu lare)

Accelerat ia
gravitat ionala g (ms-')

Grosimea
q o d i m a n l a l n r

schimbari ce apar pe
^ , , ^ , ^ a ^ r ^  - ^ ^ i :
5 U p r  d t d L d  I  u u i l !

dlslocati i  majore,
strate carstificate rn

calcare

Dezalinierea
blocuri lor

cvasiomogene,
locatia celor mai
importante inele
tectonice, media

densitat i i  rn sltu ( intre
diferi tele puncte de
investigatie), cavitat i

subterane
Microgravimetrie ( lucrari  la

suprafata si miniere)

Masuratori  vert icale si orizontale
a le  g rad ien tu lu i  de

Gradientul
accelerat iei

^  - ^ .  , i l ^  r :  ̂ ^  ^  l ^
v r d v r L d L r u r  r d r c

AqlAz. AalAx. Aolav rc'
' l

N,4ao netometrica

Masurarea undelor magnetometrice
din avion, masuratori  magnetice si
micromagnetice la nivelul solului

Componentele
campului magnetic T,
Z, H (nT) si gradienti i

lor vert ical i

Caracterul roci lor din
structuri le cu bazi lne

mari,  ocurente ale
corpuri lor de baza in

amplasamenle
cristal ine, contactul

tectonic dintre
vulcanite si
sedimente

n ^ - ^ t i ^ i ^ - ^ ^
v Y z a | t | Y t Y a

blocuri lor
cvasiomogene,

anizotropia blocuri lor
de roci,  elementele

structurale

Masurarea cu ajutorul v.:  ) ;) i ' , : .)  :  t '  t , ,  : i
( lucrari  la suprafata si expuneri)

Susceptibi l i taie
magnetica k (unitat i

st )

Schimbarea l i tologiei
la suprafata, santuri ,

galeri i ,  prof i le ale
foraielor

Catalogarea susceptibi l i tat i i
maqnetice

Geofizica radiometrica sr nucleara

Radiometrie din avion, masurarea
undei gamma, spectometru gamma

(suprafata, foraje, mine)

Rata de expunere X
(pA kg' ') .  Continutul
de elemente K (%),

eU (ppm) ,  eTh (ppm)

Elemente structural
geotogtce,

sistuozitatea
sedimentelor

Delimitarea blocuri lor
cvasiomogene,

shimbari in l i tologia
roci lor ( in galeri i  si  in

foraie)

Emanometrie
Concentrat ia

emanati i lor trp Ra O
(Bo m' " )

Zona de fal iere

Masurarea intensitat i i  radiat iei
cosmlce

Rata de expunere X
(pA kq' l) Drscontinuitatea intr-un masiv

Metoda gamma-gamma (lucrari
miniere, foraje)

Densitatea medie o
(kg m' ')

Densitatea medie rn srlu
Porozitatea totala

Metoda neutron-neutron (gropi,
lucrari  miniere,foraje)

Continutul de
umeazeala Wo (%),

porozitate neutronica
P N  ( % )

Continutul de umeazeala in situ
Porozitatea totala

Geotermala

Masurarea din avion si i  de la
suprafata solului ut i l izand metoda

infrarosu (fara contact)
rempera tura  @ ( 'u )

Fa l i i Discontinuitatea in
roci masive

Locuri ale inf i l t rari i  apei de suprafata si a
descarcari i  apei de suprafata ascunse

Masurarea cu ajutorul
termometrelor (suprafata, lucrari

miniere. forai)

Gradienti  geotermali
Dinamica apei in foraje

Sonar electr ic vert ical Rezrst ivi tate aparenta
P,  (O m)

Adancimea roci lor,
qrosimea acviferului.

Delimitarea roci lor
cvasiomoqene.



distanta gradul de deformatie
tectonica

alcularea rezrst ivi tat i i  (suprafata.
lucrari  miniere)

Grosimea zonelor de umezeala, fal i i ,  f isuri ,
craoaturi

Notarea rezistrvi tatat i i

Schimbari ale l i tolooiei in orof i lul  oauri i
Acvifere interstitiare,
porozitatr deschise,
acvifere fracturate

Gradul de alterare si
de deformatie

tectonica

Potential propriu
Metoda SP (la suprafata)

Potential natural
( inf i l t rare,

electrochimic, redox)
DV (mV)

lzvoare, inf i l t rari  si  canale de scurgere

Forma conului de
deoresrune

loroziunea cauzate
de apa, alte cauze

N/etoda SP (foraje)

Diferentele l i tologice
ale prof i lelor forajelor,
acvifere interst i t iare,

sistuozitatea
clastelor, continutul
sol id dizolvat in apa

din sol

Proprietat i le mediului,
elemente sol ide

dizolvate in apa din
sol

Metoda polarizari i  induse ( lP) ( la
^ , , ^ ^ , ^ l ^ r ^  J ^ , ^ i ^ \
5 U p d r d r d t d ,  t u r d l E , ,

Potential indus AV;o
(t i)  (mV), potential
primar AVp" (mV),

polarizare aparenta in
t imp t1

4"(t,)= AVre(ti)/ AVna

Curba ratei de
descarcare

orp=Vrp(tr )A/rp(tz)

Parametru specif ic
comprex

A-=(4"(tr)- tt"(t))tp

Grosimea si
suprafata acviferului

nisipos, in
sedimentele

argi loase

^ ^ t ^ . , t ^ , ^ ^
v d t u u l d t  E d

permeabil i tat i i
acvifer

unu l

Diferentierea
l i tologica intre
sedimentele
nisipoase si
sedimentele

d r  q r u d J E

Calcularea condit i i lor
geologico-ingineresti
si  hidrogeologice intr-

un  mastv

Metoda Mise-a-la-masse Diferenta de potential
DV (mV)

Directia si vi teza curgeri i  apei de suprafata,
parametri i  de f i l t rare si de migratie a roci i

Tendinte de discontinuitate intr-un masiv

Metoda de frecvente extrem de
joase

Componente
magnetice Re Hz (%)

s i  lm Hz (%)  a le
campurur

electromagnetic al
stat i i lor radio

Lini i  tectonice conductive si zone de fractura
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Thc basic l irhologicar rype can bc established most reliably by geophysicar

logging, which enables the physical properties of rocks to be determined with
a much greater exactness than by a surlace geophysical survey. The logging
mcthods are chosen depending on the rock type expected; the method selected
for clastic sandy-clayey rocks wil l ci iffcr from that for a carbonate complex or
in igneous or  mctamorphic rocks.

In clastic sandy-clayey rocks, evaluation of the basic l i thological type is

rcduccd to determination of shaliness vr6 (usually clay and silt content) and tota!
porosity P. The shalincss V.n is determined chiefly by using gamma_ray logging

GR and rhe record of self-potcntials Sp and also often the true formatron

resistivitv p,. Thcse mcthods are considered to be shale indicators. The shale

contcnt v.n is calculatcd from relations that can be expressed in the form

the rock components X, Y, Z, etc., rcpresented in a given

calculated using the relations

6-5

depth in terval  arc

a,  = arrX *  e ikY *  arrZ + . . , . . . .  +  [ .P (3.7)

where cu to a,, and b, are characteristic values of the measured physical para-

mcter cj for the diflerent rock types and the ground water; they are tabulated or

are obtainable by statistical analysis of logging data. p is the total volume of

voids in the rock.

Determination of the l ithological type from the results of a surface geoph,-si-

cal survey is not always as reliable as a determination madc from logging

results. Surface methods, however, have an undisputcd advantage in rhat thc1,

a l low the spat ia l  var iat ion of  the geophysical  parameters ancl  thus a lso of  thc

lithological type to be traced or mapped. Resolution of such problems is easicr

where near-vertical structures in metamorphic or igneous rock complexes are

involved.  Assessment  of  l i tho logical  type for  sediments wi th near ly  hor izonta l

bcdding is  a vcry d i l ' f icu l t  task.  Thc in terpretat ion cr i rcr ia  havc bccn nrosr

thoroughly developcd for  sandy-c layey reservoi r  rocks us ing the geoclecrr ica l

parametcrs p ancl  A ' (Table 3,1) ;  an est imar ion of  shal iness 1(n)  f ig  3.17a)

or  of  the c layey-sandy soi l  type (F ig.  3.17b)  can be obta ined.

3.2.2 Porosity and Fracturing of Rocks

The most favorable conditions for determination of porosity and fracturing using

geophysical methods are provided by logging. surface geophysical measure-

ments can only be used under exceptionally favorable conditions.

In clastic sandy-cloyey sediments, the following methods are used to deter-

mine porosi ty :  neutron logging (NNL, NGL),  the densi ty  var iant  of  gamma_

gamma logging (GGI--D),  acoust ic  logging (AL,  used only for  dcep st rucrures) .

and under appropr iate condi t ions,  res is t iv i ty  logging ( la tero log Rarr ,  induct ion

logging Ra,,_, and microresistivity logging) combined with Sp or GR logs. The

porosi ty  of  sandy-c layey sediments is  ca lculated accordinc to the re lat ion

x-A' * t  
B u

(3.6)

*herc X is  t l rc  'cun 'a luc of  thc nrcusurcd parametcr  (GR, sp,  p1)  opposne a

i ) i i r ' , r iu iuf  lu l 'c r  l rnd r l  ur rd B l r -c  l i r r r i t ing values of  the same paramerer ,

corrcsponding ro clcan sands (sandstones) and clays (claystones), respectively.

fhe rc lat ion (3.6)  g ives rather  h igh values of  shal iness,  in  the opt imum case

approrching the t rue Vrn value.

In addition to the one-parameter shale indicators there are two-parameter

shalc indicators based on porosity data obtained by neutron logging (pp)

combined wi th format ion densi ty  logging (pp) ,  or  by acoust ic  logging (pa)

combined wi th format ion densi ty  logging (pn) .  The shale content  determined in

th is  way is  thc nearest  to  real i ty .

Thc dctermination of the basic l i thological type in boreholes in carbonate,

igneous or metamorphic rocks requires that as many independent parameters a;

be measured as there are rock types observed in the borehole. It is

rccommendcd that the physical parameters which clearly differentiate between

thc indiv idual  rock types be used for  th is  (F igs.  2.4 to 2.6) .  The proport ions of
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Figure 3,17 1a) Relationship l' =,f (%h) at various formation resistivities, p (O m) (according
to Sharapanov et al., 1974). (b) Polarizability (l) as a function of the clayey-sandy soil type
( a c c o r d i n g t o O g i l v i  a n d K u z m i n a ,  l 9 T 2 ) .  1 - s a n d , 2 - s a n d y l o a m , - 3 - l o a m , 4 - c l a y .

P = Pr- Z*P*,

6'7

(3.8)

where Pi is the apparent rock porosity calculated from the results of the logging

method applied and Pshi is the apparent porosity of shales measured by the same

method assessed by statistical analysis of logs using cross plots.

The second term on the right side ofEq. (3.8) represents the correction for

shale content %5, as the presence of an argil laceous component generally makes

the calculation of porosity rather diff icult. On introducing this correctron into

the calculation, the porosity derived from the relation (3.8) may most properly

be denoted as open porosity Po (calculated from electrical logging) or as eft 'ec-

tive porosity P.6 (calculated from NNL, NGL, GGL-D or AL). The absolute

error  in  porosi ty  determinat ion is  usual ly  less than *3%.

ln carbonate rocks a combination o[ two logging methods is often applied

(e.g., NNL and GGL-D, or NNL and AL), which makes it possible to assess

the primary l ithological type and total porosity simultaneously (Fig. 3 . I 8) . Total

porosity involves the volume of pores (primary porosity P1) as well as the vol-

ume of fractures and cracks (secondary porosity P2: P1). Porosity determined

by nuclear logging methods (NNL, GGL-D) most l ikely corresponds to total

porosity. Acoustic and ultrasonic logging is more suitable for the determination

of primary porosity; P, and P2can be established by their combination. Resis-

tivity measurements are also used to determine fracturing (crack-to-space volume

ratio) in these rocks (P). The equation for fracture porositv has the form

.r
E

' i .

j-
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{

0 i

'l-
ol-
,l-
,l-
. l

4 .
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1

2 .

i  . .
:-
F 1 .

n ?

\/.\

1 . 0

0 . 5

n
P, -  sP*(Pt*P)' p(p; p*)

( l .  e)

where A is a constant depending on the complexity of the fracture system

(1.5 < A < 2) and p, po, and p* are respectively the resistivity measured b,v

a certain system of electrodes, the resistivity of nonfractured rock, and the resis-

t iv i ty  of  ground water  or  dr i l l ing mud in rocks wi th a deep invadcd zonc.
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Theoretically, all surface geophysical measurements methods whose para-

mctcrs depcnd on P,, (Table 2.3) may be used for determination of porosity po.

The rcsistivity mcthods are usually employed in a porous medium in practrce

(worthington 1915, 1976). The relation bcrwcen the aquifer resistivity p, open

porosity Pn, resistivity of ground water pw, and resistivity p^aof the solid phase

(including the shrley fraction) for a structural coefficient a and cementation

exponcnt  n (Worth ington,  1976) is  g iven by

(3.10)

or by Eq. (2.20) or (2.21) in Table 2.3. The relarive error Ap, in porosity

dctcrminat ion is  lowest  oS p. ,  *  _ (Mazdd et  a l . ,  1978).

In a mcdium wirh f racturc permeabi l i ty ,  c i rcu lar  vES make i t  possib le to

establish both the degree of fracturing, Pr, as a function of apparent anisotropy

(Fig.  3.18b)  and the d i rect ion of  f ractur ing,  o i .  Using seismic merhods the

dci : rcc o{ ' f ractur ing is  cst in tatcd as

b9

l r  PJI '
P o = l - + - l

I P." aP*)

10 20
PN loh\

J U ' / o

a )

D _ vr(vb-v)
' t  -  

" ( t t - % )

(3 .11)

rvhcrc r'5, u, and r'1 are the velocities of the compressional waves in solid and

fracturcd rock and fracture fi l l ings (vr : 1500 m s-l where the fracture is f i l led

*'ith water). Fracture trends can be detected indirectly from circular measure-

ments of spontaneous polarization (Fig. 3.36), provided that the fracture system

relatcs to an cnvi ronment  in  which f i l t ra t ion potent ia ls  are generated.

l-igurc 3.18 Facing page. Determination of porosity and fracturing by geophysical methods.
(a) Cross plot of neutron porosity, P*, and porosity derived from formation density log, pp, used
to assess the principal lithological type and rotal porosity, p (after schlumberger, 1972a).
(b) Determination of the drrection of fracturing, a1, and of changes in the degree of fracturing,
Pr,  v; i th dcpth,  as inferred f rom ci rcuiar  VES. J -  sandstone,2 -  l imestone,  J -  dolomite,
. /  *  anhydr i te.

2.5

i l  : z.o
E I E

dlc- t's
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100  800
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3.2.3 l l loisture Content and Degree of Saturation

Moisture contcnt Wand water saturation S* are determined chiefly for rocks and

soi ls  occurr ing above the water  tablc ;  i .e . ,  in  the zone of  aerat ion.  In  addi t ion

to thc classical hl,drogeological mcthods (Kurdi, 1978), moisture content and

degrce of saturation may also be determined by remote sensing methods

(Chaptcr 7), surface methods and mcasurements in shallow boreholes, frequently

rn combinat ion wi th penetrometer  measurements.

Rentote sensing methods are effective for assessing moisture contents over

iargc areas to shallow depths (fractions of a meter to several meters). For this

purposc. scanning in the range of the visiblc, infrared and microwave wave-

lcngths can be employed. Intcrpretation of remote sensing results is hindered by

changes in the resistivity p and permittivity € of surface layers and variations in

topography. To obtain absolute moisturc values, remote sensing results must be

caiibrateci against surface measurements,

Of the surface methods, we can use resisriviry and electromagnetic methods.

Thc appi icr t ion o i  rcs is t iv i ty  methods is  based on the pr inc ip le that  the

resistivity increases with decreasing saturation S* according to Eq. (2.20) or

(3.2i) rn Tabie 2.-3. These changes arc greatcst in compact rocks (at W < 3Vo).

Under such conditions we may also employ the resistivity variant of the

clcctromagnetic very-lorv-frcquency method (VLF) and electromagnetic dipole

prcf i l ing (DEMP),  us ing,  for  example,  a Geonics EM-31 or  EM-34 apparatus

(vanar l l  o i  S l rngra ' :n  method).

Rarliotvave proJil ing (RWP, Chapter 7) is applicable for moisture determina-

tion only to shallow depths. The pirramctcr being determined (wave number ko)

dcpends not only on moisture contcnt but also on porosity, clay content and rock

tyoe. The RWP method is appropriate in soil improvement studies. The feasibi-

l i ty of using induced polarization has so far been litt le documented in practice

(Sharaparov,  1974,  Table 2.3) .

The most reliable data on moisture content are provided by hygrometers

based on measrtrements of the ncutron flux density (neutron-neutron method)

and of rock permittivity. Devices of the first type permit measuremenls ar the

ground surtace (contact hygrometers) or in shallow holes made with a hand

auger or in holes made by an electric cone penetrometer (Chaprer 7). Thc

neutron-neutron method provides a measure of the total hydrogen content in a

rock. If all the hydrogen may be presumed to be bound in water molecules, the

neutron-neutron method wil l give the volumetric moisture content Wo dircctly.

Apparatuses of the second type measure soil permittivity in shallow boreholes

on the basis of changes in the inductance or capacitance of the sensing element.

The relations given in Table 2.3 permit data on relative pernitt ivity,e, to bc

converted to values of volumetric or mass moisture content. The absolute

accuracy of  measurement  wi th cal ibrated inst ruments is  bet tcr  than + l%.

3.2.4 Permeabil ity,I lXdraulic Conductivity, Transmissivity, and Protective
Capacity

The permeabil ity of a rock mass can be assessed using geophysrcal methods

either qualitatively relative to other rocks, or quantitatively in rerms of hr,<lraulrc

conductivity ,t1 or transmissivity kr.

Providcd that at least one borehole is located within the hydrogeologicai

structure of interest, logging methods provide the most reliable information on

permeabil ity. Criteria for the determination of permeable beds in a borehole

depend on the type of  permeabi l i ty ;  i .e . ,  whether  i t  is  in tergranular  or  f racrurc

permeabi l i ty .

Aqui fers bear ing in terst i t ia i  water  (F ig.  3.19)  are expressed in the tb i iowrng

ways:

-  on the SP rccord by a marked negat ive anomaly t t  pm)p*,and.  in

contrast. by a positive anomaly for p,.(p*, for which electrochemical

potentials are responsible

- on the microlog by the separation of the two resistivitr curves

measured Ra*n ) Rarl

- on lateral electrical sounding (LES) curves, provided rhat pn, ) p.u. b),
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on formation density logs (GGL-D) as layers with a lower bulk

density, owing to the presence of fractures and cracks t ' i l led with w,ater

o fo *  (  o .

on NNL records as layers of a higher neutron porosity

on formation resistivity logs as conspicuous conductive zones (po values

attain tens or hundreds of O nr) in contrast to solid rock blocks show-

ing re lat ive ly  h igh res is t iv i t ies ranging f rom one to tens of  kO m

G G L - D  N N L

ln zFl,llE
Figure 3.20 Characteristic features of a fracture zone on an SP log, resistivity logs (Ral), a
cal iper log (CL),  a gamma-gamma log in densi ty nrodi f icat ion (GGL-D) and a neutron-neurron log
(NNL).  1 -  l imestone,  2 -  f ractured aqurfer .

For a quantitative determination of the hydraulic par'onrcters of an interstit ial

or fractured aquifer where the t ' low can be assumed laminar, we use data on

changcs  i n  t hc  ve r t i c i r l  vo lume t r i c  f l ow  ra te  0 ' (m l  s -1 .1  ouc r  t hc  dep th  o t ' r

l l o r c l t o l e  i l I  i l  co l r s I i r n I  t t t j c c t r t r n  o l  w r t l r d rawr r ]  r a t c .  I ' l o t s  o l  l l r rw  r r t c  vc rsus

depth obtained from the results of special logging methods (Section 4.5) make

i t  possib le to establ ish par t ia l  y ie lds 0 i  (m3 s- l )  or  contr ibut ions t rom indiv idual

permeable bcds and also establish their thickneSSes fi1 (m). The differcnces in

water level s (m) relative to the static level ftn are maintained intentionall l, small

to  min imize hydraul ic  losses.  Under such condi t ions,  the par t ia l  hydraul ic

)

|  . t  I  - - - t

r  l ' . ' .  .  . |  ' t  l - - -  - 1
I L__-----_-J . l-_-_)

l ' - igurc 3.19 Character is t ic  features of  an aqui fer  wi th interst i t ia l  permeabi l i ty  on the SP log,
nr icro logs l {a, , ,n and Ra,, , ' ,  rcs ist iv i ty  logs Ra,,  measurcd by normal  probes of  d i f ferent  lengths,  a
caliper log CL, and a gamma log GR. Thc figure also shows the results of a computer processed
diagram of  format ion volume analysis:  /  -  sandstone,  2 -  shale.

a markedly incrcased res is t iv i ty  in  the invaded zone;  i .e . ,  the apparent

resistivit ies measured by short normal and lateral probes are distinctly

h igher  than those obta ined by long res is t iv i ty  probes

- on a caliper log (CL) by a minimum well diameter, frequently smaller

than the diameter of the dril l ing tool, due to the mud cake formed

dur ing mud invasion in to a permeable bed

- or1 gamma-ray logs (GR) by a minimum value of exposure rate (a small

content of a radioactive substance)

- on the graph of formation volume analysis (with automatically

processed logs)  by min imum clay content  y"5 and maximum porosi ty

vul r res

Fracturcd aquifers in carbonate, igneous and metamorphic rocks are

rncl icatcd in  the fo l lorv ing ways (F ig.  3.20) :

- on SP records by narrow and comparatively sharp negative anomalies

produced mainly by electrokinetic potentials

-  on cal ipcr  logs (CL) by major  or  minor  cavi t ies
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conductivity k6 of confined and unconfined aquifers can be calculated using the

simpl i f icd re lat ion for  radia l  f low to a wel l

(3.12)

where Asi is the difference between the water level in the borehole and the

picz-ometric level of separate aquifers, I is the steady-state well function which

dcpcnds on wcll radius, the radius of influence R and the ratio As1/rn1; for

As1  <  n r ' ,  A *  1  (Gr inbaum,  1965 ) .

The ts valucs dctermined by geophysical logging are usually in good agree-

ntent with those determined from the conventional constant-discharge tests

(N' lor in  et  a l  . ,  1988;  Molz et  a l . ,  1989).  An example of  the determinat ion of  k6

i s  g i vcn  i n  F ig .  3 .21  .

The prrtial transmissivity lc11 in relation to the partial hydraulic conductivity

t , . ,  and thc th ickncss of  a permeable bed m; is  def ined by Eq.  (2.15)  in  Table

2.1. ln cases rvherc thc partial hydraulic conductivity can be derived from

logging rcsul ts ,  thc par t ia l  t ransmiss iv i ty  can a lso be calculated.

Under favorable conditions, both the hydraulic conductivity and the

transnrissivity are determinable using surface geophysical methods; i.e.,

rcsistivity and induced polarization. The most favorable conditions for uti l izing

resistrvity methods in interstit ial aquifers are for depths less than 50 m (Fig.

3.22c). The resistivity of such aquifers depends (at a constant resistivity of

I r igurc 3.21 Facing pagc.  Deterrn inat ion ofhydraul ic  conduct iv i ty ,  t f ,  and f i l t rat ion veloci ty ,  vu,
in borcholc J-6 (Jarom[i). GR - gamrna-ray log; Ra' - resistivity logs measured wilh lateral
probe (upper represented by dashcd line, lower by solid line); Ran 0.3 and Ra. 0.6 - resistivity
logs mcresurcd wi th normai  probcs,  spacing AM = 0.3 and 0.6 m; CL -  cal iper log;  RL I  and
RL 2 - time series of fluid resistivity logs run down (l) and up (2); records 10 and I 1 - under
narurai conditions; records 12 to 17 - after decreasing the fluid resistivity by the addition of
sodium chloride, measured at stabilized water level in the borehole; records l8 to 23 - during
p u n r p i n g f r o m a d e p t h o f  1 2 m , r a t e o f  p u n r p i n g Q = 5 1 s - r ; T L - t e m p e r a t u r e l o g ; v " - g r a p h s
oi apparent filtration velocity calculated from RL I and RL 2 (records 12 to 17); Q - graph of
venica) volumerric flow rate calculated from RL I and RL 2 (records 18 to 23); t1 - diagram of
rhe hvdraul ic  conduct iv i ty .  a -  l i thological  srctron af ter  logging.  1 -  s i l ts tones to sandy

i i l ts toncs:  ;  -  sandstoncs:  - l  -  casing:  4 - -  inf low intcrval ;  J  -  water  level  in borehole.
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ground water pw) mainly on clay content and porosity. The permeabil itv of

sandy aquifers is also closely related to porosity for clean sands and to clay

content for clayey sands. Depending then on the environment, there exist both

direct and inverse correlations between aquifer resistivit ies po and hydraulic

conductivit ies kr, and the same between transverse resistance Iand longitudinal

conductance S and k1 Gig.3.22a, b). These relations depend both on the rock

type and on the relation between the direction of ground-water flow, stratif i-

cation and hydrogeological conditions in the aquifers (MazAt et al ., 1985).

These relations can be exrrressed in equation form

5 7 /

6 6

6 2 /

, "  , r r ' I
/  / '  

2' ,-"54
t:1

po( -tl m )

/ \ \

po{Q m )

1 0

10

'o 
ios

{ 1 0

10

r O

to

___\1,
o 7

,h+
Kt  =  APo -  O r  K r  -  APo -

1.1 .  l3)

1 0 '

l

t :

1.0

c.5

c l

10 -6 10 -(

k l

Figurc 3.22 Relationships between geophysical and hydraulic parameters of an aquifer.
(a) Correlation kr : f b,) for Quaternary terrace de;rcsits along the Ohlava River (40 km south
crf  I ) lzcr i ,  Czechoslovakia) ,  kr(10J m s- l ;  :  1.026 x l0-2 pol . te5l  coefFrc ienr of  corre lat ion,
r r . ,  =  0 .871  +  0 .070 ;  coe f f i c i en to f  de rc rm ina t i on ,D : j 14 . "1  100 :76% (acco rd i ng toMazdd
ct  a l . ,  1985).  (b)  Simi lar ly  for  a common hydrophysical  model  (according to Mazdd et  a l . ,  1985).
(c)  Relat ion A'=f  (k)  for  rocks of  water-bcar ing zone (af ter  Sharapanov et  a l . ,  1974).
(<j) Sirnilarlv ibr the aeration zone (after Sharapanov et al., 1974). ,l - regression line t standard
error ;  2 -  range of  exrreme resist iv i t ies;  3 -  number of  borehole and VES; 4 -  opt imum
resrst iv i ty ;5 -  geoelectr ical  model  (A -  near-surface layer,  dominant ly wi th a lower,
exccptionally higher resistivity p; B - water-bearing aquifer; C - weathered Palaeozoic complex;
D - weakly w,earhered to unweathercd Palaeozoic rocks). 6 - general trend dcpending on the
rock t1'pe; 7 - mean values, trend in individual rock types designated. I - gravel, /1 -

coarse-grarned sand, /1/ - mcdium-grained sand, /V - fine-grained sand, V - sandy-clayey
sed imen ts .  V /  -  c l av .

respectively, and

kr  = aTb m<b-r)  or  & = 
"S 

bn(b- t ) (3 . l4 )

respectively, where 4 and, are regression coefficients obtained by statistical

analysis of a set of parametric measurements (p1, kE) or (1, k.pr). The error in

the determination of k1 or k1 depends on the statistical quality of the correlations

3.13 and 3.14 (Maz{t et al., 1979a). Induced polarization appears to be a

promising method for determination of hydraulic conductivity. The steepness of

the d ischarge curve can be character ized by the gradient  o1p (Table 3.1) ,  whrch

is closely related to the grain size of a sandy aquifer and thus to its hydraulic

conductivity k1. Equally good results arc obtained by using the relative complex

parameter ,4.  (Table 3.1) ,  which normal ly  corre lates c losely wi th the hydraul ic

conduct iv i ty  (F ig.3.22c,  d) .  Under favorable condi t ions,  , ts  (or , t1)  can be

def ined wi th a maximum error  of  20 to 30%.

The protective capaciry (&r) of an aquitard may be estimated from the resulis

of  sur face geoelectr ica l  measuremcnts or  temperature logging under condi t ions

of  a s teady thermal  regime.

Under suitable conditions, the surface geoelectrical methods make it possrble
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to correlate the longitudinal conductance S of an aquitard overlying an aquifer

r i , i th  i ts  protect ive capaci ty  kn:  J ' { .s  
- l )  : / ( r - l ) .  The delay t ime r ,  may be of

lhc l i r l lorv ing charactcr  ( l lcnr ic t ,  1976):

- Purely physical (t may be considered as the transitt ime for the percola-

tion process)

- Sanitary (r may be correlated with the bacteria die-off curve)

- Remedial (l may be regarded as the time for a pollutant to penetrate

from its source at the ground surface to the water table; i.e., the time

avai lable for  remedia l  act ion)

A nnp of longitudinal conductance 51 (Fig. 3.23a) is a basic tool for

assessing protective capacity &, and can be transformed into a map of the

hydrogeological parametcrs kn or ,, or it can be employed for their qualitative

dehni t ion (F ig.  3.23b)

79

higher temperature gradient G than an aquifer composed of permeable sandstone

and conglomerate layers (Fig. 3.24a).

In p laces the permeabi l i ty  of  an aquic lude can be h igh cnough that  i t  sht lu ld

be regarded rather as an aquitard. Permeabil ity increases can be due to an

increased sand component or a higher fissure density. l-ocal changes oftempera-

ture gradient may thus reflect changes in permeabil ity tI perpendicular to the

Ron(Qm)

0 300 10 11

/('c)
12 13 1t"

' , ' '  l

0.0

t q

nt  S t (Q-11 kn

p o o r

m e o r u m

9 o o  d

v e r y
g o o d

q )

Figure 3.24a Determination of the protective capacity, k^: ki m." by tempe.rature loggrng

Temperature iogs rn a borehole at various coe fficients of vertical permeability (lr- ) oi the aqurtaro

-. schematic Dloi of the situation in ''r Bohemian Crehceous Bastn'

3.0

6 . 0

12.0

tl
l::::l
ITI

zu
b )

n 1

0.2

U . J

p e r t e c t

I r i gu r c3 .23  Mapo f l ong i t ud ina l conduc tanceo fanaqu i t a rd (a )and i t squa l i t a t i veassessmen tO) .
rrr" - thickness of the aquitard (sandy-clayey bed), corresponding longitudinal conductance, Sl,

and prorective capacity of the aquifer, ,k, (modified after Henriet, 19?6).

For clastic sediments, there is a marked difference between the thermal

conductivity \ of clays and sands (Fig. 2.5). For a constant heat f low the

difference causes a change in the temperature gradient on the temperature log

S : f (h); impermeable silty and clayey layers (an aquiclude) show a noticeably

L.').",- rt
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strat i l lcat ion (F ig.  3.2ab) .  Knowing the th ickness of  the aqui tard,

cnlculatc thc prorcct ive capaci ty  , tn  according to Eq.  (2.16) .

8r

we can

10-6 10-s 10-1
tN tm s-1)

b)

l - igrr le J.2{b Relat ion of  gcothernral  gradicnt  to the coefhcient  of  permeabi l i ty  , t i .  K.  -  base
oi the Cretaceous, K) - basc of the lower 

'furonian 
in silty development, ,( - base of the

nr iddlc luronian in sandstone development,  Ran -  resist iv i ty  log obrained by normal  probe;  m"
-  th ickness of  aqLr i ratd.

3.2.5 f)epth to Ground Water and the Shape of the Cone of Depression

The physical properties of an aquifer are constant in time, whereas the physical

propcrties of rocks in the zone of aeration vary with time, depending on the

instantaneous degree of  saturat ion S* (F ig.  2.1) .  Under favorable condi t ions,

tlepth to ground h,eter can be asscssed indirectly by surface geophysical

methods,  and d i rect ly  by logging (F ig.  3.25) .

The accuracy of a depth determination using surface methods (seismics, VES

and VES-IP) depends, in general, on the following factors:

-  The th ickness of  thc capi l lary f r inge,  rn, , .  Under condi t ions ex is t ing in
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clast ic  scdiments,  the th ickness can reach 2 m and,  ext raord inar i ly ,3

to 4 m. A capil lary fringe does not develop in a karst environment

( I Jyn ie ,  l 96 l ) .

- The fluctuation of the water table.

- The homogeneity and areal extent of the water-body with respect to

dcpth (a homogeneous water body at a depth smaller than its areal

cxtent providcs optimum conditions).

- Thc rcgimen of thc ground-water body and the thickness of the

* 'atcr-bear ing aqui fer .

. , \  h ighcr  accur lcy is  at ta inablc rv i th  conf ined ground water ,  where the level

rs also a marked pctrographical boundary, than with an unconfined aquifer; the

accuracy also increases with thc thickness of the aquifer. The water table for

unconfincd water bodies represcnts a definite seismic boundary, which is usually

not a l ithological boundary. Thc vclocitics of compressional vo and shear v,

u'aves in the zone of aeration (S* : 0) and in the zone of saturation (S" : 1)

*crc s iudicd b-v Whi te c t  a l .  (1953),  Levshin (1961),  Berzon et  a l .  ( i958)  and

Biot  (1956).  The fo l lowing resul ts  may be drawn f rom these studies t r ig .  3.26) :

- Vclocity' r. 'o increases gradually with S*, from 0 to 0.999, but at

.S*>0.999, vn increases abruptly by 50 to 200%, depending on the

depth of the water table H, and porosity P.

For this reason, seismic methods provide the most accurate estimates

of the depth to the water table, particularly in unconsolidated sediments

rv i th  in terst i t ia l  permeabi l i ty  (F ig.  3.26a) .

l r igrr l t  - ) .?6 I 'ac i r rg page. Dcternr inat ion ol ' ths watcr  table depth using seismic methods in a
nro<1cl nre<liurn (according to lavshin, l96l). (a) Dependence of the threshold velocity (vor'-) for
lhe zone of saturation S* : t, parameters n : vo/volit, llm = v"l'^/v", and of the accriracy of
d!.prh derernrination of the warer hble (AH, on rhe ilepth of the water table (H, (m)) with para-

meters of  the rock medium Eo = 105 MPa, 8."  = 1.05 x 105 MPa, f  = 0.15,  o = 2650 kg m-3,
I '  = 0.4 '76 and parameters o i  the ground water 0* :  2.15 x 103 MPa, o* = 1000 kg m-3;  vo,
,,.. volit and v.l'- are velocities of compressional and shear waves in the zone of aeration,
{.S* = 61 and in the zone of saturation, respectively. (b) Theoretical model of theporous medium

lcrrb ic arrangement of  ideal  e last ic  spheres) wi th a porosi ty P = 47.6%.
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Dctcrminat ion of  thc watcr  tablc  in  consol idated sediments and crysta l l ine
rocks rs  mo'c d i f f icur t  ancl  lcss.ccur i i tc .  In  any case,  i t  is  desi rable that  the
th ickncss of  the aqui fcr  excccds i ts  dcpth below the sur face.  I t  is  usual lv
ob.served that

- The velocity v, changes only slightry with changes in s* and the um
rat io for  l imir ing sarurar ions (0 and l )  reaches 0.g62.

- The vclocity vn in thc zone of saturation invariabry exceeds the velocity
of sound in water (r470 m s-l) and changes gradually with an increase
rn the depth of  the water  table Hz.

- Seismic properties of real mcdia dif ler from those of the theoretical
models of  a sandy mcdium. Also,  the presence of  c lay usual ly
decreascs t,o.

Appl icat ion of  ver t ica l  e lect r ic  sounding in  the res is t iv i ty  var iant  is  based on
the diffcrence in resistivit ies bctween the zone of aeration and the zone of satu_
ration. Since even small changes in moisture content or degree of saturation S*
cuusc large changcs in  mcdiurn rcs is t iv i ty  (Table 2.3;  see a lso Kel ler  and
Ir r ischknecht ,  1966),  the boundary cstabl ished by th is  method wi l l  actual ly
corrcspond to thc upper boundary of the capil lary fringe. The accuracy of
determination of the depth to thc water table by vES is thus, in general, smalrer
(AH :20%) than the accuracy attained using refraction seismics (Janik et al.
i n  Sbo rn f t ,  1976 ) .

Thc usc ol induced polarizariott (Ip) is based on the relation of the Ip
parameters to morsture content and the structure of aquifers. To attain a more
reliablc derermination of the rlepth ro the water table in sandy-clayey soils it is
advisable to combine vertical electrical sounding in the resistivity and Ip variants
( F i g . 3 . 2 7 ) .

In applying logging methods in boreholes tapping unconfined aquifers, the
fluid resistivity RL, photometer pHL and temperature logs TL provide data on
the depth to the u,ater table with an accuracy of 0.1 m (Fig. 3.25).

Asscssment of the ,ihape of a cone of depression with observation wells is

V E S - 1 V E S - 2  V E S _ 3

D )

Figure 3.27 Assessment of water-bearing clayey sand deposits in the Sauk-su River Valley
(according to Kuzmin and ogilvi, 1965). (a) Geological section. @) VES resisrivity cun,es (dashed
I i n e ) , V E S - I P c u r v e s ( s o l i d l i n e ) .  1 - d r y l o a m , t h i c k n e s s m : l t o 2 m , q , = 0 . g r o l . 5 % :
2 -  water-bear ing,  c layey sand deposi ts,  m = 18 to 20 m, nz :  3 to 5%; - t  -  bedroqk,
Mesozoic a leur i tes,  \ t= I%.

expensrve and, as a consequence, not always very detailed. It is, thereforc.

advantageous to use geophysical  methods;  i .e . ,  the methodsjust  d iscussed or  the

method of spontaneous polarization.

When water (i.e., a weak electrolyte) f lows through a porous medium,

bonding of one type of ions (usually negative) in the diffuse layer proouces a

8 5
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surplus of negative charge where water enters a porous medium and, in contrast,

a surp lus of  posi t ivc charge where i t  d ischarges (F ig.  3.28) .  This  physico-

chcmical process produces fi l tration porentials Vs; that is, pronounced positive

SP anomalies over rhe pumped well. The area under the SP curve on a meas-

ured profi le is then directly proportional to the drawdown curve (Fig. 3.29).
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Figure 3,2,E Development of llltration potentids in a porous medium. Scheme of electrical double
layer on the wall of a pore channel with flowing water. .l - wall of the pore channel with a
negrtive surface charge, 2 - immobile ions of the Helmholtz layer, 3 - mobile ions of the
d i i i u se laye r , 4 - f r eepo reso lu t i on , . J -d i r ec t i ono f  f r eepo reso lu t i on f l ow . r - r ad iuso f  po re
channel ,  6 -  tota l  th ickness of  the Helmhol tz and di f fuse layers.

3.2.6 Dissolved Solids Content in Ground Water

Resistivity p* is closely related to the concentration of total dissolved solids in

ground water C (g i-t) (Table 2.1). Ground-water resistivity may be estimated

primaril l , by geophysical logging and in suitable cases, also by surface resistivity

rncthods. Thc more commonly used /ogging evaluation procedures are as fol-

i tt r,.'s :

- Calculation of p* from the self potential anomaly SSP opposite a layer

of well-sorted clean sand (without a clay component) according to

G

o  
2 0

7 0  8 0
x  ( m t

7 0  8 0
x { m }

E-P6l

l+ il
t__l___:J

t-:v
I ' l u l
l// '  t

Figure 3.29 Determrnatron of cone of depression's shape in glaciofluvral deposits, tn lhe area oi

St. Petersburg, Russia, by the SP method and shallow refraction seismics. (a) Difference.

AU (mV), in the SP field as measured before pumping and at the end of the pumping test. (b)

Residual SP curve and depth h(m) of the water table established by refraction seismics along a line

through the borehole location between profiles P4 and P5. 1 - location of profiles, 2 - borehole
location, 3 - isoanomaly (mV).

4

o

I

1 0

1 2

+

i  -ssP Ip* = pt .-o 
lr#-*j

(3.1t



8 8

where Kdm is the coeff rcicnt of electrochemical potential which depends

on the temperature and chemistry of the ground water, and pr6 is the

resis t iv i ty  of  the mud f i l t ra te.

If the chemistry of the ground water is known, the relation (3.15) for

the known SSP (mV) and pn,p (0 m) is solved numerically or by using

a nomogram (Fig. 3.30). This procedure provides good results in

sandy-clayey sedimcnrs with a high dissolved solid content in the

g round  wa te r  (pw<  1 .0  0  m ,  C>8  g  l - l ) .

From repeared SP records with two different resistivit ies of mud fi l trate

(pr f r ,  pn,p) .  The SPI and SP2 anomal ies opposi te a sandy layer  wi l l ,

1 0

3 0

20

l : )

1 0

6

L

1 q

1

n n

q6
n q

0,4

Figt t rc 3.30 Nr)mogrart l  for  dctcrrn inat ion oI  the pn,r /p* rat io,  wi th a known stat ic  sel f  potent ia l
anonraly SSl ,  (mV) ar  rcnlpcrarurc d ( 'C) (according to Schlumberger,1972b\.
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combined with p,n;, and prp, formally satisfy Eq. (3.15) and permit

both p* and K6, to be calculated or graphically determined for

p*  :  l im p61as SP approaches 0 (F ig.  3.3 la) .

Using automatic log processing and cross-plots SP - log (p*o/p,) or

GR - log (p*ol pr), it is possible to establish the p*o/p, values corre-

sponding to the min imum SP or  GR values;  i .e . ,  to  f ind c lean sandy

lavers. For these it holds that

= consant n P_ = (3.16)

This procedure (F ig.  3.31b)  requi res a combinat ion of  micro-  and

macro-resistivity measurements in a borehole; the micro- to determine

the resistivity p*o of the flushcd zone (i.e., of the part of the aquifer at

the borehole wall saturated by mud fi l trate with resistivity p*r), and the

macro- to determine the resistivity no of the aquifer saturated with

ground water  wi th rcs is t iv i ty  p* .

P6sPro -  Pmf

Po P*

) m l

( !

) > - l

E

a " '

-18

b )o )

-61' L-
-0.50 0

tog  (gp l9 r )

Figure 3.31 New methods of  ground-water resist iv i ty  (p*)  determinat ion f rom SP records.
(a)  Graphic method, when two pairs of  values,  (SPt,  p.s 1)  and (SP:,  p.r  2) ,  are known.

O ) D e t e r m i n a t i o n o f  p * u s t n g c r o s s - p l o t o f  S P - l o g ( p ^ o / p ) ;  l o g  ( p * o l p r ) = Q . ! a p * n l  p r = 7 . 5

f o r S S P : - 4 6 m V a n d p n , r = 0 . 3 0 m ;  p * = 0 . 3 1 2 . 5 = 0 . 1 2 0 m ( s c h e m a t i c i z e d a c c o r d i n g t o
Schlumberger,  l9?4).

* '9^ l
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-  From res is t iv i ty  measurements,  us ing re lat ion (2.20)  or  (2.21) ,  which

arc to a certain degree equivalent. At f irst sight it is obvious that the

most appropriate conditions for determination of p* are where the

ground water occurs in a clean clay-free, completely saturated aquifer

(S* : I i  %n : 0). In such cases, po and p* are directly proportional;

i.e., pw : F'tpn, the formation factor being a constant for the aquifer

cxamincd.  Unlcss th is  condi t ion is  fu l f i l led,  a correct ion for  c lay

content  must  be in t roduced,  us ing a shale indicator  (Sect ion 3.2.1) .

Surfucc gcophysical methods suitable for deterrnination of total dissolved

:oiir is contcnts C (or p*) are the rcsistivity and induced polarization methods.

Thc detcrminat ion of  p*  on the basis  of  res is t iv i ty  measurements is  essent ia l ly

identical with the procedure used with resistivity logging. In some cases, total

< i issolvecl  so l ids C (g l - l )  hauc in  pract ice bcen successfu l ly  establ ished f rom

VES records; in most cases, it has been accomplished in ground water saturating

cl r -xn equi fcrs (F ig.  3.32) .  In  such cases the error  in  determinat ion is  re lat ive ly

smal l  (AC<50%) becausc thc change Ap produced by the maximum feasib le

drt' iercnce in thc aquifer porosity (AP.r* : 30%) is less than the change caused

bv the maxirnum possible difference in the total dissolved solids content of the

sround watcr (ACmax : 3 to 4 orders of magnitude). The induced polarization

pafamcters A' and 4 are less frequently used for the determination of C

(Sharrpanov et al., 1974).

3.:.7 lr i l tration Velocity, Ground-lVater Velocity, and Direction of
()rouud-Water F-lorv

A rest rvell provides the most suitable conditions for establishing the fi l tration

veiocin vs by geophysical methods. Geophysicai logging uses the dilution

techniquel the principle of this method was recognized some forty years ago

(Gr inbaum, 1965;  Moser,  Neumaier ,  1957;  Moser et  a l . ,  1957;  Ogi lv i  and

Fedorovich, 1964). ln the interval to be tested, an tracer is introduced into the

borehole and changes in concentration with time are observed. Sodium and
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potassium chloride, organic dyes and open radioactive tracers are used as indica-

tors (Drosr  et  a l . ,  1968,  1972;  Drost ,  197 l ;Halevy er  a l . ,  1967;  Is lam et  a l . ,

1969; Moser and Neumaier, 1958; Hulla er al., 1983). The fi l tration velocity

is estimated from the change in concentration of the indicator. All relations mav

ln essence be reduced to

93

v" = 3.62 Q.r7)

rvhere v. is thc apparent f i l tration velocity within the tested interval, usually

about I m range (m s-l); r is the borehole radius (m); and Co, C1, C, are the

conccntrations of the tracer (indicator) in the ground water, immediately after

in t roduct ion and at  t ime t ,  expressed in normal  uni ts  (g l -1,  mg l -1,  Bq m-3; .

To convert apparent f i l tration velocity va to true velocity v1 we need to know

thc correction factor c', the value of which depends on properties of the well

casing and the hydraulic properties of the fi l ter and the surrounding aquifer.

F i t id  tcchniques and the evaluat ion of  measured values are descr ibed in deta i l

in  the l i terature (Gr inbaum, 1965;  Halevy et  a l . ,  1967;  Mare5,  1976).  An

cxample of the determination of apparent f i l tration velocity in an uncased

borehole is  shown in F igure 3.21.

Grourrd-v,ater velociry vo* and the direction a, ofJlow are usually determined

by the nise-q-la-masse method (MAM). The hydrogeological variant of this

mcthod (lv{atvecv, 1963; Gruntordd and Karous, 1972) is based on the

introduction of an electrolyte into an aquifer through a borehole (Fig. 3.33 and

3.34)  which creates a conduct ive body,  the d imensions of  which increase in the

direction of the ground-water f low. The flow velocity is inferred from time

changcs of the velocity parameters v, of the geoelectrical f ield (usually from the

velocity displacement of equipotential l ines) measured at the ground surface

(Fig. 3.33b), and the flow direction from the ell iptical shape of equiporential

l incs (see a lso Figs.  4.16,  4.1 ' l  ,  4 .24) .

Figure 3.33 Principle of the hydrogeological variant of the mise-a-la-masse method (a) and the

potential curves O) (according to Gruntordd and Karous, 1972). I - ground surface, 2 - charged

part of water-bearing aquifer supplied with NaCl, -l - water-bearing aquifer. I - potcntial cun'e

before NaCl introduction, 5 - potentral curve after NaCl introduced.

'-lffa]

b )
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The vclocity parameter v, can be converted to the velocity of ground-water

tlow r,^* using the relation var: k v' whcre the reduction coefficient k corrects

lirr thc dil ' l trcncc betwccn field contlir ions and the theoretical model (Mazdd et

a i . , 1 9 7 8 ) .

The depth range and the accuracy of the method are characterized by the

rclative mean error Avo" (Fig. 3.34). To attain maximum accuracy at minimum

cxpense, it is recommendcd that the MAM method be combined with VES or

rcsistivity logging for the derermination of p1 and p2, and with the dilution

method to assess the fi l tration velocity.

? 3  5  10  20  30  50  100 150 z (m)

F i g u r e 3 . 3 4  R e l a t i o n  A v o , = f  ( p r / p 1 , 2 ) f o r a  =  1 m ,  p , I  =  1 0 0 m A ( a f t e r M a z 6 d e t a l . ,
1978). 1 - isol ines Lv"* (%) = f bt lpt,  z),  with resolving power of measurements l0-l  mV;
2 - similarly with the resolving power of the measurement 102 mV.

The velocity and direct ion of ground-water f low in karst areas can be

Cctcrnrincd by a special seirrr ic meilrcd (Arandelovich, 1969). A t imed charge

is introduccd into the water-bearing karst structure through a natural sinkhole

oi a borehole. The explosron at a precisely determined moment causes seismic

waves, which are detected by geophones and recorded by a signal recorder at

' ,hc surface (Fig. 3.35), making it possible to estimate the coordinates of the

hypocenter and epicenter of the explosion. By using charges with different t ime

intervals of explosion, the further path may be traced over a rather long

di  s tance.

Figure 3.35 Scheme showing measurement of ground-water flow in karst areas, using seismic

methods (according to Arandelovich,  1969).  1 -  s inkhole,  2 -  communicat ion path of  ground

water (system of  karst  cavi t ies) ,  J  -  s i te of  t imed charge explosion,  y '  -  beam of  seisnt ic  wrves.

5 - geophones, 6 - seismic recorder.

Direction of ground-water flow at shallow depths ma1' be determined bv

measuring the ft ltation potential under normal conditions; the fact that the

potential increases in the direction of ground-water flow is also explorted. In

practice, this phenomenon is of use only in a medium with a high h1'draulic

gradient saturated with a highly resistive ground water. The field survey is made

on a square gr id,  or  more s imply,  on a c i rc le;  the f low di rcct ion is  perpen-

dicular to the equipotential l ines (Fig. 3.36).

Logging melhods offcr several procedures for establishing the dircction of

ground-water l low. Radion.retric methods cmploy an open radtoactivc traccr,

usual ly  NaI l3 lor ,  bet ter  s t i l l ,  a  col lo id conta in ing the radiorsotope AuleE.  A

calculated amount of the radioisotope is introduced into the test interval through

which flow across the borehole was observed (for example, by the dilution

method). During a time interval, t : 3.26 dlvs, about 99% of the radioisotope

is removed by seepage. The major part of it is absorbed unevenly on the bore-

hole wall or casing fi l ter, the greater part of it in the direction of the flow and

the least in the opposite direction. Assessment of the direction of ground-water

9-s
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flow requires the exposure rate .t to be analyzed directionally. For this purpose
a radiographic probe (Niemczynowicz and, Fraczek, 1967) or a logging radro_
meter is employed; the detector for the radiometer is contained in a lead shield
with a revolving vertical slit controllable from.the surface. The character of the
record can be seen in Figure 3.37.

I

360 90 180.
o l

c )

Figure 3.37 Direction of ground-water flow assessed by radiometric methods. (a) Schematic ofradiographic probe record. (b) Graphs showing the rela'tion between.*p"rur.,* *o azimuthl'. (c) Results plotted in the prane perpendicurar to the borehole axis 1 - ,..oro,ng ,oradiographic probe, 2 - according to r.dior.t., with a slit in revolving read shierding, J _
direction of flow.

Electromagnetic velocity meters for measuring flow velocities in estuaries,
r ivers,  and p ipel ines (cushing,  1973) can a lso be used in boreholes.  I f  meters
are equipped with two sensors, it rs possible to determine the velocity and the
direction of f low as the vector sum of two perpendicular components. To
establish the orientation of a four-electrode system in the magnetic f ield of the
coil relative to geographic North, a gyroscopic direction meter can be used.
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Garkalcnko et  a l .  (197 1)  descr ibed an apparatus wi th a vessel  conta in ing

d1'c,  locutct l  in  thc ecntcr  o l 'a  hur iz .onta l  s l i t .  undcr  thc s l i t  there is  a magnet ic

nccdlc in  a hcrnrcr ica l ly  sealcd box l ightcd by two f i lament  lamps.  The object ive

ol-l camera operatcd from the surface is to photograph the dye trace, which

extends from the vessel in the direction of ground-water flow, together with the

posi t ion of  the magnet ic  needle (F ig.  3.38) .

Figrrrc . i .38 Character  of  the photograph of  a dve t race and magnet lc needle (according to
( l : i rx :L lcnko.  1971).  i  -  magnct ic  needle,  I  -  tank wi th dye and gauze stra iner,  3 -  t race of  dye
rn lhc p)ane perpcndicLr lar  to the borchole axis,  4 -  d i rcct ion of  f low.

3.1. t  I l igrat ion l )arurr rc tcrs

\ l  rgrr t ion of  u pol lu tant  or  t raccr  in  ground water  is  governed by the

charactcrrs t ics of  thc rock medium and the ground-water  f low.  One-dimensional

transp()rt in a uniform flow field is defined by the one-dimensional convective-

d ispers ion equat ion (Ogata,  1970):

99

and t rac ing C^and changes in Cu wi th t ime /  and d is tance ( . r , ,v) ;  i .e . ,  Coviz.

AC^:  f  Q,  x ,  y) .  The migrat ion or  tnrnsport  parantcters arc c lc tcrmincd l ' rom

these  da ta  (Bachmat  e t  a l . ,  1988 ;Dav i s  e t  a l . ,  1980 ;  D ros t ,  1989 ;  F r i ed ,  1975 ) .

Thc geophysical  methods that  have the best  l ikc l ihood o i  prov id ing thc

required data are those which allow direct observation of tracer concentratrons

in the field (resistivity measurements for electrolytic indicators, photometry for

organic dyes, radiometry for radioisotopes, thermometry for temperature

changes) and the mise-a-la-masse method for deterrpination of the flow velocity

yax, the direction of f low and the geometric form of the plume representing the

tracer. The MAM method can also be used for checking the orientation of the

injection and observation boreholes in order to ensure that thcl' are properlt '

located to record the changes in tracer concentration.

There are known cases where sudden leakagcs of pollutants approximate the

conditions of a tracer test and thus their evaluation allows the migration

parameters to be calculated. As such leaks or systematlc poilution usually affect

re lat ive ly  large areas,  i t  is  possib le to employ the customary sur face geophy's ica l

methods to assess the changes in chemistry of the ground water (VES method.

e lect r ica l  prof i l ing,  etc . ) ,  the increased temperature of  ground wate r  ( thermome-

try)  or  increases in  the concentrat ion of  radioact ive substances ( radiomctrr ' ) ,  e tc ,

In many instances the geophysical methods (for example, some tracer tests)

become i r replaceable for  dctermin ing migrat ion parameters,  becausc ther

provide a type of information about the process that cannot bc obtatned by any

other method. The application of surface geophysical methods to determine

plume geometry and concentrations is restricted to porous media and to aquifers

occurring within a few meters of the ground surface.

&c ac ac
^ a A !u ,  _  _ v'  

at' 
' d.r at

(3.r8)

whe re D1 is the coefficient of longitudinal dispersion, yx the average pore-water

vc loc i ty  in  the;r -d i rect ion and Co is  the concentrat ion of  the solute a.

Thc essence of tests used in determination of rhe migration parameters (Dr,

'. ' , irr Cr) consists in supplying a traccr to the ground water through a borehole
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Chapter 4

Methods, Techniques and Organization of
Geophysical Surveys in Hydrogeological Studies

The selection of a geophysical method, its application in the field, and the

cvaluatit>n antl prescntation o{ thc rcsults depcnd mainly on thc purposc tlf thc

hydrogeological survey and the character of the hydrogeological structurc bc-ing

investigated. The distinctions which arise from these assumptions wil l be dctlned

and differentiated in this chapter.

4.1 Regional and Detailed Hydrogeological Surveys

All geophysical methods, albeit to a different degree, are applicable in hydro-

geological surveys. Statistical analyses of geophysical activit ies show that the

geoelectrical methods are the most widely used followed by logging; seismic,

geothermal (or geothermic) methods, gravimetry, magnetometry and radiometrl '

are less f requent ly  used.  Recent ly ,  specia l  aer ia l  methods (e.g. ,  remote sensing)

have been introduced and their use is increasing.

Various combinations of geophysical methods are employed in surveys

depending on the geological  envi ronment .  ln  pr inc ip le,  the fo l lowing envi ron-

ments can be d is t inguished:

1. Shallow hydrogeological structures

2. Deltas of large rivers and littoral areas, coastal zones, and islands

3.  Sedimentary basins and consol idated sediments

4. Areas of neovolcanics

5. CrYstall ine areas

6. Karst areas



102

,1.1.1 Shallou, I lyclrogmlogical Structures

Shallclrv hydrogeological strucrures typically involve young sedimentary com-
plcxcs formcd rnost ly  of  unconsol idated sediments.  Despi te thei r  minor  areal

cxrcnt, they are of ma_|or rmportancc becausc of their hydrogeological proper-

t ies,  inc luding h lgn permeabi l i ty ,  h igh wel l  y ie lds,  and recharge propenres

which are favorable for ground-water development. Ground water at shallow

depths and ease of dri l l ing contribute to easy development at reasonable cost.

L i thological ly ,  thcy consist  of  c lays,  s i l ts ,  sands,  and gravels of  var ious gra in

srzcs and degrecs of  sor t ing.

The physical properties of these sediments are favorable for geophysical

explorat ion.  washccl  coarse-gra ined sediments have h igh res is t iv i t ies and thus,

i f  they d i f fer  in  res is t iv i ty  f rom surrounding layers main ly  f rom the bedrock,

thei r  spat ia l  extent  can easi ly  be del imi ted by e lect r ica l  res is t iv i ty  methods in

both the prof i l ing and sounding var iants.

Cluvs,  and f ine-gra incd sandstones wi th substant ia l  c lay contcnts have lower

rcs is t iv i t ies so that  the d iscr iminat ion between c lay and sand,  or  sand and gravel

b1' geoelectrical methods is usually nearly unequivocal. Differentiation of rocks

showing small contrasts in resistivity is facil i tated by differences in polarizabil ity

which is  asscssed by induced polar izat ion measurements.

In unconsolidated sediments, seismic waves propagate at much lower velo-

c i t ies than in sol id  under ly ing rocks,  and therefore the th ickness of  a l luv ia l  or

other Quaternary sediments can be determined as a depth to a refracting seismic

boundary.  The method known as shal low ref ract ion seismics and the use of

l ight-weight  por table seismic equipment  have of ten proved successfu l .

lv{icrogravimetry, which uses the differences in density between unconsoli-

ciatcci sediments and underlying bedrock or between disturbed and undisturbed

bedrock,  is  somet imes employed.  where the bedrock is  homogeneous and made

up of  magnet ic  rocks,  magnet ic  surveys are sui table.

Most data on depth to bedrock and aquifer thickness is provided by venicar

e iect r ico l  soundings.  An cxample o1 ' the in terpretat ion of  vES curves over

r 03

Holocene deposits is i l lustrated in Fig. 4.1. Quantitative determination of the

depths of boundaries between individual rock types requires a complete inter-

pretation of all curves and a good knowledge of the geological scttirrg. l-a1'er

?sp

Figure 4.1 Soundrngs over
the al luvial sediments. 1 *

si l tstone: 5 - l imestonc: 6

,@,lll],E=,N,mum

Holocene al luv ia l  depost ts:  (a)  VES curves (b)  cross sect lon through

loam:2 -  sand. and gravel  and sandl  - i  -  c iay, ' /  -  calcareous
- locat ion of  VF.S.
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resistivit ies are determined from soundings in locations of maximum laver

th icknesses .

The vES method makes economical and rapid mapping of wadi sediments

possible which is a common assignment for hydrogeological surveys in arid

regions. Figure 4.2 shows an example of a vES at a location near Markhah in

Yemen, at the edge of the Rub-Al-chali desert. In order to obtain a reasonable

intcrprctation ol the vES curves, and to constrain the influence of equivalence

on the thickness interpretation, a constant resistivity of t2 o m was assigned to

rhe basal  conduct ivc laycr  (conglomeratcs saturated wi th h ighly  mineral ized
.,\ 'atcr). This value was determincd by intcrprelation of VES curves near bore-

holcs and latcra l  e lect r ica l  sounding (LES) curves.

In sands and gravels of a constant resistivity with an appropriate resistivity

contrast to the surrounding laycrs, the areal extent of the unconsolidated

sedinrents can be mapped by resisllviry profi l ing at an optimum electrode spacing

(Fig. a.3). Where thc bedrock resistivity is fairly uniform, rhe merhod of double

prorll ing using two current electrode spacings (Karous, 1977) can be used to

cconomical ly  determine sediment  th icknesses.

In invest igat ions of  unconsol idated sediments at  shal low depths,  res is t iv i ty

methods can be combined with shallow hammer refraction seismics.In this way

thc dcpth of  the boundary bctwcen the unconsol idated sediments and under ly ing

solid rock can bc established simultaneously with an estimate of the degree of

weather ing of  the bedrock.

I; igure 4.4 is an example of interpreted seismic measurements. The survey

nrrdc i t  possib lc  to establ ish not  only  thc boundary between the overburden

L-igurc 4.2 Facing .pagc. Application of thc vertical electrical sounding method to the hydro-
geological exploration of sediments in the Khawrah wadi, PDR of Yemen (Karous and Kndz,
I98a). (a) lr{easured VES curves and the results of computer interpretations: J - VES curves
measured, 2 - constrained theoretical VES curve, J - interpreted vertical resistivity profiles, 4
- venical resistivity profiles according to lateral electrical sounding, J - theoretical VES curves
corresponding to resistivity logging. (b) Interpretation of geophysical profile VII across the
Khawrah wadi: A - VLF resistivity profile curve, B - vertical isoohmic pseudo-section
according to VES, C - AB/2 distances corresponding to the minimum apparent resistivity,
D - resistivitv section intemreted accordine to VES.
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dcposits and underlying crystall ine rocks, but the distribution of seismic

velocities in thc bedrock which also indicated the degree of weathering. The

krrvcr vclocity at point 201 corresponds to a tectonic dislocation, which was also

rdcntif ied by geoelectrical methods.

204 i
i AMNB

s o  n d

1 0 7

Seismic measurements can also assist in a more precise interpretation of VES

curves. An example of a combined evaluation of seismic and geoclectrtc:.t l sur-

vey resul ts  is  g iven in F ig.  4.5.

9 0  m

,,W ,n 3F:.'l 1ll-.1 s7z6li'rd ,m
Figure 4.5 Appl icat ion of  vert ical  e lectr ical  sounding and shal low retract lon selsmlcs to the

inJest igat ion oi  sedinrenurry deposi ts in the Oslava River Val ley at  Cucice near Oslavan;.

C z e c h J s l o v a . k i a ( H a 5 e k c t a L . , l g ? 8 ) . , / - s a n d y l o a r n ' 2 - s a n d , J * s t o n y d e b r i s ' J - g r a v e l
and sand (water-bear ing),5 -  bedrock,  6 ' -  geoelectr ical  layer * ' i th interpreted tcs ist i \ r1\ ' .  I  - '

seismic boundary wi th veloci ty  v, , , , ,

The use of induced polarizatiott methods in investigations of shallo*'

unconsolidated sediments has been limited so far by an inadequate interpretrtron

theory and the small number of available theoretical curves (Komarov, 1972:

Ell iot, 1974, Maz(t et al., 1979b). Therefore IP methods can only be used to

provide qualitative information on the distribution and depth of watcr-bearrng

layers (F ig.  3.27) .

In a deta i led ground-water  survey i t  is  important to determine the dvnamics

of the ground-watcr regime including directions of f low and ground-water

levels. An application of shallorv refraction seismics for determiningthe depth

b the water table is shown in Fig. 4.6.
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Irigure 4.3 Synrnretnc resistivity proliling and vertical electrical sounding over the buried channel
of  the I -abe Rivcr  at  Pisek near Chlumec nad Cidl inou (Rohemia).  (a)  Resist iv i ty  proFt le l .  (b)

Vcrr ical  scct ion interprctcd according to VES. 1 -  loam; 2 -  sand, and gravel  and sand in the
lncicnt  bed of  the hbe;  3 -  under ly ing Turonian mar lstone.
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Figure 4.,1 Seismic survey of unconsolidated sedimentary cover in the T€chobuz area of Meziles{
(Skopcc, 1978). 1 - sedimentary cover, 2 - bedrock surface, J - velocity of seismic waves in

the !clocity scction, 4 ._ velocity at thc bedrock surface.
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4.1.2 Major River Deltas, Littoral and Coastal Zones and Islands

Hydrogeological structures near salt-water bodies are basically dependent on the

geology of the area and thus are similar to those discussed in other sections.

However, they are dealt with separately because of one important difference -

the saturation of such aquifers with seawater.

Owing to its high salt content, seawater has a lower resistivity (c. I 0 m)

than fresh water; the resistivity of fresh water ranges between 20 and 100 0 m

(Table 2.1). The resistivit ies of aquifers saturated with seawater and fresh water

therefore differ widely and resistivity methods, mainly the VES method, are

used to locate their contact. However, the differentiation of impermeable clayev

sediments from sandy layers saturated with seawater is dif l lcult due to the

equivocal interpretation of the resistivity methods.

An example of the use of geoelectrical methods in the investigation of a

coral atoll is given in Fig. 4.7. A vertical resistivity section based on VES inter-

pretations leads to establishment of the corresponding hydrogeological section.

V E S
1 t o Q o o n

w o t e r  l e v e l

Figure 4,7 Idealized application of VES for differentiation of aquifers saturated wrth fresh
brackish and seawater on a coral reef. (a) Interpreted verticai resistivity profile according to VES
(b) Hydrogeological cross section.
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Dctermination of the trend of layers saturated with fresh, brackish and salt water

allorvs selection of optinrum locations for fresh water wells.

In coastal arcas, gcophysical surveys are conducted to differentiate water-

bearing strata according to permeabil ity and sedimentary conditions and to assess

the relief of impermeable bcdrock. A frequent task is to find locations of

outflows of f 'resh ground water into the sea. For these purposes, remote sensing,

res is t rv i ty  methods in both modi f icat ions ( i .e . ,  prof i l ing and sounding)  seismic

and gravity survcys are used, Magnetomctry has also been used successfully in

investrgat ions of  vo lcanic is land regions.

4.1.3 Sedimentary Ba-sins and Consolidated Sediments

inrpor tant  aqui fers,  represented by sandstone over-  and under la in by imper-

nrcrb le c layc l '  and mar ly  sediments,  f requent ly  occur  in  extensive sedimentary

basins.  Gcophysical  surveys in  thesc envi ronments may be d iv ided into two

groups. Thc first group includcs studics of the structural-geological and tectonic

sct t  l  ng :

-  Dctcrminat ion of  thc dcpth to the bedrock and bedrock re l ie f ,

hvdrogcological  concl i t ions o l '  thc bedrock

- Determination of the size of the basin area and the character of its

l im i t s

- Determination of the dip of beds, anticlinal and synclinal structures,

th ickncss of  beds,  bed complexes and format ions

- Location of faults. f lexures. and other structures

The sccond group involves:

-  Determinat ion of  l i tho logy and fac ies changes

- Dctailed division of aquifers corresponding to hydrogeological

parameters

- Dctcnnination of direction of regional ground-water flows

For determination of the depth to the basement in a sedimentary basin, the

lo l lorvrng geophysical  methods are ut i l ized:  res is t iv i ty  methods,  grav i ty  surveys,

l l l

seismic, magnetic, logging and air-borne methods; and to a lcsscr degrec tht'

telluric current and magnetotelluric sounding methods.

As sedimentary st ructures of ien have lower densi t ies than undcr ly ing rocks,

varying sediment thicknesses are reflected in varying values of residual Atnnta'

l ies Agt (Mare5 et al., 1984), the thickness of sediments being approximately

proportional to the absolute value of the residual anomaly. Ho*'ever, the

prerequis i te  for  a re l iab le determinat ion of  changes in basin scdimcnt  th ickncsscs

is a uniform bedrock density. The converse is where changes in gravrtl '

anomalies reflect changes in bedrock density. An example of the interpretatron

of  sediment  th ickness f rom gravi ty  measurement  is  shown in F ig.  4.8 '  The

accuracy of the interpreted depths depends on the precise determination of the

di f ferent ia l  densi ty  Ao and i ts  s teadiness in  the hor izonta l  d i rect ion.

The effectiveness of geophysical (chiefly gravity) surveys, even in sedimen-

tary areas where the geology has been thoroughly studied, can be demonstrated

n L
f  ' l

o l

3
6'-20
<l

-30
40  km

'F- z[l r[ -al llIJ] sW2
b)

Figure 4,E Interpretatron of sediment thicknesses from gravimetric dau obrained rn the Kordofan
province of Sudan (Duratny et al. , in Sbornik, 19'72). (a) Profile of residual anomaly (dgJ. 0)
interpreted cross section of the sedimentary basin (sand, sandstone, clay, shale siltstone). I -

residual anomaly (AsJ corresPonding tothe interpreted cross seclion, 2 - measured values (A8l).

3 - key borehole' 4 - basin sediments (or : 2080 kg t-')' 5 - Precambnan rocks of thc

basement (oz = 2590 kg m-').
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wi th an example f rom the Cheb basin (Dobe5 et  a l . ,  1987).  The survey,  which

*,as carried out in thrce phases, revealed a number of unknown structures in the

hnsin b: rscnrcnt ,  c .g. .  the Zi rov icc dcprcssion (F ig.  a.9) ,  and provided an over-

a l l  p ic ture of  the basin.  On th is  basis  the in terre lat ions of  ind iv idual  s t ructures

in the regional  tcctonic  system wcre recognized and assessed.

0  2 0 0  4 0 0  6 0 0  m

o l

: [q:l 1 I-@ I smll

l l 3

Seismic methods were effective in dctermining sediment thicknesses. The re-

gional seismic survey of the Bohemian Cretaceous Basin showed that the thick-

ness of Cretaceous sediments can be determined where the basement is formed

by the crystall ine complex. Where the Cretaceous is underlain by Permian

rocks, the two systems cannot be distinguished on thc basis of their seismrc
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Figure 4.9 An example showing the contnbution of geophysical measurements in a study of the
Chcb basin, Czechoslovakia (according to Dobes et al., 1987). Above: (a) Evidence of a local
gravity minimum near Zfrovice, 3 km north of Franti5kovy Llznd (Bohemia), on a schematized
map oi gravity isolines. Facing page: (b) Cravity pro{ile A - A' and its quantitative interpreBtion.
(c) Geoelectrical section (results of quantirative VF-S interpretation) and a corresponding isoohmic
section. J - gravity isoanomaly with an increment of l0 pm s'2,2 - gravity isoanomaly with an
increment of 2.5 pm s-2. J - local gravity minimum, 4 - local gravity maximum,
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7 - VES profile (see part c), 8 - residual gravity curve, 9 - gravity effect of the model, 10 -.

Smrdiny grani te,  / /  -  coal  seam, /2 -  Tcr t iary sedrments,  IJ  -  bulk densi ty in g cm3, l4 -

location of VES, /5 - geoelectrical boundary between the overlying sedimentary complex and
the deep€st layer of a highet resistivity, l6 - interpreted resistivities, /7 - isolines of apparenr
resist iv i ty  in isoohmrc sect ion.
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velocities and the interpreted thicknesses represents their total thickness. Figure

4.10 prcscnts a s impl i f ied geophysical  cross sect ion of  the Bohemian Cretaceous

Basin interpreted from the results of seismic surveys, VES's and borings. The

boundary establishcd from the scismic and VES measurements agrees in the

northeastern part of the section where Cretaceous sediments l ie on the crystall ine

complex.  The res is t iv i ty  and sc ismic measurcments thus provide complementary

information for constructing the cross section.

In addition to gravity and seismic surveys, resistivity methods, vertical

c lect r ica l  sounding in  par t icu lar ,  are sui table for  the study of  basin sediments.

Absolute and accurate results can, however, only be obtained by correlation

u,ith logging results from a sufficiently dense network of boreholes. A compre-

hensive anal l ,s is  of  res is t iv i ty  logging and interpreted VES curves adjacent  to

boreholcs (F igs.  ,1 .11 and 4.12)  makes i t  possib le to establ ish the res is t iv i ty

character is t ics o i  ind iv idual  geoclectr ica l  laycrs and to determine thei r  geological

cqurvalents.  For  the Bohemian Cretaceous Basin,  the basal  sandstones,  main ly

thosc of  Ccnornanian agc,  form a kcy hor izon over  the ent i re basin.  In  the

southcastern par t  of  the Basin,  thc koy nonconduct ive hor izon is  represcnted by

lower Turonian sediments in  coarse-gra ined sandy fac ies.  The map showing the

depth to the basin basement was compiled from quantative interpretation of VES

c u r v c s  ( F i g .  4 . 1 3 ) .

Chrnges rn l ithofacies often make corrclation of geoelectrical layers with

gcological beds diff icult. In such cases the resistivity measurements, especially

inaps o{'apparcnt rcsistivity lor diffcrent electrode spacings (Fig. 4.14) can only

provide a rough concept ol the spatial distribution of the facies . In the Bohemian

Crctaceous Basin the areas of higher resistivit ies ( pa > 100 O m) are associated

with the occurrence of coarse-grained sediments, which often represent impor-

tant aquifers. The high gradient on the resistivity map provides evidence of a

tectonic boundary ( in  F ig.  4.14 the L i tom6irce faul t  a t  the NW margin) ;  the low

graclients indicate a gradual transition of the coarse-grained sandstone facies into

a f incr-cra incd f l rc ics towards the cast .
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Figrrre 4.ll Characteristic vertical resistivity profiles across the Bohemian Cretaceous Basin
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Iiigure {.I3 lr{ap showing the depth to the basement of the Cretaceous sediments in the Bohemian
Crcr: rccous Basrn bascd on VI IS.  With regard to the smal l  densi ty of  points,  the map provides an
arectonic p ic lure lKarorrs,1972).1 *  isol incs of  the depths to the basement surface (m),  2 -

m l rg i n  o i  t he  C re taccous  Bas in .

I{ l,drogeologrcally significant tectonic structures in relatively conductive

sedinlcnts c'Jn be assessed only indircctly, because of the small difference

between the resistivity of fracture fi l l ings and adjacent sediments. The location

of faults can be established indirectly, only where a block moved downwards.

In this casc. the fault is shown by a sudden change in the interpreted parameters

(c.g. ,  th ickness,  conduct iv i ty  S,  res is t iv i ty  for  a g iven spacing -  F ig.4.15a) .

Faults may also occur where the character of the sounding curves changes. The

changes may be assessed quantitatively using the association coefficients ,4i,

(Habberjam, 1970), whose maxima locate the sites of marked changes in

res is t iv i ty  condi t ions (F ig.  a.  15b) .

The magnetometric method is used to locate hidden outcrops of volcanic

sediments. to determine changes in basement rock types, and to map the extent

ar - - - ) i - r - '
K  o u l i  m

trlm
I

t' Figurc 4.14 Iv lap showing apparent  rcs ist iv i t ics fbr  sp:rc ing Al l /2 = 100 nr ,  rn thc l r l rdt l lc
Turonian sandstone facies in the Bohemian Cretaceous Basin. 1 - dehneation of the middle
Turonian sandstone facies based on the geological map 1:200,000,2 - isoline of appareni
resist iv i ty  p"  (O m) according to VES'S for  an AB/2 spacing of  100 m. - l  -  nrargrn o1' lhr-
Bohemian Cretaceous Basin.

of magnetic basement rocks. Additionally, it serves for mapping neovolcanic

intrusions and buried vents associated with tectonic l ines. In this way, a mag-

netometric survey can assist in refining the picture of the tectonic structure of

a sedimentary basin.

To determine depths to shallow water tables, the seismic method is emplol'cd

in a similar way as in Quaternary sediments. For determining the direction of

ground-waterJlow, the method of spontaneous polarization is appropriate, and

the hydrogeological variant of the mise-a-la-masse method is suitable for detcr-

min ing the d i rect ion and veloc i ty  of  ground-water  f low (Figs.  -1.16 and 4 l7)

4.1.4 Neovolcanic Areas

Until recently, neovolcanic rocks were not regarded as prospective ground-\,\,ater

resources. Investrgations have now shown that young volcanics contain large
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ground-watcr reservcs (e.9., in the area of central Slovakia). Geophysical

survc) 's  arc conccntratcd on the fb l lowing tasks:  to  del ineate medium-to-

coarsc-gra inecl  pyroclast ics,  to  d is t rnguish bctween permeable and impermeable
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Figure 4.15 Examples of  indirect  locat ion of  faul ts,  using geoelectr ical  methods,  in conduct ive
scdimentary basins. (a) Location of a fault based on the parameters S and p" at Stdpdnov near
Pic lout ,  at  the margin of  the Bohemian Cretaceous Basin.  @) Appl icat ion of  Habber jam's
coefficients (.4;;) to assess dislocations on the profile l7b across the Jflovice fault (Karous, 1972).
/ -Tu ron iansed in ren t s ,2 -Cenoman ian , J - c r ys ta i l i nebasemen t , y ' -Pe rmo-Ca rbon i f e rous
'Di iscr l ' rcr ' r t .  

J  -  d is locatrons based on gcoclectr ical  mcasurements.

180'
A  { " )

90 '  0 '

F igu re4 . l 6  Dependenceo f  t hesh i f t o f  equ ipo ten t i a l  l r nes (AR) ,on theaz imu tho f  r ad ra l  p ro t r l es

( ,4) ,  using the mise-a- la-masse method. Dau gathered at  bofehole HMU near Srbskl  Kamcnrce

in the Cretaceous of Bohemia (modified according to Kolinger, 1976). The parameter studied *'as

the ground-water f low in the Turonran hor izon.  (The waler  table was at  a depth oi  l0 m, and thc

direct ion of  f low is gtven by the di rect ion of  the prof i le,  wi th the maximum shi f t  berng AR, and

velocity equal to v^, = AR-",/A/).
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volcanic structures, and to assess the tuffite layers, permeable lava flows which

often overlie impermeable clayey rocks, pelit ic beds and other potential water-

bearing materials. Of particular hydrogeological importance are woter'bearing

fault l ines in solid volcanic rocks. Geophysical surveys of neovolcanic areas rvil l
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bc i l lustrated using the results from hydrogeological investigations of the neo-

volcanic area ofcentral Slovakia. The hydrogeological structures are due to deep

tcctonic systcms,  which scparatc a volcanic complex f rom impermeable hor i -

zons. They are particularly effective in capturing surface water. These structures

can bc dctected by gravity, magnctic, and geoelectrical methods, One such

hydrogeological structure provcd to be a fault zone that separates the Ziar

dcprcssion from the Handlovd ridgc; it was well-defined on the maps of total

Bouguer anomal ies and hor izonta l  grav i ty  gradients (F ig.  4.18) .  On the western

sr t lc  o l ' thc laul t ,  largc quant i t ics of  ground water  co l lect  in  neovolcanic lava

t lox 's  r rnd p l , roc last ics.  These arc cxpressed on the aeromagnet ic  map by pro-

nounccd AZanornal ies,  in  contrast  wi th the steady magnet ic  f ie ld over the rocks
t .

o l  t h c  Z - r l r  l n t r a v o l c a n l c  d e p r e s s i o n  ( F i g .  a . l 8 ) .

o u r

i
i m  s '

7A-

- 1 c : '  t  ( d o y s )

Figurc 4.17 Determrnat ion of  the ground-water f low veloci ty  (vo*)  in a borehole ( IKS- l )  near

Srbskd Karncnice,  Creraceous of  Bohemia.  Relat ion between maximum shi f t  of  equipotent ia l  l ines
(AR) and the time of measurement (r) (Kolinger, 1976). The flow was traced in a Turonian
horiz-on ar a dcpth of about 25 m, with an optimum distance of the stable electrode from the

borehole bcing R, = -50 m.
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VES profi lcs across the intcrpretcd fault more accurately define the contact

hctu,ccn the ncovolcanics of the Vtidnik Mountains and the sedimentary rocks

of  the Ziar  depression (F ig.  4.19) .  Gravimetr ic  methods combined wi th aer ia l

and surflce magnetic surveys, and VES and resistivity profi l ing have been

successfully used to resolve hydrogeological problems in other neovolcanic

areas,  e.g. ,  in  the ecsk6 st iedohoi i  ancl  the Sldnsk6 pohor ie Mounta ins.

establ ish ing promis ing rock types;  thosc wi th a h igher  porosi ty  or  jo int rng and,

locat ions of  more in tensive d is turbance.  The second phase involves a dcta i led

investigation of the promising localit ies and fractures zoncs, and a studl' of the

physical and hydrogeological characteristics of these zones. ln placcs where

weathered surficial deposits and the zone of weathering reach a greatcr thick-

ness,  ver t ica l  e lect r ica l  soundings and shal low ref ract ion sc ismics are ut i l izcd.

Radial (circular, polar) resistivity measurements, in both the proti le and

sounding variants, are used for characterizing general tectonic conditions. Based

on the pr inc ip le of  anisotropy,  the pr inc ipal  d i rect ion of  rock f ractur ing coin-

c ides wi th the d i rect ion a long which the h ighest  va lues of  appr l rcnt  rcs is t rv i t l 'erc

measured.  The radia l  sounding var iant  a lso a l lows the dcpth r lnd dcgree o l

fracturing to be established.

The location of a fault and its geometrical and physical properties can be

accurately and efficiently dctermined by asymmetric resistivity profi l ing with

two or  more current  e lect rode spacings.  A faul t ,  as a concluct ivc zone.  is  dctcr-

minable only  i f  the contrast  in  res is t iv i t ies is  at  least  thrce t inrcs as grcat  as thc

real izable accuracy of  mcasurement .  Watcr-bear ing,  s t rongly my' loni t ized faul ts

are signified by resistivit ies of 1 to 10 0 m, whereas in contrast, sound rocks

resis t iv i t ies are of  the order  of  hundrcds to thousands of  O m. In cr1 's ta l l inc

systems,  the condi t ion of  a suf f ic ient  res is t iv i ty  contrast  is ,  in  most  cases,  easi i l '

satisfied.

For rapid and economical mapping of water-bearing faults, portablc clectro-

magnetic methods (Slingram and VLF) are usually used. An cxamplc of an

investigation for a tcctonic contact between limestones and Culm shales'is pro-

v ided  i n  F ig .  4 .20 .

4.1.6 Karst Areas

In karst  areas,  geophysical  surveys are Centered on the asscssment  ot 'karst i t led

permeable zones, verif ication of the structural-tectonic position of l inrestones

with respect to their basement, and determrnation of the spatial distribution of

I
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,wa 2 n .U  )  Z R . n

[ igrr re { .19 Gcoclcctrrc l i  scct iorrs r lc tcrrr r rnr t l  l ronr VI ;S rcsul ts a long prol i lcs A-A'and B-I ] '
across thc contact  separat ing sediments of  the Ziar  dcpression f rom neovolcanic rocks of  the
\ r t h l n i k N l o u n t a r n s l N l S . l o v s k ! , 1 9 7 0 ) .  F o r t h e l o c a t i o n s o f p r o f i l e s s e e F i g . 4 . l 8 .  / - v o l c a n i c
eornplcx ol  the Vtdanlk Mountains,  2 -  sediments of  the Ziar  depression.

4.1.5 Crystall ine, Igueous, and l\{ehmorphic Rocks

Locating good sites for wells in crystall ine areas is among the most diff icult

tasks for geophysical surveys. Crystall ine regions (except for karst areas formed

of crystall ine l imestones) are characterized by the presence of essentially imper-

mcable igncous and crystall inc rocks. Unweathered rocks typically have total

porosities of less than 3%', accumulations of ground water are thus restricted to

t t 'c ionical l l '  a f fcctcd zoncs or  par t ia l ly  wcathered rock complexes.

Thc follorving mcthods are uscd in e.tplorations of tectonic zones.

geoclectrical methods using direct current SRP, VES and alternating electro-

mrgnctrc  f ic lds (VLF),  spontanc()us polar izat ion,  tempcrature,  gasometr ic ,

gravitl ' .  magnetomctric and radiometric surveys. It is advisable to conduct geo-

phl ,s ica l  invest igat ions in  t rvo phascs.  In  thc f i rs t  phase the survey is  d i rccted at
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carbonate rock cornplexes. Zones of intensive karstihcation are associated with

regional  tcctonic  l ines,  and especia l ly  wi th in tersect ions of  tectonics systems.

Thcrcforc, it is n,--ccssary to first locatc thc tectonic l ines and fault zones on the

basis of regional and (aero) magnetic maps, or maps plotted from remote

sensing images.  Rcgional  grav i ty  and geomagnet ic  maps are a lso usefu l  for

studying the re l ie f  of  impermcable basement  rocks,  whose d ips contro l  the

gcncral  d i rcct ions of  ground-watcr  l low in a l imestone b lock.

0  100m

121

sol id  unkarst i f ied l imestone (Fig.  4.21) .  Quant i ta t ive in terpretat ion of  VES

curves (and other geophysical measurements in karst areas) is a most diff ircult

problem because of  the considerable var iabi l i ty  found in a l l  o f  the phvsical

properties and parameters. As the results of quantitative interpretation are

usually ambiguous, some form of qualitative interpretation (e.g., construction

of  an isoohmic sect ion)  is  used in the f ina l  analys is .

/l\,7n3[to'm'm
Figure 4,21 Typical VES curves in karst areas: example from the northern pan of the lvloravian
Karst  (Dirn6k and Bl f ikovskyi ,  1968, nrodi f ied).  . /  - -  measured values and rnterpreted VES crrrve.
2 -  soi l  layer ( tens ( l  m),  J -  dry karst i f ied l imeslone (many hundreds 0 nt) .  ' l  -  water 'be:rnnL
karstr f ied l imestone (a few hundrcds O rn) ,5 -  sol id l imcstonc ( thousands ant l  ntore 0 nt) .

Fractures and karstif ied zones are also investigatcd bv scrsnric anci gravr-

metr ic  methods.  Precise gravi ty  measurcments,  corrccted fbr  rc-q ional  anclmal tcs.

can local.e karstif ied zones by their minima which also cause mtnima on resisti-

v i ty  maps or  prof i les.  A set  of  res is t iv i ty  methods combined rv i th  deur led

gravi ty  measurements can thus provide mole rc l iab le resul ts  (F ig.  4.22) .  Largc

g
q
cD

9 "  ( Q m 1' - 1 0 0

f.T:l tr-;-r;l 
%11 

" ' i ' l  z f r - r . l  :L

Figure.1.l0 Water-bearing fault, indicated by the very low frequency method, which separates
the Devonran limestones and the Culrn shales at a lcxation near HolStejn (Moravian Karst) (Bldha,
1975). /nr - imaginarv part, Re - real parl (VLF measured values); .l - Quaternary cover,2
-  l imcstones,  -J -  shalcs.

Korst fornatiorrs, both the surfacc (sinkholes, depressions) and underground

forms (caverns, ground-water conduits, underground streams), appear as con-

duct ivc zones rc iat ive to adjaccnt  undisturbed l imestones wi th res is t iv i t ies of  the

rr rder  o l  thousands to tcns of  thousands o{ 'O m. Karst i f ied zones are invest igated

usrrrp r lcoc lcct r ica l  nrcthods.

An indication of the intensity of karstif ication in a vertical section can be

obtained irom the results of vertrcal electrical sounding in profi les, arranged in

a rcgular (square or rectangular) or an irregular network. In a karst area, four

principal layers can typically be differentiated in a vertical section: near-surface

(clayey) loam, d'v karstif ied l imestone, water-bearing karstif ied l imestone and
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variations in resistivity curves are caused by decreases rn resistivity at sites with
karst phenomena, and by variations in thickness and resistivity of the over-
burden. To distinguish between these two causes, profi l ing with two or more
current  e lect rode spacings is  ut i l ized.

The application of the mise-a-la-masse method to determine rhe direction of
ground-waterflow is demonstrated in Fis. 4.23.

N
/-F\
n-fi-/-.'
\  ) f t -  . / . t  +
\ i l - . . ' '

r 1 5
^ // /r  - /
3o

. .4

4 .,,. ' ,1

100 2W 300m

Figure 4.23 Tracing ground-water f'low in karst with the mise-a-la-masse method in the Jugo_slavian Karst (Kovacevic and Kruro, 196r). I - geophysical profile, 2 - isorines of.i I porenrial(mV) of the charged body, J - earthing of curren-t electrooe, 4 * direction of ground *.arer flow.

A special task for geophysics in karst areas is locating anci tracing (.(r,ttte.l
(channels and caves) .  where the cavi t ies are connected by conduirs  wirh f ro* , ins
water' we may use methods appropriate for tracing groun d-watcr f l ow 1e. g. . th e
seismic or  mise-a- la-masse method).  Microgravimetry is  used for  locatrnc
isolated and c losed cavi t ies (F ig.  a.24) .

The direction of karst water f low can arso be traceci with thermal nrerhods
and the method of spontaneous polarization.

vertical electricar soundings, spontaneous polarization measuremcnrs. or
induced polar izat ion soundings providc in format ion about  rhe ovcrburdcn
deposits, which control the infi l tration of surface warer into l imesrones and thus
also the karstif ication process.
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l ' igrr rc { .3{  Intcrprctat ion of  a dctai led gravi ty survcy above the Kulna cave in the Moravian
Karst  (Dar iko and Bl iZkovskj ,  1968).  (a)  Prohle of  gravi ty anomaly.  (b)  Interpretat ion.

4.2 Special I{ydrogeological Surveys

The methods, techniques and layout of geophysical measurements in practical

hydrogcological surveys are aimcd at studying two problems; these are determi-

nation of the geometrical shape of the hy,drogeological structure, and assessment

of  the hvci rogcological  characterrst ics needed in invest igat ions of :

-  Thermal ,  hypothermal ,  and mineral  waters

-  Contaminat ion and protcct ion of  ground-water  resources

-  Soi l  imorovement

l 3 l

4.2.1 Thermal, Flypothermal and Mineral Waters

In connection with world-wide energy problems, substantial resources have been

expended in searching and prospecting for geothermal resources (vapor, thcrmal

and hypothermal water, high thermal conductivity rocks, and tectonic zones).

At the same time, investigation of mineral and low-temperature waters are

increasing, because the known resources are not sufficient to meet the ever-

growing demands of the balneological insritutions.

Location and investigation of hypothermal and mineral water resources

involve a specific regimen of observations, general geological studies, geophysi-

cal ,  geochemical ,  and hydrogeological  and bor ing invesr igat ions;  geophysical

methods play an important part in all stages of exploration, development and

protection of these waters.

Appropriate direct geophysical methods are selected based on the phl,sical

properties of the waters and the specific characrer of the area studieci. The high

temperature of  thermal  and hypothermal  waters,  usual ly '  wi th h igh d issolved

solids contents, favors the application of regional and shallorv geothcrmal

surveys,  remote sensing and logging methods.  The h igh contcnt  of  d isst t lved

sol ids,  usual ly  an e lcvated CO2 content .  temperature and radioact iv i ry  prov idc

suitable conditions for the use of geoelectrical methods, measurements of CO,

in soil gas, shallow thermal surveys, and radiometric and logging methods

(Tab le  4 .1 ) .

The eadin area (Husdk,  in  Sbornf t ,  1972) is  a typ ical  example of  rhe use of

thermo- and gasometric techniques in the investigation of seepage of low-

temperature calcium-bicarbonate waters (temperature r) : l0 to 15 degrees C)

located at  the in terscct ion of  two perpendicular  systcms (Fig.  a.25) .  Simi l r r l l  ,

a  comprehensive survey in  the area of  the Kar lovy Vary hot  spnng contr ibuted

to the establishment of its geological position (Fig. 4.26).

Figure 4.27 i l lustrates a successful location of water-bearing tectonic l ines

using thermometry in an area where no other geophysical nrethods couid be
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Table 4.1 Geophysical methods applied to investigation of geothermal and mineral water
rcsourccs (MaruSiak.  in Sbornfk,  l9?6;  Mclkanovi tsk i  et  a l . ,  19?8; Skuthan et  a l . ,  in  Sbornf t ,
1976; Ward and Wnght,  in Proceedings,  1989, modi f ied)

Ceophysrcal  methods Note Purpose and type of measurement

I J J

Table 4.  l ,  cont inued

Geophysical methods Note Purpose and type of measurenent _

Seismic

3.2); their applicability is mostly favorably affected bv the
high dissolved sol ids content  of  mrneral  and thermai  waters

Method of refracted and reflected waves lo assess geomctricai
parameters of a structure or aquifer, to locate fault zones and
water-bearing reclonic lines; tracing of mrcroseisms and

earth 's noise (Ward,  1972)

Multisp€ctral scanning in infrared range to appraise temp€ra-
ture (Mahk,  in Sbornik,  1976; see also Chapter 7) ;  in micro '
wave var iat ion to establ ish moisture content  in connect ion
with locat ion of  mineral-spr ing l ines

A broad complex of  logging methods used in con. l t tnc l ron
with test  holcs 1or in product ion stages) lo nrakc lhc gt 'o logi-
cal protile morc accurate ancl oburin (lelarled dala on thc
dynamics of  water rn boreholes and ( tn strnte othr-r  hvdro
gcological  parametets (see Sectrons 3.2 and .1.5)

Remote scnsing 5 b

I-ogging

E.xplanat ion:
I  -  Geophysical  methods appl icd chic l ly  to explorat ion of  rcsorrrccs of  gcothernl t l  et tcr t r
2 -  To explorat ion of  mincral  and low-thcrmal  watcr

3 - In both types of exploration
A - Frequently used
B - l-css uscd

employed (a densely bui l t  up area,  c lect r ica l  ut i l i t ies,  and the lorv res is t i l i t ; 'o l '

the Turonian claystones). Positive temperature anomalies indicate water-hcaring

tectonic l ines adequate for  locat ing wel ls .

4.2.2 Pollution of Ground Waters and Delineation of Protection Zones

In essence,  two pr inc ipal  purposes of  an invest igat ion may be d is t inguishcd.  In

the first case, investigations may be directed al lhe protection of growrd v'ater

or  to  the prevent ion of  i ts  pol lu t ion.  The object ives of  such invest igat ions are.

for example, mapping of protection zones fof ground-water resourccs and

recogni t ion of  the danger zone around sources of  pol lu t ion and establ ishment  ot '

appropr iate protect ion measures.  The methods employed usual l ) '  arc thc sanls

methods uscd for defining ground-watcr resources. Combined with classrcal

hydrogeological mcthods, they make it possible to construct prcc|ctrvc mnps oi'

3A
3 A

3 A

3 B

In the first investigative stage airborne variant used to iden-
tify rocks dcmagnetized by hydrothermal alterations and
intrusivc btxJies asstrc iatcd wi th tectonic systenls

Uscd in thc first investigative stage to assess essential struc-
tures favorable for accumulation or discharge of
(hyper)thernlal and mineral waters

VES, method of  te l lur ic  currents,  magnetotel lur ic  prof i l ing
and sounding for assessing fundamental structural elements
and appraisc water-bcaring characteristics of rocks at a re-
gional  scalc

The rnethods of refracted and reflected waves and deep seis-
mic sounLi ing are sui table for  studying global  geology of  the
area, for the survey of deep sectors and where great accuracy
is nccded (Lrsua) ly pcr forrred af ter  gravimetr ic  and magneto-
melr ic  sun'eys are madc)

Prcdominant ly on a detai lcd and micro-scale to establ ish
erternal h;-drogeologrcal characteristics of the structure and
locatc dts locat i t )n zones

On dctai['d and microscale to assess detailed structural-
tectonlc sct t lng

Pr incipal  mcthod in invest igat ion of  radioact ive water,  for
t racing warm-spr ing l ines;  radiometr ic  methods wi th radio-
act ive t racers may be used to assess the di rect ion and veloci tv
of  ground-water f low

Determinat ion chief ly  of  CO. concentrat ions,  rarely of  halo-
genes,  SO",  etc. ,  in soi l  a i r  in order to locate warm- and hot-
spring lincs (Chaptcr 7) (gasometry) and concentration of
mefirl elenrcnt molecules in soil air or atmosohere and in
natural or artificial sorbents

Principai method for investigating distribution of earth's heat
and geothermal zoning based on temperature measurement in
boreholes (eerrndk in Sbornf t ,  1976)

Detection of temperature anomalies caused by disturbance of
tempcraturc ficld by heat sources located at depth, by the
rising therrnal waters along tectonic lines or by a change in
the thermal  conduct iv i ty  of  faul t  zone f i l l ings

A large set of geoelectrical methods for assessment of geo-

3 A

Sr i sm ic 3rl

Duqct

Ci r lv i  rn ctr ic

\ l l qnc to rne l r i c

i lad i  o n lct r ic
(ena mo nr etr ) , )

A I  nrogcochc mical

.lB

J,\

3 B

Geothcrnral  in
horcholcs

Ccotherrnai ground
nleisuremcnts

(lc<xlcctrical

3 A

rnetrical and some hydrogeological parameters (Sections 3.1,
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Figure 4.2-5 Thermometric and gasometric studres of calcium-bicarbonate water near Cadfn

(according to Husfk, in Sbomfli, 19'12) . I - temperature at a depth of 2 m, 2 - COt content ( %)

rn soi l  a i r ,  -? -  low-tempcrature spr ing of  calc ium bicarbonate water.

Figure 4.26 Geophysical  survcy of  thc structurc around the Kar lovy Vary hot  spr ing 1:rr -cordrt tg

to Skuthan and Eremidlovf  ,  in  Maz{d et  a l . ,  1986).  (a)  Gasometr tc,  emanometr lc  and t r 'n lpcrat l r re

measurements.  (b)  Nunber of  indicated anomalous Zn,  Mg and Fe concentrat ior ls  (o l )  Ntrvenl l )e r

l l  and December 12,  l98l)  in at$osphcr ic a i r  f ronr thc tota l  nunrbcr (n)  of  n\casl l rcnrcnls l l t  ont

point  (n :  8) .  I  -  CO: (%) concentrat ion;  2 -  axrs of  anomai ies in co" conccntra l r ( rn:  . i  -  iso-

anomal ies of  radon content  in soi l  a i r  ( in emans);  4 -  axis of  anomalous radon content ;  5 -  cen'

ters of abnormally elevated temperature up to d : 23 degrees C at a depth of I m belo*' the

ground surface at a normal background temperature (r) = 12 ciegrees C); 5 - colonnade: 7

kar lovy Vary hot  spr ing;  8 -  points on prof i le Pl ,  s i tes of  recunent measurement of  7-n.  Mg and

Fe concentrat lons in atmospher ic a i r  I  m above the ground surface;  9 -  presumed tectonic zone

pollution (Fig. a.28) and asscss the migration and fi l tration parameters needed

for these calculations.

o o o o o o o o o o
o o o o o o o o o o

o o o o o o

, u

1 4  -
2)

,G1 'H 'VA .F.I ,E

'lvl dF--l 'l-Tl

t



1 1 6

l - 1  /

VACLAV R U S A L K A

T r ,  I  I E F - r r  , - '  I  t - - . 4

, lggo-l zYt 3l ";- ' l  4l '  | 5l A I 6t-' I

t o t
L-.l

;
N

-t
l ' : l
L--=J

;
I - l

;
L:J

r,l
t3

rr-t
lR l
t-J

;
l3J

6 ' t

I;-l
l3.l
l l

H | ' , -  h

39Or-:

+ ^
b r  - J

i=it,?r=: u=i: r a iEi i i:: eE iE -g € €
2;'r1r1=1!:EuA : i i : :; a a : : : : q E g ;
r : aFE : i,t; Tiir g E:?t ! iiiE €=21 z=21:r'rt\i'1i'1,;7+? ? i * -' * u a *

Figurc . { '28Pred ic t i vemapofpo l lu t ion inanr rea .o fn r inor thcr t r ta lspr lngsnesrK l r lo \v \ ,a r \ .
( a c c o r d i n g t o S k u t h a n e r a t . , ' t 9 z a ) . / - w a t e r t a b l e c o n t o u r s c o n s t r u c t e d | r o n l t h c r e s L r l t s o i
shal low boring (max. 10 m,) and geophysical mcasurements; 2 - boLrndary of pol lutron zone at

time /i, construclerl from 
" 

iti Jr hydroaynamic lests and geophysical measurements (dipole

profi l ing,thermometry,gasometry, 'u-dio'ntt 'y ' . tpontaneouspolanzationandthemrse-a-la-tnassc
m e t h o d ) ; 3 - b o r e h o l e ; a - t p t i ' t ! ; ' 5 - c a l c u t a i e l f l o w l i n e ; 6 - l i n e t o = 0 c o r r e s p o n d r n g t o
the provisional boundary ur t#prol". t ion zone, which rn calculat ions was considered as a l lne oi

.onitun, pol lut ion (Ar = Arl i+11 - r i  = 15 rnin ) '

I n v e s t i g a t i o n s a r e a l s o c o n d u c t e d t o d e t e r m i n e t h e e x t e | l t a n d c o u s e s o l .

exist ing pol l t t t iorr and to plan remcdiat ion' The choice of geophysical m'-thods

anc l  thc i r  in tc rp rc t l t t ron  dcpent i  on  thc  phys icochcmica l  p ropcr t i cs  o i  thc

p o l l u t a n t a n d o n t h c h y d r o g e o l o g i c a l c o n d i t i o n s . l n a d d i t i o n ' l h c o r g i u i z a t i o n o i

the geophysical rnvestigation is motivatcd by the fol lowing considcratrons

(Svoma,  in  Mazd l  e t  a l ' ,  1987) :

- T h e s i t e o I t h e i n v e s t i g a t i o n i s c o n t r o l l e d b y t h e l o c a t i o t r o f t h c s t l L t r c c

andbypo l lu t ionprocesses ;geophys ica lmeasurements , l reo f tc r r lmped-

e d ' a n < ] c v c n p r g v c n t c d ' b y t h c p r c s c n c e < l i n r u l t i p l c d i s t u r b r n g i . t c l t r r s

l , '

4 . ? .
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Tab le4 .2App l i ca t i ono fgeophys i ca lme thods in i nves t rga t i ono fg round -wa le rpo l l u t t onand tn
establishing protectron zones for'water resources (according to svoma, in Sbornik, 1916. lr'laz-{i

et  a l . ,  l98l ;  Greenhouse et  a l . '  in  Pntceeding,s,  1989'  modi{- ted)

such as underground e lect r ic  ut i l i t ies,  p ipel ines,  and h igh bui ld ing

densities in locations wherc measurements are required or most needed '

- Timc is very important becausc the timeliness of remcdial activit ies

c lcpencls on thc t imc requi rcd for  the assessment  of  the pol lu t ion.

General ly ,  the use of  gcophysical  methods can be expected to shor ten

rhis time rclative ro rhe timc needcd for a traditional investigation with

test  bonngs.

The application of one or several geophysical methods depends on the pur-

pose of  the invest igat ion.  The methods are l is ted in  Table 4.2,  but  a few words

o i  exp lana t i on  shou ld  be  added .

l 'he eiicctiveness of resistivity meiltods for the assessment of oil or chemical

pol lu t ion requi rcs th l t  the charactcr  of the geoelectr ica l  f ie ld before pol lu t ion be

knorvn and rhat rhc conditions under which pollution is detectable be established

( F r g . 4 . 2 9 ) .

,4rntogeochemical methods are employed for assessing petroleum products in

soi l  gas us ing dctcct ion tubcs (DolcZal  et  a l . ,  in  Sbornik ,  1976) or  analyzers

rvhich u,ork on thc flame ionization principle. l-ogging methods can be used to

ijetcrmine the proportion of petroleum products in a borehole by measuring the

oil-*,arer ratio (using the difference in permittivity of the two liquids); chemical

solutions showing an clectrolytic character are detectable by resistivity surveys'

Thrce renore sensing nethod.t are uti l ized in various spectral ranges: the W

range for detection of oil f i lms on water surface; the visible infrared and

nticrowavc range of the spcclrum ior the Samc task and for aSsessing the health

and rcnperature starc of vcgetation, which depends on the presence of oil pro-

ducts in soil and ground rvater.

Pollution of ground water by pathogcnic organisms can only be established

rndi rect ly  by logging methods us ing f lu id res is t iv i ty  and photometry logs '

Rarliooctive contantination of ground water is detectable from emanation

aureoies of  soaked- in radioact ive solut ions and by measurement  of  the radio-

act iv i tv  in  grou"d-water  samples.

Guophystcai Methods

Ground SurveY

Purposes

Establishment of zones of

ground-watcr  sources prolcc-

t ion,  construct ion oi  Prognos-
t ic  maps of  pol lut ion (Fig.

4.28),  prevent ion of  Pol lut ion

A - More used
B - Irss used

In investigati  ngthermal pol lut iotrwithgeothermal mcthods wc must t :rkc i t t t t ' r

consideration that a sl ight heating of ground water can also bc produced by' the

process of seepage through a porous medium (Fig' a 30)'

Pipeline leaks are most easily detected and located tlsing eleclromegnctlc

methods. Acoustrc methods, which record the noise caused h1'an escaptnu

9 . 9
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product, are less effective (Elid5 in Sbornik, 1976). In special cases the atmo-

gcochemical  methods are a lso uselu l .

1.2.3 Land-Inrprovenrent Survey's

An optimum proposal ol land improvement measures requires a detailed knowl-

edgc of :

10-2

v. ttr
t l

t n  J 'ro- 3

Figure 4.30 lncrease in ground-water temperature (degrees C) in re lat ion to the t l l t rat ion vclo '

c i ty  v,  (m sr ;  and rhermal  conduct iv i ty  \ ,  0Vnr-11' t ;  wi th bulk densi ty o l ' the aqui icr  being

o = ittOO kg m'3 antl spccihc heat equal to cv = 800 J kg-t 6't. c - slope crf water table. / -

range of validity of the nomogram for Quaternary gravel and sand in the l-abc River tlcxrdplatrl

Physico-peclological conditions of the soil profi le (geological and gctr-

morphoiogical structure, differentiation of l i thologicogcnctrc slrue tures

in the area investigated)

flydrogeological characteristics of the zone of aeration (morsture con-

tent ,  connectcd porosi ty ,  c lay ar td sal t  contet r t ,  c tc . ) .  and of  thc zor tc

l 4 l

Ti37
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, f f i  zm ,[+-l
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l igure { .29 Condi t ions of  the detecrabi l i ty  o i  ground-water pol lut ion using resist iv i ty  methods:

1a) gr tx lcctr ical  ntodel  wi th unconl-rncd grorrnd water before pol lut ion,  (b)  same condi t ions but

afrcr  pol lut ion:  the pol luted layer is  character izcd by resist iv i ty  p l ,  (c)  grapn del imi t ing the

condir ions under which the pol luted rnedium is undetecrable by resist iv i ty  methods.  J -  earth 's

surtace; 2 - contaminated layer; 3 - water table; 4 - arez representing combination of factors

(pi lp2,  mt/rn l )  under which the pol luted layer (p l ,  m,)  is  undetectable;  5 -  AB/2mr,  where AB

is rhe spacing of current electrodes at which the divergence of the VES curves (before and after

pol lur ion) for  rhe given detectabi l i ty  l imi t  (4)  was maximum; 6 -  detectabi l i ty  l imi t  (a)  equal  to

conlrron nrean measur ing error  (5%) and i ts  three-fo ld value (15%)'
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of saruration (elfective porosity, hydraulic conductivity and transmissi-

v i ty ,  d issolved sol ids contcnt)

-  Rclat ionship between sur facc,  so i l  and ground water
- Ph,vsical state of soils, ecological characteristics of the landscape units

and thc presence of preferential paths in soil and beneath the soil

p rofi le.

Thc appl ication of gcophysical mcthods (Table 4.3) can substantially increase

the cost effectiveness of an investigation. For example, the number of borings

ln<1 f ic id  rcsts m: iv  bc rcduced in compar ison to the requi rements of  a t radi t ional

rnr"cstigatit>ns (over areas of the order of hundreds of square kilometers at least)

bv l0 to 50(,70 with the required accuracy, information content and reliabil i ty of

the results sti l l  bcing obtained. Cost benefits for smaller areas (of the order of

0.01 to 0.1 km2; are not  the same, and the ef fect iveness of  geophysical  methods

and thei r  use must  be considered separate ly  for  each tocal i ty .

The gcophysical  methods commonly used in th is  f ie ld are in  essence ident ica l

rv i th  thc nrcthods appl ied in  hydrogeological  surveys.  However,  i t  must  be

considcred thar  thc object  of  invest igat ion is  a soi l  medium at  shal lowdepth wi th

considerable physical  and hydrogeological  var iabi l i ty .

In  F igure 4.31 the use of  ver t ica l  e lect r ica l  sounding and seismic methods

in a study of rhe causes of soil waterlogging is shown (see paragraph 5 in Table

4.3) .  watcr logging is  caused by ground-water  d ischarge a long a tectonic l ine.

Thc watcr-bearing parts of the crystall inc complex are indicated by decreased

rcs is t iv i t ics,  and the tccronic l ine is  mani fcsted in  the geoelectr ica l  prof i le  as

u 'c l l  as rn thc lorver  veloc i ty  of  cornpressional  waves vo below the l imi t  o f

i ( ) 00  n r  s ' l  .

4.3 Hydrogeology of lMineral Deposits

Thc hydrogeology of mineral deposits has a specific character due principally

to thc fact  that  the developmcnt  of  a mincra l  dcposi t  mcans a scr ious,  of tcn very

t43

serious, interference with the natural hydrogeological conditions. The task for

the hydrogeologistis to recognize the changes which may result from this inter-

ference and to proposc measures to prevent the damage which could occur irom

inflow of ground water into the mining work. In many cases it is necessary ro

decide between conflicting interests of a mining organization and u,ater-

management, agricultural, health and spa institutions.

The tasks of a hydrogeological survey in the different stages of exploration

_-600 \_\___\
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Figure 4.31 Geophysical investigation of the causes of waterlogging at Sediuiny rn the Orlick€
hory Mounkins. 1a) Geoelectrical profile. O) Velocity of longitudinal sersmic *aves (r;) bencath
the weathered layer. I - location of vertical electrical soundings, 2 - isoiine ot'apparenr
resistivrty (O m); 3 - direction of ground-water flow, 4 - sersmic interthce (*,eathereo rayer
sound rock), 5 - vertical resistivity bc lary (tectonic line).
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' I 'able 4. f  ApPlrcat i r rn of  gr t rpht 's ical  rncthods in soi l  inrprovcrncl t  in!cst igat ion (Wolgcmuth.  l97l i ,  r r r rx l i f icd)

Ccophysical  nrethods

Tasks of  in\  est igat lon

1. Asscssnrent of ph-rsical-pedological state of soil

Assessment of physical properties of soil in rilu

Determination of rrhvsical units of soil environment

Differentiation of soil lavers

Presence of water in agriculturai lands and causes of
waterlogging

Presence and state of plants on lands

Function of soil improvement

Effects of soil improvement on ecology and develop-
ment of regional units

6. Search for engineering systeilLs in and benealh soil

Routes of nonmetallic network and dewatering pilxs

Metallic pipes and cable systems

Explanation:
A More used
B ltss used
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Assessment of natural and artificial failures

2. Assessment of hydrogeological parameters of aera-
tion and saturation zoncs

Total solids content, coefficients of permeability and
transmissivity, porosity of aquifers

Moisture content in soil and zone of aeration

Ground-water flow and flow of water in soil

Lithology of aquifers and their shaliness

Salt content in formations of aeration zone

Jointine in bedrock

Resources of subsurface water

3. Assessment of rtlationship between surface, soil and
ground waters

5. Appraisal of factors concerning soil-improvement
and ecology of regional units
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oi  r  deposi t  are rnul t ip le and demanding,  usual ly  depcnding on the hydrogeo-

logical  condi t ions of  the deposi t .  For  cxarnple,  I lomola-Kl i r  (1975) d is t inguished

cight  typcs o l  hydrogeologic condi t ions cncountered in min ing sol id  minerals

alone. This suggests why it is so diff icult to present a concise overview of the

hydrogeological problems that may be resolved using applied geophysical

methods. We will thcrefore emphasize only some principles that should be

observed in a l l  cases.

Thc complex o i  gcophysical  methods,  which are more or  less ut i l ized in

prospcct ing for  nr inera l  deposi ts ,  should involve those which provide in forma-

t ron nccded by the hydrogeologist .

Geopht'sical prospecting should be done in srcges corresponding to those of

a hydrogcological survey (Table 4.4). In the prospecting and preliminary

exploration stagcs, the geophysical methods are the same as those of routine

hy'drogeological surveys. In the mine development and exploitation stages, the

,ucophvsic l l  methods should bc selectcd wi th regard to the speci f ic  tasks to be

pcr i t rnncd.  end af tcr  thorough consul tat ion wi th a hydrogeologist .

;\ good exanlple of a complex oi geophysical methods used in prospecting

and prc) i rn i r r rn 'crp lorat ion of  a mincra l  deposi t  is  i l lust rated by the set  of

logging mcthods used in invest igat ing b i tuminous coal  deposi ts  in  the Slany area

of  the Ccntra l  Bohemian Carboni ferous region.  The object ive of  the logging was

to establish the occurrence and thickness of the coal seam; for this purpose the

oensi ty  var iant  of  gamma-gamma logging and cal iper  logging were used.  The

sccond task;  i .e . ,  to  obta in as much informat ion as possib le on the

hvclrogcological structure (mainly number and thickness of water-bearing zones,

their porosity, and the total dissolved solids content of ground water) was

accomplishcd by a complex of logging methods including resistivity, SP,

gamma-ray, neutron-gamma and fluid-resistivity logging (Fig. a.32).

Table 4.4 Hydrogeological surveys in economic geology and suruble geophysrcal nrethods

surrablc gcophysrcxl  nrcr .hod(s)  : . :  
o: : l l ] :

sce stclrr)l)

In the prospecting stage

To obtain general information on the Gravimetry, magnetometry VES, 1 t

hydrogeological structure resistivity profiling, geothermal
(vehicle-bome) survey, borehole
logging

ln the reconnaissance investigation stage

141

Tasks of hydrogeological survey

Number of water-bearing aquifers
and their thickness

Permeability (hydraulic conductivity
and transmissivity) of aquifers

Porosi ty of  aqui fers

Depth to water nble

Physical properties of ground water,
total dissolved solids content and
chemistry

Gas content ,  agressiv i ty  of  water

Effects of ground water on the rocks
of the deposit and those around it
(s laking,  swel l ing,  washing)

Approxinate appraisal of the
possibility of dcposit drainage (effect
of drainage on hydrogeological
structure)

VES, refract ion seismics

VES, logging rnethods

Logging methods

Refract ion seisnr ics,  logging

hgging rnethods (RI- ,  TI- ,  PHL)

Water sampling at depth

togging methods (CL, AL)

Gravi  metry,  geoelectr ical ,
geothermal sLrrvey

3 .  t

3 . 2 . 4

1 . 7  . 2

3 . 2 . 5

l . :  6 ,

In the detailed investigation stage

More precise determination of
parameters (denser network of
exploration works, changes of
parameters studied in rinte)

l-ocation and extent of the area of
natural recharSe

Ground-water reserves (statlc,
dynamic) in the affected part of
hydrogeological structure

Quantity of underground outflow

Detailed resistivity sun-ey, refrac
t ion seismrcs,  logging

Geoelectrrcal methods

VES, logging methods

Observation of ground-water
dynamics in boreholes, based on
loggrng

3 . 1
3 . :

3 . I
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Tab le  4 .4 ,  con t i nucd

Tasks of  hydrogeological  suwey Suitable geophysical merhod(s) "Ttjt:l:'  se€ Secllon

Expected inf low into mining f ie ld at
diffcrcnt phascs of mine opening and
*,ork ing

I t lot lc l  o i  drainage and i ts  course in
t i  ntc

Changes in water rcgimen caused by
d ra r  nagc

Observation of ground-water
dynamics in boreholes, based on
logging

Obscrvalion of changes in the
ground-water level - refraction
sersmics and borehole logging

-f rc l t r l rent  
and renroval  of  water

punrpcd f ronr the dcposi t

In thc nr inc opcning a.nd worki r rg stagc

Rcgistratron of  s i tcs and amounts of
ground-watcr  inf lo* 's

Changcs in the regimen of  ground
* 'atcr  and character is t ics of  water
bodies in and around the deposi t  \ r ' i th
l l m e

Conrpar ison wi th predict ions and
re*,ork ing of  drainage design i f
n eccco

Repcatcd logging of hydrogeological
boreholes rn and near the deposi t

Repcated resistivity measurements
(VES, prof i l ing)

Remote sensing

A <
ej

l

r pri*Rl
1

F f

31
o'c l
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Inf lLrence on lhe natural  condi t ions
and l iv ing environnrent

.1.4 Special I{ydrogeology

' fh is  grouping compr ises geophysical  methods that  are employed to detect  and

ttitcc leakoge anl seepoge offluids from reservoirs, settling ponds, and other

sloragc facil i t ies. Thc problem can bc most satisfactori ly demonstrated for dams

and reservoirs constructed for hydropower generation, drinking-water supply,

irrigation, navigation, f lood protection and recreation. Leakage is a frequent but

undesirable phenomenon which endangers the function and sometimes even the

existence of these structures and may unfavorably impact the natural environ-

ment. Therefore they are monitored thoroughly and in cases where the leakage

cxcccds acccptable l imi ts ,  appropr iatc  preventat ive measures are undertaken.  In
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lddition to the commonly used procedurcs, geophysical methods can also pro-

v idc in lbrmal . ion on thc locat ion and extcnt  of  lcakage.

Gcophysical methods used to idcntify leakage and seepage paths may be

util iz-ed inside rescrvoirs (including the upstream face of a dam and its immedi-

atc proximity) and in boreholes (obscrvation, piezometric, grouting) located in

an<i closc to a dam (Skuthan, in Sbornik, 1972). The methods, type of measure-

ment, and density of the measuring network (regular network, radial or contour

proti lcs) dcpcnd on the supposed charactcr of the seepage (through, around or

undcr  thc dam),  see Table 4.5.

For  cont inuous moni tor ing of  sccpage,  a spccia l  system (Fig.  4.33)  is  used

consist ing of  an c lcct rodc systcm locatcd below the seal ing e lement  in  ath in bed

,r f  send,  thc connect ing cablcs and dctect ing system, and a readout  or  recording

device to which the apparatus is  connccted.  Tests of  PVC l iners on dams which

have bcen purposely punctured have demonstratcd that locations of leakage can

hc detcrrn incd rc l rably  by measur ing the t ransi t ion res is tance of  in la id s table

c lcc l ror les (F ig.  . t . lJ ;  or  bv measur ing the changes in the potent ia l  o f  a l ine

sorrrce ioc l te c i  urrder  thc t iner  (F ig.  a.34) .

Thc volumc of leakage can bc irssessed from changes in geophysical

parameters (apparent  rcs is t iv i ty ,  natura l  potcnt ia ls  and temperature)  only  in  the

case of newly constructed dams; new construction allows the increase in leakage

due to reservoir f i l l ing to be compared with changes in the geophysical f ields.

.1.5 Logging of Hydrogeological Wells

The ficid mcthods, the extent and number of logging methods, and the evalua-

tion of logs depend to a large extent on the type of aquifer examined (interstit ial,

fracture, karstic); the type of hydrogeological structure is not determining.

Logging methods are discusscd in a separate chapter, because, in contrast to

surface geophysical methods, the complex of logging procedures and the manner

of evalurtion is in essence identical, or at least very similar, for shallow

Table 4.5 Geophysical methods used for assessing seepage
Sborn{k,  1972; and Bogoslavski  and Ogi lv i .  1970, rnodi t ied)

from

r5 r

reservoirs (af ter  Skrr than.  rn

Parameter explored
Appropnate physical methods,

mode of application

' lhe 
most conlmon

disturbrng factors

Water level in dam,
location of phreatic
surface

Discrimination between
gmvity and capillary
water

l.ocation of seepage
into dam body or reser-
voir  bot tom

Approximate depth of
water inlet into the seal-
rng element

Path of seepage

Locations of seepage

Filtration velocity,
velocity and direction
of flowing water in dam
and in the vicinity of
the reservoir

Quality of liner sealing

Refraction seismics and VES in
earth dam

Refraction seisnrics, VIIS, IP (1"
in aerat ion zone rs 1.5 to 3 t imes
higher than in the saturation
zone)

SP and thermonletry on thc reser-
voir  bot tom, on the dam, MAM
method in the basin near the pre-
sumed site of leakage, radiometry
usrng opcn radioact ivc l racers ln
the reservoir

Measurement of tempcrature
gradient in reservoir and tcmpera-
ture of  out f lowing water

SP method. resisr iv i ry prof i l ing
and thermometry on the dam,
MAM method (charging of  our-
f lowing water)

SP method, therrronetry, radi-
ometry (atier application of open
radioactive tracers in the reser-
voir) on the downstream side of
the dam and in i ts  v ic in i ty

Di lut ion technique,  MAM method
in observation wells in and be-
yond the dam

I\reasurement of potential and
potential gradient of gecrclectrical
tleld excited by electrodc svstem
under the l iner

Inhomogeneity of velocity
and resistivity of dam, low
resist iv i ty  of  dam mater ia l ,
effect of capillary fringe

MeLal  e lements in the dam
body,  e lectncal  t ie lds

Stray currents,  d isturbance of
thermal field by insertion of
measunng probes,  conduct ive
elements of  larger volunte in
the dam

Water secpagc at several
depths,  great  length of  the
f low path and smal l  vel tx i lv
of  water t lows

Stray crrr rcnt : ,  loq resist iv i t ,
o i  the mediunr,  rnhontogc,
ncous rcsist iv i i res

Stray currenrs,  inhomoge
nei ty of  thernral  conduct iv i ty
in the dam, changes tn vege-
tat ion and sunl ight

Low resist iv i ty  of  medium
near the charged body and
metal  casing (N{AM method)

Stray currents

sedimentary structures, delta areas, l i ttoral and coastal areas nade up oi clastic

sediments, sedimentary basins and some neovolcanic regions, where pyroclasrics

alternating with normal clastic sedimentary types predominatc in hydrogcologrcal
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Figure 4.33 Facing page. l,ocation of leakage from the LiptovsM Mara dam at the foor of rhe
Vysok6 Tatry Mountains, Czechoslovakia (according to Maztrb et al., 1990). (a) Venical section
of the stable electrode system placed on the upstream face of the dam. (b) Schematic vrew of the
electrode network from above. (c) Nornral field of contact resistances. (d) Map showing conLact
resistances after artificially puncturing the liner and fillinB the reservoir. I - electrodes, 2 -

connect ing cables,  - l  -  measur ing center ,4 -  seal ing fo i l ,  J  -  sand,6 -  water  level  in the
reservoir before and after fill ing, 7- evaluating device, 8 - infiltration layer. 9 - gravel, 10
- control electrode system plotted in the map, 11 - sites of artificial perforation of insulating
fo1l, 12 - isolines of contact resistances (102 0); abnormally low contacr resisLances indicare srres
of leakase.

x  ( m )

Figure 4.34 l-ocation of seepage areas in a t1y-ash settling pond 30 km north of Prague, Czecho-
slovakia. (a) Schematic plan of the settling pond. (b) Vertical section of the settling pond along
prof i le 10 -  10' .  (c)  Potent ia l  gradient  AVnt*  a long prof i le l0 -  l0 ' .  1 -  system of  l ine elcctrodes
grounded in the bot tom of  the set l i ing pond under the l iner (e lectrode B);  I  -  currenr c i rcui t  A.
B;  - l  -  movable carr ier  for  potent ia l  e lcctrodes M and N, wi th measur ing equipmenr and the
Iocating target (movement of carrier by mechanical means or wireless control)i ., - water level
ln the reservoir ;  5 -  intact  l iner l  6 -  punctured i iner;  7 -  indicatron oi  pcr tbrated l iner on thc
curve AV"".

structures.  In  a l l  these cases,  hydrogeological  s t ructures u, i th  in tcrst i t ia l  aqur fcrs

or  aqui fers wi th combined interst i t ia l  and f racture permeabi l i tv  arc the concern.
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on the other hand, aquifers wrth fracture or karstic permeabil ity requlre a
substantially different set of logging methods and msthods of data processing.

Thc numbcr. f  methods and the exrent  to  which logging methods are used
rs largc lv  dcpcndcnt  on thc anrourr t  o f  in format ion rcqui red.  Table 4.6 I is ts  the
logging possib i l i t ies us ing comnronly avai rabre equipment .  In format ion in  groups
(a) to (c) are obtained lrom logs of individual boreholes; information rn group
(d)  rs  obta ined,  in  most  cascs,  only  af ter  bor ings are made;  i .e . ,  on the basis  of
an rntegrated interpretation of logging results for the entire hydrogeological
region under s tudy.  Rccogniz ing that  thc hydrogeologist  wi l l  not  requi re a l l
rva i lab le in format ion in  a l l  cascs and that  logging equipment  is  not  everywhere
thc same, i r  is  recommended that  a logging program be establ ished by a mutual
agreement berween the rcsponsiblc hydrogeologist and a geophysicist after a
thorough study of  rhe hydrogeology.

The organization of f ield invcstigations has also to be adapted to the type of
dr i l l ing f lu id cmplo 'ed.  wherc warer  is  used for  dr i l l ing, logging is  not  impeded
and thc ent i rc  logging progran can be complctcc i  at  the same t ime.  However.
r r  is  recommendcd that  mcasuremcnts only  bc made af ter  a wel l  is  developed

and perlbrnrancc pumplng tests havc been made as the results are then more
reprcsentar ive.  where dr i l l ing mud is  usecl ,  logging mustbe done in two phases;

logging in  the mud- i l l led hole prov ides in format ion on groups (a)  and (c) .  These

mcasuremcnrs usual ly  make i t  possib le ro determine the depths of  aqui fers and
thc hvdrogeologisr  can immediate lv  propose a design for  wel l  complet ion;

spcci f ica l ly ,  the inrcrvals  to be screcned.  The addi t ional  logging measurements

nccdcd to obtain thc information in group (b) are done after thc well has been

cased and developcd so that  dr i l l ing mud is  removcd,  and af ter  a pumping test

hes been carr ied out .

The assessment oi lithology , shaliness, porosity, jointing, and the delineation

of perneable /r.ry'er.r (inlbrmarion from group (a), Table 4.6) has been discussed

in deta i l  in  Sect ion 3.2.  An example of  the automated processing of  resul ts  f rom

a sur te of  borehole logging mcthods (Bohcmian cretaceous Basin.  contact  of
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Cenomanian sandstones with overlying lower Turonian marlstones) is presented

in Fig.  4.35.  The procedures used to obta in the other  data l is ted in  Table 4.6

(groups O) to (d)) are dealt with later in rhe texr.

4.5.1 Dynamics of Water in a llorehole

Movement of water in a borehole may occur either across the boreholc (Sec.

3.2.1)  or  a long thc borehole ax is .  Movement a long the borcholc ax ls  occurs

wherever  the borehole or  wel l  taps a conf ined water  body wi th a posi t ivc prr .zo-

metr ic  level  or  wherc two or  more watcr  bodies wi th d i f fercnt  p iezometr ic  levc ls

are penetrated.  This f low is  caused by d is turb ing thc natura l  condi t ions,  rvh ich

allows equalization of piezometric pressures between the $'ater bodies. Vcrtical

f low in a borehole can a lso be induced by pumping or  in ject ing watcr  in to the

borehole.

Vertical moyement of water in a borchole can bc characterizcd both

quant i ta t ive ly  and qual i ta t ive ly .  Qual i ta t ive data rnc ludc rntorrnat ion t : rn rhc

Iocat ions of  in f low or  losses and on thc in tcrvals  of  ver t ica l  u 'ater  f lor r ' .  whi l r -

quant i ta t ive data involves ver t ica l  ve loc i t ies v im s- l ;  and vcr t ica l  f low rares O'
( m "  s ' ) .

I-ocations of inflow, water loss, and intervals of verticctl fox., are usuallv

very conspicuouson h igh resolut ion temperaturc logging ' fL records,  arrd rpperr '

even more distinctly on gradient or dffirential temperature /ogs TL6 (Fig.

4.37) .  This  is  because the tcmperature of  water ,  which is  near  the nrck tempera-

ture at  the s i te  of  in{ low,  is  general ly  g iven by the value o l  thc iocal  gcrr thcrn.ra l

gradient .  The depth in tervals  in  which there is  natura l  f lou,  a long the b i t reholc

axis  is  then shown on the temperature log by a constant  or  a lmost  constant

temperature,  even at  low ver t ica l  f low rates of  the ordcr  of  l0-a mi  s- ' .  Where

the indiv idual  in f lows d i f fer  in  d issolved sol ids contents,  and thus a lso rn

res is t ivr ty ,  the locat ions of  in f low are a lso indicated on f lu id res is t iv i t i ,  Iogs RL,

they also often are evident on photometric logs PIJL if the borchole \\ 'as nol

complete i l ,  purged of  thc dr i l '  r  l lu id .
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Table 4.6 hgging methods according to the information desired
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Table 4.6, continued

Group
Parameters measured

Optimum set of logging methods For dctails
s€e section

Group
Parameters measured

Optimum set of logging methods For derails
Interstitial aquifers Fractured aquifers s€e sectionInterstitial aouifers Fractured aquifers

a. Lithology, reservoir properties of aquifers c. Technical characteristics and condition of borehole
Basic lithological type

Delineation of permeable
beds

S hal  i  ness

Porosi ty

Total  d issolved sol ids in
ground water

Ra, SP, GR, GCL-D,
NNL

Ra.n, Ra.r, LES, SP

Ra, SP, GR, GGL-D,
NNL

NNL, GGL-D, Ra, SP,
GR

RL, SP, Ra..,  Rarr1,
water sampling at

GR, GGL.D, NNL,
MSL, GR

SP, CL, GR, after
application of ORT

NNL, GGL.D, AL

RL, water sampling
at selected depth

True borehole diameter

Trend of borehole in space

Bottom of casing

Perforated casing

Casing collars

Lost casing, tools

Deflection of the bit from
the original hole

Top of cement behind
casing

Quality of cementation

Tightness of casing

Effect of casing on the yield
of aquifers

Communication between
two adjacent boreholes

CL

IM

Rar

Ra1 (PVC casing), cement-bond log
(steel casing)

l,ocation of casing collars (steel
casings), resistivity log and sensi-
tive CL (PVC ard wood casings)

Ra, MSL

IM, CL, in borehole with overflow
also high-resolution TL

TL until 24 hrs, after cementarion,
GGL-D, GR after application of ORT

Cement-bond log

TL, RL, PHL, GR after treatment
of water with appropriate tracer

Repeated yield assessment of warer
inflows before and after the
borehole has been cased

Tracer tests using RL, CL, CR

3.2 . r

3.2.4

J , Z . L

3.2.2

i .2.6

4 . 5 . 2

4 . 5  . 2

4 . 5 . 1

selected depth

b. FIow dynamics, hydraulic and filtration parameters of aquifers

Sites of water inflow into TL, RL, PHL, GR after See interstitial
and water losses from treatment of water with aouifers
boreholes, intervals with appropriate tracer
vertical flow

Vertical velocity, vertical Well flowmeters, RL,
f low rate,  * 'ater  y ie)d,  Pl lL,  GR afrer  warer
inf i l t rat ion t reatment

4 . 5 . 1

4 . 5 . 1

3 .2 .4

3 .2 .4

3 .2 .5

3 .2 .4

3.2. ' l

3 . 2 . 7

Hydraul ic  conduct iv i ty ,
t ransmissiv i ty

Coeffi cient of protective
capaclty

Water level  in borehole

Piezometr ic  water ' level

Fi l t rat ion veloci ty

Direct ion (azimuth) of
ground-water f low

Physical properties of bore-
hole f lu ids (densi ty,  resist iv
i ty ,  temp.,  t ransparency)

Same, at constant injec-
t ion or  pumping rate

High-resolut ion
lemperature logging

RL, TL,  PHL, resis-
tivity measurements

RL, PHL, TL at recur-
rent water injection or
pumplng at  vanous
water levels in borehole

Dilution method (RL,
PHL, GR)

GR after application of
ORT, spccial (photo-
graphic, photometric)
direction meters

Densitometers, RL, TL,
PHL

See interstitial
aquifers

See interstitial
aquifers

See interstitial
aqui fers

See interstitial
aqui fers

See interstitial
aquifers

Facies changes, maps of
sand and clay content

Spatial changes in total
dissolved solids

Characteristics of tempera-
ture field

Spatial changes in hydraulic
parameters of the aquifer

Spatial changes in filtration
velocity

SP,  GR,  RA

Maps of o* (input data
from RL, SP, Ra)

Maps of temperature for a
given elevation, map of
temperature gradients

Maps of hydraulic conduc-
tivity and transmissivity
after logging data

Maps of filtration velocity

d. Spatial changes in hydrogeological structure

Correlation of beds, location Ra, GR, dipmeter survey
of faults

4 . 5 . 1
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Figure 4.3-5 Results of computer processed logs from a borehole in the Bohemian Cretaceous
Ilasin (according to Kicsl:ln and N'lareS, 1977). Thc following logging methods were used: GR,
( ;C l - -D .  NN I - .  Ra  and  C I - .

1 .59

Indications of water inflow and loss may be enhanced by using NaCl to

lower water resistivity in the borehole. Sites of inflow are then revealed on RL

records by an abrupt change in fluid resistivity since the iresh ground u,atcr has

a resistivity much higher than the salt-treated water; i.e., wtthin a range pw :

30 to 100 0 m (Figs.  3.21 and 4.37) .

The vertical velocity is dctcrmined using a propcller t-krwnrcter (whcrc u )

10-2 m s- l ) ,  or  for  low veloc i t ies of  f low (v < l0-2 m s- l )  us ing a thermal-pulsc

f lowmeter  (Hess and Pai l le t ,  1990) and a t ime ser ies of  f lu id res is t iv i ty .

photomctr ic  and tempcralure logs,  af tcr  thc water  in  thc borcholc rs  t l rs t  t rL 'atcd

wi th respect  to  the parameter  to be measured.  Ver t ica l  vc loc i tv  is  then

determined f rom the vcr t ica l  sh i f t  o f  charactcr is t ic  points t rn t * 'o  subscqucnt

records (min imum on PHL log af ter  a colored mark has bccn ntadc.  rncan

temperature on TL logs,  f lu id rcs is t iv i ty  Fn '  corresponding t t r  thc nrcun s i r i t

concentration in the treated and untreated water - Fig. 4.36)

The ver t ica l  vo lumetr ic  f lou,rate 0 '  (ml  s- ] )  is  the in i t ia l  paranrctcr  tbr

determinat ion of  the y ie ld Q1 of  ind iv idual  in f lows and for  asscssing the

hydraul ic  parameters of  ind iv idual  aqui fer  laycrs as wcl l  (Scct ion 3.2.4) ,  I t  mar

be calculated indi rect ly  f rom the ver t ica l  ve loc i t ; ,v  (m s- l )  rnd the boreholc

r a d i u s r ( Q ' : r l i .

The vertical volumetric f low ratc can also be established fronr hrgh

resolut ion temperature measurements i f  a  water  body wi th a posi t ive p iczontct r ic

lcvel  has been tappcd by the wel l  and f rom f lu id resrst ivr tv  logging undcr

stabi l ized pumping of  watcr  f rom thc wcl l  (Mare( ,  . I976) ,  
or  br  combin i r rg

several  approaches (F ig.  a.37) .

4.5.2 Control of 
' fechnical 

Conditions and Casing of l lorehole.s

ln an uncased borehole,  only  two parameters are observcd:  the d i rmeter

(ex is tence of  vo ids)  and dr i l t  (az imuth and inc l inat ion)  o i  thc borcholc

Borchole casing may he of  vur ious rnatcr ' ia ls  (s tcc l ,  PVC, ctc  ) ,  r t r rd n l tv  bc

ei ther  sol id  or  per forated.  T '  logging mcthods a l low asscssnicrr t  t t f  lh . '  ,  , t i r r . '
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Figure 4.36 Character of a chronological series of RL logs after treatment of a well with NaCl.
PHI- logs after introduction of nrgrosin using a deep electromagnetic pump. GR logs after tracing
rvith an open radioactive tracer and TM logs on injecting warmer water into the borehole. All
scrics can be used for computing vertical velocity (v). The chronological sequence of logs is
dcnoted by ordinal numbers. I - water inflow; II - direction of water flow in the borehole. ! -
linc of flLrid resistivity corresponding to average equivalent NaCl concentration in water before
and aftcr water treatment. ,t - line of mean waler temDeratures in borehole and of water
i nj ected.

Figure 4.37 Facing page. Determination of vertical volumetric flow rate (0') and yield (Q) of
water inflows from the middle Turonian aquifer (well Zsj-P4 Dolnf Bukovina, Cretaceous at
Bohernia after Zboiil and lv{are3, 1972) by high resolution temperature measurements and
photometry, after treating the water with nigrosin at depths of 132, 146, 150, 160 and 166 m. GR
- gamma ray log; Rao 0,3, Ra,0.6 - resistivity logs measured with normal probes of spacings
Alr't = 0.3 and 0.6 m; CL - caliper log; RL - fluid resistivity log under natural conditions;
TL I - temperature log measured with standard thermometer (record 15 - with thermometer run
in the well, i6 - run out of the well); TL 2 - high resolution temperature measurement with
thermometer run in the well; TL 3 - high resolution temperature measurement with thermometer
nrn out of the well. TLo I and TLd2 - differential temperature measurement with thermistor
spac ingL =  1 .5  m;  I  -  w i th thermometer run in  thewel l ,2 - runouto f  thewel l ) ;PHL I  -
photometry, with the tool running in the well; PHL 2 - photometry, with the tool running out
of the well (record l) under natural conditions, (records 2 to 7) after treating the water with
nigrosin, using a deep electromagnetic pump)i 0i - yields of separate inflows, Q'1 - graph of
vertical volumetric flow rate; a - Lithological profile according to logging results. I - sandstone,
II - silty sandstone, III - siltstone, IV - casing, V - water inflows.
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material (chiefly distinguish sreel from PVC and wood), the condition of joints,

the location of screened intervals (Fig. a.38), the location of the top of the grout

5ehind the casing, the condition of the grout, and to assist in many specialized

problems (broken drill collar or casing, deviation from the original opening, the

regarive eflecrs of well completion on the yield of the well, etc. (Table a.6 (c)).
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'igure 4'38 chancter of logs in screened sertions of casings (according to Havelka and rdtkj,
979). (a) Ra 0.55 logs measured by combined lateral probes in PVC casing. @) Cement-bond
rg in steel casing. l/,40 - relative amplitude, Al - interval transit time. I and 2 - the curves
reasured, J - screened interval, y' - massive casing, 5 - leaky weld of PVC casing,

'igure 4.39 Facing page. Application of logging methods as seen in studies of spatial changes
t a hydrogeological structure. (a) Correlation of borehole profiles in the Cretaceous Litomyll
asin according to apparent resistivity curves measured by a normal probe.,{ to P - conelation
c r i z o n s , E - b a s e o f m i d d l e T u r o n i a n , E l o H - l o w e r T u r o n i a n s a n d s t o n e , P - b a s c o f t h e
retaceous; .l - sandstone, 2 - crystalline complex, 3 * water inflows into borehole; (b) Spatial
ariations of resistivity (0 m), based on trend surface analysis (4th degree polynomial) in the
riddle Turonian complex, in the Bohemian Cretaceous Basin, also indicate facies changes. In
reas with pr > 100 0 m, the Middle Turonian is formed of sandstones (a source of water
rpply), with pr < 40 0 m, of siltstones. 4 - location of well, resistivity value indicated.
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4.5.3 Integrated Evaluation of Logging Results in a Hydrogeological
Structure

We havc so far only considered the logging of individual boreholes. Where a

hydrogeological structure is investigated with a large number of boreholes, it is

appropriate to prepare an integrated evaluation of all logging data obtained over

the entire area. This technique often provides a fresh view of many relationships

and sometimes even worthwhile new information about the hydrogeological

structure, particularly when there is collaboration between a hydrogeologist and

a geophysic is t .

Integrated data processing should always involve construction of correlation

seg'ions or correlation charts along a profi le, using the most clearly differen-

tiated logging curves (Fig. a.39). The profi les selected should correspond with

geological profi les; the evaluation of correlation sections may assist in refining

the geology of the area and in locating faults, facies changes, and other hydro-

geological features. It is also possible to construct maps of some geophysical

parameters (e.g., p,, 0.u, %i) of an aquifer or an entire complex, the thickness

of aquifers, resistivit ies and temperature of ground water, hydraulic

conductivit ies and fi l tration velocities. Regrettably, integrated evaluation of

logging data is not yet f irmly established; however, it is an absolute prerequisite

if the information that logging can provide is to be completely uti l ized'

Chapter 5

Geophysical Surveys for Engineering-Geological
Purposes

Geophysical methods are used to study the physical f ields and parameters which

allow us to define the physical and stress-strain state of a rock massif, some

properties and parameters of rock materials and their changes in time'

5.L Physical state of Rock and its Evaluation using Geophysical

Methods

The physical state of a rock massif is controlled by a set of physical parameters

and other properties which characterize the physical conditions at the time of

study. The physical state of a rock massif depends on its mineralogy and

petrology and stage of petrogenesis, the structural tectonic system, climatic'

geomorphological and hydrogeological conditions, biological factors and human

activity. As a result of changes in natural and anthropogenic factors, the

physical state changes constantly so that the physical state may be regarded cs

a dynamic sy$em.It should be recognized, however, that since a geophysical

survey is carried out within a certain l imited time period, the physical state of

a rock massif is evaluated as a static system; i.e., the state at a certain time. The

evaluation of the physical state of a massif as a dynamic system is possible with

repeated measurements at different times, preferably at accurately known fixed

points.

In evaluating the physical state of a rock it is of particular importance to

choose an appropriate scale for the survey relative to the size of the lody. The

physical state of a massif, as a whole differing in genesis and petrography from




