<
Guide to the hydrology
of carbonate rocks

66i49327

g2

Begun originally by a Working Group

during the International Hydrological Decade,
with the technical secretariat provided

by the Food and Agriculture Organization.
Updating and editorial responsibility for

the final version provided by :

Philip E. La Moreaux

Betty Morere Wilson

Beshir A. Memon

| UnesCo
\b‘ e



Contents

PREFACE
FOREWORD
INTRODUCTION (P.E. LaMoreaux)

PART I - FACTORS DETERMINING THE WATER REGIME IN CARBONATE ROCKS

CARBONATE ROCKS AND GEOLOGICAL PROCESSES
Introduction (L.A. Heindl)
Lithology (D.J. Benson)
Mineralogy
Sedimentation ‘and stratigraphy (D.J. Burdon)
Facies :
Size and shape of beds
Influence of stratification
Effects of paleohistory
Structure (Travis H. Hughes)
Permeability and structure
Fracture systems
Tilted and folded carbonate aquifers
Microtexture - voids (D.J. Burdon)
Interstices
Microfissures

.
» .
S W

T e

T .

U BB A WWWWWNINDE
JTRTET T

[\ N w N~

HYDROGEOLOGICAL FEATURES OF CARBONATE ROCKS (Gilbert Castany)
Porosity - Water storage in karst ‘

2

2.1

2.1.1 Types of effective porosity

2.1.2 Storage coefficient

2.1.3 Storage capacity of karstic carbonate rocks

2.2 Permeability

2.2.1 Permeability types

2.2.2 Calculations

2.2.3 Anisotropy and heterogeneity of the reservoir rocks

2.3 Porosity and permeability spatial distribution

2.3.1 Heterogeneity or homogeneity, and transformed spacial scale of the
data for mean value calculation

2.3.2 Heterogeneity and geometry of the medium

2.3.3 Average characteristics of a rock mass (massif)

2.3.4 Variation of the hydrogeological characteristics with depth

2.4 Ground-water circulation (Harry E. LeGrand)

3. PHYSICAI. AND CHEMICAL CHARACTERISTICS OF CARBONATE WATER (D. Langmuir)

3.1 Introduction

3.2 Carbonate solution - mineral equilibria concepts

3.2.1 Activities and ionic strength

3.2.2 The reactions and thermodynamic data

3.2.3 Solubilities of calcite and dolomite in pure water

€9

36

45

47

47

53

60

64

69



~

Effect of ionic strength on calcite solubility

The calcium to magnesium ratio

The saturation state of groundwaters with respect to cal‘
dolomite -

W Www
« o
NN O

.
o Ut

3.3 Solubility of halite and gypsum 92
3.3.1 Halite solubility "
3.3.2 Gypsum (and anhydrite) solubility L
3.4 Mixing of carbonate groundwaters S 94
3.5 Discussion of some carbonate groundwater analyses . 99
3.5.1 Table of water analyses e
3.5.2 Important controlllng processes
3.5.3 Variation in some major chemical characteristics (Donal
Henri Schoeller, et al.)
3.6 Isotopic variations in the water cycle and their hydro
significance (R.M. Brown, et al.) 104

3.6.1 Stable 1sotopes of hydrogen and oxygen in the hydrologlcal cycle
3.6.2 Tritium in the hydrological cycle
3.6.3 Carbon isotopes in the hydrological cycle .
3.7 Appendices 116
3.7.1 Concentration units and conversion factors
3.7.2 Table of water analyses

. HYDROLOGY OF CARBONATE AREAS 131

. Introduction (Harry E. LeGrand) 131

. Runoff and discharge (B.I. Kudelin) 131

Runoff and discharge characteristics in karstic areas

Relation between runoff and precipitation

Roles of other factors

Infiltration (Habib Zebidi) 134

Infiltration characteristics of karst terrain

Relationship of precipitation to infiltration and rate of
infiltration :

Outlets (M. Herak and D.J. Burdon) ' 138

Diffuse outlets

Concentrated outlets

Spring discharge into ponds and lakes

Surface discharge to alluvial aquifers

Submarine spring discharge

N
.
WWWwhNNDNEE
L]
w N

.
N

.
o S R
* L]

W
« s .
e W

GEOMORPHOLOGY ) 143
Introduction (L.A. Heindl) © 143
Karst landform features and classifications 143
Classification based on landform
Classification system proposed by Quinlan
Pseudokarst . 147
Thermomineral karst (Arie Issar) 147
Paleokarsts (D.J. Burdon) 148
Analysis of geomorphic processes 149
Quantitative analysis
Qualitative analysis
Effects of karst types on stream flow regimes (Milan Herak) 152
Tabular shallow karst
Basin karst
Fluviokarst
Folded shallow karst
Deep karst

N

. L] L] .
NN NISIN OOV W NN N
* . . . .
N =

vttt e
. . . . . .

.
[S 0V S A

PART II - PRACTICES 157

METHODS OF INVESTIGATION 157
1 Introduction (L.A. Heindl) . . 157
2 Geological studies (L.A. Heindl, H.E. LeGrand and V.T. Stringfield) 158
2.

6.
6.
6.
6.2.1 Field studies



.
.
=W N

.
.
O\ Ul W N

. . e e
. e .
w N

e e
. N
Ut W N

s e e e o
. e .+« .
w N

COWVWWVWOOODOVNdddJddddJJaooaauTNUIeAEBRWWWWLWWWWNNDND

.
.
OO W

. .
. .
W N

R akaa oot akna ks la ki aknan Ea Ea ka Ea a X o N W W Wo We W Re W i W i e I i e W I A oA T e A R )

w N

o« .
« . .
wNn -

oW N

BB WWWwwWwoNDD D

NN NN N N N N N NN

N =

oo 00

NN

w N

Interpretation of results

Presentation of results -

Field identification of minerals (D.J. Burdon) .

Remote sensing (P.E. LaMoreaux and B.M. Wilson) s 166
Examples of uses

Aerial photographs

Satellite imagery

Thermal infrared imagery

Radar

Data sources v : :
Geophysical prospecting o 171
Surface methods (J.L. Astier) : B
Borehole metheds

Airborne methods : . A
Geochemical methods 186
Dissolved solids and gases investigations :

Neutron activation analysis

Environmental isotope hydrogeology (IAEA staff)

Artificial isotope hydrology

Combined use of environmental isotopes and artificial tracers
Determination of aquifer characteristics (Gilbert Castany) 210
Laboratory determinations of porosity

Laboratory measurement of permeability

Field tests

Hydrologic observations and their interpretations (B.I. Kudelin) 237
Observational networks

Precipitation

Runoff
_Evaporation and related meteorological observations

Infiltration and inflow '

Springs

_Groundwater observations

Interpretation and presentation of results

Water balance calculations (Habib Zebidi and H. SChoeller) 247
General case of overall water balance

Recession curve

Special case of observation wells or piezometers

Conclusion

Hydrologic mapping (Bashir A. Memon and Betty M. Wilson) ' 259
Hydrogeological mapping

Interpretive maps

Water resources maps

DEVELOPMENT AND MANAGEMENT OF KARST GROUNDWATER RESOURCES 261
Introduction (Stanley W. Posey) 261
Resource evaluation ~ 261

Quantitative evaluation (Stanley W. Posey)

Qualitative evaluation (Stanley W. Posey)

System analysis (Stanley W. Posey)

Development {Arie Issar and Stanley W. Posey) 267
Preliminary studies-

Development techniques

Distribution systems (Stanley W. Posey)

Consequences of development (Stanley W. Posey)

Management (Stanley W. Posey) ‘ 274
General considerations

Ground-water management functions

METHODS OF COST ESTIMATION (D.J. Burdon) : ‘ 279
Introduction \ 279
Cost of surveys and investigations 280

General factors determlning cost of surveys and investigations
Estimates of cost in units of area 1nvestlgated
Estimates of cost by project approach



00 0 @

e o

www
.

Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost

e s s e s
O AU W N

« o
. .
W N

. .
. .
BN e

P
.
N

00 00 00 OO 0O 0O CO OO 0O O 0O 00 OO OO 00 00 0O OO OO 00 QO
. . . [

OJAOAAANVIVUIUIUTLE B D DWW W W W W
.

Cost of groundwater development
General

of
of
of
of
of
of
of
of

case - cost of boreholes and pumps
drilling

cleaning, acidizing and blasting boreholes

test pumping

casing and screens

pumps and motors

surface fittings and access
shafts and galleries
groundwater extraction

The groundwater development and protection situation .
Fixed costs B
Operating costs

Cost of water .

Cost of groundwater recharge and management
Recharge of karst aquifers ‘

Example of cost calculation for groundwater recharge
Cost of recovering recharged groundwater
Ideas on costs of groundwater management
Cost of groundwater for irrigation ’
Actual cost of irrigation water obtained fr
Price paid for irrigation water
Comparative costs of surface and underground water
Feasibility study for Planning and investment purposes

SELECTED BIBLIOGRAPHY

CONTRIBUTING AUTHORS

om underground

282

291

297

300

303
303

307

345



